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Abstract

Bridges are vital nodes in the national transportation network, but many are reaching or
have surpassed their usable lifespans. To help increase life-span and durability of new
construction, light weight and non-corrosive fiber reinforced polymers (FRPs) can be used to
manufacture bridges’ main structural members. The University of Maine has developed a a novel
FRP composite tub (CT) girder system, which has been used in the construction of four bridges
to-date. This study continues the development if the CT girder system by seeking to quantify the
percentage of live load moment and shear apportioned to a single girder for design purposes. The
American Association of State Highway and Transportation Officials (AASHTO) provides
guidance on live load distribution in bridges constructed with steel, concrete, and wood girders,
but not for FRP girders. First, live load distribution in CT girder bridges is assessed using four
diagnostic field live load tests performed on two different, in-service CT girder bridges. Test
results are then compared to existing AASHTO provisions to critically assess their applicability
to CT girders. Subsequently, finite element (FE) models employing various levels of refinement
were assessed for their ability to predict test results. Ultimately, two models that are
computationally tractable and broadly applicable to CT girder bridges were implemented for
predicting live load distribution, one for moment and another for shear. These models were used
for a suite of parametric studies that provided insight into the effects of significant bridge
geometric design on live load distribution factors (DFs). The results show that current AASHTO
provisions for concrete box girders consistently predict higher DFs for both moment and shear
carried by interior CT girders. New, CT-girder specific DF expressions for moment were then
developed and proposed for use in future designs. For shear, initial parametric studies were

completed to explore the limitations of current AASHTO expressions.
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Chapter 1: Introduction

1.1 Background

As of 2020, the National Highway Administration reported that over 45,000 bridges in
the United States were structurally deficient, with an estimated cost of replacement at nearly 50
billion USD (USDOT 2022). These bridges tend to be constructed from conventional materials
such as steel and reinforced concrete (RC) which require significant maintenance and are prone
to deterioration from corrosion. To increase design life and overall durability of newly
constructed bridges, new materials and methods of minimizing corrosion are being developed
that require less maintenance and are less prone to deterioration. In particular, fiber reinforced
polymers (FRPs) show promise in bridge applications due to their non-corroding nature. A
further benefit of FRPs is their light weight, which can reduce construction costs and logistics

(Barbero, 2018).

1.2 FRPs In Infrastructure

Considerable research has been conducted into the use of FRPs in some aspects of
highway bridge construction. Concrete-filled FRP tubes (CFFTs) have been used in over 30
short-span, buried bridges in multiple states since the early 2000s. These arches utilize a hybrid
braided composite consisting of three layers, typically two outer layers of braided carbon fiber
and an inner layer of braided E-glass fibers which confine the infilling concrete (Dagher et al.
2012; Walton et al. 2016). FRP reinforcing rod (rebar) has been used extensively as a corrosion-
free alternative to steel rebar (Benmokrane et al. 2006; Kumar and GangaRao 1998) and is
becoming typical for new construction in some states. For example, the Morristown bridge in

Vermont, USA was constructed with a glass FRP (GFRP) rebar RC deck. It was field tested and

www.tidc-utc.org




showed tensile strains well below ultimate for the rebar and tensile strains well below cracking in
the concrete (Benmokrane et al. 2006). In addition, GFRP pultruded sheet pile was fabricated
into stay-in-place concrete forms (Honickman and Fam, 2009) and box girders with a cast-in-
place deck section (Fam and Honickman, 2010), both showing significant increases to strength
and stiffness above the bare section. A numerical analysis of this girder-deck system showed that
AASHTO?’s live load distribution paradigm could be applicable to girders manufactured from
FRP (Kim and Fam, 2011). The success and popularity of FRPs in bridge construction has
prompted the American Association of State Highway and Transportation Officials (AASHTO)
to publish a number of guide specifications which set forth design guidelines under a uniform
level of structural reliability. These specifications include guidelines for design of GFRP-
reinforced concrete (AASHTO 2018), bonded FRP repair systems (AASHTO 2012a), and
CFFTs (AASHTO 2012b).

Despite these successful usage cases of FRP in highway bridges, FRP girders have been
deployed as the main structural members in very few highway bridge structures around the
world. The Asturias bridge, constructed in Spain in 2004, uses carbon FRP (CFRP) in a
trapezoidal box profile girder (Gutierrez et al. 2008; Mires et al. 2007). The CFRP laminates are
wrapped around a foam core in the center to form a closed box section. Analysis of the bridge
led to the conclusion that, although effective, the hand-laid pre-impregnated CFRP strips used in
girder fabrication led to prohibitively expensive designs. The San Patricio hybrid FRP/RC bridge
in Texas, USA was constructed in 2004 and uses twelve, U-shaped FRP girders that are closely
spaced at 813 mm. Each girder has a constant 44 mm laminate thickness for all components
including webs and flanges. Steel rods placed through the webs provide composite action with

the RC deck that is partially cast into the girder depth (Ziehl et al. 2009). Ziehl et al. suggested
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that, because of their linearity to failure, FRP materials used in bridge design should be subject to
maximum design strains based on damage initiation rather than an ultimate strength. The Ryjak
River bridge is a single span, 22 m long bridge constructed in Rzeszow, Poland in 2015 which is
composed of four FRP girders. The girder cross sections are optimized for flexural strength by
laying up stronger unidirectional CFRP in the bottom flange with GFRP in the webs and top
flange where less tensile strength is required (Siwowski and Rajchel 2019; Siwowski et al.
2018). Due to the current lack of design guidance and experience, Siwowski et al. (2018)
advocate for structural health monitoring of FRP bridge structures. This, they say, will help build

confidence in FRP bridge structures and support their proliferation.

1.3 FRP Composite Tub Girder: Prior Research and Current State of Knowledge

In 2016, the University of Maine began development of a novel FRP girder system
known as the composite tub (CT) girder, which is envisioned and designed to be a direct
replacement for conventional steel and concrete girders in highway bridges with spans up to 30
m. The CT girder is a tub-shaped, GFRP-CFRP hybrid girder fabricated by the vacuum infusion
process and is designed to work compositely with an overlying RC deck. A prototype, full-scale
girder was subjected to four-point bend testing in 2018, resulting in a moment at failure 2.5 times
a factored AASHTO Strength I load (Davids et al. 2022a). The first CT girder bridge, the
Hampden Grist Mill Bridge (HGMB) pictured in Figure 1.1 (a), was constructed in Hampden,
Maine on US Route 1A over Souadabscook stream in December of 2020. The HGMB is a 22.9
m, single span structure with five girders spaced at 2.46 m, which carries two lanes of traffic and
a sidewalk. As shown in Figure 1.1 (b), the light weight of the CT girders allowed two girders
and utilities to be assembled on the ground and subsequently lifted as a pair with a single crane.

Another critical component of the success of the CT girders is the simplicity and effectiveness of
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the girder-deck shear connection that ensures composite action. While the HGMB has bearing-
type connectors, shown in Figure 1.2, that behave like traditional shear studs used in steel girder
bridges (as did the original 2018 test girder), composite action between the RC deck and CT
girders is now achieved with sinusoidal deformation pattern infused into the top surface of the
top flange against which the deck is cast, providing frictional interlock. This connection was
independently assessed for strength and fatigue resistance via shear block testing (Davids et al.
2022b), does not rely on any secondary bonding or infusion, and allows the use of widely-spaced
stainless steel bolts or studs to maintain contact between the girder and concrete deck. Other
recent research has focused on girder web shear strength and buckling capacity, which were
characterized through a combination of in-place picture frame tests and extensive finite element
(FE) analyses (Schanck et al. 2023). To-date, four highway bridges have been constructed in the
United States using the CT girder as the main load-carrying structural system, including two

bridges in Maine, one in Pasadena, Florida, and one ion Westerly, Rhode Island, and others are

in the design phase.

Figure 1.1: (a) HGMB Fully Constructed Looking Downstream, (b) During Construction with a

Two-Girder System Being Set by an Individual Crane
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Figure 1.2: Girder-Deck Friction Connector

1.4 Live Load Distribution in CT Girder Bridges

The design and analysis of a slab-on-girder bridge requires the determination of the
amount of live load moment and shear carried by individual girders. For conventional steel,
concrete and timber girders, girder moments and shears can be quickly determined with of live
load distribution factors (DFs) defined by AASHTO (2020). However, DFs are not defined for
CT girders, and to-date there have been no detailed investigations into live load distribution for
CT girder bridges, which is a barrier to their wider implementation. Current industry practice for
CT girder design is to use the DFs prescribed by AASHTO (2020) for RC box beams to estimate
live load distribution. However, the applicability of RC box girder DFs to CT girder bridges has
not been verified and could lead to inefficient or inaccurate designs due to the much higher

flexural stiffness of concrete girders relative to FRP girders.

1.5 Research Goal and Objectives

While previous research has established that the flexural and shear capacity of CT girder
bridges can be accurately computed, and composite action between the CT girder and concrete
deck can be reliably and efficiently achieved, the lack of information on the transverse
distribution of live loads remains a barrier to their implementation. The goal of this research is to

rigorously assess CT girder bridge live load distribution. This goal will be achieved through a
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combination of field load testing, FE analysis, and a critical assessment of the current practice of
using concrete box girder DFs for CT girder bridges.

The results of two diagnostic live load tests conducted on the HGMB — one in late
December 2020 upon completion and commissioning of the structure and a second test
conducted in early July 2022 — are used to experimentally assess moment live load distribution
of a real bridge in the field. Measured flexural strains were used to assess composite action
between the CT girders and concrete deck, end support rotational restraint, and moment live load
distribution. For the distribution of live load shears, two additional diagnostic live load tests were
performed on HGMB and Twin Bridge in the summer of 2023. These tests focused on
maximizing shear effects to the CT girders and provide a data set for inferring shear live load
distribution.

High-fidelity FE models of the two bridges incorporating a very precise representation of
the bridges’ actual geometry, laminate architecture and non-structural components were created
and calibrated to match the flexural and shear strains recorded during the tests. Following
calibration of the detailed models, simplified FE models were created and their ability to predict
live load distributions similar to those of the detailed models and test data was evaluated. Using
these validated, computationally efficient models, a larger set of typical bridge configurations
with varying sectional and geometric parameters are analyzed under AASHTO HL-93 loading
(AASHTO 2020), allowing an initial comparison with AASHTO DFs used for design.
Comparisons between load distribution inferred from field testing and the FE analyses are used
to critically assess the applicability of existing AASHTO DFs for the design of CT girders and

make recommendations regarding new DF expressions for CT bridge girders.
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1.6 Summary of Chapters

This report is organized into six Chapters where each describes the actions taken to perform
this research, introduce relevant literature, and draw conclusions from presented results. Separate
appendices are provided with additional data and supplemental information.

e Chapter 2: Diagnostic Live Load Tests describes the diagnostic live load tests performed
on two CT girder bridges in Hampden, ME, and observed bridge behavior.

e Chapter 3: Finite Element Model Development describes the creation of detailed FE
models, calibration, and analysis of the model results. The chapter also describes the
creation of simplified models for the use in future parametric studies.

e Chapter 4: Parametric Study describes the parameter selection and effect on live load
distribution in CT girder bridges by using results of simplified FE models analyzed under
AASHTO HL-93 live loading.

e Chapter 5: Development of Simplified MDF Expressions describes the development of
simplified expressions for moment live load DFs based on the parametric study results,
makes comparisons to AASHTO DF expressions, and provides recommendations for

shear live load DFs.

The final chapter (Chapter 6) summarizes the completed research, presents the important

conclusions from the results, and addresses areas for future work.
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Chapter 2: Diagnostic Live Load Tests

2.1 Introduction

Diagnostic live load testing has often been used as a tool for the determination of bridge
live load DFs. Zokaie (2000) used live load tests to verify modeling techniques for original
development of the AASHTO load and resistance factor design (LRFD) bridge design
specifications (AASHTO 2020). Since the introduction of LRFD specifications, many others
have conducted research validating analytical models with diagnostic live load test experimental
results to develop their own DFs for slab on girder bridges. This includes steel and concrete
girders (Cross et al. 2009), wide-flange steel girders (Michaelson 2010, Suksawang and Nassif
2007), concrete T-beams (Torres et al. 2019, Ndong et al. 2022), and concrete spread and
multicell box girders (Hughs and Idriss 2006, Kong et al. 2020, Choi et al. 2019). However, most
diagnostic live load tests have focused exclusively on moment live load distribution, and
relatively few studies have considered shear. Cross et al. (2009) monitored shear strains at a
girder depth from bearing and used measured strains to validate their FE model. Using the
validated FE model, they were able to obtain reactions to be used for determining shear
distribution at the bearing. They also found that reactions typically had larger distributions
compared to beam shears at a girder depth, suggesting DFs determined from reactions would be
more conservative in design. Barr and Amin (2006) also determined their shear DFs from
reactions provided by a validated FE model used in parametric studies.

Four CT girder bridges have been constructed to-date with two located in Hampden, ME,
allowing for convenient access for testing. HGMB was first tested in late 2020 after construction
had been completed and again in the summer of 2022 with both tests focused on producing

maximized moments and flexural strains. In the following summer of 2023 both HGMB and
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Twin Bridge were tested with the goal of maximized shear effects produced on the bridges. All
four tests provided a database for assessing structural behavior such as live load distribution and
for comparison to FE models. It is important to note these tests are not intended to produce any

damage and keep the girders in their linear elastic ranges.

2.2 Test Bridges

Photographs of the HGMB and Twin Bridge are shown in Figure 2.1 (a) and (b)
respectively. HGMB was completed in late 2020 and is located on US Route 1A over the
Souadabscook stream. Twin Bridge opened to traffic in late 2022 and is located on Maine Route
69 over the West Branch Souadabscook stream. HGMB spans 22.9 m, and has a 9.75 m wide
travel way, a 508 mm wide curb, and a 2.03 m sidewalk on one side giving a total width of 12.3
m. The 203 mm thick cast-in-place RC deck is supported by five CT girders spaced at 2.46 m,
and the bridge has an 82.6 mm asphalt wearing surface as seen in the cross-section in Figure 2.2.
The bridge’s abutments are skewed at 15° and the structure incorporates both a modest
horizontal and sag vertical curve. Twin Bridge spans 16.2 m and consists of an 8.73 m travel way
and 0.51 m wide curbs on either side for a total 9.75 m wide bridge. Twin Bridge was erected
from three pre-constructed modules consisting of two CT girders each spaced at 1.68 m and a
102 mm thick precast RC deck. The modules each have a total width of 3.25 m resulting in a
non-constant girder spacing. An additional 203 mm of RC was cast above the precast deck
following placement of all two-girder modules giving a total deck thickness of 305 mm. Like
HGMB, Twin Bridge incorporates both a modest horizontal and sag vertical curve with a 15°

abutment skew.
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Figure 2.1: (a) HGMB Looking Downstream. (b) Twin Bridge Looking North
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Figure 2.2: HGMB Cross-Section

==

The CT girders use a hybrid composite layup that has been tailored to efficiently carry
moment and shear forces. Typical HGMB and Twin Bridge girder cross-sections are shown in
Figures 2.3 and 2.4. The bottom flange consists primarily of stitched unidirectional carbon fabric
providing tensile strength and stiffness, which, in conjunction with the compression resisted by
the overlying deck, forms the main moment resisting mechanism. Each web has two face sheets
containing biaxial E-glass fabric oriented at +45° relative to the girder span to resist shear

stresses as well as a central foam core that increases web shear buckling resistance. The top
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flanges consist of E-glass oriented to resist bearing stresses from the shear connectors that extend
into the cast-in-place concrete deck and carry bending compressive stress during deck placement.
While the two bridges are very similar in appearance, girder architecture and load-carrying
mechanism, there are important difference. HGMB has a 203 mm thick RC deck, which is
typical in highway bridge construction, compared to Twin Bridge’s 305 mm that results from
pre-casting the lower 102 mm of deck following by casting the upper 203 mm on site. The span-
to-total-depth (girder with deck) ratios also differ, with values of 15.5:1 for HGMB and 20:1 for
Twin Bridge. The girder-deck shear connection also varied: HGMB relies on a bearing type
connection with A490 bolts spaced at 150 mm in each flange, and Twin Bridge incorporates the
newer friction-type connector that relies on deformed top flange upper surfaces and stainless
steel bolts spaced at 305 mm on center in each flange (Davids et al. 2022a). To increase design
efficiency, throughout the spans of the girders there are slight changes in the FRP girder cross-
section in both bridges. Specifically, there are fewer carbon plies in the bottom flange closer to
the abutments as moments decrease, and web FRP face sheet thickness is less in the central
portion of the span and increases near the supports. These regions of the girders with different
layups are referred to as zones. HGMB has two different zones while Twin Bridge has four

zones throughout its span.
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Figure 2.3: Typical HGMB Girder Cross-Section
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Figure 2.4: Typical Twin Bridge Girder Cross Section

Table 2.1 presents the nominal material properties for the laminae making up the girders,
where E represents the Young’s modulus, G is the shear modulus, and vi2 is Poisson’s ratio as
reported by the manufacturer. It should be noted that the 1-direction refers to the fiber direction
with the 2-direction being perpendicular to the 1-direction and in the plane of the lamina. Table

2.2 presents the calculated section properties for each girder (as numbered in Figure 2.2) at
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midspan with neutral axis height relative to the girder bottom. The moment of inertia, I, applies
for a transformed section where FRP and steel materials have been transformed to concrete with
an elastic modulus of 32.1 GPa, which is based on a compressive strength of 45.3 MPa
determined from standard cylinder tests. The higher | and neutral axis location for girders 1 and
5 reflect the presence of the integral sidewalk and curb, respectively. Under service loads, the
structure responds linearly elastically, and stresses and strains can be computed using
conventional strength of materials equations. The girders were designed for the AASHTO
Strength | limit state using moment-curvature analysis and incorporating nonlinear compressive
response and tensile cracking of the concrete deck as explained by Davids et al. (2022b).

Table 2.1: Nominal Lamina Material Properties

Material E1 (GPa) E, (GPa) G1, (GPa) V1
Carbon 99.1 4.21 4.00 0.280
E-Glass 36.8 11.2 5.31 0.280

Table 2.2: HGMB Nominal Composite Section Properties

Girder I (mm#) X 10%° Neutral Axis Height (m)
1 10.8 1.46
2-4 6.58 1.27
5 8.24 1.35

2.3 Flexural Tests

2.3.1 Test Methods and Instrumentation
Diagnostic live load tests can help quantify live load distribution through data acquired

under loading that approaches that produced by design service live load. To assess moment
effects in the HGMB, girder longitudinal strains were measured under large vehicle loads. The

system used to acquire these data was the Wireless Structural Testing System from Bridge
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Diagnostics Inc. (Bridge Diagnostics Inc. 2010). This system consists of reusable strain
transducers adhered directly to structural members which communicate with a mobile base-
station and dedicated laptop computer to record and display strain data in real-time. These data
were collected continuously at a sampling rate of 10 Hz. The test protocol was not performed to
a specific standard but was informed by guidance from the Manual for Bridge Evaluation
(AASHTO, 2019).

Longitudinal strain transducers were applied at midspan on the bottom of each girder to
measure strains at the extreme tensile fiber, with other sensors placed at mid depth and near the
girder top flange as seen in Figure 2.5. The transducers adhered to the bottom flange allowed
assessment of maximum longitudinal strains and load distribution, with the other transducers
applied to verify linear strain distribution through the section depth and evaluate composite
action through inference of the girder neutral axis. Additional transducers were placed one girder
depth from the end of most or all girders during each test to identify any unintended rotational
restraint. The number of sensors and their placement varied between the two tests. In 2020 a
total of 24 sensors were applied with 3 at each girder midspan, while in 2022, 22 sensors were
applied with fewer sensors at midspan and more applied to girder ends. This was done to more
thoroughly investigate the unintentional end fixity observed in 2020 (Davids and Schanck 2022;

Schanck and Davids 2021).
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Figure 2.5: HGMB Cross-Sectional Sensor Layout

Loading was provided by four overloaded dump trucks that were measured and weighed
prior to testing. Figure 2.6 (a) shows the typical measured axle and wheel dimensions of the
trucks as well as wheel load magnitudes applied by each axle. In 2020, the total weight applied
from the four trucks was 1170 kKN while in 2022, the total was 981 kN. For comparison, the
dimensions of a standard, HL-93 truck are given in Figure 2.6 (b). During each test, trucks were
positioned on the bridge with their rear tandem axles as close to midspan as possible to produce
the largest moment. Eight individual loading cases were used during each test. For the two truck
load cases, trucks were positioned back-to-back in one lane and in five transverse positions
across the travel way width to mimic a range of one lane loading conditions. For the four truck
load cases, two-lane loading was mimicked: two pairs of two trucks were positioned back-to-
back with each pair side-by side and in three transverse positions that located them close to the
sidewalk, centered in the travelled way, and close to the opposite curb. Load cases were given
the naming convention “MXY” where “X” is either 2 or 4 to denote the number of trucks, and
“Y” is 1 through 5 to denote the transverse position. For instance, Figure 2.7 shows a plan view
positioning of the four trucks in the second, centered 4-

of test M42 from 2022 including the
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truck position. The 2020 4-truck tests produced a maximum of 92.4% of two lanes of HL-93 live
load + impact moment. In 2022, the 2-truck tests produced a maximum of 80.9% of one lane of
HL-93 live load + impact moment, and the 4-truck tests produced 76.6% of two lanes of HL-93
live load + impact moment. This loading exceeds the 70% minimum required by AASHTO

(2019) for investigation and rating factor analysis.
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Figure 2.6: (a) Typical Test Truck Configuration, (b) HL-93 Truck Configuration
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Figure 2.7: HGMB M42 Truck Positioning Diagram
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During each load case, traffic across the bridge was stopped to prevent interference from
passing vehicles and to allow the bridge to come to rest. Once traffic had been cleared, data
collection was initiated, and trucks were backed into their appropriate positions on the span
sequentially. When all trucks had been placed, their positions relative to the bridge and relative
to each other were measured while strain data were continued to be collected. With all

measurements taken, the trucks were then sequentially removed from the bridge.

