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Abstract

Truck platooning—wirelessly linking two or more trucks to travel in a closely spaced
convoy—is federally promoted to save fuel, improve the environment, and improve traffic
operations. Platooning places trucks much closer than current design codes anticipate. While this
strategy can provide higher fuel efficiency, it also can potentially overload structures. Previous
reliability-based studies (Steelman et al., 2021; Yang et al., 2021) have focused on the Strength I
limit state and have shown that trucks can operate at weights exceeding standard legal load limits
even with short headways at operating-level reliability. However, service limit states in the
AASHTO LRFD Bridge Design Specifications (2020) were not originally calibrated to produce
uniform safety through reliability theory. Currently, no target implicit reliability index (Bmpiici)
nor reliability-based evaluation guidance for the service limit states is stated in the AASHTO
Manual for Bridge Evaluation (2018). In addition, a reliability-based service limit state
evaluation protocol for bridges subjected to platoons does not currently exist.

A parametric study considered different girder spacings, span lengths, span numbers,
structure types, truck configurations, truck numbers, and adjacent-lane loading scenarios. Using
Monte Carlo Simulation (MCS), target BImplicit values were identified based on current design
loads to calibrate heavy-load limits for the service limit state (e.g., permit vehicles and platoons).
LRFR live load factors were developed for service over a range of coefficients of variation
(CoVs) and were presented in association with a potential new permit load, i.e., a platoon permit.
The framework for explicitly aggregating live load uncertainties based on truck weight, dynamic
amplification, and girder distribution factors was developed and proposed. Four representative

steel and prestressed concrete girder bridges from the Nebraska inventory were load rated for

XX



strength and service. The study also preliminarily evaluated the fatigue performance of welded
cross-frame connections to girder flanges and shear studs for the steel bridges and determined
cracking probabilities (Scracking) for prestressed concrete bridges. As an illustration of possible
operational strategies, headway guidance information and a summary of guidelines were

developed for platoon loads, including varying truck weights.
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Chapter 1 Introduction

1.1 Background

Platoons constitute a portion of an emerging population of Connected and Automated
Driving System (C/ADS)—equipped vehicles, which are expected to become increasingly
common in the United States and industrialized countries globally. Effective platooning can save
fuel (e.g., Tsugawa et al., 2011; Lammert et al., 2014), improve the environment (Bibeka et al.,
2019), and improve traffic operations (Hassan et al., 2020). In the US Department of
Transportation's National Freight Strategic Plan (NFSP) released in early September 2020,
platooning was mentioned as a revolutionary technology that can improve safety and efficiency
for long-haul freight operations. Consolidating freight into heavy truck platoons could provide
enhanced cost-effectiveness from the perspective of transportation costs. However, doing so may
impose greater structural demands than current design and evaluation procedures anticipate
under normal traffic conditions. At the same time, optimal computer control of closely spaced
heavy trucks traveling at high speeds likely requires greater certainty of individual truck weights.
Bridge owners must responsibly manage traffic operations, and accordingly need to correlate
platoon characteristics to safe and sustainable bridge loading limits and facilitate load ratings for
platoons.

Studies of platooning effects have focused on the American Association of State and
Highway Transportation Officials (AASHTO) Load and Resistance Factor Design (LRFD)
Bridge Design Specifications (BDS) (2020) Strength I limit state. Using a line-girder analysis,
Yarnold and Weidner (2019) evaluated the effects of platoons with varying headways and truck

numbers on steel bridge behavior. Their study concentrated on the Florida C5 truck configuration



that satisfied the Federal Bridge Formula B (FBF B) legal limit. According to their results, the
HL-93 design live load (LL) generally envelopes moment and shear effects for platoons, except
for some long-span bridges with closely spaced platoons. Using the same bridge and platoon
parameters as Yarnold and Weidner (2019), Tohme and Yarnold (2020) assessed the effect of
platoons on moment load ratings using a benchmark steel bridge. The moment load rating results
indicated that platoons passing over long bridges with small headways exceeded the Strength I
limit state. Wassef et al. (2021) studied platooning headways of 30, 50, and 70 ft and found that
four-truck platoons with 30-ft headways produced higher load effects for long bridges (200 - 300
ft). Ibrahim et al. (2022) examined the effects of up to 20 combined HS-20 loadings with 10 to
30 ft headways on load ratings. These studies, however, were based on nominal LL comparisons
rather than reliability analyses.

Platooning with CV technologies potentially places trucks much closer than current
design codes anticipate to realize aerodynamic benefits. Truck weights must be known with
greater certainty than currently assumed in LRFD BDS to ensure safe platooning operations
while facilitating maximum benefits with close headways. Yang et al. (2021) and Steelman et al.
(2021) demonstrated that trucks can carry unusually heavy loads without compromising safety if
LL uncertainties are reduced, headways are controlled, and multiple presence scenarios are
controlled. It is still possible to maintain the Strength I operating level reliability index f = 2.5
specified by the Manual for Bridge Evaluation (MBE) (2018). Sajid et al. (2022) further
parameterized bias and coefficient of variation (Co)’) and determined that two-lane bridges can
reliably accommodate platoons to achieve an inventory level reliability index g = 3.5 for

strength. Yang et al. (2021) and Steelman et al. (2021) considered a range of CoVs for platoon



LL calibrations between 0 and 0.2 without explicitly aggregating LL uncertainties resulting from
the truck weight, dynamic allowance (/M), and girder distribution factors (GDF). Wassef et al.
(2021) began exploring the effects of platooning on service limit states by comparing platoons
directly with the effects of the HL-93 design load. However, reliability-based evaluations of the
effects of platoons on service limit state performance are still lacking.

Target reliability indices, f, for service limit states are needed to evaluate platoon effects
on girder bridge performance in a reliability-based framework. However, reliability-based
evaluation criteria for service are not specified by AASHTO. Few recent studies have
investigated the target reliability index f for service. Wassef et al. (2014) evaluated Service 11
based on one or two loaded lanes using Weigh-in-Motion (WIM) data from sites with an average
daily truck traffic (ADTT) of 5000. Barker et al. (2020) evaluated Service II for Wyoming
bridges under two-lanes loaded with heavy truck traffic caused by extended interstate closures.
They assumed the bridges designed by the current LRFD BDS perform satisfactorily on Service
II. These two studies provided a similar target reliability index of approximately 1.60 for Service
II based on multiple-lane loaded WIM data. Wassef et al. (2014) proposed a higher target
reliability for Service III than Barker et al. (2020) based on a single-lane loaded evaluation.
Barker et al. (2020) found that using two lanes of [-80 WIM load data after extended road
closures resulted in negative operational reliability indices for Service I1I, which indicated that
prestressed concrete beams may crack in tension under service loads, despite Service I1I's
nominal intention to limit tensile stresses to below the modulus of rupture. These inconsistencies
between the intention of Service III and the outcome of these reliability-based evaluations

motivated the investigation of prestressed concrete bridge cracking probability.



Increasing platoon weights and reducing headways may accelerate bridge fatigue
damage. Each passage of a platoon with different headways may produce multiple load cycles
over a short time duration, which may reduce fatigue life. As a result, fatigue-induced damage
caused by heavy platoons should be examined. Fatigue effects from permit loads have been
studied widely, but not for platoons. Braguim et al. (2021) investigated platooning fatigue effects
on simple-span and two-equal span continuous steel bridges. They observed that, depending on
the number of trucks and their headways, platoons reduced fatigue damage more effectively than
individual truck passages. Deng and Yan (2018) proposed a method for determining truck weight
limits and overload permits based on cumulative fatigue damage. Stawska et al. (2022)
established an incremental consumption equation based on cumulative fatigue damage from the
AASHTO Fatigue Truck and permit loads. Although Yang et al. (2021) and Steelman et al.
(2021) demonstrated that platoons with five-ft headways can still be considered safe for strength,
such short headways may not be acceptable for fatigue.

Platoon deployments are imminent according to the timeline provided by Trimble et al.
(2018e). Strength rating LL factors may be reduced if smart systems are deployed to regulate
truck traffic and enable platooning with less uncertainty than typical design traffic. However,
reduced uncertainty may not decrease calibrated LL factors for service limit states. In addition,
platoons could have negative impacts for fatigue. Platoons of heavy trucks will be economically
advantageous for freight operators in the near future. However, information currently available is
insufficient for bridge owners to establish platoon operation limitations and guidelines, ensuring
safe and serviceable loading demands in girder bridge structures in terms of truck weights, LL

uncertainties, and headways.



1.2 Research Objectives

The main objectives of this project are to:

1. Calibrate appropriate LL factors for use with platoons to address the Service III limit
state for prestressed concrete girder bridges, the most common girder type supporting
interstate live loads in Nebraska;

2. Calibrate appropriate LL factors for use with platoons to address the Service II limit
state for steel girder bridges;

3. Propose an uncertainty characterization framework to enable reductions in
uncertainties for components of live load — static weight, dynamic amplification, and
girder load distribution — to be combined into aggregate platoon LL uncertainty;

4. Facilitate adoption of platoon permitting protocols through demonstration of sample
implementation in illustrative examples; and

5. Preliminarily assess the significance of platoon-induced fatigue.



1.3 Research Scope

The research considered:

one and two lanes loaded,
e simple- and two-span continuous bridges,
e span lengths ranging from 60 to 200 ft,
e simple- and two-span continuous bridges,
e steel and prestressed composite I-girders,
e girder spacing ranging from 8 to 12 ft,
e truck types: legal load trucks at 80 kips GVW,
e headways ranging 5 — 50 ft,
e Live loading:
o single-lane platoon loaded in one lane,
o two identical platoons in adjacent lanes,
o platoon with routine traffic in an adjacent lane,
e AASHTO limit states:
o Service III, positive moment regions for prestressed concrete bridges,
o Service II, positive and negative moment regions for steel bridges,
o Fatigue I and II for steel bridges (welded cross-frame-to-girder connections

and shear stud).



1.4 Report Organization

This document is long and, in some places, quite complex. The description below
outlines the Chapter content to provide a context for how various topics are laid out.

Chapter 2 contains a summary of related literature reviewed during the execution of the
project, focusing on previous platooning studies and bridge reliability assessments.

Chapter 3 outlines a detailed reliability analysis research methodology for service.

Chapter 4 provides the target reliability indices for service.

Chapter 5 and Chapter 6 present LL factors and safe headway spacing tables,
respectively, for platoons with a ColV range of 0 to 0.2.

Chapter 7 proposes a framework for quantifying LL CoV, explicitly aggregating LL
uncertainty relating to static weight, dynamic allowance, and girder distribution factors, to
facilitate optimal selection of LL factors for strength and service evaluations.

Chapter 8 presents four case study examples illustrating platoon permitting evaluations.

Chapter 9 addresses the apparent intent of Service III to prevent cracks at the bottom of
prestressed concrete girders between supports under routine traffic loads.

Chapter 10 provides summary and conclusions for the research.

Appendices provide comprehensive rating example computations for simple- and
continuous-span steel and prestressed concrete bridges, calibrated LL factors and acceptable
headways with respect to LL CoV for steel bridges, as well as suggestions for AASHTOWare™

BrR implementation for platoon load ratings.



Chapter 2 Literature Review

2.1 Overview

The literature review focuses on general structural reliability and the effects of platoons
or heavy loads. Reliability analyses have been conducted to evaluate platoon effects for Strength
I (Steelman et al., 2021; Yang et al., 2021; Sajid et al., 2022). This study analyzes Service Il and
Service III limit state reliability for platoon loads. Previous studies were reviewed to identify
target service reliability indices for design and rating. In addition, an abbreviated literature
review that examined available fatigue assessment methods for heavy loads was completed.

2.2 Structural Reliability

Structural reliability analysis establishes probabilities of exceeding limit state criteria.
Such limit state criteria are established based on past performance, previous design
methodologies, and judgment. According to Nowak and Collins (2012), Equation 2.1 represents

a general limit state function,

gR,O)=R-0 2.1

where R and Q are random variables representing resistance and load effects, respectively.
Monte Carlo Simulation (MCS) was used to conduct the reliability analysis. MCS is
performed by randomly generating N load and resistance samples, counting the number of
instances in which the limit state is violated (i.e., g in Equation 2.1 is less than zero), and
assessing the probability of failure, Py, as a ratio of the number of failure samples, F, to the total

number of samples, N. g is typically assumed to follow a normal distribution, so that § can be



determined as shown in Equation 2.2,

p=-0" (Pf

) 2.2
where -@! is the inverse of the standard normal cumulative distribution function. The index is
routinely used in structural reliability frameworks to characterize structural safety (i.e., strength
limit states). Figure 2.1 presents typical probability density functions (PDFs) for a sample
bridge's loads, resistance, and limit state function evaluations. The reliability index, /5, represents
the number of standard deviations the mean value of g is from zero. At the strength level, design
and inventory load ratings target f = 3.5, whereas operating load ratings relax the target  to 2.5.
For service limit states, operating load rating or inventory load rating target S’s are not specified
in AASHTO. Therefore, necessary information is unavailable to determine reliability-calibrated

platooning load limits for service.
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Figure 2.1 PDFs of Load, Resistance, and Margin of Safety for Strength

2.3 Strength I Limit State Reliability

According to the LRFD BDS (2020), the Strength I limit state has been calibrated for a
target reliability index of 3.5 based on 75 years of HL-93 design loads. The reliability index for
LRFD-designed bridges was calibrated by Nowak (1999) based on two weeks of WIM data
obtained in Canada to satisfy a f of 3.5. Moses (2001) calibrated permit vehicle LL factors using
the same WIM data. Using a database of 124 representative bridges, Kulicki et al. (2007) further
updated LRFD BDS Strength I limit state calibration. A more detailed discussion of the
calibration of the Strength I limit state can be found in Steelman et al. (2021).