2.3.2 Results and Analysis

2.3.2.1 Flexural Strains

After the completion of testing, the collected data were analyzed to infer the HGMB’s
behavior under loading both in December 2020 in its virgin state and in July 2022 after 18
months of service. A typical strain response under loading through the depth of the center girder
can be seen in Figure 2.8 for the tests in 2020 (a) and 2022 (b), respectively. In both plots, the
point at which a truck drives onto the bridge are evident as an increase in recorded strain
followed by a plateau after the truck reaches its intended position and the structure comes to
equilibrium. The opposite can be seen as trucks drive off the bridge. Additionally, a linear
distribution of strains can be inferred through the section. This is seen more clearly in Figure 2.9
where the strains through the section under the maximum loading M42 are plotted explicitly
along with a line of best fit. This shows that the measured strains fell along a straight line (within
a small amount of experimental error), confirming the girders behaved as Euler-Bernoulli beams
without significant shear deformation. The magnitude of strains recorded were similar
accounting for the difference of load between the two tests. This indicates that the bridge’s
behavior had not significantly changed from 18 months of continuous service and seasonal

environmental changes. Based on the linear best fit lines the neutral axis of the section is also
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located near the top of the girder section at around 1.27 m from the bottom of the section. This
agrees well with the computed value assuming a fully composite deck given in Table 2.2,

validating the design assumption of full composite action.
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Figure 2.8: Typical Strain Transducer Output for Girder 3 at Midspan Test M42 (a) 2020 (b) 2022
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Figure 2.9: Strain Measured Through the Depth of the Center Girder
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2.3.2.2 Girder End Restraint

The HGMB was constructed with semi-integral end diaphragms that were doweled to the
abutments, and also has approach slabs which bear on ledges and are doweled to the backs of the
diaphragms as shown in Figure 2.10. Although not accounted for in design, this detail was
expected to impact measured strains, and indeed unintended girder end rotational restraint was
indicated by negative longitudinal strains at the bottoms of girders at their ends as shown in
Table 2.3 (Girder 1 was not instrumented with end strain gauges during the 2020 test). In Table
2.3 the strains reported in the “End” column are either from one measurement taken at one girder
depth from the girder end along the bottom flange or are an average of two measurements taken
at both ends of the girders when available. In 2020 Girders 2, 3, and 5 had both ends
instrumented with a transducer and therefore report averages while Girder 4 is reporting a
measurement on one end, while in 2022 all five girders were instrumented with a transducer at
both ends. Somewhat larger negative end strains were measured in 2022 even though the gross
weight of trucks placed on the bridge in 2022 was lower than in 2020, which suggests that
rotational restraint may have been slightly higher in the summer of 2022 than the winter of 2020.
Taken as a whole, the results indicate that specific construction details such as the bridge’s
approach slabs, end diaphragms, and doweled connection with the abutments are likely providing

this rotational restraint.
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Table 2.3: Measured Midspan and Average End Strain (ug)
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Year | Test - - - - -
Mid | End | Mid | End | Mid | End | Mid | End Mid End
M41 86 - 153 | -30 | 304 -08 280 | -110 346 -53
2020 | M42 | 133 - 201 | -64 | 309 | -116 | 230 -92 202 -18
M43 | 206 — 251 -87 303 | -109 | 164 -47 104 10
M41 60 8 104 | -27 249 -77 336 | -125 305 -68
2022 | M42 | 131 -4 171 -70 289 | -124 | 260 | -108 158 -13
M43 | 184 -16 201 -94 273 | -134 | 195 -74 92 6
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2.3.2.3 Live Load Distribution

A DF is the maximum fraction of a design lane load that is carried by one girder under all
possible loading positions. Since it cannot be guaranteed that testing produced the absolute
maximum moment effects in all girders, distributions computed from measured strains are
referred to as moment girder lane fractions (MGLFs), the portion of the moment produced in a
test load case that is distributed to a particular girder. For the it*girder, the GLF for a specific
load case is calculated by Equation 2.1, in which R; is the ratio of the girder’s flexural rigidity El
to that of an interior girder (which is greater than one for exterior girders and equal to one for
interior girders), ; is the measured strain at midspan and N is the number of loaded lanes. The
multiple presence factor m, prescribed as 1.2 for one lane loaded and 1.0 for two lanes loaded
(AASHTO 2020), is also included to allow direct comparison of MGLFs with moment DFs

(MDF) shown in Equation 2.2 where spacing S and span L are in m and girder depth d is in cm.

MGLF, = el (2.1)
l ?—1 R;g; .
S\’ sd
MDFine = (1.92) Goo2 (22)

Table 2.4 summarizes the maximum MGLFs calculated in the two-lane tests for each girder.
These are compared with the two lane MDFs calculated using the equations from AASHTO for a
type ¢ open concrete box section with a concrete deck (AASHTO 2020) which, as previously
noted, are not expected to adequately describe the behavior of CT girders. Most interior girders
exhibit a much lower MGLF than the corresponding MDF predicted by AASHTO. However, the
maximum interior MGLF for all tests from both years was 0.593, in Girder 4, which is only
slightly below the 0.601 predicted by AASHTO. Some of this variation in MGLFs produced

between 2020 and 2022 for similar test configurations results from differences in individual

www.tidc-utc.org




truck weights, along with some additional differences in the spacing between trucks. The
maximum MGLFs produced in Girder 2 in 2020 and 2022 are 0.441 and 0.386 respectively. This
difference is likely caused by a tighter transverse truck grouping in 2020, which tended to center
more load on Girder 2 than in 2022. Similarly, the maximum MGLFs produced on Girder 4 in
2020 and 2022 were 0.441 and 0.593 respectively, again likely caused by a tighter transverse
truck spacing in 2022 which pushed more load onto Girder 4.

Table 2.4: Two Lane AASHTO MDF vs. Maximum MGLF Calculated in Four-Truck Load

Cases
Source Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
AASHTO 0.286 0.601 0.601 0.601 0.609
2020 0.520 0.441 0.533 0.441 0.645
2022 0.506 0.386 0.528 0.593 0.636

AASHTO grossly under-predicts the distribution to Girder 1 in both tests. However,
AASHTO’s type ¢ open concrete box MDF equations are not strictly applicable for Girder 1 due
to the presence of the sidewalk, and in this case AASHTO specifies that the lever rule be used.
As a result, per AASHTO the wheel loads are positioned a significant distance from Girder 1,
and the lever rule predicts an unreasonably low MDF compared to the test-based MGLFs. The
discrepancy between AASHTO and the test results is likely magnified by the fact that the
integral sidewalk significantly increases the flexural stiffness of Girder 1, causing it to draw
more live load than predicted by AASHTO. However, for Girder 5, which is only stiffened by
the integral curb, AASHTO does not utilize the lever rule and instead uses an exterior girder
adjustment factor applied to the interior MDF, which aligns better with test-inferred MGLF.

Overall, the initial comparison of AASHTO MDFs and the test computed MGLFs
indicate that the live load distribution for the interior girders is predicted reasonably well by

AASHTO but is not predicted well for the exterior girder supporting the sidewalk. However, it is
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important to note that the AASHTO MDFs were developed using HL-93 loading, which dictates
significantly different truck positions, axle dimensions, and wheel loadings than those employed
in the field tests. Further, in some tests wheel loads were placed closer to the curbs than the
AASHTO specified 610 mm minimum clearance to curbs and sidewalks, which could explain
the larger MGLFs on the exterior than AASHTO would predict. These and other aspects of

response are explored in more detail via the FE models described in Chapter 3.

2.4 Shear Tests

2.4.1 Test Methods and Instrumentation

The diagnostic live load shear tests were intended to maximize shears in single girders for
evaluation of shear load distribution. Loading was applied close to abutments to produce high
shear stresses and reactions while transverse positions were varied to monitor their effect on live
load shear distribution. Multiple transverse positions also increased the chance that maximized
loading was produced in a single girder to better compare test load distributions to the maximum
distribution implicit in AASHTO DFs.

To assess shear effects produced during diagnostic live load testing, shear strains were
continuously measured throughout each test with 0-45-90 rosette foil resistance strain gauges.
The rosettes were applied approximately one girder depth from the abutments for both bridges
and 102 mm below the top flange for Twin Bridge as shown in Figure 2.11 and 203 mm below
the top flange for HGMB to ensure the gauges were located in a region of the web with uniform

fiber architecture and a constant thickness.
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Figure 2.11: Twin Bridge Rosette Location on Girder

Loading was provided by four overloaded dump trucks whose individual wheel weights
and dimensions were measured prior to testing. Figure 2.12 shows measured axle and wheel
dimensions and wheel loads for a typical truck. The total load applied from the four trucks was
1183 kN om HGMB, while for Twin Bridge, the total was 1095 kN. During a typical test, trucks
were positioned with their nearest rear tandem axles within two to three girder depths of the
abutment. This positioning produced large web shears and ensured that all wheel loads
contributed to shear strains measured at the rosettes located near each support. A relatively
constant shear force existed in the girder from the rosettes to the support, ensuring the web shear
strains gave an accurate representation of web shear at the end of the girder without directly
measuring the reactions during testing. Traffic across the bridge was stopped to prevent
interference from passing vehicles during each loading case. Once traffic had been cleared, data
collection was initiated, and trucks were backed into their appropriate positions on the span
sequentially. Once all trucks had been positioned, their offsets relative to the curbs, bridge center
span line, and relative to each other were measured while strain data was continuously collected.

After taking all measurements, the trucks were sequentially removed from the bridge.
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Figure 2.12: Typical Truck Dimensions and Wheel Weights for Shear Tests

Eight individual load cases were applied to each bridge, with each load case using either
two or four trucks. For the two-truck load cases, two trucks were positioned back-to-back in five
transverse positions across the travel way width to mimic a range of one lane loading conditions.
For the four-truck load cases, two pairs of two trucks were positioned back-to-back with each
pair side-by-side and in three transverse positions that located them close to one bridge edge,
centered in the travel way, and close to the opposite bridge edge. Load cases were given the
naming convention “VXY” where X is either 2 or 4 to denote the number of trucks, and Y is 1
through 5 to denote the transverse position. For instance, Figure 2.13 (a) shows a plan view of
test V42 from HGMB including the positioning of the four trucks in the second, centered four-
truck position. A photo of a four-truck load case in progress with all trucks in their final position
is given in Figure 2.13 (b). The HGMB two-truck tests produced a maximum of 72.7% of the
shear caused by one lane of HL-93 live load with impact, and four-truck tests produced a shear
equal to that due to 70.6% of two lanes of HL-93 live load with impact. For Twin Bridge, the

two-truck tests produced a maximum of 73.6% of the shear due to one lane of HL-93 live load
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with impact, and the four-truck tests produced 73.2% of the shear due to two lanes of HL-93 live
load with impact. This level of load reproduction exceeds the 70% mark set by the AASHTO
Manual for Bridge Evaluation for test-based rating factor adjustment (AASHTO 2019). The
four-truck load cases produced consistently higher shear strains, and therefore the results of the

V4Y load cases are the focus of the remainder of this section.

111kN 111 kN 72.5 kN

I I

60 mm

Figure 2.13: (a) HGMB V42 Truck Positioning Diagram, (b) Four-Truck Two Lane Twin
Bridge V41 Test
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2.4.2 Results and Analysis

2.4.2.1 Shear Strains

Figure 2.14 shows the shear strains measured from Girder 3 of HGMB during the V42
load case. These data are representative of all four-truck load cases and show the strains
measured in both the north and south webs of the same girder. The time at which each truck is
backed onto the bridge can be seen through four initial jumps in strains followed by plateaus
signifying the system stabilizing and coming to static equilibrium. As seen in Figure 2.14, the
peak measured shear strain in the south web was around 1.55 times larger than that in the north
web, indicating a significant difference in web shear strains. To better visualize this effect, shear
strains measured across the bridge width are plotted alongside the truck positioning for the four-
truck load cases applied to HGMB in Figures 2.15-2.17 and Twin Bridge in Figures 2.18-2.20.
This effect is typically less pronounced in the most heavily loaded girders but is still apparent
and is generally correlated with the truck positions. These and subsequently reported numerical

strains are averages over a 20 second period during with all trucks in their final position.
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Figure 2.14: Shear Strains HGMB Girder 3 Webs Test V42
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Figure 2.15: HGMB V41 Test Web Shear Strains vs Truck Position
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Figure 2.16: HGMB V42 Test Web Shear Strains vs Truck Position
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Figure 2.17: HGMB V43 Test Web Shear Strains vs Truck Position
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Figure 2.18: Twin Bridge V41 Test Web Shear Strains vs. Truck Position
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Figure 2.19: Twin Bridge V42 Test Web Shear Strains vs. Truck Position
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Figure 2.20: Twin Bridge V43 Test Web Shear Strains vs. Truck Position
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2.4.2.2 Web Shear Differentiation

As seen in Figure 2.15, the most heavily loaded girders display a more even distribution
of shear strains between the webs than more lightly loaded girders when the wheel loads are
closer to the center of the girder. However, in Figure 2.16 the most heavily loaded girder 3 shows
a significant differential in web shear strains as one axle applies load over the center of the girder
with another axle load located closer to one web. The differential web shear strain may be a
result of the CT girder’s relatively low torsional and transverse bending rigidity compared to a
more conventional concrete box girder, reducing its ability to evenly distribute shear between
webs. Comparing the results from Twin Bridge (Figures 2.18-2.20) with those from HGMB
(Figures 2.15-2.17) indicates shear strains measured at Twin Bridge tend to be lower in
magnitude than those measured from HGMB, and that differential web shears are generally
lower for Twin Bridge. The lower overall shear strains in Twin Bridge are a result of the fact that
it has more girders, and the thicker concrete deck on Twin Bridge will also tend to more evenly
distribute load to each girder, reducing differential web shear strain in individual girders.

A typical design assumption for a multi-web girder is even distribution of shear stress to
each web. For a two-web girder, this means that each girder web carries half the total shear in the
girder. However, the observed differential shear strains clearly do not support this general
assumption. This differential is defined by r, the ratio of the maximum web shear strain to the
average web shear strain given by Equation 2.3. Here ¥,,,4, and ¥,,i», are the maximum and

minimum web shear strains in a single girder for a single load case.

r = Zymax
VYmax + Ymin
Table 2.5 shows the values of r for the most and second most heavily loaded girders in

(2.3)

each four-truck load case from both HGMB and Twin Bridge tests. From Table 2.5, Twin Bridge
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had noticeably less differential in shear strains within girders for four truck load cases, with a
maximum r of 16% occurring in the second most heavily loaded girder for test V43, whereas the
maximum value of r for HGMB was 44% in the second most heavily loaded girder for test V41.
It is also clear that the most heavily loaded girders see less differential strain, but the differential
can still be significant: 12% in Twin Bridge and 22% in HGMB.

Table 2.5: Ratio of Maximum Single Web Shear Strain to Average Shear Strain, r

HGMB Test Most Heavily Loaded Girder | Second Most Heavily Loaded Girder
V4l 1.05 1.44
V42 1.22 1.20
V43 1.04 1.30

Twin Bridge Test Most Heavily Loaded Girder | Second Most Heavily Loaded Girder
V4l 1.10 1.05
V42 1.12 1.11
V43 1.02 1.16

2.4.2.3 Live Load Shear Distribution Inferred From Measured Srains
The distribution of shear to individual girders for a given loading can be inferred from
measured shear strains and nominal section properties. The portion of shear load distributed to
each girder from a load case is referred to as a SGLF and is calculated using Equation 2.4, where
y; represents the measured shear strain and I; and Q; are second and first moments of inertia for
the it" girder section.
2 m

SGLF; = & (2.4)
ZNQ Vilitw

=1 @
Calculated values of I; and Q; that are representative of the composite girder deck section
at the location shear strains were measured can found in Table 2.6. These properties were
determined from transformed section analysis after converting all materials to equivalent

thicknesses of E-glass face sheets using appropriate modular ratios. For HGMB the longitudinal
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elastic moduli of the girder sections were bottom flange 26.2 GPa, web 15.4 GPa, top flange 27.1
GPa and concrete deck 32.1 GPa. For Twin Bridge the longitudinal elastic moduli were bottom
flange 59.4 GPa, web 18.6 GPa, top flange 23.7 GPa and concrete deck 35.1 GPa. The higher
values of I; and Q; for the exterior girders capture the presence of curb and sidewalk features.
The steel deck reinforcement was ignored in transformed section analysis.

Table 2.6: Nominal Girder Properties for SGLF Inference

HGMB I (mm*) X 10%° Q (mmd) X 10’
Interior (G2-G4) 6.66 5.40
Exterior Sidewalk (G1) 134 6.31
Exterior Curb (G5) 9.29 5.78

Twin Bridge I (mm?) X 10% Q (mm?) X 107
Interior (G2-G5) 1.64 1.71
Exterior (G1 and G6) 2.89 1.86

The SGLFs were inferred for all four-truck tests from the HGMB and Twin Bridge tests.
The maximum SGLFs are reported and compared against the AASHTO shear DF (SDF) for
concrete open box slab-on-girder bridges in Table 2.7. For reference, the AASHTO (2020) SDF
expression for shear in interior open concrete box girders is given in Equation 2.5, where S is

girder spacing in m, d is girder depth in cm and L is span length in m.

SDF_( S )O.8< d >0.1 (2.5)
—\2.26 100L

Table 2.7 shows for HGMB the AASHTO expression over-predicts shear carried by one

girder by 38.5% on the interior and 36.8% on exterior Girder 5, except for Girder 1 where
AASHTO under-predicts by 24.6%. However, AASHTO specifies the use of the lever rule for
Girder 1 due to the presence of the sidewalk, and the AASHTO DF is consequently likely
inaccurate. The shear distribution inferred from the Twin Bridge test results and Equation 2.4

also proves to be much less conservative than AASHTO, with AASHTO predicting 43.6% more
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shear for the interior girders and 27.5% more shear for Girder 1. While Twin Bridge’s girder
spacing is 8.33% less than the 1.83 m minimum value allowed when using the AASHTO
expression of Equation 2.5, the large discrepancy between measured and AASHTO-predicted
values is still significant. However, for Twin Bridge AASHTO under-predicts the exterior obtuse
corner Girder 6 shear by 15.3%. It must be noted that the test loadings may not have produced
the maximum live load shear effect for a girder since only a finite number of transverse load
positions could be considered in the test program. This highlights the importance of numerically
simulating shear load distribution for a wide range of load positions to find the true maximum
load effect. However, even though the SGLFs based on measured shear strains and Equation 2.4
may not be the global maxima, these results clearly suggest that AASHTO SDF expressions for a
concrete box tend to be conservative when applied to CT girders.

Table 2.7: Test Inferred SGLFs Compared to AASHTO SDFs for Concrete Box Girder

HGMB Girder 1 Interior Girders Girder 5
AASHTO 0.319 0.881 0.811
Test Inferred 0.423 0.636 0.593

Twin Bridge Girder 1 Interior Girders Girder 6
AASHTO 0.505 0.603 0.505
Test Inferred 0.396 0.420 0.596

2.5 Summary

A total of four live-load diagnostic bridge tests were completed with moments and shears
greater than 70% of the HL-93 design live-load with impact. During both moment tests end
restraint was observed at the ends of the girders, causing negative strains at girder ends and
reducing strains at the girder midspan. The MGLFs inferred from test measured flexural strains
showed to be slightly below AASHTO predicted MDFs for interior girders loaded under two
lanes with AASHTO over-predicting the maximum test measured interior MGLF by 1.35%.

However, on the exterior AASHTO under-predicts the MGLFs by as much as 5.58% on the most
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heavily loaded exterior girder. During the shear tests significant shear strain differentials were
measured with shear strains in one web as much as 22% greater than the average shear strains for
the two webs in the most heavily loaded girder. The shear strains were also used to infer SGLFs
for the two lanes of load cases. AASHTO over-predicts the interior girder shear SGLFs by 38.5%
and 43.6% for HGMB and Twin Bridge respectively. On the exterior girders AASHTO over-
predicts the most heavily loaded HGMB girder by 36.8% but under-predicts the most heavily
loaded exterior girder by 15.3% for Twin Bridge. These results suggest that the AASHTO
concrete box girder expressions are likely conservative for interior girders but may not be

conservative for exterior girders.
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Chapter 3: Finite Element Modeling

3.1 Introduction

To more thoroughly assess the field test results and distribution of live load shears, FE
analyses of both bridges were conducted using the commercial software ABAQUS (Dassault
Systemes 2022). The models described next are high-fidelity discretizations that incorporated all
structural and non-structural components that significantly contributed to the structure’s
response, including the girders, the non-structural FRP top plates spanning between the girder
top flanges that supported the wet concrete during the deck pour, deck, wearing surface, concrete

backwalls, railings, and curb and sidewalk.

3.2 High-Fidelity Finite Element Models

In the high-fidelity models the concrete and asphalt components (deck, sidewalk, curb,
backwalls, and wearing surface) were discretized with C3D20R three-dimensional, quadratic,
20-node, reduced integration brick elements. These elements were assigned isotropic, linearly
elastic constitutive behavior corresponding to standard concrete and asphalt mixes specified by
the MaineDOT. The FRP components (girder and top plates) were modeled with S8R three-
dimensional, quadratic, 8-noded shell elements while the steel railings were modeled with S4R
three-dimensional, linear, 4-noded shell elements. FRP elements were assigned a simulated
composite layup consisting of sub-layers of orthotropic, linear elastic constitutive properties
corresponding to the non-prismatic layup of the girder and manufacturer-specified material
properties. This modeling approach allows ABAQUS to perform the required laminate analysis
and assign the elements with equivalent constitutive behavior in global coordinates. This
laminate analysis could also be done by hand using a procedure such as that suggested by

Barbero (2018) with the resulting laminate moduli being assigned to the elements directly. The
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steel shell elements used to model the railings were assigned isotropic, linear elastic constitutive
behavior with E = 200 GPa. The steel rebar was explicitly modeled using B31 linear elastic,
isotropic, linear beam elements with E = 200 GPa. The required level of discretization was
assessed through a convergence study on individual components based on the maximum girder
displacement. A typical high-fidelity model has 150,000 elements and 1.4 to 2.4 x 10 DOFs for
HGMB and Twin Bridge respectively. Model convergence was demonstrated in an earlier report
by Schanck (2021). Twin Bridge has more DOFs due to its inclusion of six girders.

During testing, the truck wheel positions on the deck were measured, and loads were
placed on patches of the model wearing surface that directly corresponded with the measured tire
locations. Each partitioned wheel patch was assigned a uniform pressure corresponding to the
applied wheel loading measured in the field. The girders were simply supported with the vertical
and longitudinal displacements of each girder restrained on one end. The other end has vertical
displacements of each girder restrained with one transverse displacement restrained to prevent
rigid body translation. The deformed model and mesh are shown in Figure 3.1 for the M42 four

truck loading in 2022 with a deformation scale factor of 30.
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Figure 3.1: Nominal Deformed Model with Load Applied from Four Trucks Centered on the
Bridge
3.3 Flexural Test Modeling

3.3.1 HGMB Nominal Model

3.3.1.1 Nominal Girder End Behavior

Table 3.1 shows the resulting midspan and end strains predicted by the nominal model
analyses. It was observed from the test results that most end strains were negative, however the
nominal model does not predict this, with all strains being positive and larger in magnitude than
the measured negative strains. The positive end strains are consistent with the assumed simply
supported boundary conditions, but do not reflect the rotational restraint observed in the field.
Comparing Tables 2.3 and 3.1, the model in its base form also over-predicts strains at midspan
by as much as 192%. Much of this is likely due to its lack of consideration of rotational end
restraint, although the carbon in the bottom flange may also be stiffer than the nominal value

reported by the manufacturer which would contribute to the model’s over-estimation of strains.
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The improvement of midspan and end strain predictions via model calibration process that
considers both rotational constraint and girder stiffness is addressed later in this section.

Table 3.1: Nominal Model-Predicted Midspan and Average End Strains (ug)

v - Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
car | Test mid | End | Mid | End | Mid | End | Mid End | Mid | End
M4l | 207 | — | 291 | 164 | 422 | 109 | 497 38 506 | 67
2020 (a2 (208 | = | 385 | 139 | 461 | 91 | 441 69 348 | 134
M43 | 315 | — | 397 | 127 | 454 | 84 | 409 72 204 | 148
M41| 175 | 207 | 245 | 152 | 349 | 88 | 308 61 420 | 76
2022 | M42 | 226 | 184 | 296 | 110 | 367 | 64 | 365 80 305 | 143
M43 | 206 | 150 | 343 | 70 | 358 | 58 | 299 114 | 210 | 190

3.3.1.2 Nominal Live Load Distribution

MGLFs were calculated for all girders for all load cases in the 2020 and 2022 tests and
compared with equivalent MGLFs developed from the corresponding FE analyses with the
nominal model. An example of this comparison can be seen in Figure 3.2 where the MGLFs for
test run M42 of 2020 and M42 of 2022 are compared (the calibrated model results shown in
Figure 3.2 are discussed and referred to later in section 3.3.2.). As shown in Figure 3.2 (a) and
3.2 (b), the nominal model predicts a more even distribution of live load to each girder than what
was inferred from testing. The nominal model under-predicts the MGLF in the most heavily
loaded girder while slightly overpredicting the MGLFs of less heavily loaded girders. This
inaccurate prediction of live load distribution provides additional justification for conducting
model calibration. One possible explanation for this phenomenon is that the girders are
significantly less stiff than the concrete deck, which allows the deck to more evenly distribute
live load across its width. This can be addressed by adjusting the stiffness of the girders and deck

to better reflect the actual condition of the bridge.
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3.3.2 HGMB Model Calibration

3.3.2.1 Calibration Parameters

A key difference between the nominal model and the test results was the negative bottom
flange strains near the support observed during testing. This is a clear indication that the
abutment provided rotational restraint that the simply supported boundary conditions of the
model cannot capture. Abutment details similar to that of the HGMB have been investigated by
Dicleli and Erhan (2009) who captured this effect by adding linear translational spring elements
to the back of the abutments to represent the effect of the backfill soil loading on the structure. A
similar approach is taken here, where linear translational spring elements were added with
stiffness in the bridge’s longitudinal direction at the top of the deck and bottom of the girder at
each girder centerline and at both abutments to represent the soil, abutment, and girder
interaction as seen in Figure 3.3. The paired springs induce a moment couple as the girder ends
rotate to provide the required rotational restraint and can also capture any small curvature-

induced overall shortening of the bridge. The stiffness of these spring elements is one variable
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that is used throughout the calibration process to help best fit the model to the test data. Each

spring is assumed to have the same stiffness and does not vary from girder to girder.

Figure 3.3: Side Angle View of Paired Springs at One End

It is common for RC bridge decks to experience transverse and longitudinal cracking,
especially early in their service lives due to restrained concrete shrinkage and live loading (Wiss,
Janney, Elstner Associates 2017). Even though deck cracking is a common phenomenon in
bridges it was not considered in the development of the AASHTO DFs. Sotelino et. al (2004)
found that simulating longitudinal deck cracking led to calculated DFs up to 17% higher than
those reported by AASHTO while transverse cracks were found to have no significant effect on
load distribution. To implement a cracked deck in the model, the concrete elements were
redefined with an orthotropic constitutive model with a reduced transverse elastic modulus (E>).
The calculated, cracked elastic modulus, E., is found by Equation 3.1, where E,,,,, is the
nominal elastic modulus, I,,,,, is the nominal section moment of inertia, and I, the cracked
section moment of inertia. The original nominal model assumed an isotropic concrete deck with
the elastic moduli in all directions of 32.1 GPa. Using a cracked deck, E: is reduced to 5.08 GPa

while the moduli orthogonal to that direction remained unchanged. To account for the added
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thickness of the curb and sidewalk on the cracked sections, the modulus corresponding to a
cracked deck was calculated to be 2.15 GPa for the width of deck on the exterior where curbs
and sidewalks were present.

(3.1)

The final calibration parameter considered is the longitudinal elastic modulus of the
carbon fiber bottom flange. The vacuum infusion process used to manufacture CT girders is
similar to Vacuum-Assisted Resin Transfer Molding, which has been used to produce carbon
lamina with elastic moduli in the longitudinal direction that are significantly higher than the 99.1
GPa assumed for the carbon laminae in the HGMB model. For example, Pirvu et al. (2004)
reported a carbon composite Ex = 134 GPa, Tan and Nieu (1996) reported E; = 122 GPa,
Figiolini (2011) reported E; = 113-127 GPa and Jose-Trujillo et al. (2019) reported E1 =129 GPa.
The average of these values is 125 GPa, 26.3% higher than the nominal 99.1 GPa used for girder
design and the initial analyses with the nominal model, which justifies increasing the carbon E;
while calibrating the FE models to match test data.

3.3.2.2 Calibration Process

The nominal model was calibrated by minimizing the error, ¢, defined in Equation 3.2
that captures the difference between the i*" predicted strains, £,,04¢; i, and the i*" strains
measured during testing, €., ;- The two calibration parameters that varied were the carbon
modulus and the abutment spring stiffness. The two tests selected for calibration were M42 from
2020 and 2022 since they represented a heavy load case with four trucks centered along the
bridge in both the longitudinal and transverse direction that produced large strains in the interior

girders. Readings from each sensor (n equals 24 sensors and 22 sensors from 2020 and 2022,
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¢ (microstrain)

respectively) from each of the two tests were used for calibration, and each sensor was given

equal weight in Equation 3.2.

n
¢) = Z(gmodel_i - gexp_i)z (32)
i=1

Figure 3.4 shows the results of calibration against the (a) 2020 and (b) 2022 tests,
respectively. In both cases increasing the longitudinal carbon modulus toward the upper end of
the range of reasonable values tended to improve the quality of predicted strains for the entire

range of moduli tested. Increasing the abutment spring stiffness tended to improve prediction up
to a stiffness of 8.76x10’ % after which the predictions worsened. The model appears to better

predict strains from the 2022 test than the 2020 test. However, it should be noted that during the
2020 test, the deck formwork that had not yet been removed from the structure was not included
in the simulations, which could have affected measured strains. Overall, it is clear that

calibration leads to significant improvement in model-predicted strains.
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Figure 3.4: Calibration of Test M42 (a) 2020 (b) 2022
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The final values selected for the two calibration variables of abutment spring stiffness
and carbon longitudinal elastic modulus were 8.76 x10’ % and 124 GPa respectively. These

were used to simulate tests from both 2020 and 2022. Even though the models with a carbon E1 =
138 GPa gave the lowest error in predicted strains, a carbon E1 = 124 GPa was selected as it is
close to the average of the values reported in the literature cited earlier. The chosen spring
stiffness minimizes error for both sets of tests. Table 3.2 compares the midspan strains measured
from the four truck load cases in 2020 and 2022 with those predicted from the nominal and
calibrated models. The average absolute value of error given for reference in Table 3.2 was
calculated as the average of the absolute values between calibrated and nominal models and the
measured strains across all girders in each test. The results show the calibration process
significantly improved the agreement between midspan strains predicted by the model and those
measured in the field. Predictions are best for the 2022 test, which is consistent with the lower

least-squares error for 2022 predicted by Equation 3.2.
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Table 3.2: Comparison of Measured and Model-Predicted Strains at Bottom of Girders at

Midspan (pe)
Year/ Measured or Girder 1 | Girder 2 | Girder 3 | Girder 4 | Girder 5 | Average Absolute
Test Model Error
2020 Measured 86 153 304 280 346 -
M4l No_mlnal Model 207 291 422 497 506 121
Calibrated Model 80 172 320 380 348 6
2022 Measured 60 104 249 336 305 -
M4l Nominal Model 175 245 349 308 420 115
Calibrated Model 68 143 261 319 284 8
2020 M_easured 133 201 309 230 202 -
M42 No_mlnal Model 298 385 461 441 348 165
Calibrated Model 148 261 356 327 206 15
2022 Measured 131 171 289 260 158 -
M42 Nominal Model 226 296 367 365 305 95
Calibrated Model 120 203 287 268 170 11
2020 Measured 206 251 303 164 104 -
M43 Nominal Model 315 397 454 409 294 109
Calibrated Model 168 282 362 303 162 38
2022 Measured 184 201 273 195 92 -
M43 No_minal Model 296 343 358 299 210 112
Calibrated Model 187 251 266 192 94 3

3.3.2.3 Calibrated Girder End Behavior

In addition to improving the prediction of midspan strains, the paired springs were added
to the calibrated model to help simulate the rotational restraint observed from the test data. Table
3.3 compares the resulting average end strains from the calibrated models to those measured
during the four-truck tests. The average absolute value of error was calculated as the average
across all girders of the absolute values between calibrated and nominal models and the
measured strains in each test. The results in Table 3.3 suggest the springs reasonably simulate
the effect of end restraint acting on the bridge structure as can be seen by the improved
prediction of girder end strains. With few exceptions, the predicted strains match the measured

strains well, with an average difference of 20.2 pe.
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Table 3.3: Average End Strains Measured during Tests and Predicted by Models (ue)

Year/ | Measured or Model | Girder 1 | Girder 2 | Girder 3 | Girder 4 | Girder 5 Average
Test Absolute Error
Measured - -30 -98 -110 -53 -
Iz\%f Nominal Model . 164 109 38 67 167
Calibrated Model - -19 -127 -96 -122 31
2020 Measured - -64 -116 -92 -18 -
M42 Nominal - 139 91 69 134 181
Calibrated — -81 -159 -75 -19 20
Measured - -87 -109 -47 10 -
,Z\%g Nominal = 127 84 72 148 166
Calibrated - -98 -169 -71 10 24
Measured 8 -27 =77 -125 -68 -
IZ\SI)AZE Nominal 207 152 37 82 113 176
Calibrated 41 -16 -107 -142 -96 24
Measured -4 -70 -124 -108 -13 -
2022 Nominal 184 110 88 61 76 168
M42 .
Calibrated 24 -63 -133 -112 -16 10
2022 Measured -16 -94 -134 -74 6 -
I\?I 43 Nominal 150 70 64 80 143 164
Calibrated -5 -101 -128 -60 30 12

3.3.3 HGMB Simplified Moment Model

3.3.2.1 Model Description

To assess live load distribution in slab-on-girder bridges, including CT girder bridges, the
effect of parameters such as girder spacing, span length, and girder depth must be considered.
FE-based parametric studies are vital to fully assessing live load distribution and the subsequent
development of live load distribution factors, as demonstrated in prior studies of bridges made
with conventional RC and steel girders (Choi et al. 2019; Barr and Amin 2006; Razzaq et al.
2021). However, such FE-based parametric studies can require thousands or tens of thousands of
analyses to cover the full range of parameters and load cases. Due to the high-fidelity model’s
significant computational expense, using it for such a parametric study would require excessive
time. Thus, investigators typically use simpler FE models that pair a shell element discretization

of the concrete deck with beam elements for individual girders (Suksawang and Nassif 2007;
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Barr and Amin 2006). Toward this end, a simplified FE model with the CT girders discretized as
beam elements and the deck as shell elements is developed here, and the results of a parametric
study are presented to assess the impact of important parameters on live load distribution.

The simplified three-dimensional model uses a geometrically linear analysis that includes
only the girders and deck as opposed to the high-fidelity model that explicitly incorporates the
wearing surface, curbs, railings and concrete reinforcement. The concrete deck is discretized
using S8R quadratic, reduced integration shell elements with 8 nodes and 6 degrees of freedom
per node. The shells were assigned a uniform thickness of 203 mm, neglecting the added
thickness of the sidewalks and curbs. The shells were assigned an elastic orthotropic lamina
material with cracked concrete properties based on the analysis presented previously. The girders
are represented by offset B32 quadratic beam elements with 3 nodes and 6 degrees of freedom
per node which are kinematically constrained to the overlying deck shell elements to ensure full
composite action between the girders and deck. The B32 element is a Timoshenko shear
deformable beam element with shear deformation controlled by the user-specified cross sectional
area and shear modulus. Displacement boundary conditions are applied to the ends nodes of the
girders to enforce simple supports, with sufficient additional boundary conditions applied to
eliminate rigid body motion and rotation of the structure as a whole. Mesh convergence was
achieved with deck and beam elements 635 mm in length for a span length of 22.9 m. Figure 3.5
shows the simplified model loaded to simulate the M42 load case during the 2022 test as well as
the applied boundary conditions. The model has a total of 100,000 DOFs as opposed to the 1.4
million DOFs in the high-fidelity model employed previously, and the solution time is

approximately 5% that required for the high-fidelity model.
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Figure 3.5: Simplified Model HGMB M42 2022

3.3.2.2 Results Comparison

The maximum strains from all girders were taken as output values and used in Equation
2.1 for calculating the MGLF of each girder from the simplified model during a load case. Table
3.4 compares the maximum interior and exterior MGLFs predicted by the simplified model with
maximum MGLFs determined from the field data based on all one lane and two lanes of load
cases. For most load conditions, the simplified model predicts maximum interior MGLFs well.
For the 2020 test cases, the simplified model over predicts the interior maximum MGLF by
nearly 1.8% whereas in 2022 the maximum interior MGLF is under-predicted by 5.7% by the
simplified model. In exterior girders the simplified model did a relatively poor job predicting
MGLFs for two lanes of loading with a maximum under-prediction of 45% in 2020 and 18.7% in
2022. These under-predictions are most likely due to the simplified model’s neglect of secondary
features such as railings, curbs, and sidewalks which draw load to exterior girders. The under-
prediction in Girder 5 is also consistent between the two years with 18.1% in 2020 and 18.7% in
2022 suggesting an adjustment factor to simplified model results might be applicable for exterior
girders that do not support a sidewalk. The simplified model’s MGLF predictions are
significantly worse for Girder 1, as the large sidewalk has a larger effect on distribution than the

curb. For one lane loading the simplified model also predicts both interior and exterior Girder 5
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MGLFs well with a nearly 8% over-prediction on the most heavily loaded interior girder and less
than 4% under-prediction for Girder 5.

Table 3.4: Comparison of Maximum MGLFs Derived from all Field Tests with the Simplified

Model
Year and # Lanes GLF Calculation Data Interior Girders Girder 1 Girder 5
Loaded Set

Field Measured 0.538 0.510 0.640

2020 Two Lanes Simplified Model 0.548 0.281 0.524
% Change 1.80% -45.0% -18.1%

Field Measured 0.597 0.496 0.630

2022 Two Lanes Simplified Model 0.563 0.376 0.512
% Change -5.70% -24.2% -18.7%

Field Measured 0.390 0.484 0.491

2022 One Lane Simplified Model 0.421 0.317 0.474
% Change 7.95% -34.4% -3.46%

Figure 3.6 gives a visual comparison of all MGLFs computed from the test data,
calibrated detailed model, and simplified model for load case M42 in 2020 (a) and 2022 (b).
There is good agreement of all three MGLFs for the three most heavily loaded girders in 2022.
However, the simplified model gives less accurate predictions for exterior and less heavily
loaded girders, which again can be attributed to its exclusion of secondary features that increase

stiffness on the exterior girders.
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3.4 Shear Test Modeling

3.4.1 Baseline HGMB Model

As described in section 3.3.2 the HGMB high-fidelity model was calibrated to the results
of the moment live-load diagnostic tests. This included linear springs at the girder ends,
decreased transverse concrete modulus to simulate a cracked deck, and increased carbon
longitudinal elastic modulus. These parameters were used as the starting point for using the high-
fidelity model to predict the results of the shear live-load diagnostic test. This is referred to as the
baseline model. Figure 3.7 shows the average shear strains predicted by the baseline high-fidelity
model compared to those measured during field testing for HGMB test V42. The most heavily
loaded girders are the most important for the model to accurately predict. As seen in Figure 3.7
the baseline model over-predicts the average shear strains for all girders except exterior Girder 1.
The over-prediction is also greatest in the most heavily girders which signifies the baseline

model predicts a higher percentage of load distributed to the interior girders than the test
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measured data suggests. This would suggest some inherent conservatism for shear live load

distribution by the baseline model.
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Figure 3.7: HGMB V42 Average Shear Strains

3.4.2 HGMB Baseline Model Calibration

3.4.2.1 Calibration Parameter

The baseline model for HGMB proved to predict live load distribution well with slight
over-predictions in the magnitude of average shear strains compared to test results. These higher
model-predicted shear strains suggest that the web shear modulus of the as-built girders might be
greater than the nominal value used to develop the baseline model. This is supported by the
results of picture frame shear tests of girder web samples detailed in Schanck et al. (2023) that
indicate that the E-glass web shear modulus is slightly higher than the nominal manufacturer-
reported value. To simulate this higher web shear modulus, the longitudinal elastic modulus of
the uniaxial GFRP used in the web biaxial fabric was increased to minimize the least squares
error between measured and predicted web shear strains. In the error minimization process, all 10

rosette shear strain measurements (two for each girder) were considered for the V42 load cases
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and weighted equally. The calibration shows that a modest increase in the longitudinal elastic
modulus of the glass from the nominal 36.8 GPa to 41.4 GPa minimizes the least squares error,
reducing it by approximately 30%. The better alignment of predicted and measured strains is

visually apparent from the results of the calibrated models shown in Figure 3.7.

3.4.2.2 Calibration Results

The comparison between the baseline high-fidelity models, calibrated high-fidelity
models and shear test results for the HGMB are summarized in Table 3.5 for all four-truck tests.
Average shear strains (Avg.) and the ratio of maximum to average web shear strain per girder

(r) are reported for each girder.

Table 3.5: Measured and Model-Predicted Shear Strains, y (ue) for HGMB

Test V41
(ne) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Avg. r Avg. r Avg. r Avg. r Avg. r
Test 274 | 2.49 124 1.90 272 | 144 | 337 | 1.05 | 252 | 1.04
Baseline 204 | 245 130 1.76 305 | 127 | 394 | 1.04 | 293 | 1.21
Calibrated 0.96 | 49.2 117 1.79 277 | 128 | 358 | 1.04 | 266 | 1.22
Test V42
(ue) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Avg. r Avg. r Avg. r Avg. r Avg. r
Test 58.2 | 1.93 204 1.63 364 | 122 | 316 | 1.20 | 123 | 1.48
Baseline 448 | 2.48 228 1.47 397 | 111 | 377 | 1.14 | 132 | 1.82
Calibrated 39.2 | 2.63 207 1.49 361 | 1.11| 343 | 1.15 | 119 | 1.86
Test V43
(ue) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Avg. r Avg. r Avg. r Avg. r Avg. r
Test 144 1.42 310 1.30 352 | 1.04 | 193 | 152 | 52.6 | 1.82
Baseline 144 1.52 344 1.21 411 [1.06 | 260 | 1.33 | 349 | 3.11
Calibrated 129 1.55 313 1.21 374 | 106 | 235 | 1.34 | 31.0 | 3.21
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The calibration of the HGMB model helped reduce strains and better align the average of
the two web shear strains within a girder with test measurements. The calibrated model
acknowledges there is differential web shear, however it typically predicts a lower ratio than
measured in the field for interior girders. For the exterior girders, where strains are typically less,
the models significantly over-predict the ratio of maximum shear strain to average. However,
this is an artifact of the very small shear strains in the exterior girders: for example, for test V41
in Girder 1, the calibrated model predicts » = 49.2, but this is largely due to the average strain

being around 1 pe due to a small negative strain predicted in one web of the girder.

3.4.3 Twin Bridge Baseline Model

The Twin Bridge girders were manufactured with the same biaxial GFRP web material as
HGMB, and the baseline Twin Bridge model employed the same 41.4 GPa web longitudinal
glass elastic modulus determined from calibration of the HGMB model. All other material
constitutive properties were assigned based on nominal values provided by manufacturer data
sheets or design drawing specifications as with the HGMB model. The concrete material was
assumed isotropic with 25.1 GPa elastic modulus.

Figure 3.8 shows the average shear strains predicted for test V42 by the baseline high-
fidelity Twin Bridge model compared to the test measured data. The baseline model consistently
under-predicted the average shear strains within each girder with less under-prediction on the
most heavily loaded interior girders. The exterior Girder 6 has the largest disparity with a 38.8%
under-prediction, although the under-prediction is much less for the most heavily loaded girders
—only 6.57% for Girder 4 in test V42. This level of under-prediction is consistent across all tests.
The higher degree of under-prediction in the exterior girders likely results in a higher model-

predicted distribution of shear to the interior girders.
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Figure 3.8: Twin Bridge Average Shear Strains Test V42

3.4.4 Twin Bridge Baseline Model Calibration

3.4.4.1 Calibration Parameter

A possible source of the consistently larger under-prediction of shear strains in the
exterior girders of the Twin Bridge could be due to the model’s lack of incorporation of
abutment rotational restraint. As detailed in section 3.3.2, the inclusion of the paired abutment
springs (see Figure 3.3) that simulate this rotational restraint observed in flexural load tests
improved the model’s ability to predict moment live load distributions across all girders. Given
that the Twin Bridge’s abutments were constructed similarly to those of the HGMB, it is
reasonable to assume that the Twin Bridge also experiences abutment rotational restraint. To
simulate this, paired abutment longitudinal springs were included in the Twin Bridge model and
treated as a calibration parameter when minimizing the least squares error between model-
predicted and measured shear strains using data from test V42. This test was used for calibration

as it caused high shears and the trucks were close to centered on the bridge, which will minimize
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the stiffening effects of features such as curbs and railings. Similar to HGMB calibration, both
shear strain measurements from each girder were weighted equally in the calibration process for
a total 12 measurements across the six girders in Twin Bridge. The model-predicted values were
compared to the measured strains using a least squares error, and the spring stiffness applied to

the model that created the minimum least square errors was determined. For the Twin Bridge
model, the calibrated spring stiffness was 1.75x107% , roughly 20% of the spring stiffness for

HGMB. The calibration improved the least squares error by an average 36.4% relative to the
baseline model across the three four-truck tests for Twin Bridge. As shown by the calibrated
model results in Figure 3.8, the inclusion of the abutment springs increased shear strains in all

girders with a larger increase occurring on the exterior girders resulting in improved distribution.

3.4.4.2 Calibration Results

As with HGMB, the calibrated model resulted in improved shear strain predictions for
Twin Bridge. For example, for test V41, where loads were shifted to heavily load Girder 6, the
baseline model predicts an average 123 pe in the webs of Girder 6 vs. a measured averaged
strains 179 pe, whereas the calibrated model improves predictions to 154 pe. The calibrated
model improved the average shear strain prediction for test V42 in HGMB and under-predicted
the most heavily loaded Girder 3’s average shear strains by a mere 0.82% compared to the
baseline model’s previous 9.07% over-prediction for Girder 3. In the Twin Bridge V42 test
simulation the baseline model under-predicted the average shear strains in the most heavily
loaded Girder 4 by 6.57% while the calibrated model over-predicted by 0.51%.

While the calibration process for HGMB did not significantly improve the prediction of
differential strain ratio r, the results in Table 3.6 show that calibration did generally improve the

prediction of differential strain for the Twin Bridge in most girders. Unlike HGMB, Twin Bridge
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was calibrated by including the optimal spring coefficient to simulate end rotational restraint, and
this effect was already included before calibration for HGMB. This suggests that the differential
web shears are affected by the rotational end restraint resulting from semi-integral abutments.
Figure 3.8 also shows how the inclusion of the paired springs in the Twin Bridge model
increased the shear strains in the exterior girder more than in the interior girders, implying that
the rotational springs created more even shear distribution across girders than predicted by the
baseline model where more shear was drawn to the interior girders.

Table 3.6: Measured and Model-Predicted Shear Strains, y (ue) for Twin Bridge
Test V41

(ne) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 Girder 6

Avg. r Avg. r Avg. r Avg. r Avg r Avg. r

Test 43.8 193 | 90.2 | 1.69 136 136 | 179 | 1.18 | 204 | 1.10 179 1.05
Baseline 40.2 294 | 752 | 244 129 157 | 176 | 1.45 | 183 | 1.01 123 1.10
Calibrated 49.1 237 | 87.2 | 2.06 139 144 | 190 | 1.34 | 200 | 1.04 154 1.01
Test V42

(ue) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 Girder 6
Avg. r Avg. r Avg. r Avg. r Avg r Avg. r

Test 705 163 141 |139]| 183 111 | 198 | 112 | 163 | 1.05 | 99.1 | 131
Baseline 59.1 1219 | 118 |175| 176 116 | 185 | 110 | 156 | 1.23 | 60.6 | 1.43
Calibrated 73.7 |182| 134 | 155| 189 111 | 199 | 1.04 | 172 | 1.24 | 86.3 | 1.39

Test V43
(ue) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 Girder 6
Avg. r Avg. r Avg. r Avg. r Avg r Avg. r

Test 120 126 | 180 | 116 | 192 1.02 | 181 | 1.16 | 131 | 1.25 | 619 | 1.57
Baseline 919 | 154 | 149 | 142 | 185 107 | 165 | 1.10 | 117 | 149 | 309 | 242

Calibrated 112 136 | 168 | 1.29 | 198 110 | 178 | 1.15 | 131 | 146 | 529 | 1.92

3.4.5 HGMB Simplified Shear Model
The overarching goal of the FE modeling and diagnostic live load testing detailed here is
to quantify live load shear distribution in CT girder bridges and provide a basis for the

development of CT girder-specific shear DFs. However, while the calibrated high-fidelity
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models can predict girder shear strains very accurately, those models are specific to the
individual bridges and include many secondary structural features such as curbs, railings,
sidewalks, and details of steel reinforcement that are not considered in design. Further, not all
bridges will exhibit end rotational restraint, which distributes shear loads more evenly across
girders and therefore should not be considered in development of shear live load DFs. Further,
the high-fidelity models are time-consuming to create and computationally expensive due to their
high level of refinement. Developing a simplified FE modeling approach without secondary
structural features that can accurately predict the shear distribution in CT girder bridges for a

wide range of nominal bridge configurations is therefore essential to determine shear DFs.