Previous research has illustrated the negative impact of platooning at the Strength I limit
state. A recent study by Yarnold and Weidner (2019) evaluated potential effects of platooning
and identified conditions for which past and current design specifications may not be adequate.
Their study focused on total bridge cross-sectional moment and neglected transverse distribution

of live loads. Different spans and platoon configurations were analyzed and compared with

10



AASHTO Standard Specifications (2002) and LRFD BDS (2020) design specifications. Yarnold
and Weidner determined that bridges designed using load factor design (LFD) according to the
Standard Specifications (2002) were more vulnerable to platooning than identical, LRFD-
designed bridges.

Tohme and Yarnold (2020) extended the work by Yarnold and Weidner to evaluate
platoon effects on multi-girder steel bridge load ratings. Their study used a general bridge cross-
section consistent with MBE (2018) load rating Example Al. A1l girders were redesigned for
alternate span lengths and continuity conditions to maintain a legal load rating of at least 1.0.
According to their assumptions, they found that bridges may exceed the Load and Resistance
Factor Rating (LRFR) Strength I limit state for positive bending at 20 ft headways, the smallest
headways studied, on longer spans. It should be noted that Tohme and Yarnold (2020) and
Yarnold and Weidner (2019) focused primarily on comparing nominal platoon loads in
conjunction with design or legal trucks rather than reliability analysis to evaluate bridge safety.

A reliability-based analysis of platoon effects was recently conducted by Steelman et al.
(2021). A parametric study that incorporated different girder spacings, span lengths, numbers of
spans, bridge types, truck configurations, truck numbers, and adjacent lane loading scenarios was
completed. WIM data from Barker and Puckett (2016) was used to characterize adjacent lane
loading and assumed up to 100 platoon crossings per day. Steelman et al. (2021) adopted
multiple presence probabilities for platoons loaded with adjacent routine traffic from Ghosn et al.
(2011) to characterize adjacent lane loading statistical parameters. Expected maximum adjacent
LL bias (Anax) With respect to HL-93 loading, adjacent lane traffic CoV (CoVuax), and platoon

total Col were determined for simple-span (Table 2.1) and two-span bridges with different
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platoon crossings per day and bridge span lengths. Note that A in Table 2.1 is defined as the
expected maximum adjacent lane LL divided by the HL-93 LL. The CoVuax in Table 2.1 is
defined as the standard deviation of the expected maximum adjacent LL divided by the mean of
the expected maximum adjacent LL. The Total CoV in Table 2.1 is determined by incorporating
the CoVs from the impact factor, girder distribution factor, and static LL and the mean of the

impact factor. Steelman et al. (2021) provide more details on adjacent lane load characteristics.
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Table 2.1 Expected Maximum Adjacent Live Load and CoV for Simple-Span Bridges (Steelman et al., 2021)

Number of crossings per day | ADTT 30 ft 60 ft 0 ft
Amax CoVmax | Total COV Amax CoVmax | Total COV Amax CoVmax | Total COV
100 1.060 0.041 0.147 0.965 0.039 0.146 0.953 0.038 0.146
10 1000 1.091 0.036 0.145 0.992 0.035 0.145 0.980 0.034 0.145
5000 1.106 0.035 0.145 1.005 0.033 0.144 0.992 0.032 0.144
100 1.134 0.031 0.144 1.029 0.030 0.144 1.015 0.029 0.144
100 1000 1.160 0.029 0.144 1.051 0.027 0.143 1.037 0.027 0.143
5000 1.172 0.028 0.143 1.062 0.026 0.143 1.047 0.026 0.143
) 120 ft 150 ft 200 ft
Number of crossings per day | ADTT Amax CoVmax | Total COV | Amax CoVmax | Total COV | Amax CoVmax | Total COV
100 0.964 0.039 0.146 0.985 0.039 0.146 0.960 0.041 0.147
10 1000 0.990 0.034 0.145 1.013 0.035 0.145 0.988 0.036 0.145
5000 1.003 0.033 0.144 1.026 0.033 0.145 1.002 0.034 0.145
100 1.027 0.030 0.144 1.051 0.030 0.144 1.026 0.031 0.144
100 1000 1.049 0.027 0.143 1.073 0.028 0.143 1.050 0.029 0.144
5000 1.059 0.026 0.143 1.085 0.027 0.143 1.061 0.028 0.143




Steelman et al. (2021) calculated reliability indices based on MCS for platoons with
different headways, weights, and CoV. Results indicated that loads significantly higher than legal
are acceptable for platoons with lower uncertainties while maintaining a traditional operating
target f = 2.5, consistent with MBE permit loadings. In addition, Steelman et al. (2021) proposed
LL factors for platoons with different CoVs based on inventory or operating rating targets of f =
3.5 or 2.5. Table 2.2 reproduces calibrated LL factors for = 2.5, with load factors for platoons
calibrated using IMpia0on = 0.33 (see table footnote). Proposed LL factors decrease with
decreasing CoV'. It should be noted that Steelman et al. (2021) did not explicitly calculate platoon
CoVs based on the proposed statistical model but discretely determined them for values between

0 and 0.20 at 0.01 intervals.
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Table 2.2 Proposed Calibrated LL Factors for the Target f = 2.5 (Steelman et al., 2021)

Truck Plat ¥ Loading Conditi DF ADTT Live load factors by CoV of total live load
T n T 11 1N nar n
uck Hatoo equency oading -onditio (One direction) | COV . =0 ] COV . =0.05]| COV . =0.1| COV 1, =0.15] COV . =0.2
Single-trip | No other vehicles on the bridge One lane N/A 1.00 1.05 1.10 1.20 1.25
Single-trip | O identical platoons loaded oy oL e N/A 1.00 1.05 1.10 1.20 1.25
two lanes
> 5000 1.35 1.35 1.40 1.45 1.55
Mixed with routine traffic in th
10 Crossings | oo i routine frathie 1 the One lane 1000 1.35 1.35 1.40 1.45 1.50
Multiple Trucks in Platoon adjacent lane
<100 1.35 1.35 1.40 1.45 150
> 5000 1.35 1.40 1.45 1.50 1.60
100 Mixed with routine traffic in th
’ frec with routine frathic m the One lane 1000 1.35 1.40 1.45 1.45 1.55
Crossings adjacent lane
<100 1.35 1.35 1.45 1.45 1.55

a. DF is the LRFD BDS approximate GDF, with the multiple presence factor (MPF=1.2) removed for one-lane GDFs.

b. To use with a different IM factor, scale tabulated values by 1.33 / (1 + IMesirea).




Based on the results of Steelman et al. (2021), Yang et al. (2021) developed safe headway
guidance to illustrate potential safe operational strategies for varying truck weights and platoon
LL effect uncertainties to achieve a target f = 2.5. They found that safe headways were
insensitive to whether a bridge was constructed of steel or prestressed concrete girders. By
reducing platoon CoV, Yang et al. (2021) found that maximum safe amplification factors (a)
scaling platooning vehicle GVW may be increased, depending on headway, as shown for an
example case of a 120-ft, simple-span, two-lane steel bridge with routine traffic in the lane
adjacent to a platoon in Figure 2.2. Figure 2.2a is a three-dimensional (3D) surface depicting safe
headways accounting for both moment and shear as a function of & and CoV. Similarly, Figure
2.2b is a 2D contour map of safe headways as a function of o and CoV. As shown in Figure 2.2,
safe headways, a, and CoV are related, and the strength-based operational limit of one parameter
can be determined if the other two are specified. Similar results are available for other
conditions. Yang et al. (2021) developed safe headway guidance for simple- and two-span
bridges using 75 years of design HL-93 loadings provided by Nowak (1999) and Kulicki et al.
(2007) and different loading scenarios, bridge span lengths, and amplification factors. An
example of safe simple-span bridge headways for platoons with adjacent traffic is provided in
Table 2.3. “Fail” in Table 2.3 indicates that either the required headway is greater than 50 ft or
the bridge has reached its limit regardless of headway, as mentioned in Yang et al. (2021).

Steelman et al. (2021) and Yang et al. (2021) conducted reliability analyses for Strength I
and observed that LL could be higher using a reduced CoV. Platoon rating LL factors for
Strength I were proposed by Steelman et al. (2021) and safe headway guidance for Strength I

was provided by Yang et al. (2021). However, reliability-based evaluations and subsequent
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rating LL factors and safe headway guidance for platoons at bridge Service III and Service II

limit states were not developed at that time.
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Figure 2.2 Safe Platoon Headways with Adjacent Traffic, 120-ft, Simple-Span Steel Bridge
(Yang et al., 2021)
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Table 2.3 Safe Simple-Span Bridge Platoon Headways (ft) With Adjacent Traffic (CoV=0.18)
(Yang et al., 2021)

Amplification factor a L@

30 ft 60 ft 90 ft 120 ft 150 ft 200 ft
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 5 5
1.3 5 5 5 5 6 5
1.4 5 5 5 9 14 13
1.5 5 5 7 14 20 23
1.6 5 5 10 18 25 32
1.7 5 5 12 21 31 39
1.8 5 7 17 25 34 46
1.9 5 10 23 31 39 Fail
2.0 5 13 27 39 47 Fail
2.1 Fail 15 32 45 Fail Fail
2.2 Fail 18 36 Fail Fail Fail
2.3 Fail Fail 40 Fail Fail Fail
2.4 Fail Fail 45 Fail Fail Fail
2.5 Fail Fail Fail Fail Fail Fail

Note: The o is the amplification factor, and the L is the span length.

2.4 Service III Limit State Reliability

AASHTO LRFD BDS (2020) notes that the Service III limit state is not calibrated based
on reliability but on past practice and experience. The 8" Edition of the Standard Specifications
(1961) first established the maximum allowable tensile stress limit for prestressed concrete
bridges under service loads. The allowable tensile limit was revised in the 11" Edition (2014),
but additional, significant modifications have not occurred for approximately a half-century.
According to the current BDS (2020), the allowable Service III tensile stress for bridges under

severe corrosion conditions should be the smaller of 0.0948,/ /"' (ksi) or 0.3 ksi. Under no
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worse than moderate corrosion conditions, the allowable tensile stress is relaxed to be the smaller
of 0.19,/f". (ksi) or 0.6 ksi. The tensile stress limits in prestressed concrete at Service III after

losses can be found in LRFD BDS (2020) Table 5.9.2.3.2b-1.

Literature on platoon effects on Service III performance is limited. Wassef et al. (2021)
directly compared effects of platooning on Service III limit states to the effects of the HL-93
design load. Findings indicated that, except in a small number of cases, platoons generally do not
produce higher load effects than heavy vehicles currently running on highways. It was
preliminarily concluded that more than two trucks in a platoon at small headways might
adversely affect long-span prestressed concrete bridges for Service II1.

Wassef et al. (2014) calibrated the Service III limit state using WIM data collected over
one year at 32 sites across the United States. They used a LL model based on single-lane loading
with MPF = 1.2 removed from AASHTO LRFD approximate GDFs. The LL model was based
on an ADTT of 5000 and a return period of one year. They conservatively increased calculated
mean maximum LL by 1.5 standard deviations to account for possible bias in WIM data due to
data collection locations. Wassef et al. (2014) assumed that bridges designed in accordance with
the Standard Specifications (2002) performed well in service. They adopted dead and live loads,
and statistical resistance parameters from previous studies (Siriaksorn and Naaman, 1980;
Nowak et al., 2008; Gross and Burns, 2000; Tadros et al., 2003; Nowak 1999; and Kulicki et al.,
2007). They created a “simulated” bridge database by designing simple-span prestressed
concrete bridges with girder spacing of 8 to 12 ft using AASHTO I-girder sections. For
simulated bridges, they considered the "Pre2005" loss method (consistent with prestress loss

method in Standard Specifications 9.16.2.1) and the "Post2005" loss method (consistent with
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prestress loss method in LRFD BDS 5.9.3.4). The designs were approximately optimal, with

prestress strand quantities rounded up to even integers. Additionally, they compiled an existing
bridge database by selecting 30 I- and bulb-T girder, 31 adjacent box girder, and 36 spread box
girder bridges from Mlynarski et al. (2011). Target reliability indices, reproduced in Table 2.4,

were proposed based on simulated bridges designed with the “Pre2005” loss method with tension
limits of 0.0948,/f"', or 0.19,/f"'. and based on existing bridges from Mlynarski et al. (2011).