3.4.5.1 Model Description

Section 3.3.3 described a simplified model developed to predict the flexural behavior of
the HGMB where the girders were discretized with beam line elements and the deck was
discretized with shell elements. This model was able to predict live-load moment distribution
well and was very computationally efficient due to the use of beam elements for each girder.
However, such a model cannot predict differential web shear, which the tests and analyses
reported here have both shown to be an important phenomenon displayed by CT girders.
Therefore, the simplified model detailed here must capture the girder geometry with shell
elements. Further, due to their effect on girder behavior at the abutments where shear is the
highest, the reinforced concrete end diaphragms were also maintained. Not only are secondary
features like the sidewalk not included in the simplified model, but the girders are modeled with
prismatic girder sections with smeared orthotropic properties, whereas the high-fidelity models
captured the true non-prismatic girders with composite lamina layup assignments. This not only

decreases model run time and model complexity but is reasonable since not all CT girder bridges
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are designed with non-prismatic sections. Ultimately, the simplified model represents the girders
with S8R, 8-noded shell elements with 6 DOFs per node and reduced integration, and the
concrete deck and abutments are simulated with solid C3D20R 20-noded quadrilateral brick
elements with three DOFs per node and reduced integration. Figure 3.9 shows the simplified
model for the HGMB. A typical simplified model was discretized with 75000 elements and 1.3 x
10°% DOFs and resulted in a roughly 50% reduction in analysis time compared to the high-fidelity

model. This discretization relied on the same seeding and element sizing as used for the high-

fidelity model.

Figure 3.9: Fully Meshed Cross-Section Cut of Simplified HGMB FE Model

3.4.5.2 Results Comparison

To assess the efficacy of the simplified modeling approach, model predictions of the
HGMB diagnostic live load test configurations are compared here with an explicit focus on the
shear force carried by each girder, which is typically quantified by the live load support reaction
(Cross et al. 2009, Barr and Amin 2006). Further, SGLFs that describe the portion of the total
reaction carried by each girder (R;) as a fraction of the total load produced by a given live

loading can be computed using Equation 3.3, where N, represents the number of loaded lanes.
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RN,

SGLF; =
! LR

(3.3)

SGLFs predicted by the simplified and high-fidelity models for the V42 test configuration
are chosen for comparison and summarized in Figure 3.10. Girders 3 and 4 had the highest shear
based on the recorded shear strains and proved to have relatively equal shear distribution based
on model-predicted end reactions as shown in Figure 3.10. The calibrated model also predicts
Girder 5 will have a very similar reaction to that of interior Girders 3 and 4. However, the
average shear strains reported in Figure 3.7 suggest that Girder 5 carries much less shear when
compared to Girders 3 and 4. This phenomenon of increased reactions in the obtuse corner is
consistent with AASHTO guidelines which have an adjustment factor to increase obtuse corner
reactions in skewed bridges (AASHTO 2020, Huo et al. 2005). However, the simplified model
does not predict the same level of shear distributed to the obtuse corner, but under-predicts the
SGLF compared to the calibrated model. The simplified model also under-predicts the shear
distribution to the acute corner at Girder 1. This is likely due to the exclusion of the sidewalk in
the simplified model, which reduces the stiffness of Girder 1, causing it to attract less load
resulting in higher shears in the interior girders. The lack of abutment springs in the simplified
model also tends to result in less uniform distribution of shear to each girder. Taken together,
these also help explain the simplified model’s over-prediction of shear in the most heavily loaded

Girders 3 and 4.
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Table 3.7 compares the SDFs determined from AASHTO’s expression for concrete box
girders and the model-predicted SGLFs for the HGMB. Since the SDFs from AASHTO are
governed by two lanes of loading the model-predicted SGLFs are the maximums from the three 4
truck tests. The Girder 1 SDF is based on the lever rule since the AASHTO expression is not
applicable. The results show that the baseline high-fidelity model SGLFs are all below AASHTO
SDFs except for Girder 1 where the lever rule is used. The over-prediction by AASHTO is a
maximum of 54.6% in the interior girders and 5.19% in the exterior Girder 5 relative to the
calibrated model. However, when compared to the simplified model AASHTO over-predicted
interior girder shear by 28.4% and under-predicted shear for Girders 1 and 5 by 15.8% and
7.00%. Overall, these results indicate that AASHTO over-predicts shear distribution to the
interior beams of CT girder bridges but is reasonably accurate for exterior girders. The interior
girder over-prediction is consistent with the SGLFs inferred from strains in Table 2.7. The
simplified also predicts higher SGLFs using reactions compared to Table 2.7 SGLFs inferred

from girder shear strains, which is consistent with the observation of Cross et al. (2009) that
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reactions create higher SDFs than girder shears a girder depth from bearing. To explore this
further and provide a more comprehensive assessment of AASHTO SDFs, a parametric study is
performed next using the simplified model subjected to a wider spectrum of AASHTO live
loads.

Table 3.7: HGMB Maximum Model Predicted Two Lane SGLFs vs. AASHTO SDFs

Girder 1 (sidewalk) | Interior Girders Girder 5 (obtuse corner)
AASHTO 0.319 0.881 0.811
Calibrated Model SGLF 0.441 0.570 0.771
Simplified Model SGLF 0.379 0.686 0.872

3.5 Summary

The high-fidelity models can predict test measured strains very well following
calibration, where the calibration parameters of abutment rotational spring stiffness and web
shear modulus are justifiable based on observed bridge response and previous laboratory tests.
Both bridges have end rotational restraint due to their semi-integral abutment detailing that
causes slightly more even live-load distribution. The simplified model typically predicts the
interior girder DF well for moment compared to the field test results. For moment the simplified
model does not predict the exterior girder DF well with upwards of 18% under-predictions
compared to the field test results, which likely reflects the simplified model’s neglect to integral
curbs and/or sidewalk. For shear the simplified model shows more conservative DFs for the most
heavily loaded interior and exterior girders. These results indicate that the simplified models are
appropriate for parametric studies on interior girders for both shear and moment, although their

prediction of exterior girder live load moments may not be as accurate.
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Chapter 4: Parametric Study

4.1 Introduction

The simplified models for moment and shear have been shown to predict test live load
distributions well, especially for interior girders. However, these do not capture the full set of
likely bridge geometries. The simplified models were designed to facilitate generalization so that
the model geometries can be adjusted automatically for a given set of geometric parameters. This
allows critical parameters to be changed programmatically to generate a model of a complete
bridge and perform live load analysis under AASHTO HL-93 loading (AASHTO 2020). This
produces a wider array of results for many bridges with varying parameters to develop live load
DF expressions for CT girders comparable to AASHTO expressions. For clarity, the distribution

factors for moment will be referred to as MDF and shear SDF-.

4.2 Assumptions

Previous attempts at DF expression determination with parametric studies have used
databases of constructed bridges to provide reasonable bridge and girder geometries and
properties to generate structural models (Cross et al. 2009, Ndong et al. 2022). Due to the
novelty of the CT girder, there are only four bridges constructed to date which do not provide a
sufficiently large sample size of typical bridge and girder designs to use in the models for a
parametric study. Therefore, some assumptions were made on the material properties and
geometries of the bridge and girders to develop adequate designs for each set of parameters.
These assumptions were based on communication with Advanced Infrastructure Technologies
(the designer and manufacturer of all CT bridge girders to-date), and girder designs from the four
existing bridges. Only two-lane bridges were considered, and the AASHTO definition of number

of lanes as the total travel width divided by 3.66 m rounded down to the nearest whole number
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was enforced. As a results, travel width ranged from 7.32 m to 11.0 m. It was assumed that a
typical bridge would have 508 mm wide curbs on each side, bringing the range of overall bridge
widths to between 8.33 m and 12.0 m. It should be noted that although the curb width was
considered to define overall bridge deck width, the curbs were not explicitly modeled and
therefore their contribution to stiffness was neglected.
4.2.1 Girder Design

The CFRP and GFRP material properties from the HGMB design, previously listed in
Table 2.1, were applied to the girders designed for the parametric study. The elastic moduli of
the bottom flange and web were found by classical lamination theory as described in Barbero
(2018). The dimensions of the top flanges were kept to a constant 25.4 mm thick by 165 mm
wide with a longitudinal elastic modulus 27.1 GPa, which matches typical CT girder
construction. The splay angle of the web was assumed to be 5°, also a typical value used for CT
girders. The bottom flange width was kept as 305 mm for spans under 18.3 m, and 610 mm for

spans from 18.3 m to 24.4 m unless otherwise noted.

For each set of parameters, an iterative design process was performed such that candidate
girders met the AASHTO Strength | limit state for shear and moment with applicable capacity
and environmental reduction factors as detailed in Davids et al. (2022). The design was
automated using software consisting of a series of functions that took input parameters for bridge
geometry, performed capacity calculations, and determined ultimate factored dead and live load
moment and shear per AASHTO requirements. To comply with current design methodology, the
AASHTO concrete box girder DFs were used to determine the number of lanes of live load
carried by each girder. The girders were also designed to meet the AASHTO recommended live

load (truck plus impact) deflection limit of L/1000. Deflection was the first check as it often
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controls flexural design based on previous experience. When needed, sufficient stiffness to meet
the deflection limit was achieved by adding carbon plies to thicken the bottom flange which is
current design practice. Following the deflection check, the number of glass plies in the web
were determined to ensure sufficient shear capacity assuming a 68.9 MPa characteristic failure
stress. This is the current characteristic failure stress used in design, which testing by Schanck et
al. (2023) showed is likely conservative. This value was further reduced by an environmental
reduction factor of 0.65, a statistical reliability factor of 0.85, and a resistance factor of 0.75
(AASHTO 2012, Davids et al. 2022). Web shear buckling capacity was then checked using a
0.35 resistance factor based on the results of the buckling analyses performed in Schanck et al.
(2023). Finally, the moment capacity was checked using moment-curvature analysis and all
appropriate reduction factors as explained by Davids et al. (2022) for both the composite section
under Strength I loading and the non-composite section under the dead load during the deck
construction phase. The concrete material in the deck was assumed to have a compressive
strength of 27.6 MPa and the deck reinforcement was neglected, a conservative assumption

which slightly reduces predicted flexural capacity and stiffness.

4.2.2 Moment Model Implementation

Once a girder had been designed for a given set of parameters, the simplified FE model to
predict MDF, previously described in section 3.3.3, was created. For the beam elements, the
properties were given for the non-composite girder section from the transformed section analysis
performed in the girder design process. Modular ratios were used to transform all materials to
concrete with an elastic modulus (E) of 25.1 GPa. Along with E, the beam is defined in the
model using its moments of inertia (1) about the 11 and 22 axes seen in Figure 4.1. Additional

geometric and constitutive properties included the polar moment of inertia (J), cross sectional
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area (A), and shear modulus (G). The shear modulus was assumed constant with a value of 10.7
GPa, the value of the +45° oriented GFRP face sheets in the webs. The polar moment of inertia
was calculated assuming a closed thin wall rectangle with a height equal to the girder depth and
width of the bottom flange and thickness of the 2 face sheets per web. This notional section is
depicted in Figure 4.2. A separate sensitivity study was performed to verify the effect of varying
J from 0.5J to 2J, which resulted in minimal change in the model output. This indicates that,

although crude, this approximation was adequate for the analyses performed here.
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Figure 4.1: Girder Axes
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Figure 4.2: Polar Moment of Inertia Simplified Thin-Wall Cross Section
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Each beam was also discretized with 10 equal length elements evenly spaced along inner
30% of the span as shown in Figure 4.3. The ends of the elements were constant nodes that
helped locate maximum strains which may not occur directly at midspan, especially in bridges
with skewed abutments. When calculating the moment in a single girder it was determined from
the maximum strain of the 11 discrete nodes near midspan of the girder. The maximum strain
was converted to a moment through the section modulus, which was determined by a simple
tributary width (determined from girder spacing) transformed section analysis of the girder deck
cross section. Using individual girder moments, the format of Equation 2.1 with a ratio of girder
moment to total moment was implemented for model output MDFs and includes multiple
presence and number of lanes loaded. Finally, the deck was assigned as S8R shell elements with
orthotropic properties to represent a cracked deck as described previously. The transverse elastic

modulus was different for each deck thickness put into the model and listed in Table 4.1.

Figure 4.3: Girder Center Span Nodes Highlighted in Red for Girder 1

Table 4.1: Transverse Elastic Modulus of Concrete for Certain Deck Thickness

Deck Thickness (mm) Transverse Elastic Modulus (GPa)
178 5.32
203 5.12
229 4.90

4.2.3 Shear Model Implementation
As described in section 3.4.5, the simplified model used for shear parametric studies

models the true CT girder cross sectional geometry with shell elements. These shells were
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modeled with prismatic girder sections having smeared orthotropic properties obtained from the
girder design described in section 4.2.1. The thickness of the web foam core was considered in
the design process and assignment of properties for the web. The bottom flange was partitioned
at the end to provide seven nodes (shown in Figure 4.4) for the application of boundary
conditions and lower the discontinuities and stress concentrations in the model. The reaction at a
single girder end was the sum of the reactions output at these seven nodes. The model output
SDF was determined as the ratio of single girder reaction to the sum of all girders under the same
loading with multiple presence and number of lanes applied to directly compare to AASHTO

predictions.

Figure 4.4: Shear Model Girder End Partitions and Nodes for Boundary Conditions

4.2.4 Load Application

AASHTO HL-93 loading is defined in section 3.6 of the AASHTO LRFD Bridge Design
Specifications (AASHTO 2020). There are rules the application of load must follow including
3.66 m wide design lanes, with 3.05 m wide uniform lane loads and multiple truck axle
configurations. The truck and lane loads must be positioned to maximize load effects. The truck

load also must be increased by a 33% impact factor, which does not apply to the 3.06 kPa
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uniform lane load. The loads were applied on shell surfaces that were given minimal mechanical
properties that effectively added zero strength and stiffness to the structure but provided
consistent surfaces to use for offsets and creating a generalized and easily edited surface for load
application.

Two truck configurations were considered, the HL-93 truck shown in Figure 2.6 (b) and
the tandem axles with two 111 kN axles spaced longitudinally by 1.22 m. With either truck
configuration, a wheel centerline cannot be applied any closer than 610 mm to the edge of a lane.
Since these loads must be moved transversely and longitudinally to maximize load effects, the
precise positions of the truck and lane load that will cause a maximum load effect is not known,
especially for bridges with complex geometry. However, performing a very large number of
analyses to completely examine all possible load positions is not tractable, and therefore some
assumptions were made to limit the number of analyses.

First, it was assumed that applying the load center of gravities as close to the girder of
interest as possible transversely within the guidelines of AASHTO would produce the
maximized live load distribution effects for shear and moment. This meant that for exterior
girders, the first lane started at the inside of the assumed 508 mm curb and the second lane
started an additional 3.66 m after. Within each lane, the uniform 3.05 m width was applied on the
side closest to the girder in question. The nearest truck wheels were placed 610 mm from the
start of the lane. This exterior girder load application can be seen in Figure 4.5 (a). To maximize
load distributed to the interior girders the two-lane loads were grouped together with one uniform
load applied to the right edge of the lane with the truck 610 mm from that right edge and in the

second lane the uniform lane load shifted all the way to the left edge and the truck 610 mm from
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that edge as seen in Figure 4.5 (b). The longitudinal positioning of loads is described after mesh

refinement.
0610 m — — ~—0610m 3.05 m Uniform Load
0.508 m Curb —~ — 3.05 m Uniform Load —| |=—0.610m

122 m ~—
3.66 m Lane 1 3.66 m Lane 2 3.66 mLane 1 3.66 m Lane 2
(a) (b)
Figure 4.5: AASHTO HL-93 Load Applications to Model (a) Optimized on Exterior with Truck Axles (b)
Interior Optimized Positioning with Tandem Axles

4.3 Convergence Studies
4.3.1 Moment Parametric Model Convergences

4.3.1.1 Mesh Convergence

Element size was examined for the moment simplified model to produce converged MDF
and strain results. The load surface was fixed at a maximum element side length of 50.8 cm
while the deck and girder element sizes were varied. Figure 4.6 shows the results of varying the
mesh density for the deck and girders on output interior MDF for multiple span lengths. Mesh
densities greater than 0.0157 elements per cm results in essentially constant MDF values for
most span lengths and was selected as the element size for the girder and deck moving forward.

This translates to element dimensions of approximately 63.5 cm.
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Figure 4.6: Simplified Moment Model Mesh Convergence

4.3.1.2 Longitudinal Positioning Convergence

Once an adequate discretization was defined, the longitudinal placement that produced
the maximum moment could be determined. This position becomes less trivial for skewed
bridges as two-way bending effects start to reduce the moment in the longitudinal direction. For
non-skewed bridges, the truck load was applied nearly centered on the span to produce a
maximum moment with the assumed simply supported boundary conditions. The uniform lane
load was applied over the full length of bridge to produce maximum moment. The longitudinal
position was measured relative to the rear axle and moved the entire truck in 610 mm
increments, tracking the total moment produced in the model at each truck positioning. Skewed
and non-skewed bridges were examined for maximum moment positions for both the truck and
tandem axle configurations.

An example is shown in Figure 4.7 for a truck axle with varying bridge skews at spans of

18.3 m and 24.4 m. At higher skews a lower percentage of the design moment is achieved when
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summing the moments in each girder converted from the maximum strains. The axle locations
that produced the three highest total moments in the model at each skew were selected and used
in the parametric study. Table 4.2 summarizes the positions used in the study for each skew and
load configuration as an offset of the rear axle from the support. For instance, a non-skewed 18.3
m span bridge loaded under the truck axle configuration would have three longitudinal positions

assessed with the rear axle starting at 4.88 m, 5.49 m, and 6.10 m from the support.

100 T T T T T T
QOV W -
80 r A
- 10r 5
c
(0]
g 60 L o —— O —— o —— o-—-—- O—-—-— - e —-—.o |
= *——m *oem T B K ¥ *
S 50[ :
7]
a
© 40t 1
o
R B ]
30 L=18.3 m L=24.4m
20 L —*— Skew=0° —©— Skew=0° |
Skew= 30° Skew= 30°
10F —-%-—Skew=60° —-©-— Skew= 60° |

O 1 L L L L 1 1 1 1
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5

Distance From Support L/2-X (m)
Figure 4.7: Percent (%) Live Load Moment Achieved for Rear Axle Position from Support

Table 4.2: Longitudinal Position from Support to Rear Axle

Skew Range Truck Skew Range Tandem

0°< 6 < 20° %—4.27mt0§—3.05m 0°< 6 < 15° 5—1.52 mto§—0.305m

20° < 6 < 45° %—4.88mt0§—3.66m 15° < 9 < 45° %—2.13mt0§—0.914m

45° < @ %—5.79mt0§—4.57m 45° < 0 %—2.74mt0§—1.52m
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4.3.1.3 Transverse Positioning Convergence

With the model mesh defined and the longitudinal positions established, the transverse
positions required to maximize MDF were determined. The loading was positioned at the
minimum allowed offset from the curb and then centered in the travel width. The distance
between these two positions was divided into equal step sizes based on the number of total load
positions desired. The number of positions was varied until convergence to a maximum interior
MDF was achieved. The exterior maximum MDF was typically achieved with the load applied
with the minimum allowed offset to the curb line. For skewed bridges the load was placed by
varying its position across the entire travel width but for the non-skewed bridges the load is only
varied to the point where loading was centered in the travel width taking advantage of symmetry
of the bridge transversely. The results of the transverse load study for a typical bridge with HL-
93 truck loading are shown in Figure 4.8 for (a) one lane and (b) two lanes. From the results of
this examination, seven transverse positions were selected for one lane loading and five positions
were selected for two lane loading. The total number of analyses for a bridge was 42 and 30 for

one and two lanes of load respectively.

2 3 4 5 6 7 8 2 3 4 5 6 7 8

Transverse Load Runs Transverse Load Runs
(a) (b)

Figure 4.8: Number of Transverse Load Runs Convergence (a) One Lane (b) Two Lanes
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4.3.2 Shear Parametric Model Convergences

4.3.2.1 Mesh Convergence

A different model was required for modeling shear live load distribution due to the tub
shape of the girders with two webs as highlighted in Chapter 3. The shear parametric model
required a different discretization compared to the moment model as it has multiple components
including the deck, diaphragm, girders, and load surfaces. The diaphragms were meshed with an
element size of 152 mm to create 3 elements through their thickness. The girder and deck seed
sizes were varied to find a mesh that gave convergent distribution factors and reactions at the
girder ends. First, the girder mesh was varied from two to six elements through the girder depth
shown in Figure 4.9 for a 12.2 m span bridge and a 24.4 m span bridge. During this study the
deck and load surface were meshed with 508 mm elements. Following the girder discretization
study, a mesh of four elements through the depth was selected. The deck mesh was studied,
varying the number of elements in the span from forty to eighty. The results of this study found
minimal effect on the number of elements in the span of the deck and forty elements in the span
was selected moving forward. The mesh of the load surface was found to have little effect and

the seeding was kept at 508 mm.
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Figure 4.9: Shear Parametric Model Girder Mesh Convergence (a) 12.2 m Span Exterior
SDF (b) 24.4 m Span Interior SDF

4.3.2.2 Longitudinal Positioning Convergence

Following the convergence study a study of longitudinal position producing maximum
shear and shear distribution was performed. Intuitively, loads placed directly over the bearing
produces the highest reactions at girders. However, this may not produce maximum shear

distributions. The model was analyzed with the load positioned in the exterior optimized position
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and centered transversely on the bridge to produce large shears in an exterior girder and an
interior girder at each longitudinal position. The longitudinal position was varied from 230 mm
from centerline bearing to twice the depth of the girder. It was found that the longitudinal
position minimally affected the shear DF on the interior and exterior, however as trucks were
placed further from centerline bearing the overall reactions were reduced. Therefore, the trucks

were placed one girder depth from centerline bearing longitudinally.

4.3.2.3 Transverse Positioning Convergence

One extreme for transverse load positioning is with live loads towards the exterior of the
lanes to maximum shear in an exterior girder as shown in Figure 4.5 (a), and the second extreme
transverse load position is with loads centered in the bridge travel width as shown in Figure 4.5
(b). Intermediate evenly spaced positions between those two extremes were also considered.
Ultimately it was determined five different transverse positions were sufficient to determine the
maximum SDFs in most cases. This resulted a total of ten live load cases for an individual bridge
to determine the SDFs corresponding to the five transverse positions for both the HL-93 truck

and tandem load configurations.

4.4 Moment Parametric Study

Typical AASHTO (2020) design procedure is to determine the interior girder MDF using
the expressions for one lane and two or more lanes and use the larger of the two. After finding
the interior girder MDF a skew reduction factor is applied as well as an eccentricity for the
exterior girder MDF. Within the AASHTO expression (seen in Equations 4.1-2) for interior
girders, spacing (S), girder depth (d), and span length (L) are the three parameters included with
S being the most influential as indicated by its larger exponent. For the expressions S and L are in

m and d in cm. These three parameters were assessed, along with deck thickness and number of

www.tidc-utc.org




girders, for their effect on interior girder MDF. The d and L terms are also related in the
expression as the inverse of the span-to-depth ratio which was also assessed. For the skew
reduction factor, the skew angle itself has the greatest effect, and so the effect of skew angle was
studied. Finally, the eccentricity factor relies on de, a term which relates the distance from the

inside of the curb to the centerline of the exterior web at the intersection with the top flange.

0.35 sSd

One Lane Interior Moment MDF,,, = (_) ( )025 4.1)
0.914 100L?
. 0.6 Sd
Two Lanes Interior Moment MDF,,, = (1 92> (100L2)0.125 (4.2)

4.4.1 Effect of Spacing

Girder spacing S is the most influential parameter for interior MDFs according to
AASHTO and was assessed first. Five non-skewed girder bridges were examined with span-to-
total-depth ratio fixed at 18:1, deck thickness fixed at 203 mm, and overhang fixed at 0.914 m. S
was varied from 1.83 m to 2.44 m for spans of 12.2 m, 18.3 m, and 24.4 m. The results of the S
parameter study are shown in Figure 4.10 for (a) one lane and (b) two lanes of load. As seen in
Figure 4.10 the two lanes MDFs are greater than those for one lane. For the two lanes MDF
AASHTO over-predicts MDF compared to the model. However, AASHTO under-predicts for
one lane MDF. For both one and two lanes, the model and AASHTO predict very similar

variation in MDF with S.
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Figure 4.10: Interior MDF with Varying S (a) One Lane (b) Two Lanes

4.4.2 Effect of Span Length

In the study of S, it was noticed that at lower span length for the same spacing the MDF
tended to be lower which agrees with AASHTO’s treatment of L. To further investigate the
effect of L on interior MDF five values of L from 12.2 m to 24.4 m were assessed for three
separate girder spacings (5=1.83 m, 2.13 m, and 2.44 m). The same constant values were applied
as in section 4.4.1. The results are shown in Figure 4.11 for (a) one lane and (b) two lanes
respectively. Again, the two lanes of load applied to the bridge resulted in higher interior MDFs.
Also, AASHTO under-predicts the model-predicted one lane MDF and over-predicts the two
lanes MDF from the models. The results show that as L increases the interior MDF decreases at

a similar rate to AASHTO’s expression predicts.
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Figure 4.11: Interior MDF with Varying L (a) One Lane (b) Two Lanes

4.4.3 Effect of Span-to-Depth Ratio

The span-to-total-depth ratio was varied for non-skewed five girder bridges with S = 1.83
m and other constants consistent with section 4.4.1. The ratios assessed range from 16:1 to 20:1
which is typical for current CT girder bridges built to date. The results of this variation are
shown in Figure 4.12 for (a) one lane and (b) two lanes interior MDFs. The model predicts a
minimal effect on the ratio to the interior MDF which is contrary to AASHTO. This is expected
due to the nature of the parametric study. Each girder was designed through the same process
and typically governed by the deflection requirement. The deflection requirement is met through
achieving a certain stiffness (EI) for that span length regardless of span-to-total-depth ratio.
Since the stiffness is the same regardless of the girder depth there is no change in relative
stiffness and the distribution within the bridge does not vary as shown by Figure 4.12. These
results suggest that any future MDF expression for interior girders may not need to include the

span-to-total-depth ratio or girder depth to predict the MDF.
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Figure 4.12: Interior MDF with Varying Span-to-Total-Depth (a) One Lane (b) Two Lanes

4.4.4 Effect of Deck Thickness

Although span-to-total depth was shown to have minimal effect on the model-predicted
interior MDF the concrete deck thickness was fixed in that study. Intuitively, as the deck
thickness increases the deck should carry more of the load due to its increased stiffness and
girders’ stiffness is less important to meet the required section strength limits. Therefore, the load
distribution was expected to be more evenly spread to each girder in thicker decks. This was
examined for non-skewed, five girder bridges with S = 1.83 m and 18:1 span-to-total-depth ratio.
The deck thickness was varied from the minimum thickness allowed by AASHTO (2020) of 178
mm to a maximum of 229 mm. The results of varying deck thickness (t) are shown in Figure
4.13 for (a) one lane and (b) two lanes interior MDF. Again, the one lane MDF is under-
predicted by AASHTO yet smaller in magnitude compared to the two lanes MDF. AASHTO still
over-predicts the two lanes MDF and does not anticipate the effect of t, whereas the model does

show that as t increases the interior MDF decreases.
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Figure 4.13: Interior MDF with Varying Deck Thickness t (a) One Lane (b) Two Lanes

4.4.5 Effect of Number of Girders

In each of the previous analyses, all the bridges assessed used five girders. To maintain
total bridge widths for two-lane bridges and spacings between 1.52 m and 2.44 m bridges built
to-date have used five and six girders. It was expected that five girder bridges would have higher
MDFs than six girder bridges. A few bridges were analyzed with both five and six girders for
non-skewed bridges with S = 1.83 m and t = 203 mm. The span-to-total-depth was fixed at 18:1.
The results are shown in Table 4.3 for one lane and two lanes of load. As expected, the increase
in the number of girders leads to decreases in the interior MDF. Therefore, basing MDF
expressions on model predictions from five girder bridges, the lowest number of girders used to-

date for two lanes CT girder bridges, will lead to the higher MDF.

www.tidc-utc.org




Table 4.3: Interior MDF for Varying Girder Numbers

Span Length Interior MDF One Lane Two Lanes
L (m) Determination 5 Girders | 6 Girders |5 Girders | 6 Girders

L =122 AASHTO Expression 0.352 0.511

' Model Predicted 0375 | 0.364 0486 | 0.433
L =183 AASHTO Expression 0.329 0.493

' Model Predicted 0357 | 0.342 0481 | 0.423
L =244 AASHTO Expression 0.311 0.480

' Model Predicted 0338 | 0.322 0469 |  0.413

4.4.6 Effect of Deck Overhang on Exterior Girder MDF

In previous analyses, the overhang was fixed at 0.914 m which was no more than half of
the girder spacing. According to AASHTO, the overhang treated as d,, as seen in Equation 4.3,
is the parameter that affects the edge correction factor. The value d, is in m and represents the
distance from the web centerline to the inside of the curb on the exterior girder. The overhang
was varied from the initial 0.914 m to half the spacing, which is the maximum in typical designs
for girder spacings of 1.98 m, 2.13 m, and 2.29 m. The span was also varied however showed
minimal effect on the results. The exterior correction factor e is the ratio of the exterior MDF to
the interior MDF, meaning a value greater than 1 signifies exterior girders have a higher
distribution than the interior. The bridges assessed were all non-skewed, five girder bridges with
203 mm thick decks and 18:1 span-to-total-depth ratio. Figure 4.14 shows the results for the 18.3
m span bridges for (a) one lane and (b) two lanes of live load. The results show the exterior
girders for the one lane case had a much higher correction factor than the two lanes loaded
girders. The results also show that under two lanes of load, the correction factor was typically
less than AASHTO predicts and less than 1.0, meaning the exterior girder had a lower MDF than
the interior. The one lane plot was not compared to AASHTO as AASHTO requires the use of
the lever rule in this situation. For both one and two lanes the factor goes at a consistent slope at

all spacings and shows minimal difference in magnitude at each spacing. The results suggest that
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the overhang is the parameter that effects the exterior correction factor like AASHTO predicts

and is not affected by spacing and span length. Regardless of the one lane having a higher

correction factor the two lanes interior MDF is still much larger and results in the two lane

exterior MDF still governing the one lane exterior MDF.
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Figure 4.14: Moment Exterior Correction Factor e with Varying Overhang (a) One Lane (b) Two Lanes

4.4.7 Effect of Skew Angle

The bridges so far have all been non-skewed. However, skew is very common to meet

roadway geometry requirements as bridges are not usually perfectly perpendicular with the

obstructions over which they pass. AASHTO refers to the adjustment for skew as a skew

reduction factor, which implies that skew decreases the MDF. This was tested with the moment

simplified model by analyzing skews up to 60°. The bridges had five girders, a 203 mm deck,

span-to-total-depth ratio of 18:1 and 2.13 m girder spacing. The model-predicted skew correction
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factor Cy is the ratio of maximum flexural strain from a skewed bridge divided by the maximum
flexural strain for the same non-skewed bridge. The results of varying skew are shown in Figure
4.15 for (a) one lane and (b) two lanes of live loading for interior girders. The model predicts that
at shorter spans the reduction in MDF due to skew is greater than for longer spans. This makes
intuitive sense as for shorter spans, the length and width become closer in size, creating larger
two-way bending effects. The model also predicts less of a skew reduction than AASHTO in
most cases meaning AASHTO would under-predict the MDF in a skewed CT girder bridge. The

first 0-15° range shows very minimal change in the moment distribution.
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Figure 4.15: Interior Skew Correction Factor (a) One Lane (b) Two Lanes

4.5 Shear Parametric Study

L
50

Spacing (S), girder depth (d), and span length (L) are the three parameters included in the

AASHTO expression for concrete box girder bridges with S being the most influential

(AASHTO 2020). In this parametric study, S and L were varied for typical non-skewed, two-lane

CT girder bridges with five girders to assess the impact of these critical parameters. Two lanes of
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live load were only applied and no one lane loadings were assessed. Overall roadway width was
varied from 9.14 m to 11.6 m and girder spacing was varied from 1.83 m to 2.44 m. Other
parameters including the deck thickness of 203 mm and exterior girder deck overhang of 914
mm were held constant. To-date, bridges have been designed with span-to-total-depth ratios of
15.5:1 to 20:1, and for this parametric study the span-to-total-depth ratio was maintained at an
intermediate value of approximately 18:1. In addition to the other constant parameters, the
bottom flange width was fixed at 457 mm, the average of the typical bottom flange widths for the
span lengths considered here.
4.5.1 Effect of Spacing

The results of the spacing study are shown in Figure 4.16 where model -predicted SDFs
and AASHTO SDFs are compared for interior girders. In Figure 4.16 there is good agreement
between the AASHTO and model-predicted SDFs for the shortest span assessed (12.2 m) with
AASHTO showing a slightly higher SDF. The model-predicted SDFs suggest that spacing is an
influential parameter and follows a similar pattern to the AASHTO expression, but as span
length increases the degree of conservatism in the AASHTO SDF increases dramatically. This
suggests that the term including S in the AASHTO expression could be utilized in any future CT
girder-specific expression, but that the coefficients should be altered to adjust the levels of

conservatism.
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Figure 4.16: Effect of Girder Spacing S on Interior SDF

4.5.2 Effect of Span Length
Figure 4.17 indicates that AASHTO shows a small increase in SDF as the span length
increases, whereas the models show a consistent and more marked decrease in SDFs as L

increases. However, AASHTO still over-predicts the SDFs compared to the model as seen in
Figure 4.17. This suggests that the ﬁ term in the AASHTO expression, seen in Equation 2.4,

may not accurately capture shear live load distribution for CT girders. However, the L in the
denominator of Equation 2.4 indicates that as L increases, the SDF should decrease. Figures 4.16
and 4.17 show that the model predicts this as well. This suggests that the treatment of girder

depth d in Equation 2.4 may need to be adjusted for use with CT girders.
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Figure 4.17: Effect of Span Length L on Interior SDF

4.5.3 Effect of Bottom Flange Width

Typical CT girder designs increase bottom flange width (byr) as span length increases to
provide adequate area to for CFRP bottom flange material for required flexural strength and
stiffness. The result is that for wider girders, the effective spacing between adjacent webs
decreases as span length increases, resulting in more uniform load distribution. The prior results
of the parameter study kept a constant bottom flange width. To test the effect of bottom flange
width on live load shear distribution, S was varied for an 18.3 m bridge with three separate
values for by of 305, 457, and 610 mm, and results are reported in Figure 4.18. As expected, as
brt is increased the model predicts more even load distribution and lower SDFs. The SDF
decrease is considerable, which suggests any future CT girder SDF expressions should consider
girder by or total width of the girder. Further, as girder depth increases so does the girder width
and therefore relative spacing between the webs in adjacent girders decreases. Following the

same logic, for bottom flange width, increased girder depth for a given bys should result in lower
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SDFs. This supports the earlier conclusion that the inclusion of d in the AASHTO expression

may need to be changed to accurately capture shear live load distribution in CT girders.
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Figure 4.18: Effect of Bottom Flange Width by on Interior SDF

4.6 Summary

The parametric study on MDFs showed that spacing and span length are the most
influential parameters for the interior MDF, which is consistent with the AASHTO MDF
expressions. The results of the model also show that two lanes of live load result in a larger MDF
as compared to one lane of live load. The model predicts higher one lane MDFs than AASHTO,
but AASHTO over-predicts the larger two lanes MDFs which generally control girder strength
design. Higher skews reduce longitudinal flexural strains, especially for skew angles greater than
15°, although for two lanes of loading the model-predicted skew reduction is significantly greater
than that given by AASHTO. For two lanes of live load the model predicts exterior MDFs are
typically less than the interior MDF for overhangs that are less than half the girder spacing. The

models predict higher exterior MDFs compared to interior for one lane of load for most bridges.

www.tidc-utc.org 104|Page




As expected, increasing the deck thickness and the number of girders decreased the MDF, and
therefore if MDF expressions are developed for the lower limit of those two parameters they
should be conservative for larger deck thicknesses and two-lane bridges with more than five
girders.

For shear live load distribution, girder spacing is the key driver of the SDF. Span length
also plays a role and causes decreases in the shear distribution at longer spans. There are also
geometric effects from bottom flange width and depth that highlight the importance of analyzing
bridges with girder geometries typical for their spans and spacings when examining SDFs. It is
also important to note that, although AASHTO typically over-predicts the interior SDFs
compared to the model, there has not been any adjustment considered for the differential web
shears observed in the field live load tests and consistently predicted by the finite-element
models. Any future SDF expression development will need to consider this effect. Further, the
simplified finite-element models over-predict SDFs compared to high-fidelity model calibrated
to test results, and further investigation may be required to balance the conservatism inherent in

the simplified model with the effect of differential web shears.
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Chapter 5: Development of MDF Expressions

5.1 Introduction

The results of the previous parametric study show that spacing, span, and deck thickness
influence interior girder MDF. The results also show that the AASHTO concrete box girder
MDF expressions currently used in CT girder design have varying levels of conservatism. This
justifies the development of new MDF expressions that will better predict MDFs for CT girder
bridges and improve design efficiency. In this chapter all units for expression are SI with S, L,

and d.; inmand d and t; incm.

5.2 Regression Analysis

Chapter 4 showed AASHTO was typically conservative for two lanes of live load, but
un-conservative for one lane loaded interior MDFs. Despite this conservatism, the AASHTO
expressions likely provide a reasonable format for new MDF expressions given that the
parametric studies generally showed that AASHTO followed similar patterns to the model
predictions. To illustrate, regression plots were generated which compare model-predicted MDFs
to the AASHTO concrete box girder values.

Figure 5.1 shows the linear regression plots for interior moment for (a) one lane and (b)
two lanes of live loading comparing AASHTO and the model predictions. In the plots a formula
for a regression line is shown, as well as the coefficient of determination (R?) to show the
goodness of fit for the data. A perfect 1:1 correlation line is also plotted with any data over the
line signifying conservatism by AASHTO and any data points under the line signifying
AASHTO is not conservative. Figure 5.1 (a) shows the results of simplified FE models of 280
non-skewed bridges subject to one lane of live load with AASHTO being un-conservative for

most sets of parameters. Figure 5.1 (b) shows the FE model results for 304 non-skewed bridges
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under two lanes of live load with AASHTO giving conservative predictions for most sets of
parameters. For both the correlation is reasonably high with slightly better correlation in the two
lanes MDF expression. This suggests the AASHTO MDF equations could be used with different
values for the constants in the expressions to minimize the error between the model and

expression while keeping generally good correlation.
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Figure 5.1: AASHTO vs. Model Interior MDF Regression Analysis (a) One Lane (b) Two Lanes

Exterior girder MDFs are also of importance and are handled by AASHTO with the
eccentricity correction factor (e) which is applied to the interior MDF. The parametric study in
section 4.4.6 showed that overhang influences the value of e. AASHTO advises the use of the
lever rule for one lane loading but does have an expression for e in two lane loadings. Figure 5.2
shows the regression plot for AASHTO e vs the model prediction e value. The results show
AASHTO to be conservative in its prediction of e, but the R? value of 0.66 is lower than the
values for the interior girders. The low correlation suggests the form of the AASHTO equation

for e may not be appropriate for CT girder bridges.
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5.3 Proposed Equations

5.3.1 Interior MDF

The regression analysis showed that for both one and two lanes of loading AASHTO
provided good correlation with the results and shows promise for its format in the use of new CT
girder specific interior moment DF expressions. The equations to be proposed for the interior
MDF used the trial functions shown in Equation 5.1. The expressions include spacing (S), span
(L), and girder depth (d). While the studies in Chapter 4 found the number of girders and deck
thickness to impact the interior MDF, fewer girders and less deck thickness result in higher
MDFs. Therefore, expressions fit to the results of models with a minimum deck thickness and
number of girders will be conservatively applicable to bridges with more girders and thicker
decks, and the results for bridges with 178 mm decks and five girders were used as the data set
for optimizing the new expression function. This corresponds to 79 and 81 different bridge

geometries for one and two lanes of live load, respectively.
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The MATLAB non-linear least square’s function Isgnonlin (Mathworks 2022) was used

to determine the optimal parameters X,, X,, Xswith the trust-region-reflective algorithm
(Coleman and Li 1996) that minimizes nonlinear objective functions with accuracy and proven
previously to run in seconds by Schanck (2021). The optimization code varies X, X5, X5 until
the gradient of the sum of square errors (SSE) drops below a tolerance of 1 x 10, The
expression for SSE is given in Equation 5.2 where MDF,,,, is the MDF predicted by the trial
function (initially Equation 5.1), MDF,,,,4.; IS the model-predicted MDF and N is the total

number of bridges assessed.

N
SSE = Z(MDFexp — MDFppg01)> (5.2)
i=1
Prior to optimization the initial SSE values of 0.213 and 0.058 for one and two lanes,
respectively, given initial guesses of X = [0.914 0.35 0.25] for one lane and X =
[1.92 0.6 0.125] for two lanes. The optimized one lane expression (Equation 5.3) was achieved
in four iterations and reduced the SSE to 0.009, a 95.8% decrease. The two lanes expression
(Equation 5.4) was achieved in sixteen iterations and reduced the SSE to 0.002, a 96.6%

decrease.
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The proposed moment expressions showed to reduce the SSE value. However, this does not
illustrate how well the expressions correlate with the model MDFs and level of conservatism. A
new linear regression plot is shown in Figure 5.3 to illustrate the expressions’ ability to match
the model predictions over a wide range of bridges. For the one lane expression (Equation 5.3)
the correlation is slightly improved from R? = 0.71 (Figure 5.1 (a)) to R? = 0.74 (Figure 5.3
(a)). For the two lanes expression (Equation 5.4) the correlation is worse decreasing from R? =
0.84 (Figure 5.1 (b)) to R? = 0.72 (Figure 5.3 (b)). There is also more conservatism in the
proposed expressions compared to the initial AASHTO expressions. Although conservatism
means designing for higher moments which increases factor of safety there comes a point certain
levels of conservatism is inefficient. With correlation values in the 0.7 range and high
conservatism especially for the two lanes expression there calls for a new format that can

improve correlation and have a more efficient level of conservatism.
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Figure 5.3: Proposed Equation vs. Model Interior MDF Regression Analysis (a) Equation 5.3 (b) Equation 5.4

Equations 5.3 and 5.4 do not consider the deck thickness (t,;) which does cause
significant decrease in MDF for increased t,. A second trial function was therefore assessed to
include t and within which girder depth was removed due to its minimal effect. Since all values
of t were included the entire data set of bridges could be used to minimize the objective function
which was 280 and 304 bridges for one and two lanes respectively. The new trial functions are
shown in Equations 5.5 and 5.6 for one and two lanes of live loading. The initial parameters for
one lane of loading were chosen to be X = [0.35 0.1 0.125], and for two lanes of loading were
setas X = [0.6 0.1 0.125]. For the one lane expression four iterations improved SSE to 0.009
from the initial guess SSE of 25.1. The second version one lane interior moment MDF expression
is shown in Equation 5.7. For the two lanes expression three iterations found a local minimum
and reduced the SSE to 0.023 from the initial value of 0.373. The second version two lanes

interior moment DF expression is shown in Equation 5.8.
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The regression plots for the Equations 5.7 and 5.8 versus the model-predicted values are
shown in Figure 5.4 (a) and (b) respectively. The correlations are substantially improved with
this new format (Equations 5.7 and 5.8) with R? = 0.98 and R? = 0.95 compared to the initially
proposed expressions (Equations 5.3 and 5.4) R? = 0.74 and R? = 0.72. Although the
correlation has improved, the level of conservatism is slightly less with more bridge parameters
having expression predictions less than the model-predicted MDFs. Currently 48.9% of the
Equation 5.7 MDF predictions and 37.8% of the Equation 5.8 MDF predictions are greater than
the model-predicted values for the bridge parameters analyzed. The development of the current
AASHTO equations relied on the average ratio of expression-predicted DFs to analysis-
predicted DFs be greater than 1 to ensure conservatism (Zokaie 1991). This level of
conservatism is adjustable with a constant that can be applied to the expressions to shift the
values slightly higher. As the CT girder is a novel technology, this level of conservatism would
ideally be quantified rather than simply being assumed. For this reason, the adjustment was
varied by 0.001 until more than 90% of expression-predicted MDFs exceeded those predicted by
the model. It should be noted that this 90% factor is not rigorously based in statistics. The result
was an adjustment of 0.007 and 0.008 being applied to Equations 5.7 and 5.8 respectively as
shown in Equations 5.9 and 5.10. Figure 5.5 shows updated regression plots using expression

predictions from Equations 5.9 and 5.10. The adjustment maintains the high level of correlation
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and then achieves the desired 90% of data points being conservatively predicted by the
expressions with 91.1% and 91.1% of the parameters assessed being conservative for Equations

5.9 and 5.10 respectively.
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Figure 5.4: Proposed Equation vs. Model Interior MDF Regression Analysis (a) Equation 5.7 (b) Equation 5.8
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Figure 5.5: Proposed Equation vs. Model Interior MDF Regression Analysis (a) Equation 5.9 (b) Equation 5.10

Table 5.1 summarizes the proposed expressions and the original AASHTO expression
with the total sum of square errors, correlation, and percentage of the total bridges predicted
conservatively reported for each. The expressions for the interior MDF proposed in Equations
5.9 and 5.10 show to provide a format that provides a much higher correlation to the model-
predicted MDFs compared to the expressions proposed originally in Equations 5.3 and 5.4.
Equations 5.3 and 5.4 had SSE values of 0.202 and 2.16 while Equations 5.9 and 5.10 had SSE
values 0.024 and 0.043 respectively showing lower magnitudes or errors and therefore lower
magnitudes of over-predictions and conservatism. Therefore Equations 5.9 and 5.10 have high
correlation and ensure >90% of data is conservative but at a lower magnitude to keep efficiency
in design and not designing for moments much larger than model predicted. This can be seen in
Figure 5.6 where the AASHTO prediction is compared to the proposed Equation 5.10 where
AASHTO is predicted higher interior MDF values with most data falling above the perfect fit
line. The Equations 5.7 and 5.8 prove to have the lowest SSE however the conservatism built in

is lower than a desirable amount and are therefore not recommended without the adjustment to
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increase conservatism. The original AASHTO expression proved to be inconsistent with lower

correlation values and larger SSE values compared to the proposed Equations 5.9 and 5.10.