As shown in Table 2.4, the target f for bridges based on different performance levels (e.g.,
decompression, maximum tensile stress, and maximum crack width of 0.016 in) was always

positive.

Table 2.4 Reliability Indices for Existing and Simulated Bridges with a Return Period of One
Year and ADTT 5,000 (Wassef et al., 2014)

Average p for
Simulated Bridges | Simulated Bridges
Designed for Designed for Proposed Target p for
f, = 0.0948 |Jf; f,=0.19f
Existing Bridges and Pre-2005 and Pre-2005 Bridges in Severe | Bridges in Normal
Performance Level in NCHRP 12-78 Loss Method Loss Method Environment Environment
Decompression 0.74 1.44 1.07 1.20 1.00
Maximum allowable tensile 1.05 1.80 1.43 1.50 1.25
stress of f,=0.19 \]E
Maximum allowable crack 2.69 3.68 3.15 3.30 3.10
width of 0.016 in.

Wassef et al. (2014) then determined reliability indices for bridges designed using the
prestress loss method (“Post2005") proposed by Tadros et al. (2003), which was adopted in
LRFD BDS. In Wassef et al. (2014), the “Post2005 loss method considered elastic gains and

used gross section properties. Wassef et al. observed that the reliability index for bridges
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designed using the “Post2005” loss method with a LL factor of 0.8 (Figure 2.3a) was lower than
the target reliability in Table 2.4 and less uniform across span lengths compared to Figure 2.3b.
Therefore, they proposed increasing the design LL factor to 1.0 to meet the target reliability
index in Table 2.4 (Figure 2.3b). The recommendation was adopted in the current LRFD BDS

Table 3.4.1.4, reproduced in Table 2.5.

3.0 4 3.0

< 2.0 2.0 == =

= 1.0 O s 1.0

;i 0.0 } % 0.0

& 1.0 g_:é 1.0
0 30 60 80 100 120 140 160 180 200 220 20 30 60 80 100 120 140 160 180 200 220

Span Length (ft.) Span Length (ft.)

(a) Reliability Indices for Bridges Designed (b) Reliability Indices for Bridges Designed

with “Post2005” Loss Method (yz = 0.8) with “Post2005” Loss Method (y2 = 1.0)

Figure 2.3 Reliability Indices for Bridges at Maximum Allowable Tensile Stress Limit State
(ADTT = 5,000, and f, =0.0948,/f"'. ). (Wassef et al., 2014)

Table 2.5 Load Factor for LL for Service III Load Combination, y.. (LRFD BDS, 2020)

Component YLL

Prestressed concrete components designed using the refined estimates of time-dependent losses

1.0
as specified in Article 5.9.5.4 in conjunction with taking advantage of the elastic gain

All other prestressed concrete componenets 0.8

Wassef et al. (2014) determined target reliabilities using single-lane loaded WIM data.
However, multiple loaded lanes HL-93 are typically used when considering Service III. As a
result, target reliability indices presented in Table 2.4 may be higher than those based on

multiple HL-93 loaded lanes.
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Barker et al. (2020) evaluated Service III for Wyoming I-80 bridges under heavy truck
traffic due to extended roadway closures that would produce long trains of trucks loading both
lanes. They considered the performance of bridges designed and evaluated under current LRFD
BDS Service III criteria as satisfactory and computed target reliability indices on that basis.
Barker et al. used the same load and resistance statistics as Kulicki et al. (2007), and they
validated their process by independently reproducing example bridge results.

See Figure 2.4 where Barker et al. used the notation "NCHRP: LLF = 0.8" as they
estimated the maximum truck load effects based on truck raw data upper-tail statistics similar to
the NCHRP projects (Nowak, 1999; Kulicki et al., 2007). "NCHRP: LLF = 0.8" represents the
reliability index for bridges designed with LRFD BDS Service III with a design LL factor equal
to 0.8 and evaluated using multiple lanes loaded HL-93 loading.

Reliability indices (I-80 WIM: LLF = 0.8 in Figure 2.4) were also determined using 1-80
WIM data records, i.e., where 1-80 WIM: LLF = 0.8 represents the reliability index for bridges
designed with LRFD BDS Service III with a design LL factor equal to 0.8, and evaluated using
multiple lanes loaded with [-80 WIM data. They plotted reliability indices against the dead-to-
live ratios, as shown in Figure 2.4. To more closely match target reliability indices (NCHRP:
LLF = 0.8); they recommended that design LL factors for Service III be increased to 1.00 from
0.80 (I-80 WIM: LLF = 1.0 in Figure 2.4). Note that multiple loaded HL-93 lanes produced a
lower target reliability index (NCHRP: LLF = 0.8) in Figure 2.4 than the proposed target
reliability index based on single lane-loaded WIM data from Wassef et al. (2014). Using I-80

WIM vehicle load characteristics, load effects resulted in negative reliability indices for Service
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III. This finding indicates that some reliability concerns may exist for heavy-load, truck-train

situations (Barker et al., 2020).
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Figure 2.4 Service III Positive Moment Reliability vs Span Length (Optimized In-Service
Bridges) (Barker et al., 2020)

2.5 Service II Limit State Reliability

The AASHTO Standard Specifications (1996) specify a Service II Limit State, which
was based on limited experimental results obtained from the American Association of State
Highway Officials (AASHO) 1960 Road Test (Highway Research Board, 1962). All the bridges
in the Road Test were 50-ft slab-on-steel beam simple-span bridges. Three types of rolled steel
beams were used: noncomposite with cover plates, noncomposite without cover plates, and
composite with cover plates. Maximum yield stresses of 27 ksi and 35 ksi were selected for

design. The AASHO Road Test experiments demonstrated that permanent midspan beam
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deformations could occur at stresses lower than the nominal yield point. In most cases,
permanent set was accumulated early during the repetitive load tests. Results for composite and
noncomposite structures were extrapolated to anticipate an accumulated displacement of 1" at
95% and 80% of theoretical yield, respectively. These criteria are currently included in LRFD
BDS (2020) as the Service II limit state. This limit state is not calibrated, and LRFD BDS
(C6.10.4.2.2 states that limits are intended to prevent objectionable permanent deflections caused
by severe traffic loads. However, “objectionable permanent deflections” and “rideability” are not
clearly defined and, as a result, the Service II limit state has been questioned in several studies
(Mertz, 2000; Connell et al., 2007).

Literature studying Service II platoon effects on steel bridges is limited. Wassef et al.
(2021) preliminarily concluded that more than two trucks in a platoon with small headways
might adversely affect long-span prestressed concrete bridges based on comparing platoon
effects to the HL-93 design load.

Wassef et al. (2014) proposed a target reliability index for simple-span steel bridges at
the Service II limit state. Wassef et al. mentioned that although the Service II limit state is
typically evaluated assuming multiple lanes are loaded, WIM data records suggest that the
Service II LL does not occur often enough to warrant design for multiple lanes. Their study
extracted flexural resistances for interior girders from 41 simple-span composite steel girder
bridges from Mlynarski et al. (2011). Using single-lane HL-93 loading from the LRFD BDS,
Wassef et al. (2014) performed MCS to determine mean and Col of reliability indices of 1.8 and
0.32, respectively, for these bridges. They also determined mean and CoV of reliability indices of

1.6 and 0.92, respectively, using multiple lanes of HL-93 loading.
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Barker et al. (2020) also evaluated Service II for Wyoming I-80 bridges under heavy
truck traffic due to extended roadway closures that would produce long trains of trucks loading
both lanes. They considered the performance of bridges designed and evaluated under current
LRFD BDS Service 11 criteria was considered satisfactory and computed target reliability indices
on that basis. Barker et al. converted the Service II limit state function from a stress format to a
moment format.

See Figure 2.5 where Barker et al. used the notation "NCHRP: LLF = 1.30" as they
estimated the maximum truck load effects based on truck raw data upper-tail statistics similar to
the NCHRP projects (Nowak, 1999; Kulicki et al., 2007). "NCHRP: LLF = 1.30" represents the
reliability index for bridges designed with LRFD BDS Service 1I with a design LL factor equal to
1.30 and evaluated using multiple lanes loaded with HL-93 loading.

Reliability indices (I-80 WIM: LLF = 1.30 in Figure 2.5) were also determined using I-80
WIM data records, i.e., where I-80 WIM: LLF = 1.30 represents the reliability index for bridges
designed with LRFD BDS Service Il with a design LL factor equal to 1.30, and evaluated using
multiple lanes loaded with [-80 WIM data. They plotted reliability indices against the span
length, as shown in Figure 2.5. To more closely match target reliability indices (NCHRP: LLF =
1.30), they recommended that design LL factors for Service II be increased to 1.45 from 1.30 (I-
80 WIM: LLF = 1.45 in Figure 2.5). Barker et al. (2020) and Wassef et al. (2014) proposed
similar target reliability indices of approximately 1.60 using multiple lanes of HL-93 design

loads.

25



25

-

® |-80 WIM: LLF = 1.45

: YNy ;-
a. ¢ h. s
© “1 e .0 §
: Hy:
6 15 n
o
g ﬁ‘“ﬂﬁ “rle R 4 ' g R ® NCHRP: LLF = 1.30
= ‘:‘ & 1-80 Win: LLF = 1.30
m
2

0.3

20 40 =) 20 100 120 140 160 180

Span Length (ft)
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In summary, Barker et al. (2020) and Wassef et al. (2014) target or implicit reliability
indices were comparable for Service II; however, they significantly differed for Service III where
different loading assumptions were used. The former used HL-93 loads for a 75-year service life
with multiple loaded lanes, and the latter used a reduced, one-year-return live load model with
one loaded lane. The present study used HL-93 loads and a 75-year service life with multiple
loaded lanes for to establish target reliability indices, which is consistent with design loads.

2.6 Steel Bridge Fatigue

A fatigue limit state restricts the stress range caused by a single fatigue truck with respect
to an expected number of stress range cycles (AASHTO, 2020). The fatigue load is based on the
HS20 design truck in the Standard Specifications, but with a fixed rear-axle spacing of 30 ft. As

LRFD BDS Article 3.6.1.4 specifies, the fatigue truck is single-lane loaded with a 15% dynamic
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allowance. The LRFD BDS provides two limit states for load-induced fatigue: Fatigue I, which
relates to infinite load-induced fatigue life; and Fatigue II, which relates to finite load-induced

fatigue life. LRFD BDS Atrticle 6.6.1.2.2 provides the following load-induced steel stress check:

y(&f) <(AF), 23

where y is the load factor provided in LRFD BDS Table 3.4.1-1, Af'is the LL stress range due to
the passage of the Fatigue Truck, and (4F), is the nominal fatigue resistance provided in LRFD
BDS Article 6.6.1.2.5.

Components and details susceptible to load-induced fatigue are grouped into eight
categories, and the fatigue resistance for each category is provided in LRFD BDS Article
6.6.1.2.3. Keating and Fisher (1986) summarized mean finite-life fatigue resistance curves for
fatigue detail categories A through E’. Figure 2.6 illustrates nominal finite-life resistance curves
(LRFD BDS Figure C6.6.1.2.5-1). The requirement that the maximum stress range experienced
by a detail be less than the constant-amplitude fatigue threshold (CAFT) theoretically provides
an infinite fatigue life. LRFD BDS Table 6.6.1.2.5-3 specifies CAFTs for the Fatigue I limit state

used as (4F),in Equation 2.3.
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Figure 2.6 Stress Range Versus Number of Cycles (LRFD BDS, 2020)

For Fatigue II, finite life, (4F). is defined in the LRFD BDS Equation 6.6.1.2.5-2 as,

wn (4]
N = (365)(75)n(ADTT),, 25

where 4 is a constant defined for each detail category given in LRFD BDS Table 6.6.1.2.5-1, N is
the number of cycles to failure, 7 is the number of stress range cycles per truck passage in LRFD
BDS Table 6.6.1.2.5-2, and (ADTT)s. is the single-lane ADTT as specified in LRFD BDS Atrticle
3.6.1.4. Fatigue I and Fatigue II limit states for a welded cross-frame connection plate in steel

bridges subjected to platoons were evaluated.
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Each truck passage can result in one or more load cycles, which may reduce bridge
fatigue life. Schilling (1984) proposed a formula for calculating effective stress cycles associated
with a single truck passage to determine fatigue damage resulting from a maximum stress range
with an equivalent number of stress cycles (ENSC). Deng and Yan (2018) used this ENSC
equation to determine the number of stress cycles for permit vehicles. This ENSC relationship

can be determined using:

S S S
ENSC =N+ (221" 4 (Z2ym 4 4 (=
) ) 2.6

P g P

where m is the slope constant of the S-N curve; Ny, is the number of maximum stress ranges
caused by an individual truck passage; Sy is the higher-order stress range; and S, is the
maximum stress range, which can be calculated as the algebraic difference between the
maximum and minimum stress.

Permit load fatigue evaluation has been studied widely, but not for platoons. Deng and
Yan (2018) proposed a method for determining vehicle weight limits and overload permits based
on cumulative fatigue damage where cumulative fatigue damage due to vehicle loads was
calculated based on stress history. The linear accumulative fatigue damage model for a given

time (CFD(t)) used in Deng and Yan (2018) is:

CED(t) = Z% 2.7
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ENSCxS, "

CED(t) = Numx 2.9

where #; is the actual number of stress cycles experienced; Syax is the maximum stress range,
which can be calculated as the algebraic difference between the maximum and minimum stress;
Niis the fatigue life corresponding to the iy stress-range bin Sj; m is the slope constant of the S-N
curve (m = 3 based on LRFD BDS); and Num is the number of truck passages during a given
time. Generally, this linear accumulative fatigue damage model applies to this study. The
parameters A and Num can be easily determined, and then time-dependent analysis can be used
to calculate the ENSC, and LL analysis can be used to determine the stress range for platoons.

Stawska et al. (2022) established an incremental consumption equation based on
cumulative fatigue damage from the AASHTO fatigue truck and permit loads in order to
estimate bridge life. They calculated the cost of one permit for the permit vehicle by estimating
the damage ratio between a permit vehicle and a fatigue truck caused by one crossing assuming a
bridge life of 75 years based on single lane AASHTO fatigue truck crossings as specified in
LRFD BDS 6.6.1.2.5-3, and assuming that girders would need to be replaced immediately after
exhausting their code-specified fatigue life.

Recently, Braguim et al. (2021) started investigating platoon load-induced fatigue in steel
girder bridges. The rainflow counting method was used to determine stress ranges and cycles,
and Miner's rule was used to quantify fatigue damage for platoons with headways ranging from

20 to 40 ft. When calculating fatigue damage on simple- and two-span bridges, up to four legal
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loads per platoon were considered. Accumulative fatigue damage from each truck in the platoon
was compared to the fatigue truck to a single platoon truck traveling alone. Braguim et al.
observed that platoons could reduce fatigue damage when compared to individual trucks,
depending on the number of trucks and their headways.

According to Steelman et al. (2021), closely spaced platoons could produce higher shear
loads than HL-93 design loading. Higher shear loading may lead to fatigue damage of shear
connectors or other fatigue-prone details. LRFD BDS Article 6.10.10 specifies shear stud Fatigue
I and Fatigue II limit states based on a nominal fatigue truck, but reliability calibration would be
required similar to other limit states discussed herein in order to evaluate implications with
respect to fatigue.

2.7 Summary

Bridge reliability analyses for platoon loads at strength limit states have been conducted;
however, service reliability analyses are lacking. It is necessary to determine target reliability
indices for Service III and Service II limit states to ensure such that target bridge performance is
maintained under platoon loading. Fatigue limit state reliability calibration is also necessary, but

was beyond the scope of this study.

31



Chapter 3 Research Methodology
3.1 Overview

This research investigated potential platooning operations to ensure service-based
structural reliability. General platoon and bridge characteristics and configurations were selected
for a parametric study used to conduct a reliability analysis. Probabilistic representations of
uncertain dead loads, live loads, and resistances are well understood from previous work and
used in the reliability analysis. To address the first two objectives of the project, which were the
calibration of LL factors and development of acceptable platoon headways for service, the range
of total CoV for a platoon was taken from Steelman et al. (2021).

Based on frameworks presented in this chapter, target implicit reliability indices
(Bimplicit) for Service II and III were calculated using Monte Carlo Simulation (MCS), which
were then used to calibrate LRFR LL factors. Platoons were parametrically investigated by
varying the:

e type of platoon truck,

e headway between trucks,

e weight of individual trucks, and

e degree of uncertainty associated with LL.

Bridges were parameterized based on span length, span type (simple and continuous),
construction material (steel and prestressed concrete), and girder spacing. The nominal dead
loads of prestressed concrete and steel girder bridges were estimated. The resistances of
prestressed concrete girder bridges were determined based on Service III combinations for the

nominal dead loads, HL-93, and HS20-44 design LL. For steel bridges, resistances were
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determined using Service II and Strength I combinations to support estimated nominal dead
loads and HL-93 design /ive load. Finally, nominal loads and resistances were converted to
probability distributions with characteristic means and deviations, and the probability of failure
for each parametric combination was calculated using MCS.

The three primary LL scenarios were the same as in Steelman et al. (2021):

e aplatoon in a single bridge lane,

e two identical platoons operating in adjacent lanes, and

e acombination of a platoon in one lane and routine traffic in the adjacent lane.

3.2 Platoon Parameters

Several platoon parameters are discussed in this section. They include truck type,
headways between platoons, the number of trucks in a platoon, and platoon loading scenarios.
3.2.1 Truck Type and Number of Platoon Trucks

The present study adopted similar vehicles to those from Steelman et al. (2021) and Yang
et al. (2022). The Notional Rating Load (NRL) (see Figure 3.1), with 6-ft axle spacing between
the first and second axle enveloped load effects of all routine legal vehicle configurations for
considered, critical, single- and two-span positive moment locations. Envelope platoon load

effects for the two-span negative moment region were taken from Steelman et al. (2021).
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Axle 1 2 34567 8
Figure 3.1 Notional Rating Load (AASHTO, 2020)

Steelman et al. (2021) found that demands for three trucks in a platoon are not
significantly different from those for four trucks in a platoon for single-span bridges less than
150 ft. This study considered four-truck platoons crossing single-span bridges and continuous
two-span bridges.

3.2.2 Headway

Figure 3.2 illustrates the definition of headway used in the current study. Headway is the
distance between the leading truck's last axle and the following truck's first axle. This study
considered headways between 5 ft and 50 ft, similar to Steelman et al. (2021). The upper limit
was set at 50 ft because it corresponds to a traffic spacing that provides negligible aerodynamic
efficiency benefits (Lammert et al., 2020). All distances were parametrically incremented at one-

ft intervals.
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Axle 1 23456 7 8 Axle 1 23456738

NRL NRL

Figure 3.2 Typical Two-Truck Configuration and Headway Definition (Steelman et al. 2021)

3.2.3 Lane Loading Scenarios

One- and two-lane loading scenarios were the same as those used by Steelman et al.
(2021). These scenarios included a single platoon in one lane, two identical platoons in adjacent
lanes, and a platoon operating with routine traffic in an adjacent lane to formulate operational
guidelines. Statistical parameters for adjacent lane loads (bias and CoV) were adopted from
Section 3.5.5 of Steelman et al. (2021) and were based on WIM data from Interstate 1-80 for a
single truck event recorded from Barker and Puckett (2016). Due to a lack of WIM data, two-
span positive moment regions were assumed to be equal to simple-span positive moment
statistical parameters. Data from Barker and Puckett (2016) represents single-truck events. As
span length increases, critical effects may be governed by more than one truck in an adjacent,
routine traffic lane. To determine critical negative moments, the routine traffic lane adjacent to a
platoon was assumed to contain two trucks, one truck positioned in each span, for two-span, 90-
to 200-ft bridges, as shown in Figure 3.3. Truck-to-truck variability was assumed to be random

and uncorrelated.
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Platoon with Adjacent Routine Traffic (90- 200 ft Two-span Bridges)

Figure 3.3 Platoon with Adjacent Routine Traffic Load Case (90 — 200 ft Two-span Bridges)
(Steelman et al. 2021)

As presented by Steelman et al. (2021), the platoon was assumed to cross the bridge 100

times per day and the bridge was routinely loaded with truck traffic at a 5,000 ADTT. Multiple

presence probabilities for platoons having adjacent routine traffic were taken from Ghosn et al.

(2011). Ghosn et al. (2011) collected WIM data in New York and observed side-by-side

probabilities of 2% for 5,000 ADTT (heavy truck volumes), 1.25% for 1,000 ADTT (average

truck volumes), and 0.5% for 100 ADTT (light truck volumes).

3.3 Bridge Parameters

The present study included the following bridge types:
e simple-span steel composite girders,
e two equal-span continuous steel composite girders,

e simple-span prestressed I-girders, and
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e two equal-span continuous prestressed I-girders.

Steel girder bridges had span lengths between 60 and 200 ft and were assumed to carry
two lanes of traffic. The upper span length for prestressed concrete girders was set at 150 ft.
Typical girder spacings for Nebraska interstate bridges range between 8 ft and 12 ft, and the
scope of this study initially spanned this representative range. A typical 10-ft spacing was
ultimately selected because results indicated that reliability indices were insensitive to girder
spacing. Interior girders were expected to be critical load-carrying elements. In summary,
parameter ranges for the one- and two-span bridge analyses were:

e prestressed composite concrete [-girder bridges with spans of 60, 90, 120, and 150 ft;

e composite steel girders with spans of 60, 90, 120, 150, and 200 ft; and

e girder spacing of 10 ft.

3.4 Reliability Analysis for Service 111

This section presents nominal values, statistical parameters, and procedures for
conducting reliability analyses for the Service III limit state for a critical girder. A limit state
function is presented for evaluating bridges optimally designed for Service III and Strength I
under the LRFD BDS.

3.4.1 General Reliability Analysis Procedure

The following reliability indices are defined:

e Implicit reliability (index), Bmpiicir, 1s reliability provided by code-compliant bridge
designs, i.e., f is inferred from designs produced from historical practice.
e Cracking reliability, fcracking, 1s reliability against mechanical cracking limits provided by

code-compliant bridge designs.
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This research examined implicit reliabilities for different design scenarios and evaluated
cracking probability for prestressed concrete bridges optimally designed according to service
criteria in the LRFD BDS or the Standard Specifications. Bridges were also designed based on
appropriate live loads, load distributions, dynamic amplifications, and service load combinations
from the Standard Specifications to evaluate the influence of applying prestress losses according
to Standard Specifications criteria. However, all designs were evaluated using HL-93 loading for
consistent comparisons. Figure 3.4 provides a research framework overview where shaded cells
illustrate the pathway used to complete optimal bridge designs and reliability analyses.

Three inputs are required for reliability analyses: (1) nominal values, (2) bias factors (i.e.,
ratio of mean to nominal value), and (3) CoVs (i.e., ratio of standard deviation to mean). A
parametric study was conducted that varied allowable tensile stresses, prestress loss methods,
girder spacings, and span numbers and lengths to investigate the effects of these parameters on
service implicit reliability. Optimal design resistances were determined by incorporating nominal
dead with nominal HL-93 and HS20-44 live load. “Optimal design” refers to a bridge for which
capacity exactly satisfied service load requirements according to LRFD BDS and Allowable
Stress Design (ASD) criteria.

This study assumed that the implicit  based on current and past design criteria would
provide satisfactory in-service performance, similar to Wassef et al. (2014) and Barker and
Puckett (2020). Nominal demands, live loads, and resistances were mapped onto probabilistic
distributions with characteristic means and CoVs. The probability of failure for each parametric
combination was calculated using MCS and N = 1,000,000 samples to determine f. The selected

number of samples corresponded to a maximum perceptible reliability index of approximately f
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=4.75.
This process was repeated to conduct reliability analyses for different design scenarios,
identify an implicit £, and investigate cracking reliability for optimally designed prestressed

concrete bridges for service. Cracking reliability was evaluated for bridges designed using an

allowable stress limit (0.0948,/ /"', (ksi)), and considering rupture moduli between 0.24,/ 1",

and 0.37,/ 1", (ksi) as specified in LRFD BDS C5.4.2.6. Cracking probability is discussed in

Chapter 9.
Select bridge design scenario
- (prestress loss method, elastic
Nom}inal HlL_E:{S and gain, design live load factor,
F520-44 loading and allowable tensile stress)
h |
Determine optimal .
Nominal HL-93 loading nominal resistance Nominal dead loads
| ! !
Determine mean and standard De“?m.“ﬂe meanland stand.ard Determine mean and standard
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bias and CoV _ bias aE_Ld CoV bias and CoV

h

Update prestress loss and tensile
stress for evaluation

Simulation

N = 1,000,000 |
.| Perform MCS for the limit state

> <

function at Service III

h

Y

Count, F, of failure results when
g=R-Q=<0

h

If applicable, determine cracking
probability

Calculate Pf=F/N > g = —-3 1(Py)

Figure 3.4 Service III Research Methodology
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3.4.2 Nominal Resistance

MBE Equation 6A.5.4.1 is used for LRFD rating (LRFR) for Service I1I:

= S = p)(f)
) rzm)

where RF is the rating factor, yp the dead load factor for rating, and y; the rating LL factor.