Table 5.1: Interior MDF Expressions Comparison
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Figure 5.6: AASHTO vs. Proposed Equation 5.10 Interior MDF
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5.3.2 Exterior MDF

The current AASHTO correction factor e for the exterior girder relies on the d, value
which determines the cantilever distance from the centerline of the web at the top flange
intersection to the inside of the curb (AASHTO 2020). This value can be difficult to calculate
and potentially change throughout the design process if girder dimensions change. To simplify
the exterior girder correction factor, the centerline girder to bridge exterior overhang distance
was used in the expression and referred to as d; (in meters) the full cantilever overhang from the
girder centerline. The trial function used in the minimization of the SSE value is shown in

Equation 5.11 with the initial parameters set as X = [0.97 8.69].

d
Trial Function Exterior Correction e=X,+ X—Cl (5.11)
2

The parametric results in Chapter 4 showed the exterior correction factor was different
for the one and two lanes of load cases and therefore each was assessed independently. The
resulting expressions are shown in Equations 5.12 and 5.13. For one lane of loading, the
optimum X was found in 14 iterations and decreased the SSE from 0.081 to 0.004. For two lanes

of loading, 13 iterations were required to determine the optimum X and SSE decreased from 0.29

d
One Lane =0. cl 5.12
e =079+ (5.12)
Two Lanes e =063+ dei (5.13)
2.99
to 0.0029.

The correction factors proposed in Equations 5.12 and 5.13 were applied to the proposed
expressions for the interior MDF (Equations 5.9 and 5.10) to obtain the exterior MDF. These

results are represented in Figure 5.7 where (a) is the one lane exterior MDF and (b) is two lanes.
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The correlation is high with R? = 0.97 and R? = 0.96 for the one and two lanes respectively.
For all bridges assessed (280 for one lane loading and 304 for two lanes loading) the percent
with higher exterior MDFs predicted by the expression compared to the model is 89.6% and
67.4% for the one and two lanes respectively. To continue with the goal of achieving a
percentage over 90% new scalars were determined for the correction factor e expressions leading
to new expressions seen in Equations 5.14 and 5.15. With the scaling in Equations 5.14 and 5.15
the exterior MDF is predicted conservatively by the expression compared to the model 90.0%
and 90.1% for the one and two lanes of load respectively while maintaining correlations similar

to those in Figure 5.7.
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d
One Lane - 0. cl 5.14
e = 0.795 + 580 (5.14)

d
Two Lanes — cl 5.15
e = 0641 +——o (5.15)

Figure 5.8 compares the AASHTO exterior MDF prediction to the results of the proposed
correction factor (Equation 5.15) applied to the interior MDF (Equation 5.10). AASHTO shows
it is predicting higher values meaning it is more conservative. We already adjusted the proposed
the equations to ensure >90% of MDFs predictions to exceed the model prediction, any further
conservatism becomes inefficient. The proposed expressions are resulting in improved
correlation to the model data compared to AASHTO with less conservatism leading to efficient

designs and an improvement in live load MDF predictions.
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Figure 5.8: AASHTO vs. Proposed Equation 5.15 Exterior MDF

www.tidc-utc.org 119|Page




5.3.3 Skew MDF

In Chapter 4 the effect of skew showed with higher skew angles there was a decrease in the MDF
on the interior. AASHTO also predicts a decrease with increasing skew however AASHTO
predicts a larger decrease than model-predicted therefore the AASHTO expression for skew
adjustment is not applicable to the CT girder. The span length also appeared to effect the skew
effect as at linger spans the decrease was less. Three different span bridges were assessed at
increasing skews to provide for a fifteen-bridge sample size to develop a skew adjustment. The
format of the AASHTO expression was used with an addition of slight increase for span
increases as a trial function shown in Equation 5.16. The skew angle 8 is in degrees, span L in
meters and the initial parameters were X = [1.05 0.25 0.01 ] provided from AASHTO (2020)
and an educated guess on the constant applied to L. The exterior showed to have less of a
decrease due to skew than on the interior and therefore resulted in separate equations. For both
one and two lanes of load 1 iteration was required to determine the optimum X. The SSE for the
one lane was 0.006 and 0.007 for interior and exterior, respectively. The SSE for two lanes was
0.028 and 0.026 for interior and exterior, respectively. The resulting corrections are shown in

Equations 5.17 and 5.18 for the interior and Equations 5.19 and 5.20 for the exterior.

Trial Function Skew Correction Co = X, — X, tan(0) + XL (5.16)
Interior One Lane Co = 0.971 — 0.12tan(8) + 0.0023L < 1.0 (5.17)
Interior Two Lanes Cy = 0.909 — 0.24 tan(6) + 0.0069L < 1.0 (5.18)
Exterior One Lane Cy = 0.984 — 0.06 tan(6) + 0.002L < 1.0 (5.19)
Exterior Two Lanes Cy = 0.929 — 0.15 tan(6) + 0.006 L < 1.0 (5.20)
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Figures 5.9 and 5.10 show the regression analysis comparing the model predicted skewed
bridge MDFs to the final expression predicted MDFs once all correction factors are applied. For
the interior girder the MDF is the MDF;,,; from Equations 5.9 and 5.10, for a non-skewed bridge,
with the proper Cy multiplied to it derived from Equations 5.17 and 5.18. On the exterior it is the
same MDF;,; from a non-skewed bridge with the proper e applied from Equations 5.14 and 5.15
and then lastly apply the correct C, value for the exterior from Equations 5.19 and 5.20. For the
one lane of load expressions shown in Figure 5.9 the interior MDF is predicted with an R? =
0.92 and exterior with R? = 0.85 both with ample conservatism. Figure 5.10 shows the two
lanes of load expressions also correlate well with R? = 0.94 on the interior and R? = 0.89 on
the exterior again with conservative predictions for both. Consider this is a small sample size and

does not truly verify these are applicable to a large set of bridges, but it shows promise.
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Figure 5.9: Proposed Equation vs. Model Skewed MDF Regression Analysis (a) Equation 5.17 (b) Equation
5.19
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5.4 Summary

The AASHTO MDF equations for concrete box girders capture several important parameters
governing live load distribution for CT girders, but do not accurately predict live load
distribution. The AASHTO expressions were used as a baseline for development of new MDF
expressions for CT girders. The proposed expressions more accurately predict the interior and
exterior MDF compared to the AASHTO MDF expressions for concrete box girders that are
currently used.

Initially, a new CT girder-specific MDF expression that mimics the AASHTO expression
for concrete boxes was developed based on model-predicted data for only 178 mm thick decks.
These new expressions (Equations 5.3 and 5.4) lowered the SSE value for the 178 mm thick deck
bridges, but ultimately increased the SSE value for all 304 bridges under two lanes of loading

due to significantly more conservatism for CT girder bridges with thicker decks. The correlation
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was also worse in the two lanes of loading expression (Equation 5.4) compared to AASHTO
signifying there was minimal, if any, improvement.

To decrease this conservatism and improve prediction for a wider range of CT girder
structures, a second CT girder specific MDF formula was proposed that explicitly includes deck
thickness and was fit to the results for all non-skewed bridges assessed in the parametric study
(280 bridges for one lane of live load and 304 bridges for two lanes of live load). These
expressions (Equations 5.7 and 5.8) showed much better correlation with less conservatism as
low as 47% of MDFs predicted conservatively compared to model-predictions. To increase the
conservatism a scalar adjustment was added to the equations to shift the predictions higher and
increase conservatism to reach 90% of MDFs over predicting the model on the interior. These
final expressions for the interior MDF are shown in Equations 5.9 and 5.10 and are
recommended for CT girder bridges as they show good correlation to the model and are
generally conservative. An exterior girder correction factor was also fit to 18 bridges with
different varying deck overhangs on the exterior girder. The initial exterior correction factors
when applied to the interior MDF expressions showed good correlation to the model predicted
exterior MDFs, but below 90% of exterior MDFs predicted higher than the model. Therefore,
just as with the interior an adjustment was made to the correction factor expressions to obtain
above 90% conservatism in the total number of bridges assessed leading to final exterior
correction factors expressions proposed seen in Equations 5.14 and 5.15. Skew correction factors
were also investigated on 15 bridges and four individual equations were created for various cases
of application. Tables 5.2 and 5.3 summarizes the proposed MDF expressions in S.I. and U.S.

Customary units with ranges of applicability. The notation mg is used to denote the distribution
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factors to emphasize that the multiple presence factor m is incorporated to be consistent with

AASHTO.

Table 5.2: Proposed CT Girder Live Load Moment Distribution Factors (S.1. Units)

Cog = Co =0.929 —0.15tan(f) + 0.006 L < 1.0

Condition Expression Range of
Applicability
1.68m<S5<244m
122m <L <244m
Interior One 0648 1110129 /10369 381cm<d
Lane MGine = 0.007 + (m) I t <135cm
Ny =5
ty =17.8cm
1.68m<S5<244m
122m<L<244m
Interior Two 0354 11,0042 10199 381cm<d
Lanes MYine = 0.008 + (m) (Z) (a) <135cm
Ny =5
ty =17.8cm
Exterior One MGext = € X MYine l 0.84m < d
Cc
Lane Where e = 0.795 + 580 <1lilm
Exterior Two MGext = € X MYint l 0.84m < dg
C
Lanes Where e = 0.641 + 5709 <1lilm
Skew Interior: Cg mg;n: Wwhere
Correction One Cy = 0.971 — 0.12tan(0) + 0.0023L < 1.0 0°< 0 <60°
Lane Exterior: Cg mg.,r Where 122m<L<244m
Cy = 0.984 — 0.06tan(8) + 0.002L < 1.0
Skew Interior: Cg mg;,: where
Correction Two Cy = 0.909 — 0.24 tan(0) + 0.0069L < 1.0 0° <0 <60°
Lanes Exterior: Cg mg.y+ Where 122m<L<244m
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Table 5.3: Proposed CT Girder Live Load Moment Distribution Factors (U.S. Units)

Cog =Co=0.929 —0.15tan(f) + 0.0018 L < 1.0

Condition Expression Range of
Applicability
55ft<S<8ft
Interior One 0.007 + S\ 3281\ 1\ L1}(5) {ri i cLl i 2(3) {rf
Lane Mine = - (§> (T) (2 54t ) v >
D%ta Ny =5
td =>7in
55ft<S5<8ft
Interior Two — 0.008 + ( S )0'554 (3-281>0'042 ( 1 )0'199 Lll(S) {r: i cLl i gg {15
Lanes MYine = 6.3 L 2.54t, ﬁg > 5
td =>7in
Exterior One MGext = € X mgi”ii 2.75 ft < dg
Lane Wh = < < 3.50
eree—0.795+92 < 3.50 ft
Exterior Two MGext = € X mgi"ii 2.75 ft < dg
Lanes Wh -0 L < 3.50
eree = .641+980 < 3.50 ft
Skew Interior: Cg mg;n: Where
Correction One Co = 0.971 — 0.12tan(8) + 0.0007L < 1.0 0° <0 <60°
Lane Exterior: Cg mgey: Where 40 ft <L <80 ft
Co = 0.984 — 0.06tan(8) + 0.0006L < 1.0
Skew Interior: Cg mg;n: Where
Correction Co = 0.909 — 0.24 tan(0) + 0.0021L < 1.0 0° <0 <60°
TWo Lanes Exterior: Cg mgey: Where 40 ft <L <80 ft
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Chapter 6: Summary and Conclusions

6.1 Summary

Bridges are critical components in the national transportation system, and understanding
their behavior and live load response is essential for efficient and safe design. This study aimed
to assess live load distribution in the novel CT girder highway bridges through a combination of
field load testing and FE analysis. Moment was assessed first through two diagnostic live load
tests conducted on the first CT girder bridge placed in service (the HGMB) in two separate years,
during which flexural strains were recorded under maximum moment loadings. The test results
were used to calibrate a high-fidelity FE model to more closely examine live load distribution in
the HGMB. The results were then compared to a simplified FE model that is more readily
generalized to a wide range of geometries and feasible for use in parametric studies. Using the
simplified FE model, a parametric study was conducted to assess the effect of spacing, span
length, depth, deck thickness, and number of girders on the distribution of live load moment to
interior girders. Exterior overhang distance was assessed for its effect on exterior girder moment
distribution. A small subset of skewed bridges was also analyzed to determine the effect of
abutment skew on moment distribution.

To assess shear live load distribution, both the HGMB and the Hampden Twin bridge
were tested under truck loads producing over 70% of girder shear forces due AASHTO HL-93
live load plus impact. Shear strains were recorded with rosette strain gages during testing and
used to calibrate high-fidelity FE models that were subsequently used to more closely analyze
the test results. The FE models were then simplified to reflect typical design assumptions and
reduce computational effort. Model-predicted reactions were used to calculate shear the shear

carried by each girder, and results of the calibrated and simplified models were assessed relative
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to the field data and each other. The simplified model was also used to isolate the effects of
critical parameters on shear live load distribution factor (DFs) under AASHTO HL-93 live load

plus impact.

6.2 Conclusions
From the results of this work the following conclusions can be drawn.

6.2.1 Conclusion 1: Finite Element Analysis Accurately Predict Live Load Distribution in CT
Girder Bridges

The results of diagnostic live load tests were compared to different discretization levels of
finite element (FE) models and showed good agreement. The high-fidelity FE models
incorporated many bridge components believed to affect bridge behavior. Calibrating these
models using rational and defensible changes to a small number of parameters showed that shear
and bending strains measured in the tests correlate well with model predictions. The high-fidelity
models were also able to predict measured phenomena such as girder end restraint and
differential web shears with reasonable accuracy. Therefore, the high-fidelity models are shown
to be a viable option in predicting CT girder bridge behavior.

Simplified FE models containing only the structural components typically considered in
design were created for both moment distribution and shear distribution. The predictions of the
simplified models compared well with the test measured results, generally providing some
conservatism for the interior girders and under-predictions on the exterior girders. However, the
simplified models to not capture secondary structural features like the curbs, railings, and
sidewalk which increase the stiffness of the exterior girders and draw more load to the exterior
girders. Further, this additional load carried by the exterior girders is offset by the tendency of

the secondary features to increase girder strength. Ultimately, due to their reduced complexity,
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the simplified models give very reasonable results while requiring fewer computational
resources, and are therefore ideal tools for parametric studies that capture a large CT girder
design space.
6.2.2 Conclusion 2: Current Design Practices Tend to Over-Predict Moment Live Load
Distribution to Interior Girders and Warrants Newly Developed MDF Expressions

Current design practice assumes that AASHTO concrete box girder DFs are applicable to CT
girder bridges. The results presented in this thesis from two diagnostic live load tests and
extensive FE analysis show the AASHTO expressions consistently over-predict the DF for
interior girders for moment under two lanes of load. The interior girders also proved to have
much higher DFs under two lanes of load than one lane of load, and therefore two lane DFs
typically govern strength design. Therefore, while the use of current AASHTO concrete box
girder DFs can continue to be used for future designs, more efficient design requires the
development of CT girder-specific DFs.

Toward this end, moment distribution was quantified via FE models of 319 non-skewed
bridges (280 loaded under one lane of load all 304 under two lanes of load) possessing a wide
range of geometric parameters, and CT girder-specific moment DFs were proposed for non-
skewed bridges. These new moment DFs correlate much better with model predictions than the
current AASHTO moment DF expression and with less conservatism. The proposed moment
DFs were also developed to be conservative relative to FE model predictions for >90% of the
total bridges assessed. A correction factor was also developed for the exterior girder moment DF

which also ensured >90% of predictions were conservative for the assessed bridges.
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6.2.3 Conclusion 3: Live Load Shear Distribution in CT Girders is Conservatively Predicted by
AASHTO but Requires Additional Investigation

The parametric study showed that AASHTO concrete box girder shear DFs are generally
conservative when applied to CT girders. Girder spacing is the most influential parameter for
shear DFs in CT girder bridges, which is consistent with the AASHTO DFs for concrete box
girders. Further, overall girder width and bottom flange width also play a significant role in the
distribution of live load shears, and the existing AASHTO expression for live load shear DFs in

concrete box girders does not capture these effects.

Additionally, significant differential web live load shears occur within CT girders, which is
likely a consequence of their low transverse bending stiffness and torsional effects. This effect is
smallest in the most heavily loaded girders, but the even most heavily loaded webs saw as much
as 22% more strain than the average web shear strain under two lanes of live load and 26% more
shear strain than the average web shear strain for one lane of live load. These differential web
shears are not accounted for by the AASHTO DFs. More investigation is warranted to fully
assess if accounting for the increased web shear is necessary and if current AASHTO concrete

box girder shear DFs are conservative after differential web shear is accounted for.

6.3 Future Work and Recommendations

The research presented here represents a first step toward quantifying live load
distribution in CT girder bridges. Only 15 skewed bridges were analyzed and showed
AASHTO’s expression over predicts the skew reduction factor in many cases and is therefore
un-conservative when applied to CT girders. While new skew correction factor expressions were
developed, these must be regarded as preliminary, and it is recommended that in the future a

larger number of skewed bridges be assessed to provide a broad data set for determining skew
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correction factors. It is also recommended there be an investigation into whether one skew
correction factor can be determined that is applicable for both interior and exterior MDFs.

Further shear parametric studies are required to fully assess the shear live load
distribution in CT girder bridges over a wider range of bridge geometries that encompass a range
of realistic span-to-depth ratios, bottom flange widths and overall girder widths before
developing CT girder-specific shear DF expressions. It is recommended that differential web
shears in the most heavily loaded girders be assessed to determine the effects of girder spacing,
span, and other parameters on differential web shear. Further studies should also determine if a
correction is necessary to account for the increased shear in a single web.

All simplified models discussed assumed prismatic girder sections, however some CT
girders in current bridges are non-prismatic. While this assumption is assumed to not have a
large effect on girder response, future studies assessing the effect of a non-prismatic girder

section on live load distribution would be beneficial.
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Appendix A: Test Data

A.1 HGMB 2022

A.1.1 Instrumentation
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A.1.2 Loading
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A.1.3 Representative Data Plots
A.1.3.1 M41 Test
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A.1.3.2 M42 Test
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Strain at Girder Ends, Girder 2
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A.1.3.3 M43 Test
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Strain at Girder Ends, Girder 2
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Strain at Girder Ends, Girder 4
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A.1.3.4 M21 Test
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A.1.3.5 M22 Test
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A.1.3.6 M23 Test
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A.1.3.7 M24 Test
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A.1.3.8 M25 Test
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A.2 HGMB 2023

A.2.1 Instrumentation
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A.2.2 Loading
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A.2.3 Representative Data Plots

A.2.3.1 V41 Test
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Girder 3 Shear Strain vs Time
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Girder 4 Shear Strain vs Time
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A.2.3.3 V43 Test
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Girder 3 Shear Strain vs Time
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Girder 5 Shear Strain vs Time
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300 Girder 4 Shear Strain vs Time
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A.2.3.5V22 Test
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Girder 3 Shear Strain vs Time
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Girder 2 Shear Strain vs Time
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Girder 4 Shear Strain vs Time
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A.2.3.7V24 Test
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Girder 3 Shear Strain vs Time
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50 Girder 5 Shear Strain vs Time

North web
South web -

40

30 7

10

ol

Shear Strain (microstrains)

_30 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Time (sec)

A.2.3.8 V25 Test

160 Girder 1 Shear Strain vs Time

North web
140 South web g

120

100

(o] (@]
o o

Shear Strain (microstrains)
N
o

20

_20 | | 1 | | 1 | | |
0 20 40 60 80 100 120 140 160 180 200

Time (sec)

www.tidc-utc.org 179|Page




Girder 2 Shear Strain vs Time
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A.3 Twin Bridge 2023

A.3.1 Instrumentation
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A.3.2 Loading
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A.3.3 Representative Data Plots

A.3.3.1 V41 Test
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Girder 3 Shear Strain vs Time
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Girder 5 Shear Strain vs Time
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A.3.3.2 V42 Test

Girder 1 Shear Strain vs Time
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Girder 3 Shear Strain vs Time
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Girder 5 Shear Strain vs Time
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A.3.3.3 V43 Test

Girder 1 Shear Strain vs Time
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Girder 3 Shear Strain vs Time
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A.3.3.4 V21 Test

Girder 1 Shear Strain vs Time
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Girder 3 Shear Strain vs Time
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Girder 5 Shear Strain vs Time
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A.3.3.5V22 Test

Girder 1 Shear Strain vs Time
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Girder 3 Shear Strain vs Time
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Girder 5 Shear Strain vs Time
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A.3.3.6 V23 Test
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Girder 3 Shear Strain vs Time
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Girder 5 Shear Strain vs Time
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A.3.3.7V24 Test
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Girder 5 Shear Strain vs Time
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A.3.3.8 V25 Test
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Girder 5 Shear Strain vs Time
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Appendix B: Girder Design Scripts and Functions

4/11/24 11:53 AM C:\Users\JonFinkham\Doc...‘\buildgirder2.m 1 of 4

function girder= buildgirder? (parameters)

obal Etf ttf tcore Ec 5 L tdeck d phi Mg fcc theta owverhang bbf inp EIb

Etf= 3930;
Ec=1B20*sgrt (foc)

feéw=10*0.65*0.85;

L=parameters (:,1l)*12;
Ltod=parameters(:,2);
S=parameters(:,3)*12

Lot
EL
m *

L/Ltod;
ot-tdeck;

a

EL

d

arameters(:,5);

ameters(:,6):

arameters(:, T} *1Z;

tcore=0;

[LMu, LVu, Ldisp] = LiwveLloads;

[gmint,gsint] = g;

[tw] =Eweb{j);
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4/11/24 11:53 AM C:\Users\JonPinkham\Doc...\buildgirder2.m 2 of 4

[tbf] = Ebot(n,16&):
disp=100; initial displacement t enter the
while dis

[tbf] = Ebot(n,18});
[Lw,afrp] = FRPdAim(tw, tbf);
[~p~p~p~yIctot, ~,Qint,~,~] = TEA(tbf,tw, Lw);
disp=Ldisp/EIb;
end

" ¥

Vu=gsint*LVu+DV
Vr=0.753*Ictot*2* (tw-tcore) *£aw/Qint;
while Vr < WVu

1=]1+4;

[tw] =Eweb(j):

[tkf] = Eboti{n,16):

[Lw,Afrp] = FRPAim(tw, tbf);

[~p~p~p~p Ictot,~,Qint, ~,~] = TSA(tbf,tw, Lw);

~;~y~;~] = DeadLeoads (Afrp):

Vu=gsint*LVu+DVuc;
Ve=0.75"Ictot*2* (tw-tcore) *£éw/Qint;
end

[Hxy] = buckling2 ({Lw,tw};

A E T opa e
W LW

Vrbuck=0.35*H
while Vrbuck<WVu
I=3+4;
[tw] =Eweb(j)r
[tBf] = Eboti{n,16});
[Lw,Afrp] = FRPdimitw, tb£f);

[DMunec, ~, DVuc, ~, ~, ~,~] = DeadLecads (Afrp):

Vu=gsint*LVu+DVuc:
[Hxy] = buckling?2 (Lw, tw);
Vrbuck=0.35*F

end

[Lw,Afrp] = FRPdim(tw,tbhf):
[~e~p~p~p~p~p~,~,~] = TEA(thE, tw, Lw):

disp=Ldisp/

while disp<L/1000

[tBf] = Ebot(n,18});

[tw] =Eweb(j):

[Lw,Afrp] = FRPAim(tw, tbf);

[~p~p~p~yIctot, ~,Qint,~,~] = TEA(tbf,tw, Lw);

[DMungc, ~, DV

~;~y~;~] = DeadLeoads (Afrp):
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4/11/24 11:53 AM C:\Users\JonPinkham\Doc...\buildgirder2.m 3 of 4

[Hxy] = bucklingZ (Lw,tw);
Vrbuck=0.353*HNxy*Lw;

Vu=gsint *LVu+DVuc;
Vr=0.75*Ictot*2* (tw—tcore) *£aw/Qint;

S E T ITe gk
1f Vr>Vu &&
'

fi
[tbf] = Ebot (n,l16};:
b

Fa A A A

while disp>L/1000
n=n+l;
tbf] = Ebot(n,16};
[Lw, Afrp] = FRPdim(tw, thif);