3.1

Remaining load and resistance terms in Equation 3.1 for composite prestressed concrete girder

bridges are based on gross section properties and are calculated as shown in Equations -

P Pe
— 4oy letne
fR J[t Ag Sncb

P =4,(f, =4,

~ (D,,+D,,) N (D.+D,)
S S,

Io

nch

LL(+IM )GDFm
/ LLtIM — g
ch

where:
fr =nominal flexure resistance,
fp =nominal tensile stress due to dead loads,

Jfir+mv = nominal tensile stress due to LL including impact,
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f:=nominal design allowable tensile stress,

Jpi=nominal initial prestressing,

P. =nominal effective prestress force after losses,

Afs = nominal prestress losses,

Aps = nominal total area of prestressing reinforcement,

Ag =nominal gross section area,

enc = nominal eccentricity from the noncomposite centroid to prestress strand centroid,

Dg,, = nominal girder dead load moment,

Dy = nominal noncomposite dead load moment,

D, =nominal composite dead load moment,

D,, = nominal wearing dead load moment,

LL =nominal HL-93 design loading (LRFD bridges), or HS20-44 design loading
(LFD/ASD bridges),

IM = nominal impact factor; LRFD BDS Article 3.6.2 (LRFD bridges); Standard
Specifications Equation 3-1 (LFD/ASD bridges),

GDF,, = nominal LRFD BDS moment Girder Distribution Factor (GDF) (LRFD bridges),
or nominal GDF in Standard Specifications (LFD/ASD bridges),

Sne» = nominal noncomposite section modulus for the bottom fiber, and

Se» = nominal composite section modulus for the bottom fiber.

The nominal optimal resistance based on LRFD BDS at Service III is determined by
setting RF = 1.0. Bridges designed based on the Standard Specifications follow the same

procedure using appropriate live loads, GDFs, and IMs. The nominal resistance is calculated by
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reforming Equation 3.1 as follows,

roB Poe _1o@Pu+D) 1,(D.+D,)  1,LL0+IM)GDE, 36
t Ag Sncb Sncb Scb S cb

The design tension stress at the bottom of the girder, fu.,, was calculated as the right side
of Equation 3.6. For a given f;, the required effective stress, freq, in the prestressing strands after

losses was calculated using Equations 3.7-3.9. The required effective prestress force based on fr.,

was then determined as follows,

/= Vp(D,, +D,.) Yo(D.+D,) v, LL(1+IM)GDF,

3.7
Sncb Scb Scb

freq:fdes_ft 3.8

P Pe
froy =+ 3.9
! Ag Sncb
.
S S 3.10
Ag Sncb

Based on calculated f., and corresponding Py, for the initial iteration the required
number of strands was calculated and used to determine A, exc, and Afs, which included or
neglected elastic gains depending on the design scenario under consideration. The number of
strands was iterated until Equation 3.10 was satisfied, which meant P. equaled P, in Equation

3.3. This study aimed to investigate theoretically optimal reliability indices and implicit £5’s,
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preferably without step functions and discontinuities that may occur due to providing even
integers of strands as is typical for physically constructed girders. Accordingly, optimal designs
were configured with decimal fractions of strands.
3.4.3 Bridge Details

The LRFD BDS, Standard Specifications, and MBE require the Service III limit state to
be evaluated in positive moment regions. Accordingly, this study only considered positive
moments at the midspan of simple-span prestressed composite girder bridges and at 40% of the
span length (0.4L) from the supporting abutments for two equal-span, continuous, prestressed
composite girder bridges. Consistent use of 0.4L was deemed reasonably representative of
critical positive moments in continuous spans, although exact critical positive moment locations
were typically around 0.43 - 0.45L, at which exact critical moment values differed from those at
0.4L by about 2%. The bridges were assumed to carry two lanes of traffic, and internal girders
were designed using NU-I girders according to Hanna et al. (2010). Design details were:

e 60-,90-, 120-, and 150-ft spans,

e Five NU 900 (60 ft), NU 1100 (90 ft), NU 1600 (120 ft), and NU 2000 (150 ft)

girders,

e 3.5-ft overhangs,

e 10-ft girder spacings,

e Composite 8.5-in. deck with 0.5-in. sacrificial and 2-in. asphalt wearing surfaces,

e 1-in. deck haunch,

e 17-in. wide barrier that produced a weight of 0.124 k/ft per girder, and

e Simple and equal continuous spans.
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Four tension stress limit values (hereafter f;) were considered for service. The maximum
considered design f; was the modulus of rupture (f;), 0.24,/ /"', (ksi), which is larger than the 0.6

ksi upper bound for f; in the LRFD BDS. A minimum design f; of zero was used, commonly

called the decompression limit. The two most common design-allowable tensile stresses,

0.0948,/ "', (ksi) and 0.19,/ /"', (ksi), were also included in the study. For simplicity, the

coefficient before/ /', (ksi) in the design f; is referred to herein as x. Preliminary analyses

indicated that service reliability results for optimally designed bridges were insensitive to final
and initial concrete strength parameters. Initial concrete strength was used to calculate prestress
loss based on the refined time-dependent loss method in the LRFD BDS, derived initially from

Tadros et al. (2001). Parameters considered for «, f;, /', and f''; included:

o fi=xK,f' ksi, wherex=0,0.0948,0.19, and 0.24,

f'c_girder =38 kSi,

f"ciAgirder= 5 kSi,

f’cideck =4 kSi, and

i deck=3.2 ksi.

Grade 270 0.6 in. low-relaxation strands with modulus of elasticity of 28,500 ksi were
used. The initial stress at transfer (f,;) was 75% of the ultimate tensile strength (f,.). Following
girder details provided by Hanna et al. (2010) (see Figure 3.5), the maximum number of strands
was set to 60 with those strands placed in up to seven layers (18 strands per layer in the flange,
reduced to two strands per layer in the web). Bottom concrete cover was assumed to be 2 in., and

the distance between prestressing layers was also two in. Participation of any mild reinforcing
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steel in cross-sectional resistance was ignored.
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Figure 3.5 Pretensioned Nebraska University I-Girder with Strand Layout (Hanna et al., 2010)

3.4.4 Prestress Loss Method Parameters

Prestress loss calculations were based on gross section properties (Ag, Sncp, and Sep).
Bridges having a 47-ft width and a travelway width of 40 ft-2 in. were subjected to HL-93 load
in two lanes. Gross deck area was transformed using the modular ratio when determining Scs.
LRFD BDS Equation C5.4.2.4-2 was used to calculate the modulus of elasticity. S., was
determined after reducing the nominal bridge deck thickness by 0.5 in. to account for future
wearing surface degradation. Three loss methods and six design scenarios were considered, as

summarized in Table 3.1.
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Table 3.1 Design Scenarios

. Design Live Load ic gai
ID Loss Computation esign Live Load)Elastic gains Comment
Factor (y;) (Y/N)
LRFD Table 3.4.1-4: Prestressed concrete
Post-1.0-Gains Post-2005 loss method Lo v corn.ponents designed usmg reﬁl?ed est)mate's
(LRFD BDS 5.9.3.4) for time-dependent losses in Article 5.9.3.4 in
conjunction with elastic gains
Post-0.8-Gains Post-2005 loss method 0.8 v Same as Scenario P(.)st—l .0-Gains with a
(LRFD BDS 5.9.3.4) lower live load
Post-0.8-No-gains Post-2005 loss method 0.8 N LRFD Table 3.4.1-4: All other prestressed
(LRFD BDS 5.9.3.4) concrete components
Approx-0.8-Gains Approximate loss method 0.8 v LRFD Table 3.4.1-4: All other prestressed
(LRFD BDS 5.9.3.3) concrete components
Approx-0.8-No-gains Approximate loss method 0.8 N LRFD Table 3.4.1-4: All other prestressed
(LRFD BDS 5.9.3.3) concrete components
Pre-1.0-No-gains Pre-2005 loss method 1.0 N Standard Specifications 9.16.2.1

According to LRFD BDS Tables 3.4.1-1 and 3.4.1-4, and Standard Specifications Table
3.22.1A, the design dead load factor (design yp) for service is 1.0. However, design LL factors
(design y.) vary according to the selected prestress loss method and the decision to include or
neglect elastic gains in the effective prestress force.

The Post-1.0-Gains case was treated as a baseline, consistent with Wassef et al. (2014).
The study also considered Post-0.8-Gains, representing how some bridges might have been
designed between when post-2005 losses were included in the LRFD BDS and when the required
design y; was increased to 1.0. Post-0.8-No-gains is technically consistent with LRFD BDS
Table 3.4.1-4. Using approximate loss methods with or without elastic gain was interpreted as an
instance of ambiguity or subtlety within the LRFD BDS, and Commentary C5.9.3.3 in the LRFD
BDS explains that elastic gains “should” be included unless transformed section properties are
used. Due to higher prestress loss predictions and a design LL factor of 1.0, bridges designed

using Pre-1.0-No-gains typically required the most strands.
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Sensitivity analyses were conducted using information from bridges designed in
Nebraska to examine effects of concrete age and average relative humidity on reliability.
Analysis results negligibly influenced the factors and, as a result, the following parameters were
used:

e Prestress transfer: 1 day,

e Deck placement: 30 days,

e Final analysis time: 3650 days, and

e Average Relative Humidity: H = 65%.

3.4.5 Nominal Dead Loads

Realistic estimates for nominal dead loads were calculated for various bridge types and
span lengths. As shown in Equation 3.6, dead load moment had four components (Dgw, D, De,
and D). All concrete was assumed to be normal weight and 145 pcf (150 pcf with
reinforcement). Designs produced the same optimal NU sections for both simple- and two-span
bridges having similar spans. Preliminary analyses verified that this assumption had negligible
effects on implicit reliability analysis results.

3.4.6 Nominal Design Live Loads

The HL-93 load model from LRFD BDS and the HS20-44 model from the Standard
Specifications were the nominal design live loads. The HL-93 LL consisted of axle loads from a
truck or tandem combined with a uniform distributed lane load. A constant /M of 0.33 was
applied to truck and tandem loads in accordance with the LRFD BDS. The interior girder GDF
for multiple lane loading (GDF) in Equation 3.6 was determined using LRFD BDS Table

4.6.2.2.2b-1. The longitudinal stiffness (K;) term was calculated based on optimally designed
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girder cross-sectional geometry when determining GDF,. The HS20-44 load effect was
determined by combining the larger load effect from a truck, or from a lane load with a
concentrated load as specified in the Standard Specifications. For GDF,, Equation 3.6 used an
equivalent lane-based GDF for the Standard Specifications, taken as S/11, where S is the girder
spacing, for prestressed concrete bridges. /M was taken as a function of span length, with a
maximum value of 0.30, according to Standard Specifications Equation 3-1.

3.4.7 Statistical Parameters

Statistical parameters were implemented in the reliability analyses, as shown in Figure
3.4. Selected statistical parameters and their sources for dead loads (Dgw, D¢, D, and Dy,), live
loads (LL#1-93, LLpPiatoon), and selected variables affecting resistance (enc, ec, Aps, fpi, Afs (wio LL gain),
fi (k= 0, 0.095, and 0.19), and f; ) are summarized in Table 3.2.

The total HL-93 CoV represented combined uncertainty contributions from truck weight,
dynamic amplification, and load distribution (Kulicki et al., 2007). Afs (o L1 gain) bias and CoV
applied to the prestress loss considered elastic shortening loss, long-term loss, and the dead load
elastic gains. The LL elastic gain was not included in these statistical parameters as its variability
was included based on LL statistics, and its bias was assumed to be 1.0. The statistical

uncertainty for f, was from Holombo and Tadros (2010), who determined that the mean and CoV

of the modulus of rupture were 7.02,/ "', (psi) and 0.24, respectively. The typical nominal
modulus of rupture was 7.5,/ f". (psi), and the bias for f- was the ratio of 7.02 to 7.5. The moduli
of rupture for the 0.30,/ /"', and 0.37,/ f"'. cracking limits were uncertain and assumed to have

the same bias and CoV as 0.24,/ f"'. . Allowable tension limits (f;) for « ranged between 0 and
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0.19 and were considered deterministic values because these limits were historically specified
based on engineering judgment. Results were insensitive to variations of gross sectional area,
section modulus, and prestressing steel and concrete moduli. Accordingly, these parameters were
also treated as having biases of 1.0. The probabilistic mean for dynamic amplification due to
impact, /M, was set to 10% as presented in Kulicki et al. (2007). The platoon bias was assumed
to be 1.0, and platoon LL CoV ranged from 0 to 0.20, consistent with Steelman et al. (2021). A
bias of 1.0 indicates that nominal and mean values for platoons are the same, so that the assumed
weight used in calculations and the actual weight of the permit vehicle are equal. The upper CoV
bound of 0.20 is slightly higher than 0.18 used in the AASHTO LRFD BDS Strength I
calibration for 75 years of HL-93 loading from Nowak (1999). The lower Co} bound of 0
reflects the potential for /M, GDF, and truck weight uncertainties to approach zero in the future.
Chapter 7 formulates protocols for evaluating and incorporating reduced operational

uncertainties to estimate more reasonable CoJ)” bounds for platoons.
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Table 3.2 Statistical Parameters for Variables

Variables Distribution  Bias CoV References
D, Normal 1.03 0.08 Kulicki et al. (2007)
D, Normal 1.05 0.1 Kulicki et al. (2007)
D. Normal 1.05 0.1 Kulicki et al. (2007)
D, Normal 1 0.25 Kulicki et al. (2007)
LL gy93 Normal 1.18 0.18 Kulicki et al. (2007)
LL piaioon Normal 1.00  0-0.20 Steelman et al. (2021)
€he,€Co Normal 1 0.04 Siriaksorn and Naaman (1980)
A ps Normal 1.01176 0.0125 Siriaksorn and Naaman (1980)
i Normal 0.97 0.08 Wassefet al. (2014), and Gross and Burns (2000)
Af s wio LL gain)) Normal 1.05 0.1 Wassef et al. (2014) and Tadros et al. (2001)
1 Normal 0936  0.24 Holombo and Tadros (2010)
f: (k= 0-0.19) Deterministic 1 0 Assumption

Note: e.= eccentricity between the gross composite centroid and prestressing strand centroid

3.4.8 Limit State Function for Service 111

Reliability analyses were implemented by progressing through the middle, shaded portion
of Figure 3.4 using defined nominal values and statistical parameters, recognizing that effective
prestress force for evaluation may have differed from effective prestress force used in design.
HL-93 loading, GDF, and IM in LRFD BDS were applied in all reliability evaluations for
single- and two-span bridges designed based on either the LRFD BDS or Standard
Specifications. Equation 3.11 represents the limit state function for determining target implicit
reliability for Service III. The limit state functions for evaluating platoon load scenarios were

varied as described in Section 3.6.
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where the P..4 is the effective prestress force for the evaluation, Afseva is the prestress loss for
the evaluation, Af,es s the elastic shortening loss, Af,.ris the long-term prestress loss, Af,Gainpr 18
the elastic gain from dead loads, and Af,cainzz 1s the elastic gain from LL. Post-1.0-Gains defined
in Table 3.1 and consistent with Wassef et al. (2014) was used to determine prestress losses in all
cases when evaluating bridge performance, regardless of the loss method used for design. frevaris
the available resistance to tension stress for evaluation and can be determined using Equation
3.13.

3.5 Reliability Analysis for Service 11

This section presents nominal values, statistical parameters, and procedures for
conducting reliability analyses for the Service II limit state. A limit state function is presented for
evaluating bridges optimally designed for Service II and Strength I under the LRFD BDS.

3.5.1 General Reliability Analysis Procedure

This research examined target implicit reliability for steel girder bridges designed
according to Service II and Strength I criteria in the LRFD BDS. Based on LRFD BDS criteria,
optimal steel bridge girder sections were designed to meet both Service II and Strength I load
requirements. In this study, the bottom flange was varied to arrive at optimal designs with a
maximum performance ratio (i.e., ratio of capacity to demand) of 1.0 for Service II and Strength

I. Nominal dead loads, live loads, and resistances were then combined with statistical parameters
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to conduct reliability analyses based on the limit state function for Service II. The framework in
Figure 3.6 illustrates how steel bridge designs and reliability analyses were conducted. A
parametric study was conducted varying girder spacings and span numbers. For simple and two-
span bridges, positive moment regions were considered as well as negative moment regions for
two-span bridges. By incorporating nominal dead loads with nominal HL-93 live loads, the
optimal design resistance that meets both Service II and Strength I were determined. Biases and
CoVs were then incorporated into reliability analyses. f was calculated from nominal demands,
live loads, and resistances with corresponding biases and uncertainties using MCS with N =

1,000,000 samples.

Select bridge type
(simple span, two span
positive or two span negative)

|

Design for Strength I and
Nominal HL-93 loading [—>  Service II to determine the <—— Nominal dead loads
nominal resistance for Service IT

}

Determine mean and standard Determine mean and standard Determine mean and standard
deviation for live loads using deviation for resistance using deviation for dead loads using
bias and CoV bias and CoV bias and CoV

Simulation l
N = 1,000,000 ..
Perform MCS for the limit state

function at Service IT

l

Count, F, of failure results when
g=R-Q<0

Calculate Pp=F/N | 3= —& '(P))

Figure 3.6. Service II Research Methodology
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3.5.2 Nominal Resistance

Recall the Load and Resistance Factor Rating equation in the MBE 6A 4.2.1-1:

RF = C=(7pc)DC =Yy )DW —(y,)P
(Y LL+IM)

3.14

The MBE considers dead load effects from components, DC, wearing surfaces DW, and
permanent loads other than dead loads, P. LL is the nominal static live load effect. /M is dynamic
impact amplification. y;. is the live load factor, ypc is the dead load factor for dead load effects
from components, ypw is the dead load factor for wearing surfaces, and ypis the factor for
permanent loads other than dead loads. Permanent loads other than dead loads were not
considered in the research. C represents capacity, and can be factored moment, shear, or other
capacity values. A minimum value of C corresponds to an implicit RF' = 1. MBE Equation
6.A.4.2.2-1 (Equation 3.14) shows that when the rating factor for Strength I equals 1.0, the

optimal resistance with Strength I load factors in MBE Table 6.A.4.2.2-1 becomes:

_1.25DC +1.5DW +1.75L,(1+ IM)GDEF,, 315

n_ Strength — ¢

R

where R, sweng 1S the minimum required nominal resistance (demand) for Strength I, ¢ is the
resistance factor corresponding to the material and limit state under consideration (equal to 1.0
for steel bridges), IM is the LRFD BDS Article 3.6.2 nominal impact factor, GDF,, is the nominal
moment GDF, and L, is the nominal effect due to HL-93 loading.

For the service limit state, C represents the resistance in a stress format, as shown in MBE

Equation 6A.4.2.1-4. Rearranging Equation 3.14 in a stress format for an LRFR Service II rating
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becomes:

T2 =W pe) o) = o ) fow) 3.16
O ) reme)

where RF is the load rating factor, ypc, ypwand y.. definitions remain the same as above.
However, the values for load factors are for Service II in MBE Table 6.A.4.2.2-1. The terms in

Equation 3.16 for dead load, live load, and resistance are shown below:

Jx=095R,F, (f,=0) 3.17
(D,,+D,.) (D,
= +—= 1
fDC SNC SLT 3 8
_(D,)
Jow = s 3.19
LL(1+IM)GDEF,
LL+IM — 3.20
SST
where:

RF = rating factor,

fr =nominal flexure resistance (considered the composite section),

Ry, = hybrid factor shown in LRFD BDS Article 6.10.1.10.1 (assumed to be 1),
F,r = nominal flange yield stress,

fpc =nominal stress due to dead loads from components,
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fpw =nominal stress due to wearing surfaces,

/fi=nominal flange lateral bending stress in LRFD BDS Article 6.10.1.6 (assumed to be

Z€ero),

frr+m = nominal stress due to LL including impact,

ypc = dead load factor for dead load effects from components,

ypw = dead load factor for wearing surfaces,

yrr = live dead load factor,

Dg,, = nominal girder dead load moment,

Dy = nominal noncomposite dead load moment,

D, =nominal composite dead load moment,

D,, = nominal wearing dead load moment,

LL =nominal HL-93 design loading,

IM = nominal impact factor; LRFD BDS Article 3.6.2,

GDF,, = nominal moment GDF,

Snvc = nominal noncomposite elastic section modulus,

Ssr = nominal short-term composite section modulus, and

S:r=nominal long-term composite section modulus.

Service II design limits are checked using stresses. By setting RF' = 1.0 and multiplying
both sides of Equation 3.16 by Ssr, Barker and Puckett (2020) determined nominal optimal
resistance for Service Il using moments. According to Barker and Puckett (2020), the required

nominal resistance to satisfy Service II is as follows:
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R

n_Service ne

S S
=0.958F,, =—*(D,, +D, )+—=(D,+D,)+LL(1+IM)GDF, 321
SNC SLT
where Ry _service 1s the minimum required nominal moment resistance (demand) for Service II.
Optimally designed girder sections achieved a maximum performance ratio equal to 1.0
considering both Service II and Strength I. When Service Il governed the design, the nominal
resistance was optimized for Service II (rating factor = 1.0 for Equation 3.16). In contrast, if
Strength I governed the design, Service II had an overdesigned nominal resistance (rating factor

> 1.0 for Equation 3.16).

3.5.3 Bridge Design Parameters and Assumptions

The LRFD BDS and MBE address Service II and Strength I limit states in both positive
and negative moment regions. This study considered simple-span positive moments at midspan,
two-span positive moments at 0.4L from the interior support, and two-span negative moments at
the interior support for steel composite girder bridges. Two traffic lanes were assumed, and
interior girders were sized (except for the bottom flange width for optimal design) according to
guidance provided by the Nebraska Department of Transportation (NDOT) Bridge Office
Policies and Procedures (BOPP) (2016), Preferred Practices for Steel Bridge Design (PPSBD)
(2021), and National Steel Bridge Alliance Continuous Span Standards (NSBACSS) (2015).

This study used LRFD BDS Article 2.5.2.6.3. as a starting point for determining the web
depth, which suggests that the minimum overall depth for I-beams is 0.033L for simple spans
and 0.027L for continuous spans. Based on the dimensions of thirty-three homogeneous bridges

from NSBACSS (2015), the web was approximately 0.035L. For consistency, the web depth was
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conservatively assumed to be 0.035L for both simple- and two-span bridges. As a result of this
assumption, there was no significant difference in reliability results, and this assumption was
also reasonable because web depths were typically greater than the recommended minimum
depth. The minimum flange thickness was assumed to be 0.75 in. to prevent thinner plates from
cupping excessively when welded to the web. Flange thicknesses ranged from 1 to 3 in. in 0.25
in. increments. The minimum web thickness was assumed to be 0.5 in. to avoid excessive
welding distortion (PPSBD, 2021).

The BOPP (2016) requires two design thicknesses for the web; this study used the
unstiffened web design. The minimum flange width considered was 12 in. based on the BOPP

(2016). Table 3.3 provides more information about the girder dimensions.

Table 3.3 Girder Size Design Guidance

Parameters BOPP (2016) PPSBD (2021) NSBACSS (2015)

Composite girder height:

Web depth Increments: 2 in. 0.033L to 0.04L

In average: 0.035L

.. . . Minimum thickness: 0.75 in.
Minimum thickness: 0.75 in.

Flange thickness ) Increments: 0.25 in. for Minimum thickness: 0.75 in.
Increments: 0.125 in. . -
thickness from I to 3 in.
Web thickness Two thickness designs needed Minimum thickness: 0.5 in.  Minimum thickness: 0.4375 in.

(stiffened and unstiffened web)

Flange width Increments: 2 in. Minimum width:15 in. Minimum width:16 in.
Minimum width:12 in.

Note: For steel bridges, the red italicized text in the table was used to configure optimal designs.

Assumptions used for the girder designs are as follows:
e 3.5-ft overhang length,

o five girders,
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e 10-ft girder spacings (results indicated insensitivity of § with 6-, 8-, 10-, and 12-ft
spacing),
e homogenous plate girders (£, = 50 ksi),
e steel modulus of 29000 ksi,
e composite 8-in deck thickness with sacrificial 0.5-in and 2-in. asphalt wearing
surfaces,
e 2-in. deck haunch (from top of the girder to bottom of deck),
e miscellaneous and cross frames of 0.015 klf,
e 17-in. wide barrier, weight of 0.124 k/ft per girder, and
e A girder unit weight of 0.49 kcf.
Design resistance specifications used were:
e For simple- and two-span positive moment regions:
1. LRFD BDS Artticle 6.10.2 proportion limits,
2. LRFD BDS Atrticle 6.10.4.2.2 Service II limit, and
3. LRFD BDS Atticle 6.10.7 Strength I limit.
e For two-span negative moment region:
1. LRFD BDS Article 6.10.2 proportion limits,
2. LRFD BDS Artticle 6.10.4.2.2 Service II limit (also used web requirement based
on Equation 6.10.4.2.2-4), and
3. LRFD BDS Atrticle 6.10.8 Strength I limit.
Design assumptions included:

e ignoring participation of mild reinforcing steel in girder cross-sectional resistance,
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having the total area of the longitudinal reinforcement provided in negative bending
regions being no less than 1% of the total cross-sectional area of the concrete deck
based on LRFD BDS Article 6.10.1.7,

setting the lateral bending stress f; = 0,

using unshored construction for compact composite sections in positive moment
regions to avoid checking longitudinal compressive stress caused by Service II loads
in the concrete deck based on LRFD BDS Article 6.10.4.2.2,

setting the hybrid factor R, =1,

ensuring the nominal moment resistance for the case of two-span positive moment
regions satisfied LRFD BDS Equation 6.10.7.1.2-3,

setting the unbraced length (L) to 25 ft, and the moment gradient modifier (C) to 1.0
to estimate lateral torsional buckling resistance in LRFD BDS Article 6.10.8.2.3,
assuming the deck was not effective for the negative moment region at Service II, and

assuming there was no inelastic moment redistribution.