[~e~r~e~¢~s~r~r~,~] = TSA(tbhf,tw, Lw);

disp=Ldisp/EIb;

end

[~; Inctot, ync,~,~y~,~,ntf,nbf] = TEA(tbf, tw, Lw};
[Mrnc] = flexurenc(Inctot, vonc,nbf, ntf);
while Mrnc <= DMunc

n=n+l;

[tbf] = Ebotin,18):

[Lw,Afrp] = FRPdim(tw,tbhf);

[~ Inctot,y = TSA(tbE,tw, Lw);

Inctot, ync, nbf, ntf);

[Mrnc] =

[DMunc, ~,~,~,~, ~,~] = DeadLoads (Afrp);

[DMunc, DMuc, ~, ~, ~, ~,~] = DeadLoads (Afrp):

[EInC, ~,¥yOC, ~y~p~p~p~,~] = TEA(tbf,tw, Lw);
Mfail = moment curvature(tw,tbf, DMunc,EInc, ync):
Mu=gmint*LMu+DMuc;

while 0.753*Mfail <= Mn
n=n+1;
[tbf] = Ebctin,16);
[~rBfrp] = FRPdim|(tw, thf);
[DMunc, DMuc, ~, ~, ~, ~, ~] = DeadLoads (Afrp}:
[EInc,~,ync,~,~,~,~,~,~] = TSR (tbf,tw, Lw);
Mfail = moment curvature (tw,tbf,DMunc,EInc,ync);
Mu=gmint *LMu+DMuc;

end
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4/11/24 11:53 AM C:\Users‘\JonPinkham\Doc...\buildgirder2.m 4 of 4

Gf==1.5501e3; f web facesheets +-4
[tbf] = Ebot(n,16);
[ttf] = Etopf:
tw] =Eweb(]);:

Wg=bb£f+2* (& . 5+Lw*tand (5} -tw/cosd({5) )

inp.w.tw=tw;

inp.w.Lw=Lw;
inp.dfrp=d;
inp.bf.tbf=tbf;
inp.bf.bbf=bbf;
inp.tf.ttf=1;
inp.tf£.bt£=13;

inp.girder.:zg=GEs;
inp.girder.Twg=THg;
-1=34

inp.n=n;

girder=inp;

4/11/24 11:33 aM C:\Users‘\JonPinkham\Documents... \FRPdim.m 1 of 1

function [Lw,Afrp] = FRPdim(tw,thf)

ttf d phi bbf btf L

Lw=(d-tbf-ttf) /cosd(phi);

if L»=0 && L<60*12

L<=B0*12

m
—
w
-
|
h
1
W/
1]
on
=]
*
=
3
B
=

elseif L> BO*1Z2
bbf=36;
end
Afrp= ttf*btf+thi*bbf+2*Luw*tw;

www.tidc-utc.org

212|Page




4/11/24 11:10 M C:\Users\JonPinkham\Docume. .. \DeadLoads.m 1 of 1

function [DMunc,DMuc,DVac, DMucx, DMuncx, DVucx, Ddisp] = Deadloads (Afrp)

overhang
rp+150/ (12~3) *tdeck*S; tcombination of girder and deck weight as the¥

DMDWe= (DWc*L~2/B) /1000, units in

DMDCne= (DCne*L~2/8) /1000; nit

MOCc={ (DCc) *1L* 8 000; inits in-kips

DMDCx={ (DCc) *L*2/8) /1000;

DMDWex= (DWex*L~2/8) /1000;

DMDCncx=(DCncx*L"2/8) /1000;

DMunc=1.25*DMDCnc; mmits in-kips

DMuc=1.25*DMDCc+1. 5*DMD 1 in-ki

DMucx=1.25*DMDCx+1.5*DMDWCx 2

DMuncx=1.25*DMDCncx;

VDCc= ((DCnc+DCc)*L/2)/1000; i

VDWe= (DWe*L/2)/1000; inits kips

VDCx=( (DCncex+DCc) *L/2) /10007

VDWx= (DWcx*L/2) /1000;

DVuc= 1.25*VDCc+1.5*VDNc; Unit=s kips

DVucx=1.25*VDCx+1. 5*VDW=; inits kips
0oa0; nmits kSin
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4/11/24 11:09 aM C:\Users\JonPinkham'Docume. .. \LiveLoads.m 1 of

function [LMu,LVu,Ldisp] = LivelLoads

global L

Mtkl= 32*L/4+40* (L/2-168) /2
MtkiZ= 30* (L/2-24)/2;
Mtrcrit=max (Mtkl,MtkZ);
Mlane=0.64/12*L"2/8;
LMu=({1.33*Mtrcrit+Mlane)*1.75;

Vtrl=32+432* (L- lGE]xL+E'iL EEGJxL First possible max shear produced by an HL-9%3 truck
Vitr2=254+25* (L-4E) Max shear produced by the tandem lcad

Vtrcrit= w;xi“trl JtrZ]; Finding the critical truck load

Vlane= 0.64/12*L/2;

LVu={1.33*Vtrcrit+Vlane)*1.75;

.l|,,||-

Lad
Lt

fE-(LS2y"2) )/ ie*L) ) 1.

T A

deltatkl= ((64*L"3) /4B
deltatki= (iED*(;fz —-24) * (3*L"2-4* ((L/2-2
deltatkcrit=max (deltatkl,deltatk?):

disp=deltatkcrit; mnmits of kip*in

3

’Sq‘iLIE—IGE]‘LEE'{L*Z—iLIE—lﬁ
4)~2) )1 72 1
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4/11/24 11:10 AM C:\Users\JonPinkham\Documents\MATL...\g.m 1 of 1

Tunc 1 ¢ e il L 1 L
1 s i 1 Po—p 1 I

2L=5/12;
L1=L/12;

35) * ( (SL*d/(12*LL~2))"0.2
0.6)* ((SL*d/ (12*LL"2))"0.1
gmint=max (gmintl,gmint?) ;

L

by =

gmintl= ((SL/3)"0.

LR

gmint2= ((SL/&.3)"I

z2c=1.053-0.25*tand (theta) ;

-

=2c=1.0;

gmint=sc*gmint;

gsintl={(SL/10)"0.6)*{(d/(12*LL))"0.1});
geint2=((5L/7.4)"0.8)* ((d/ (12*LL))~0.1});
gsint=max (gsintl,gsint?);

sc=1+(sgrt (LL*d4/12)/ (6*SL) *tand(theta));
gsint=gsint*sc;
nd

=]
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4/11/24 11:35 BM C:\Users‘\JonPinkham'DocumentsiM...\Ebot.m 1 of 2

function [tbf] = Ebotin,]j)

Elu= 53.34e3;
EZu = 1.62e3;
nulZu = 0.28;

GlZu = 0.77e3;
Elc= 14.37e3;
EZc = 0.61le3;

nulZzc = 0.28;

GlZc = 0.58e3;

for i=1:9/2
Thetal{l,i}=45*({ (-1}~ (i+1}});:
end

ThetaArray = [Thetal zerosi(l,n) £lip(Thetal}]:;

N = length{ThetalArray);

for i=1:H

if hi{i1)== .012

El{i)=

E2{1)=
nul? (i)
Glz(i)=Gl2u;

else

El{i)=

E2(i)=

tbhf = sum(h);

HFoints = 500;
zpoints=linspace(-tbf/2,tbf/2,NPoints);

ZCoord(i)+h{i) ;
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4/11/24 11:35 AM C:‘\Users\JonPinkham'\DocumentsiM...\Ebot.m 2 of 2

or k=1:N
{k}= ReducedStiffness(E1l(1l,k),nul2(l,k),E2{1,k},Gl2{(1,k)):

2

end

far k = 1:N
QBar {k}=0£

end

Ebfx=1/{a({l,1)*tbf) ;
Ebfy=1/{al2,2)*tbf);
Gbf=1/{a(3,3)*tbf);

af{l,2)fa(l,1):
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(%]

4/11/24 11:36 AM C:\Users‘\JonPinkham'\Documents\M...\Eweb.m 1 of

Breb gives lasti : »
lysis a : kness (in.). 1 ; 55 ofid

flip ({ThetaArray)]:

tw = sum({h); init

NPoints = 300;

zpoints=linspace(-tw/2,tw/2,NPoints);
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4/11/24 11:36 AM C:\Users\JonPinkham\Documents\M...\Eweb.m 2 of 2

(k),nul2(k),E2(k),Gl12(k)):
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4/11/24 11:41 2M C:\Users‘\JonPinkham'\Documents\MA,... TSA.m 1 of 3

function [EInc, Inctot,ync,EIc,Icteot,yc,Qint,ntf,nbf] = TSA(tbf,tw, Lw)

.y .1 mEe e wraes gactioane Foar the 1 rdars

lobal inp Etf ttf Ec & tdeck d phi owerhang bbf btf EIb Wg tcore
Ebf=inp.bf.Ex;
Ew=inp.w.Ex;

Abf=nbf*bbf*tbf;
yhE=tbf
Ibf=nbf/12*bbf*tbf"3;

Aw=2*nw*Lw*tw;

f2;

vw=tbhf+Lw/2*cosd (phi);

Iw=2%* {ow*tw*Lw/12* | (Lw*cosd (phi) ) 2+ (nw*tw*sind (phi) ) *2)) ;
Atf=ntf*btf*ttf;

vif=d-tt£/2;

Itf=ntf/12*btEf*tt£f~3;

Aync=bhbf*ybf+Aw*ywtAtE*ytE;
Anc=Abf+hw+AtI;
yno=Aync/inc;
Inc=Ibf+Iw+Itf;

FAnC= ync) “2+Aw* (yw-ync) “Z+ALE* (yrE-ync) “2;

m e
B

EInc=Ec

1d Girder I erties for bean rofile in ABAQU p 112,122

IZbf=nbf*bbf~3*tbf 1Z;

ntE*btE*3*ELE/12;

£/2+bbf/2-tw/cosd (phi)+Lw*sind (5); 11 51
dw=bbf/2-{tw/2) /cosd (phi}+Lw/2*sind(phi) ;
PAZ=Aw*dw"Z2+AtE*dtf"2Z;

Inc2=I2bEf+I2w+I2LI+FAZ;

tfs=tw-tcore: icke
J=2*bbf~2*d"2*tfs"2/(

bbf*tfs+d*t£fs) ; for a thin walled rectangular section that has¥
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Aconc=5*tdeck;
yoonc= d+tdeck/2;

Iconc=1/12*3*tdeck™3;

-~

ywhi= (AbEf*ybi+Aw*yw) / (AbE+Aw) ;

ybar=yc-ywbif;

Qint=({Abf+Aw) *ybar;

Aconcx=({5/2+overhang) *tdack;
Iconcx=1/12*({5/2+overhang) *tdeck"3;

o]

Ayocx=hynct+Aconcx*ycono;

Icx=Inc+Iconcx;

PAcx=Abf* (ybi-

Elcx=Ec* ({Icx+F

Icxtot=EIcx/Ec;

-l}+2*owverhang) ;

Acurb*ycurb+Abfb*ybf+Awb*yw+AtEb*ytL£;

b=Aconcbt+Acurb+Abfb+At fh+Awb;

Iconcbh=1/12* | (Hg-1) *S+2Z*overhang) *tdeck"3;
Icurb=1/12*40*12"3;

Ib=Iconcbhb+Icurb+Mg* (Inc) ;
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FAb=Aconck™ {yconc-yb) *2+Acurb* (yocurb-yb) *2Z+Abfb* (ybf-yvb) *"2+Awb* (yw-vbh)} “Z2+At£fb* (ytEf-yb)} ~2;

EIb=Ec* {Ib+FAbL) ;

Lwu=Lw-{1/cosd{phi) }; length of web under the locati
Awu=Lwu*tw nw*Z; veb area under

ywu=tbhf+Lw*cosd(phi) /2Z; neutral axis f web area under
ywhifu=({Abf*ybf+Awu*ywu) / (AbEf+hwu) ;

yharu=yc-ywbhfu;

QJintr=({Abf+Awu) *ybaru;

ybarx=ycx-ywbfu;
Qur=(Abf+hwu) *ybarx;

inp.Ec=Ec;
inp.Q.Qx=0xr;

inp.Q.Qint=0intr;

inp.Il.Iint=Ictot;
inp.I.Ix=Icxtot;
inp.SE.SEint=Ec*Ictot/vyc;
inp.S5E.SEx=

inp.girder.
inp.girder.
inp.girder.
inp.girder.
inp.girder.
inp.girder.
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function [Nxy] = buckling? (Lw,tw)

al tcore d

tw-tcore) /2; t re 1s set t IS

if d<= 30

tocoreassumed=0.75;

t tot=tcoreassumed+Z*tfs;
r=tcoreassumed/t tot;
tfslow=0.12*Ffloor(tfs/0.12});

Lwlow=l2*floor (Lw/L12);

if Lw>=0 E& Lw<24
datl=load('hZ4data.mat"');
dat2= load('h iata.mat');
Lwlow=24;

glseif Lw»=24 && Lw<ié

Lw>= 36 && Lw<4B
datl=load('h lata.mat"');
dat?=lpad('h48data.mat"');

elseif Lw»= 48 && Lw<al
datl=load('h4Bdata.mat"');
datZ=load('"h&ldata.mat"');

elseif Lw>= &0

datl=lgad('h&0data.mat");

dat2=lgad('h7Zdata.mat"');

if tfs>=0 && tfs<0.12
xyl=datl.dat.tlZ;
xy2=datl .dat.tZ4;
xy3=dat?.dat.tlZ;
xyd=dat.dat.tZ4;

tfslow=0.12;
elseif tfs>= 0.12 && tfs<0.24

xyl=datl.dat.tlZ;
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xy2=datl.dat.t24;
®xyid=dat2.dat.tlZ;
xyd=dat? . dat.t24;
elseif tfs>= 0.24 && tf=s<0.36
xyl=datl.dat.t24;
xy2=datl .dat.t36;
xyi=datZ.dat.ti4;
xyd=datZ.dat.t36;
elseif tfs>= 0.36 && tfs<0.48
t36;
xy2=datl .dat.t48;
xy3=datZ.dat.t36;
xyd=datZ.dat.t48;
elseif tfs>= 0.48 && tfs<0.60
xyl=datl.dat.t48;
xyZ2=datl .dat.tel;
®y3d=dat?.dat.t48;
®yd=dat? . dat.te0;
elseif tfs>= 0.60 && tfs<0.72
¥xyl=datl.dat.t&0;
®y2=datl.dat.t72;
®xyi=dat?.dat.t60;
xyd=dat? . dat.t7Z;
elseif tfs>= 0.72
*xyl=datl.dat.t72;
xy2=datl.dat.tB4;
®xyid=dat?.dat.t72;
xyd=dat? . dat.tB4;
end

®l=myl{:z,1);

yl=xyl({:z,2);

if rxxl{3)
m={y1l{3)-y1l(8))/(x1(9)-x1(8));

Hxyl=m* {r-x1(2) }+y1l(2):

Hxyl=interpl (xl,vyl,r);
end

w2=xy2(:,1);

y2=xy2(:,2);

if rxxZ(9)
m={y2 {3 -y2 (B) )/ (x2(2)-x2(8B));
Hxy2=m* ({r—-x2 (9) }+y2 (9) :

HxyZ2=interpl (x2,vy2,r):
end

Hxylower={ (Nxy2-Nxyl) /0.12) * ({tfs-tfslow) +Hxyl;
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x3=xy3(z,1);

ya3=xy3(1,2);

if rxx3(3)
m={y3 {3 =-y3(B)) S (x3(F)-x3(8));
Nxy3=m* {r—-=x3(9) }+y3 () :

alss

Nxy3=interpl (x3,y3,r);
=nd

xd=xyd(:,1);

yad=xy4 (z,2);

if rxx4(3)
m={y4 () -y4 (B) ) S (x4 (I} -x4{8));
Nxyd=m* {r—-=x4 (3] }+yv4 () :

Nxyd=interpl (x4, y4,r);
end

Nxyupper={ (Nxyd-Hxy3) f0.12) *{tfs-tfslow) +Hxy3;

=

Nxy=( (Nxyupper-Nxylower) /12) * (Lw-Lwlow) +HNxylower;

4/11/24 11:42 AM C:\Users\JonPinkham\Docume...\flexurenc.m 1 of 1

function [Mrnec] = flexurenc(Inc, ync,nbf, ntf)

Etf d inp
bf.Ex;

Mneg=Etf*elctf*Inc/ (ntf* (d-ync));
Mpas= Ebf*eltbf*Inc/ (nbf*ync);
Mn=min {Mneqg, Mpos) ;

Mrnc=0.,75*Mn; %reducing using the resistance factor provided in the
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unction Mfail = moment curvature (tw, tbf, DMunc, EInc, ync)

epsfail phi 5 D bbf

global ntype btf eps0 tdeck focco tweb

tweb=tw;

= [20];
or j] = l:length(x])

o

ntype = 1;

fu

epsl = DMunc*ync

epsfail = 0.832*0.85*145.8/14.37e3;
b = d+tdeck;

dw = d-tbhf-ttf;

bc = 35;

alpha = phi;

fpe = foo;

Ec = 1820*sgrt (fpc):
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k= 0:5*10"-4:5=-3;

kcurrent = k(ii);

ybar{ii) = fminsearchifun,d):
M{ii) = getM(ybar(ii},tbf,tw);

ii = ii+l;

M = abs(M);

Mfail {(j3+1) = max(M);

end
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unction residual = getybar (ybar)

D inp Etf ttf
3 tweb
thf=d-ttf-dw;

Ebf=inp.bf.Ex;

Ew=inp.w.Ex;

"
= - |
oo
o
oo
=N =T
= o= oot
(% (=2
e L
=]

for ii =

in
sl
i}

mow <= tbf
b = bbf;
A = b*dy;

{ii) = A*eps*EDbf;

elseif ynow <= thf+dw
b = 2*tweb/cosd(alpha);
A = b*dy;

{ii) = A*eps*Ew;

elseif ynow <= tbhf+dw+ttf
b = btf;
B = b*dy;

F{ii) = A*eps*Etf:
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o |
1]

bc;
2 = prdy:
fo = concstressieps);:
F{ii) = fc*A;

end
residual = abs (sum(F})

www.tidc-utc.org 229|Page




4/11/24 11:42 M C:\Users‘JonPinkham\Documents'iM. .

getM.om 1 of

function M = getM{ybar,tbf, tw)

1 I Etf ttf alpha inp
global bc bbf btf dw kcurrent

hat = 0:dy:D;

eps (11}

elseif ynow <= thf+dw

b = 2*tw/cosd{alpha);
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(kcurrent+ (eps0y

fpc antype fail epsfail epsl

S5  LIE Irvature, 3 0ad

ybar) ) * (ybar—-ynow) ;
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ocq

o
]

A = b*dy;
fo = concstress(eps({ii));
F{ii) = fc*A;

Myvec{ii) = F({ii)* (D-ynow);

ynow = ynowtdy;

M = sum{Mvec);

www.tidc-utc.org 231|Page




www.tidc-utc.org 232|Page




Appendix C: Parametric Model Scripts and Functions

C.1 Moment Parametric Model

4/11/24 2:33 PM  C:\Users\JonPinkham\Docu...\Girderscript.m 1 of 2

tic
L=
Ld=
Mg= [5]:

tdeck=[7 B 9];
theta=[0];

p=[1¢

for k=l:length(theta

40:10:80;
1

-

m &

for i=1:length (L)
for j=1:length (Ld)
for m=1:length (Ng)
for n=1:length (tdeck)
[parameters] = parameter(L{i),Ld(j),Ng(m),theta(k),tdeckin)):
p=[p : parameters];

end

Ins=1;
for t=1
if 1lns(t)==
y=6;
else
y=4;
end

for i=l:size(p,1)
inputs=p(i,:):
girder (i)= buildgirderZ (inputs);
[longstrains, rxns,rxnsA,m,dist,longpos] = CT_Parameter BeamZ(inputs,girder(i),0.
Ins(t));

for j=l:=zize(longstrains,l)

Reactions (], :)=gethRzs (1nputs,girder (i)  gammaxyminuz{j, :) ,gammaxyelusz (], 5
[Momentz (j,:),MDFs (j, :) ]=getMDF=s (inputs,girder (i), longstrains (j,:),lns(t)):

vDES (7, 2) etVDEES [1NpuUtsE, r¥ns(Jj, ), ns(t));
end

Ng=input=(1,5);

MDFintl=MDFs(l:end, Z2:Ng-1);

MODFextl=[MDFs (l:end,1), MDFs(l:end,MNqg)];

longsintl=longstrains (l:end, Z:Ng-1):

longsextl=[longstrains {(l:end,1l), longstrains(l:end,Ng)]:
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MDFintZ=max (MDFintl);
MDFextZ2=max (MDFextl);
longsint2=max (longsintl) ;
longsextZ=max (longsextl) ;

MDFint (i)=max (MDFint2):
MDFext (1)=max (MDFaxt2) ;

longsint (i)=max{longsint2) ;

longsext (i)=max(longsext);

filename= 'C:\Users\JonPinkham\OneDrive - Universit of Maine

5

uns=sizelp,1):
#1Range=strcat ("A"', numZstr (310+41))
she lef sxCe]

h E:=2,’ derine sneet 1n eXcael To put

dfrp=girder (i) .dfrp;
ync=girder (i) .girder.y: NA of girder itself

Inc=girder{i}.girder.Il1;
hA=girder (i) .girder.A; girder cross sectional are

eg=dfrp+td/Z-ync; distance bat r of graviti f 1

Kg=Inc+A* (eg"2);

chang=inputs(l,7);

Lw=girder{i) .w.Lw; length of w i

bbf=girder (i) .bf.bbf; width of flange (i

tw=girder (i) .w.tw; web thickness (inches

de= ohang- ({20+bbf/2+Lw*sind (53)-tw/2)/12); distance from center of web at top of&

Twg=girder (i} .girder.Twyg;

A=[inputs, Kg, de, dfrp, MDFint (i), MDFext(i),long=zint (i), longsext(i), hbf, Twg]:
#lswrite(filename, A, sheet, x1Range) Write data int sxcel in = Fied locatior

clearvars MDFintZ2

clearvars rintl rextl rint?Z rextZz
end
end

timaeS=toc:
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[longstrains, rxns, rxnsh,

inputs(l,1)*12;
inputs (3) *12;

spacing =

girder.dfrp;

EL
1]
o
i

-

[}

girder.dfrp*tand(5) ;

n
= g
!
u
b
1]

Hg=inputs ({1, 3):
overhang=inputs (7) *12Z;
Bbridge=spacing® (Ng-1)}+Z*owverhang;
Mintransverse=0;

Maxtransverse=Bbridge- (24*12)-40;

stepo=(center-Mintransverse)/ (y):

inputs(l,6):

verse:stepa:center

www.tidc-utc.org

m,dist, longp

center+d

os] = CT Parameter Beam? (inputs,girder,x,v, &

centert+stepb:stepb:Maxtransverse];
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BF = girder.bf.bbf;

TF = girder.tf.btf;

girder.bf.Ex;

]

=

o

mon
Il

=

e

[

o
I

girder.bf.