For Strength I, the deck is typically ineffective in the negative moment region. The deck

may be considered effective for Service II if it meets requirements outlined in LRFD BDS Article

6.10.4.2.1. A reliability analysis was performed to evaluate deck effectiveness for two-span

bridge negative moment regions at Service II. The optimal design performance ratios described

in Chapter 4 indicated that Strength I, not Service II, governed negative moment designs.

Therefore, this study focused on positive moment regions for Service II. The concrete deck was

assumed ineffective for negative moment regions for Service II. Yield moment ()

corresponded to first yield in the bottom (tension) flange for positive moment regions. Yield
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moment at negative moment regions was determined as the lesser moment that first caused yield
in the bottom flange, the top flange, or the steel reinforcement, in accordance with LRFD BDS
D6.2.3.

Optimally designed girder section component dimensions and section moduli ratios that
satisfy Service II and Strength I designs for simple- and two-span bridges are given in Table 3.4
through Table 3.6. For negative moment regions assuming a cracked deck, Ssr and Sy were the

same for Service II and Strength 1.

Table 3.4 Optimal Design Girder Sections for Simple-span Positive Moment at the Midspan

Span(ft) D (in) t.(in) by (@n) ty(@n) by () (i) SsvSnc SsrSir

60 26 0.500 12 0.750 13.02 1.000 1.603 1.084
90 38 0.500 12 0.750 15.77 1.250 1.494 1.077
120 51 0.500 13 0.750  20.09 1.250 1.436 1.080
150 64 0.500 16 1.000 19.87 1.500 1.336 1.081
200 85 0.625 22 1.250  24.60 1.500 1.265 1.088

Table 3.5 Optimal Design Girder Sections for Two-span Positive Moment at the 0.4L of End
Spans

Span(ft) D (in) tu(in) by (@n) ty(@{n) by () 6(@n) SsvSnc SsvSir

60 26 0.500 9 0.750 9.49 0.750 1.741 1.092
90 38 0.500 12 0.750 13.99  0.750 1.536 1.084
120 51 0.500 12 0.750 13.16 1.000 1.491 1.086
150 64 0.500 13 0.750 15.60 1.000 1.454 1.090
200 85 0.625 17 1.000 17.09 1.000 1.380 1.107

Note: The minimum flange width for the 60-ft two-span bridge positive moment region was
initially 12 in. but the girder was overdesigned. Therefore, the minimum flange width was
reduced to 9 in.
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Table 3.6 Optimal Design Girder Sections for Two-span Negative Moment at the Interior
Support

Span(ft) D (in) ty(in) by (@n) ty(@in) by (in) 6(n) Ss¥Snc SsvSur

60 26 0.500 12 1.500 12.81 2.000 1.625 1.000
90 38 0.500 16 1.500 17.07  2.000 1.541 1.000
120 51 0.500 19 1.500 19.58  2.000 1.400 1.000
150 64 0.500 21 1.500  21.96  2.000 1.329 1.000
200 85 0.625 22 2.000 2247  2.500 1.213 1.000

3.5.4 Nominal Dead and Live Loads

The four dead load components (Dgw, Due, De, and D,,) were determined using section
properties and other previously noted assumptions. All concrete was assumed to be normal
weight (i.e., 150 pcf).

The HL-93 load model from the LRFD BDS was the nominal design LL. A constant IM
= 0.33 was applied to live loads in accordance with the LRFD BDS. The interior girder GDF,, for
multiple lanes in Equation 3.20 was determined using LRFD BDS Table 4.6.2.2.2b-1.
Longitudinal stiffness (K) was calculated based on girder cross-sectional geometry when
determining GDF,.

3.5.5 Statistical Parameters

Statistical parameters were implemented in reliability analyses as shown in Figure 3.6.
Statistical parameters and their sources for dead loads (Dgw, Due, De, and Dy), live loads (LLuz-93
and LLpuwon), and resistance (R) are summarized in Table 3.7. Statistical parameters for dead
loads and resistance were adopted from Kulicki et al. (2007). The bias and CoV for two-lane HL-
93 design loads were also obtained from Kulicki et al. (2007). It was assumed that platoon bias
was 1.0, and that the range of Col was 0 to 0.20, as presented in Steelman et al. (2021), to
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calibrate the LL factors. The probabilistic mean for the dynamic amplification due to impact was

taken as 10% (Kulicki et al., 2007).

Table 3.7 Statistical Parameters for Variables

Variables  Distribution Bias CoV References

D, Normal 1.03  0.08 Kulicki et al. (2007)

D . Normal 1.05 0.10 Kulicki et al. (2007)

D. Normal 1.05  0.10 Kulicki et al. (2007)

D, Normal 1.00  0.25 Kulicki et al. (2007)

LL pr.03 Normal 1.18 0.18 Kulicki et al. (2007)
LL piaroon Normal 1.00 0-0.20 Steelman et al. (2021)

R Lognormal 1.12 0.10 Kulicki et al. (2007)

3.5.6 Limit State Function for Service Il

As shown in Figure 3.6, reliability analyses were performed using previously defined
nominal values and statistical parameters. In this study, the limit state function for determining
target implicit reliability for Service Il was adopted from Barker and Puckett (2020) for simple-

and two-span bridges designed based on LRFD BDS.

S S
g = R_Q = 095SSTF;1f _Si(Dgw +Dnc)_S_ST(Dc +Dw)_LLHL—93(1+IM)GDFm 3.22

NC LT

where Ss7/S.r was 1.0 for the two-span negative moment cases. Limit state functions for

evaluating platoon load scenarios varied and are described in Section 3.6.
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3.6 Monte Carlo Simulation

MATLAB was used to perform MCS to calculate reliability indices, f, for parametric
combinations of bridge and platoon configurations and scenarios outlined in Sections 3.2 and
3.3. The general procedure was to randomly generate dead load effects, live load effects, and
resistances N times, where N is a sufficiently large number to verify a target probability of
failure, then to evaluate the limit-state function as shown in Figure 3.7. The outcome was
recorded as a failure if the limit state evaluation result was negative. Failure probability, Pf, was
determined as the ratio of the total number of failure instances, F, to the total number of
simulations, N.

The total CoV of the platoon was parameterized from 0 to 0.2, with platoon truck
headways primarily between 5 and 50 ft. The platoon load effect mean was systematically
adjusted by an amplification factor, a, to scale the platoon load effect to a maximum permissible
limit conforming to targeted reliabilities, . Bridges were initially evaluated using legal loads
scaled by a = 0.6, and then a was increased incrementally until the target § was reached.

The selection of the target f is a key point when calibrating LL factors. For Strength I,
bridges are generally evaluated at the inventory or operating levels, with corresponding £ targets
of 3.5 and 2.5, respectively. In the LRFD BDS and MBE, such reliability indices for Service 11
and Service III have not yet been established, hindering platoon optimal use. This study proposes
target implicit reliability (Smpiici) indices for Service II and Service III platoons based on bridge
designs developed using historical practice. Equation 3.11 was used for Service III, and Equation
3.22 was used for Service II to determine target implicit reliability. After determining implicit

reliability indices for service, LL factors were calibrated, and acceptable headway tables were
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developed. A flow chart of the MCS procedure is shown in Figure 3.7. Descriptions of MCS

procedures used to evaluate each of the three platoon loading cases are provided below.
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A flowchart of the MCS procedure is illustrated in Figure 3.7. There are three primary
use cases:
e Case I: single lane of platoon loading,
e (ase II: two identical platoons operating in adjacent lanes, and
e (Case III: one lane of platoon loading operating adjacent to routine traffic.
The procedure for evaluating Service Il and Service III is outlined below:
1. Specify bridge characteristics:
a) span length,
b) simply supported or two-span continuous, and
c) steel or prestressed concrete girders.
2. Obtain nominal dead load (top center of the flowchart in Figure 3.7).
3. Determine the nominal design loading (upper right-hand corner of the flowchart).
4. Determine nominal resistance from Equation 3.2 for prestressed concrete girders (Service I1I)
and Equation 3.21 for steel bridges (Service II).
5. Specify platoon configuration (upper left-hand corner of the flowchart):
a) truck type, and
b) number of trucks in the platoon.
6. Specify headway, H:
a) Ifinitializing, set H =5 ft.
b) Otherwise, increase H by 1 ft to a maximum of H = 50 ft.
7. Determine nominal platoon effects, Lp;, for specific bridge and platoon configuration under

consideration:

66



a) If scenario under consideration is Case I or Case III, use g = GDF / 1.2, where GDF
is single lane LRFD BDS GDF with an embedded MPF.
b) If scenario under consideration is Case II, use g = GDF,,, where GDF, is multi-lane
LRFD BDS GDF.
8. Determine nominal adjacent lane routine truck effects, Luq;, for the specific bridge and
platoon configuration under consideration:
a) If scenario under consideration is Case I or Case II, Lug= 0.

b) If scenario under consideration is Case III,

Ly, = o Vil g [ Gpp ~CPE | |y 3.23
1.33 1.2

where L, is HL-93 design loading, with dynamic amplification, and A« is the normalized

mean of adjacent load (bias) from Tables 17-20 in Steelman et al. (2021). Anax 1s scaled
by 1/1.33 to remove the LRFD BDS dynamic amplification that had been applied to WIM
data in Barker and Puckett (2016).
9. Amplify nominal static live loads, Lp, and Lug;, by (1 + pmr) = 1.1.
10. Set platoon load effect bias and CoV:
a) Ifinitializing, set platoon load effect Col = zero.
b) Otherwise, increase CoV by 0.02.
11. Specify platoon load effect amplification factor, a:
a) Ifinitializing, set a = 0.6.
b) Otherwise, increase a by 0.1.
12. Convert nominal values of platoon load effects to their means and standard deviations.

13. For Case III, dynamic adjacent lane load effect (product of Steps 8 and 9) is a mean value,
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Lagj. Calculate standard deviation of adjacent lane load effect, where CoV 4 corresponds to
total CoV in Tables 17-20 in Steelman et al. (2021).

14. Convert component dead load, wearing dead load, and resistance nominal values to means
and standard deviations using biases and CoVs provided in Table 3.2 for prestressed concrete
girders (Service III) and Table 3.7 for steel bridges (Service II).

15. Generate N = 1,000,000 uniformly distributed random values, u, between 0 and 1 for each
parameter in all cases. Generate values for L.q; if considering Case II1.

16. a) If considering Case 111, for all cases except negative moments for 90 to 200 ft two-span
bridges, calculate corresponding value of Lqgj; (i.e., extreme Type I random variable).

b) Otherwise, if considering Case III for negative moments for 90 to 200 ft two-span
bridges, simulate two adjacent independent loads and calculate corresponding values of Lagj:
and Lug2 (an Extreme Type I random variable).