=}
e
m o
mon
[

= girder.bf.n;
GEF = girder.bf.G;

tEF = girder.bf.tbf;

E1W = ;i:dé::w.ix;
EZW = ;i:de:_w_i?;
nu ; %i;de:.w.:;
GW = girder.w.G;

tW = girder.w.tw;

|zl
[
=]
[
[}

girder.tf.Ex;

EZTF = girder.tf.Ey:

nuTF girder.tf.n;

GTF = girder.tf.G;

tTF girder.tf.ttf;

tc = inputs(4);

Ec = 3640;
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OH=overhang-BF/2-TF/2-splay;

mesh size = 1/x;

Eg = 3640;

Gg = girder.girder.Gg; ME &5 for +-4

yvbar = girder.girder.y;%non mposite WA for just girder used for ffset 1 tion of beam¥

girder.girder.A;

girder.girder

girder.girder.
r = girder.girder.I22;

girder.girder.J;

LC=[1 2];: two loading nditions 1 is HL-

longstrains=[]:
rxns=[];
rxnsh=[];
or t=1

if LC(t)==1
if theta»= 0 && theta<=20
longpos= span/Z-144; span/Z-168:24::span/2-12
glseif theta>Z0 L& theta<=45
longpos=span/Z2-168; zpan/Z-192:24:span/2-144
glseif theta=45

longpos=span/2-192; zpan/Z-228:24:span/2-18
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theta>= 0 && theta<=13

end

end

for l=1l:length({longpos)
for i=l:length(dist)

effectivelength=346+92*tand (theta)+longpos (1) ;

wvelength<span
fulltruck=1;
fulltruck=0;

if [((Hg-1)*=spacing+2*0H+BF+TF) /2 > 144

lanewidth = 120;

lanewidth = {{Ng-1l)*spacing+2*0H+BF+TF) f2-24;

laneZ = 4.444g-4;
reard = 0.1064;
frontZ = .0D266;
tanZz = D.0B31;
lansl = 4.444g-4;
rearl = 0.1064;
frontl = .D266;

tanl = D.0B31;

lane2 =le-15;
rear2 = le-15;
frontZ = le-15;
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lanel =le-15;
rearl = le-15;
frontl = l=-15;

laned = 4.444e-4;
reard = [D.1064;
.0266;

tanz = D0.0831;

Fh
H
Q
=)
i
I
I

4 gk LC{t) == 1 && fulltruck==

£: LC(t) == 1 && fulltruck==1l

8 LC{t) == 1 && fulltruck==1

£& LC(t) == 1 && fulltruck==0
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-
[

5 && LC(Lt) == 1 && fulltruck==0

-
[

-
[

elseif HNg 6 && LC(Lt) == 1 && fulltruck==0

1]
hl
]
h
=
5]
I
1}

B
ile = e 4 '
elseif Ng == 5 && LC(t) == 2
i L =g
' 4
ol e
H
ile = 1T kew Tan '
elseif Ng == & && LC(t) == 2
F 1 ) ) . o
' s
i
ile = '

ii = 1;
c{ii} = tline;

while ischar(tline)

tline = fgetl(fid):
c{ii} = tline;
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foclose (£id) :

for i1 = l:length{£fc)
if ~isempty(strfind(fc{ii},'# Distance betwssn'))
fc{ii+l} = sprintf("dist LAE" ,dist (1)) ;

f ~isempty(strfind(fc{ii

fc{ii+l} = sprintf('=span .3E',span});:

~isempty(strfind(fc{iil},
{ii+l} = sprintf('=spacing .5E", spacing) ;

~isempty (strfind{fc{ii

{ii+l} = sprintf('d
~isempty (strfind(fc{iil},

L

i+l} = sprintf("=splay

R

~isempty (strfind(fc{iil},
{ii+l} = sprintf('0OH .SE',0H) ;

~isempty (strfind(fc{iil},
{ii+l} = sprintf('EBE .5E',BF)
~isempty (strfind(fc{iil},

{ii+l} = sprintf('TE .3E",TF):

~isempty (strfind(fc{iil}, ngitudinal p
{ii+l} = sprintf('Zpos .S3E",longpos(l));
~isempty(strfind(fc| I

ii},

1ii+l} = sprintf("BFthick .5E'",BFthi
btk kness"))

{ii+l} = sprintf("Wthick L3E"  Wthick):

~isempty (strfind(fcii

ii},

~igempty (strfind(fc{iil}, (D]
{ii+l} = sprintf('E1EE .3E" ,E1BF};

~isempty (strfind(fc{iil},

{ii+l} = sprintf('EZEE .3E" ,E2BF);

~isempty (strfind(fc{iil},
{ii+l} = sprintf('nuBE
~igsempty (strfind(fc|

ii},
{ii+l} = sprintf('GEF .3E"' ,GBF) ;
~isempty (strfind(fc{ii}, '# BF Thickness (in) "))
{ii+l} = sprintf('tBF .3E" ,tBF) ;

~isempty (strfind(fc{iil,
{ii+l} = sprintf('E1W

~isempty (strfind(fc{iil}, Web E: (RN
{ii+l} = sprintf('EZW .5E" ,E2ZW) ;

~isempty (strfind(fc{iil},

="'
{ii+l} = sprintf('nuW .
~igsempty (strfind(fci{iil}, "’

Wel PR
{ii+l} = sprintf("GW LGEY,GH)

~isempty (strfind(fc{iil},

i+l} = sprintf("th LSEY L, EW)
elseif ~isempty(strfind(fci{iil,'# TF El1 (k=i}"))
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LACT

~isempty

~isempty

~isempty

~isempty

~isempty

~isempty

~isempty

i
n]

{ii+1}
~isempty

~isempty

~isempty

~isempty

~isempty

{1ii+1}
~isempty

elseif
fo{ii+l}

elseif

~isempty

~isempty

~isempty
Fcl{ii+l}
elseif ~isempty
foli
~isempty

fo{ii+l}

elseif

~isempty

~isempty

f ~isempty

~isempty
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sprintf ("E1TE

([strfind(fcii

ii},

sprintf ("EZTE

([strfind(fc|

{ii},

sprintf { "nuTE

([strfind(fc|
sprintf {"GTE
([strfind(fc|
sprintf ("tTE
([strfind(fc|
sprintf ('E

([strfind(fc|
sprintf('E

([strfind(fc|
sprintf ("t

ii},

ii},

{ii},

ii},

ii},

[strfind(fc{ii

sprintf{'ms

([strfind(fc|

sprintf ('L

(strfind(fc{ii

sprintf ("Eg
(strfind(fc|

ii},

sprintf (" ybar

(strfind(fc|
sprintf ('Gg

ii},

(strfind(fc{ii

sprintf("A

([strfind(fc{ii

sprintf (" Ixx

(strfind(fc{ii

sprintf (" Ixy

[strfind(fc{ii

sprintf (" Iyy
(strfind(fc|
sprintf('Izz

ii},

[strfind(fc{ii

sprintf ('th

[strfind(fc{ii

sprintf ('lan

[strfind(fc{ii

sprintf ('lan
sprintf 'z

sprintf {'frontl

sprintf ('tanl
([strfind(fcii

sprintf ('lan
sprintf 'z

sprintf (" front

sprintf('tani

([strfind(fc|

1l

(im) "))

'ymesh =size);

EL

Pty

AN
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printf('a LOEY,1lel)
foc{ii+2] = sprintf ('t LSET, L)
foc{ii+3} = sprintf(" LSET,E2)
=
=

foc{ii+l} = =

foc{ii+d4]} = sprintf('d LS5E",1nl) ;

rintf (" LOET, 1e2) ;2

r DEW Py fil 15 Wrl B,

o Hh
Qo ke
u}
I

]
H

fopen(inpfile, "w'):

ii :length {newcell) +1
if newcell{ii+l]} == -1
fprintf (fid, "%s',newcell{ii});

Dreak

fprintf (fid, "%s\r\n"',newcell{ii});

m
=]

foclose (£id) ;

delete ("G1lM.csv')
delete("GZM.csv')
delete ("GIM.csv')
delete ("G4M.csv')
delete ("GEM.csv')
delete ("GeM.csv')

=s',file);
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status = system({cmd str);
¥ = (-5*span*L/]
*»3= (¥ (1) :span/100

rspan*L/10:5*span*L/10) ;
¥ (end)):
= readmatrix('"GlM.csv', 'REange", "5:7");

Gliisnan{Gl)) = []:
Gl{Gl==0) = []=:
Gl = Gl{Z2:end) ;
GliGl > 1.0) = []:

vl = spline (X, Gl,xqg):

epsl = max(yl):

G2 = readmatrix('GiM.csv"', 'Range","5:7");
GZ{isnan(G2)) = []:

GZ(G2==0) = []:
1.0 = []:
GZ (2:end) ;

y2 = spline (¥, G2,xg3):

epsZ = max(yZ);

= readmatrix("G3M.csv", 'REange", "S3:7")};

iznan{G3)) = [];
= [1+
L0 = [1:

2:end) ;

spline (¥, G3,xqg);

= max{y3);:

G4 = readmatrix("G4M.csv", 'Range", "5:7");
G4 (isnani{G4)) = []:

G4(G4==0) = []:

Gdi{Ed4 > 1.0) = []:

G4 = G4{Z:end) ;

e
f ey
[

spline (X, G4,xqg);
epsd = max(y4);
= [epsl,epsi,eps3,epsd];

= spline (X, 35, ®xg):
= maxiy3);
= [longs,eps53]

readmatrix("GEM.csv', "Range","3:7"');

GE3(isnan(:3)) =
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== () = ;
= rx(Z2:end);

"
N

]
Al
"
*
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' ' H
G4 = readmatrix('G4M.csv", "Eange', ' i

G4 (iznan({G4)) = []:
G4 (Gd==0) = []:
G4(G4 > 1.0} = []:
G4 = G end) ;

ey

{2

vd = spline (¥, G4, xg);

= max{y4);:

=

o

=]
o

= [epsl,epsi,epsi,ep=s4d];

=
g ==

{

o0

=

G5 = readmatrix('GEM.csv', "Range',"5:7");
n 5

o= H
GH(ES > 1.0) = H
G35 = G5(2:end);

5(2
v3 = spline (¥,G5,xqg);

eps3

I
E]

max (y3):
longs = [longs,eps3]:
Hg ==

{2:end) ;
line (X,G6, xqg):

<

o

[}

m q
™ o,

epsh = max (ye);

longs = [longs,eps3,eps6];
end
rx = readmatrix("Exn.csv"', 'Delimiterc', " "};
rx = rx{end,:);

rxl(isnani{rx)) = []:
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rx(rx == 0) = []:

rxnsit = rx{2:end);

rxA = readmatrix('ExnA.csv', 'Delimiter'," "};
rxh = rxh{end, :):

rxA(isnan{rxh)) = []:

rxfirxA == 0) = []:

rxnsAit = rxh(Z2:end);

= dist(i);
Longout=longpos (1) ;

save("Errout', "dout', "Longout’', "inputs") ;

for c=1l:1length{longs)
long(c)=longs{c) *yc/ (yc-ybar);

strains=[longstrains; long]:

[rxns;rxnsit];

[rxnshA;rxnsAit];

m=m+1;

cdistarter)
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function [M,MDF] = getMDFs({inputs,girder, flexstrains,lns)

Ng=inputs (1,

3Eint=girder.SE.S5Eint;

SEx=girder.35E.5Ex;

M=zeros (1,MNqg);

MOF=zeros (1,HNg);

for i=2Z:Ng-1
M(l,i})=flexstrains(l,i)*SEint;

end
M({l,l)=flexstrains(l,1l) *SEx;
M{1l,Ng)=flexstrains(1,HNg)*5Ex;

Mtot=zum (M) ;

if lns == 2

for i=2:HNg-1
MDE(1l,1i)=X*M(1l,1i) /MtoL;
end
MODE(1,1)=X*M(1,1) /Mtot;
HDEEL,KqI=X'H{l,Nq]fM:GtF
end
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VDFinttan=max (VDFintl (m/2+1l:m, :));

VDF v

VDFexttan=max

Fextl(m/2+l:m, :));

+1l:m, ) );

rexttan=max (rextl (m/2+1:m, 1)) ;

rinttan=max (rintl (m/

VDFint2=[max (VDFinttr), max (VDFinttan)

VDFext2=[max (VDFexttr),max (VDFexttan) ];
rint2=[max(rinttr),max({rinttan)]:
rext2=[max (rexttr) ,max(rexttan)]:

Fint {1i,t)=max (VDFint2}) ;

TR

if VDFint{i,t)== max(VDFinttr)

govint={"truck"};

end

[%, ¥]=f£ind (VDFs==VDFint {i,t));:

strainsint=shearstrains {x, 2%y-1:2*%y) ;
strainl=max (abs (strainsint)});

raticint (i,t)=strainl*2/{strainsint(l})-strainsint{2));

VDFext (i, t)=max (}

if VDFext(i,t)== max(V

govext={'"truck"};

end

[#, v]=find (VDFs==VDFext {i,t)):

strainsext=shearstrains (x,2%y-1:2%y) ;
strainl=max (abs (strainsext));

raticext (i,t)=strainl*2/({strainsext(l)-strainsext(2));
rint{i,t)=max{rint2}) ;

rext (i,t)=max(rexti);

filename= 'C:\UsershJonFinkham'Onelhrive - Uniwversity of Main i’

runs=size(p,1l);

x1Range=strcat {"A", numZstr (933+1) )

sheet=3;

td=inputs{l,4); l=zck thickness

dfrp=girder (i) .dfrp;

yno=girder (i) .girder.vy; N& of girder itself

Inc=girder(i) .girder.Ill; HC moment f inertia for gir

A=girder (i) .girdser.A; jirder ross sectional are

eg=dfrp+td/2-ync; listance betwsen center of gravities f deck and basic beam
Eg=Inc+i* (eg™2);
cohang=inputs (1,7}

Lw=girder (i) .w.Lw; length f web (in
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bbf=girder(i)

tw=girder (i) wel hickn i
+bbf/24+Llw*sind {3) -tw/2) /12);

de= chang-(({20+b

Twg=girder (i) .girder.Twg;

inputs(1,2), inputs(l,3)}, inputs{l,4), inputs(1,5), inputs(l,&), ¥
de, dfrp,VDFint({i,t),VDFextii,t), rint(i,t), rext (i,t),ratiocint{i, ), ¥
govint, gowvext]:

ratiocext{i,t),
®x1lswrite (filenams, A, sheet, xlREange)

A=[inputs (1,1},

inputs{1l,7), EKg,
bbf, Twag,

251|Page
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[shearstr, rxns,m,dist, longpos] = CT Parameter Shear (inputs,girder,x,y,lns)

span = inputs(l,1)*12;

spacing = inputs(3)*1Z;

(¥

m

1

it

=

]

i

[ERe
\ M

A T

m

]

u}

Fhob

5]

(s

splay = girder.dfrp*tand(5);

g=inputs (1, 5):

overhang=inputs (7) *12;

Bbridge=spacing* (Hg-1)+2Z*overhang;

Mintransverse=0;
theta = inputs{l,E&):
if theta == 0 Fake advantage of symmetry 1 I i

dist = [Mintransverse:stepo:center];

dist=[Mintransverse:stepa:center center+l centert+stepb:stepb:Maxtransverse];
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BF = girder.bf.bbf;

TE girder.tf.btf;

E1EF = girder.bf.Ex;
EZBF = girder.bf.Ey:
nuBF = girder.bf.n;

GEF = girder.bf.G;

tBE girder . bf.tbf;

L
)

E1W = girder.w.E

EZW = girder.w.
nuW = girder.w.n;
GW = girder.w.G;

tW = girder.w.tw;

tWt = girder.rad.tw;

nuTF = girder.tf.n;

GTF = girder.tf.G;
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tTF = girder.tf.ttf;

T
1
[}

Lo inputs{4);

Ec = 3640;

shearstr=[]:
rxns=[];

for t=1:2

longpos=depth;

i=l:leng

or l=l:length (longpos)
£ 1(dist)

Lal

effectivelength=346+92*tand (theta) +longpos (1) ;
1f effectivelength<span
fulltruck=1;

fulltruck=0;

if ((Hg-1)*=spacing+2*cwerhang) /2 > 144
lanewidth = 120;

else
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lanewidth = ({Ng-1)*spacing+Z2*overhang) /2-24;

laneZ 4. 444p-4;
reard 0.1064;

front2 = .0266;
tanz = D.08B31;
1 4. 444p-4;
0.1064;

LDZ286;

0.1064;
frontl = .0266;
tanl = D.08B31;
elseif Ins == 1 && dist(i)>center+l

lanel =l=-15;
rearl = le-15;
frontl = le-15;

lane2 = 4.444e-4;
reard = 0.1064;
front2 = .0266;
tanZ = D.0831;

if Inl == Mintransverse
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== 1 && fulltruck==

== 1 && fulltruck==1
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C:\Users‘\JonPink..

.MWCT Parameter

Shear.m

B of 13

~L = L

focfii} = t
while isch

tline
fofii}
end

foclose(fid

line;
aritline)

= fgetl(£fid):
= tline;

o=
Fr

for ii = 1:
if ~isempty
foii

Ec|

elseif

Ec|

Ec|

elseif

Ec|

www.tidc-utc.org

length{£c)

= gprintf('dist

~isempty (strfind(fc|

= sprintf{"'=span

f ~isempty(strfind(fc{iil},'#
fcl
f ~isempty(strfind(fc{iil},'#

= gsprintf('=spa

{strfind (fc{ii), "4

= sprintf('depth

~igsempty (strfind(fc{iil}, '#

~isempty (strfind(fc{ii}, '# Deck owverhang'))

= sprintf(’

= sprintf('=splay

~igsempty (strfind(fc{iil}, '#

= sprintf('BE

f ~isempty(strfind(fc{iil},'#
fc
elseif

Ec

= sprintf('TE

~igsempty (strfind(fc{iil}, '#

= sprintf("'Ep

f ~isempty(strfind(fc{ii},

= sprintf("E1EE

~isempty (strfind(fc{ii},

sprintf ( "EZEE

~isempty (strfind(fc{ii},

= sprintf('n

{1141} = sprintf ("GEE
~isempty (strfind(fc|
ii+1}

= sprintf("tEE

= sprintf("E1lW

~isempty (strfind(fc{ii}, '# Web EZ (ks1i)"})

= sprintf ("EZF

~isempty (strfind(fc{ii},

ii},

~isempty (strfind(fc{ii}, '# Web E1 (k=s1i)"})

fE1W) ;

E',EZW) ;
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= sprintf { "nuW

~isempty (strfind(fc{ii},

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

fo{ii+l}

= sprintf (" GH

= sprintf ("tH

~isempty (strfind(fc{ii},

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

fo{ii+l}

= sprintf ("E1Wt

= sprintf ("EZWt

~isempty (strfind(fc{ii},

elseif ~isempty(strfind(fc{iil},

= sprintf ( "nult

= sprintf ("GWt

~isempty (strfind(fc{ii},

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

= sprintf ("tWt

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

= sprintf ("E1TE

elseif ~isempty(strfind(fc{iil},

Eci

= sprintf('E

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

= gsprintf ("nuTE

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

fo{ii+l}

~isempty (strfind(fc|

= sprintf ("GTE

= sprintf ("tTE

= sprintf('E

= sprintf('E

= sprintf ('t

= sprintf('mshsize

~isempty (strfind(fc{ii},

~isempty (strfind(fc{ii},

~isempty (strfind(fc{ii},

~isempty (strfind(fc{ii},

iil,

elseif ~isempty(strfind(fc{iil},

fo{ii+l}

= sprintf('th

= sprintf("'"lan

~isempty (strfind(fc{ii},

elseif ~isempty(strfind(fc{iil},

foc{ii+l} =
fofi

fFoc{ii+3} =

sprintf({'lan
sprintf {1

sprintf{'frontl

sprintf{'tanl
yi{strfind(fc{ii
sprintf({'lan
sprintf {1

sprintf (' front:

r

ns'))

i1ty

251} ]

(im} "))

5E",mesh size);

', lanewidth) ;

'y lanel);

'yrearl);

5E", frontl):

'.tanl});

"1 3
'y laned);

'yreard);

58", front);

= sprintf('tani E'",tan?};
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Icia
< '
e '

newcell = fc;

“

'
"
’ =

fid

break

fprintf (£id, ynewcell{ii});

end

cmd str = sprintf( v E1le);
'
= '
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Gli{isnan{Gl)) = []:
Gl(El==0) = []:

26)=[1;:

G1==27)=[];

Gl(Gl==33)=[1;
Gl(Gl==36)=[1;
Gl==39)=[];:
Gl==40)=[1];:

Gl (Gl==45) =[] H

Gl = Gl{Z:end);

Rl=sum (&1} ;
GZ = readmatrix("girdi.csv"');
GZ (isnan({G2)) = []:

G2(G2==0) = []:

G2 (G2==26)=[];

G2 (GZ==33)=[];

G2 (GZ==36)=[];

G2 (GZ==40)=[];
G2 (GZ==45)=[];

RZ=zum (GZZ) ;

G3 = readmatrix("gird3.csv');

isnan{G3)) = []:

Gi==38)=[1:

sum (E3) ;

G4 = readmatrix("girdd.csv');
Gd(izsnani{G4)) = []:

G4(G4==0) = []:

G4 (G4==28)=[];:

G4 (G4 1=[1:

G4 (G4==33)=[1]:

G4 (G4==36)=[];:

G4 (G4==39)=[1;:

G4 (G4==40)=[];

G4 (G4==45)=[];:

.
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G4 = G4({2:end);

Rd=zum(:4) ;

i Vi
i "1
GE = readmatrix(’ 1 "1
G iisnan (GE)) = 1:
Gaize==0) = []=:
GE (GeE==26)=[]:
GE (GeE==2T)=[]:
GE(Ge==33)=[]:
G& (Ge==38)=[]:
G& (GeE==39)=[]:
GE (Ge==40)=[]:
G& (GeE==43)=[]:
G& = Ga(Z2:end);
Re=sum (:8) ;
rxnsit = [rxnsit,R3,R&];
end
shearstrainsit=readmatrix('shearstrains.csv", 'Range',"5:7"}):

shearstrainsit (isnan(shearstrainsit))=[]:

shearstrainsit (shearstrainsit==0)=[]:
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shearstrainsit (shearstrainsit>=1l)=[];:

Gl = readmatrix('girdl.csv');
Gl {isman{Gl)) = []:
= [I-
=01z
y=[1z:
=[]z
=01z
=01z
=01z
=[1:
Z:end) ;

:
atrix("girdZ.csv');
G2))y = [1]+¢

=[]z
=[1:
=01z
=01z
=[]z
=[]z
51=[1z
2:end) ;

P

atrix("gird3.csv');
GI)) =[]+

= [I-

=01z

3==27)=[1:

=33)=[1];:

(G3==38)=[1];

I==39)=];

[G3==45)=][]:
Gi{2:end);

Ei=sum(E3) ;

G4 = readmatrix('girdd.csv');
Gd(isnan{G4)) = []s
G4 (G4==0) = []:

G4 (Gd==26)=];
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G4 (G4==2T7)=[]:
G4 (G4==33)=[]:
G4 (G4==36)=[]:
G4 (G4==38)=[]:
G4 (G4==40)=[]:
G4 (G4==45)=[]:
G4 = G4({Z:end);
Ed=sum (G4} ;

rxnsit = [R1,R2,R3,R4];

5

readmatrix('girdi.csv");
GE(isnan(z5)) =

G5 (GI==0) = []:

GE = G&({Z2:2nd);

Ré=sum (G&) ;
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r¥xnsit = [rxnsit,R3,Ré]:
end
shearstrainsit=readmatrix('shearstrains.csv', '"Range', '5:7");
shearstrainsit (isnan(shearstrainsit))=[]:
shearstrainsit (shearstrainsit==0)=[]:

shearstrainsit (shearstrainsit>=1)=[];

dout = dist{i);
Longout=longpos (1) ;

save ("Errout', "dout', "Longout’, 'inputs") ;

s=[rxns;rxnsit];

hearstr=[shearstr;shearstrainsit];

m=m+1;

cd(starter)

4/11/24 3:01 PM C:\Users\JonPinkham\Desktop\S...\GetVDFs.m 1 of 1

function [VDF] = GetVDFs(inputs, rxns,lns)

Mg=inputs(1l,5);

REtot=zumirxns);

if Ins == 2
W=7
X=2;

else
= 1.2;

end

VDF=zeros (1,Ng):;
for i=2:Ng-1
VDF(l,i)=X*rxns{l,1i) /Rtot;

end
VDF(1l,li=X*rxn=s(1,1)/Rtot;
VDF ({1,Mg)=X*rxns (1,HNg) /Rtot;
end
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