17. For prestressed concrete girder bridges (Service II1), calculate limit state functions for load
cases as follows.

a) Casel:

g:[f-i-Peval +PevalencJ_[(DgW-l_Dnc)_|_(DC+DW)-|-LPL(1+IM)GDF;]
"4

3.24
g Sncb S ncb Scb Scb
b) Casell:
P P D, +D D +D
g= f;+ eval + evalenc _ ( & '1C)+( c+ w)+LPL(1+]M)GDFVm 3.25
Ag Sncb S neh S cb Scb

c) Case IlI:
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S S Scb Scb Scb

g neb neh

D_+D L .
g:(ft_i_]};al_l_])evalenc]_[( gw nc)+(Dc+Dw)+LPL(I-I_IM)GDF;+ adfj 3.26

18. For steel girder bridges (Service II), calculate limit state functions for load cases as follows.

a) Casel:
S S
g=0.955,F, ~25(D, +D,)~>*"(D,+D,)~L,,(1+IM)GDF, 307
g SNC gw SLT A
b) Casell:
S S
g=0.9SSSTFf—i(D +D )-=(D.+D,)-L,, (1+IM)GDF, 3.28
’ SNC & SLT
c) Case IlI:

I.  for all cases except for negative moments for 90 to 200 ft two-span bridges,

calculate corresponding value of L.g (extreme Type I random variable)

S S
g = 095SSTF;’}( _Si(DgW +D )_S_ST(‘Dc +Dw)_LPL (1+IM)GDF’" _L‘ld] 329

nc

NC LT
II.  for negative moments for 90 to 200 ft two-span bridges, simulate two
independent adjacent loads and calculate corresponding values of L.q; and

Laaj2 (extreme Type I random variable)

S S
g = 0958 F = (Dyy +D,0) =D+ D,) = Ly (14 IM)GDF, = Ly = Ly 3.30

NC LT
19. Count the number of failure cases, ¥, for which g; <O0.
20. Calculate probability of failure, Pr=F/ N.
21. Determine reliability index S according to f = — ®1(P)).
22. Compare calculated and target Srpiici. If calculated S > target Simpiicir, return to Step 11.
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Otherwise, store the critical value of o and proceed to the next step.
23. If the platoon load effect CoV is less than 0.2, return to Step 10. Otherwise, proceed to the
next step.
24. If platoon headway is less than 50 ft, return to Step 6. Otherwise, parametric sweep is
complete.
25. Calibrate LL factors and acceptable headway spacing tables.
26. All analyses are complete if no additional truck or bridge configuration variations are
required.
3.7 Summary
The effects of platooning have not been evaluated within a probabilistic, reliability-based
paradigm for service. Additionally, implications from developing the target implicit reliability
PBmplicit , Where Bpiicic refers to designs produced from historical practice , for platooning
operations and policies for service have not been fully investigated. This chapter presents
information on bridges, trucks, and platoon loading cases considered for MCS used in this study
to develop the framework of reliability-based evaluation for service. A general reliability
analysis is presented that determines target implicit reliability Simpiicic for Service Il and Service
1. After Smpiicic is determined, load factors can be calibrated, and acceptable headway tables can
be developed. In subsequent chapters, descriptions of how LL factors were calibrated, acceptable
headways developed, and Col characterized for platoons are provided. The method for
investigating the cracking probability of prestressed concrete bridges was presented in Section

3.4, and the cracking probability results are discussed in Chapter 9.
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Chapter 4 Optimal Design and Target Reliability Results
4.1 Overview
This chapter presents optimal design results for steel and prestressed concrete bridges
developed from procedures provided in Chapter 3. Target implicit reliability indices for Service
IIT and Service II, which were used to evaluate bridges for platoon loading, are also determined
and presented. Finally, evaluations of the effects of parameter uncertainties on reliability indices
for Service III and Service II are completed.

4.2 Nominal Live Load Positive Moments

Nominal positive LL moments are compared for platoon and HL-93 loadings for simple-
and two-span bridges as a function of their span lengths and headways. Nominal positive LL
moments were determined for a four-truck platoon with adjacent, routine traffic and for two
lanes under HL-93 loading. These two loading scenarios and selected headways are shown in
Figure 4.1. The platoon model was based on the notional rating load (NRL) as shown in Figure
4.1. The NRL was found to govern positive moment regions as in Steelman et al. (2021). Platoon
headways ranged from 10 to 50 ft at increments of 10 ft and span lengths from 60 to 150 ft.
According to LRFD BDS requirements, HL-93 was considered for one- and two-lane loading. As
presented by Yang et al. (2021) and Steelman et al. (2021), the platoon was accompanied by
5,000 ADTT adjacent routine traffic. Adjacent routine traffic was characterized using interstate
[-80 WIM data, and more details can be found in Steelman et al. (2021). Multiple presence
probabilities for platoons loaded with adjacent routine traffic were adopted from Ghosn et al
(2011). IM was assumed to be 0.10 for all load cases, the same as its probabilistic mean. For

platoons operating alongside routine traffic in the adjacent lane, the GDF was calculated
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according to LRFD BDS Equation (4.6.2.2.5-1), with additional details found in Yang et al.
(2021) and Steelman et al. (2021).

As documented elsewhere in the literature, primary bridges of concern are those with
longer span lengths subjected to closely spaced platoons. To help identify controlling load cases,
two 3D surfaces were generated for LL moments (Figure 4.2a and Figure 4.2b). Figure 4.2
indicates that nominal HL-93 loading often enveloped platoon cases (i.e., produced higher
moments), except where platoons operate at small headways of 10 to 20 ft.

Live load moments generated from a platoon at a 10-ft headway with adjacent routine
traffic on 150-ft simple-span and two-span bridges were about 21% greater than moments
induced by two lanes of HL-93 loading (Figure 4.2a and Figure 4.2b). Published reliability
analyses, however, indicated that four-truck platoons with lower uncertainties than typically
associated with vehicular LL can operate on such bridges and still reach target permit reliability
indices for strength (Yang et al., 2021; Steelman et al., 2021). While these results indicate that
four-truck platoons can safely traverse bridges for strength based on reliability analyses, the

current LRFD BDS and MBE load factors for Service III and Service II are not reliability-based.
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4.3 Service 111 Optimal Design and Target Reliability Results

For prestressed concrete bridges designed for Service III, this section provides optimal
design tensile stresses, prestress losses, elastic gains, effective prestress forces, and resistances
due to dead and live loads. Target implicit reliability indices for different bridge design scenarios
from Table 3.1 are presented below. This section also discusses uncertainties associated with
parameters in the Service III limit state function in Equation 3.11.

The optimal number of strands for each prestress loss method increased with span and
decreased as the design tensile stress increased from x = 0 to 0.24. Post-1.0-Gains predicted the
lowest prestress losses, and Pre-1.0-No-gains gave the highest prestress losses. The approximate
and post-2005 loss methods predicted similar prestress losses for cases using the same design LL
factor and the same consideration of elastic gains. Smpiicic results were slightly lower for simple-
span bridges than for two-span bridges. Therefore, only simple-span bridge results are presented
in this section. Several design cases are excluded from the results for 150-ft bridges because
those designs required more than the maximum allowable number of prestressing strands (60
strands). For simplicity, the allowable tensile stress limit with a x coefficient is represented as f;

(x) (e.g., 0.19./7". = £.(x=0.19)). “DET” indicates the use of a deterministic value for the

allowable tension stress limit f; while “VAR” indicates the use of a probabilistically varying
value for the modulus of rupture f..
4.3.1 Service III Optimal Design Results

In this section, f; (x = 0.0948) was used to show intermediate calculation results for design
and evaluation for Service III, with those results being synthesized through reliability analyses to

obtain reliability indices in succeeding sections. Figure 4.3a shows tensile stresses caused by
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factored dead and live loads for design and evaluation. Factored fp values were the same for both
design and evaluation. f7.+ns results for evaluation were all based on HL-93 loading with y. =
1.0, while f77+m values for design varied. For bridges designed using the y; = 0.8 or pre-2005
loss method, f77+ms values for design were lower than those designed with Post-1.0-Gains.

Figure 4.3b presents optimal 4 for ft (k = 0.0948). For 60-ft bridges, the 4, value was
similar for the different loss methods, but 4, varied more across design cases when span lengths
increased. 4, values for the Approx-0.8-Gains and Post-0.8-Gains methods were generally close
to each other and smaller than for Post-1.0-Gains. Without considering elastic gains, 4, values
for 150-ft span bridges designed with approximate and post-2005 loss methods (yz = 0.8) were
slightly larger than for Post-1.0-Gains. Generally, Pre-1.0-No-gains produced larger 4, values

than other methods.
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Figure 4.3 Tensile Stresses Due to Factored Dead and Live Loads, and Optimal A, for f; (x =
0.0948) for Various Design Scenarios

Figure 4.4 presents prestress losses and elastic gains for design and evaluation. Post-0.5-
Gains generally predicted the lowest Afs, and Pre-1.0-No-gains the highest Afs for design as
shown in Figure 4.4a. Afs values for Approx-0.8-Gains and Post-0.8-Gains were generally
similar, although the approximate loss method exhibited greater sensitivity to span length. Afs
generally increased with span length, with changes in girder section size potentially being
responsible for slightly reduced Afs for the 120-ft bridges. When predicting Afs for the studied
spans, methods using elastic gains were more consistent than those that excluded them. Because
the Post-1.0-Gains method was used for evaluation, Afsevas and Afs were the same for bridges
designed with the Post-1.0-Gains method, and Afsev. for evaluation significantly reduced from
Afs in designs for loss methods without elastic gains (Figure 4.4a and Figure 4.4b). Slight

differences between Afs and Afsevar for the Post-0.8-Gains method were due to slightly different
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design configurations resulting from use of different elastic gains for design.

As shown in Figure 4.4c, Post-1.0-Gains produced larger elastic gains than the other
methods while the trends for the Post-0.8-Gains and Approx-0.8-Gains methods were similar but
lower due to lower y;. Elastic gains for evaluation were practically the same for different designs
(Figure 4.4d) and contributed to differences between Afs and Afsevas in Figure 4.4a and Figure

4.4b.
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Figure 4.4 Prestress Loss and Elastic Gains for Design and Evaluation at f; (x = 0.0948)

Based on Aps, i, Afs , and Afsevar, effective prestress loss for design and evaluation can be

determined using Equations 3.3 and 3.12

Peval = Aps (fpi - Amel) = Aps (fpi - (AprS + A](VpLT B A]pGainDL - A‘](‘GazinLL ))
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, with flexural resistances for design and evaluation taken from Equations 3.2 and 3.13.
Figure 4.5 presents effective prestress force and flexure resistance for design and evaluation.
Figure 4.5a shows that the Post-1.0-Gains method had the largest P. for design. P. for bridges
for all other design scenarios was similar.

As expected, Pevar tracks with A, and was identical for P and Pey for the Post-1.0-
Gains method, and was comparatively largest for bridges designed using Pre-1.0-No-gains when
that method could be proportioned according to study parameters (Figure 4.5b). Pe,. values were
similar for bridges designed using loss methods including gains and y. = 0.8, and were smaller
than those using Post-1.0-Gains as shown in Figure 4.5b due to lower A, provided from the
design. Similarly, bridges designed with loss methods neglecting elastic gains and using y;. = 0.8
generally produced larger Pe,u values than Post-1.0-Gains. Figure 4.5¢ and Figure 4.5d present
flexural resistances for design and evaluation, respectively. Note that Post-0.8-No-gains, Post-
0.8-Gains, Approx-0.8-No-gains, and Approx-0.8-Gains methods overlap in Figure 4.5c,
exhibiting similar trends for effective prestress force and flexure resistance for design and
evaluation. As illustrated in Figure 4.5d and Figure 4.3b, methods requiring a larger 4, led to a
larger freva. Various influences from the selected loss method, LL factors, and use or neglect of
elastic gains produced bridges with differing frevas values relative to the baseline Post-1.0-Gains
case, all of which exhibited span length sensitivity. Therefore, marginal differences in
reliabilities for other methods relative to Post-1.0-Gains vary with span because of the difference

Ofﬁeval.
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Figure 4.5 Effective Prestress Force and Resistance for Design and Evaluation at f; (x = 0.0948)

4.3.2 Service Il Target Reliability Results
MCS was implemented to determine dead load, live load, and resistance according to

distributions based on nominal values and statistical parameters described in Sections 3.4.5

through 3.4.7. Figure 4.6a presents resistance, load, and limit state function PDFs for Service I11

at f; (keva = 0.0948) for a 120-ft simple-span bridge designed using the Post-1.0-Gains method.
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The mean resistance was close to the nominal resistance during evaluation from Figure 4.5d, and
mean load was greater than mean resistance. The implicit reliability, representing the number of
standard deviations between the mean for g and the failure threshold, was -0.61. A negative
value indicated the probability of exceeding the Service III limit state was more than 50%.
Figure 4.6b further examines the PDF for g by depicting the probability that Service 111 f; (keva =
0.0948) would be exceeded during a bridge’s service life. As shown in Figure 4.6b, about 72 out
of 100 (72%) 120-ft simple-span bridges with f; (keva = 0.0948) were expected to exceed the
Service III limit state during their life, despite being optimally proportioned to satisfy Service I11

design criteria.
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Figure 4.6 Probability Density Functions for Evaluating Service III at f; (x = 0.0948) for 120-ft
Simple-Span Bridges Designed by using Post-1.0-Gains

Pevar and frevar values were generally close for Post-1.0-Gains, Post-0.8-No-gains, and

Approx-0.8-No-gains for spans between 60 and 120 ft (Figure 4.5b and Figure 4.5d). These three
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methods therefore are expected to result in similar Bumpiicie. Higher nominal fzevar values lead to
higher reliability indices, though f; and Pe..; uncertainties also contribute to reliability indices.
Pmpiicic and corresponding probabilities of exceeding tension limits for these three loss methods

are plotted in Figure 4.7 to Figure 4.9, with key observations presented alongside the figures.
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Pevar and frevar values were generally similar for Post-0.8-Gains and Approx-0.8-Gains but
lower than the loss methods depicted in Figure 4.7 to Figure 4.9 (Figure 4.5b and Figure 4.5d).
Therefore, these two methods resulted in similar Sppiicic but lower values than methods presented
in Figure 4.7 to Figure 4.9. Figure 4.10 presents fmpiicic and corresponding probabilities of
exceeding tension limits for two design methods with elastic gains and y, = 0.8. Figure 4.10a
presents S for bridges designed using Post-0.8-Gains and indicates that f was approximately -
1.20 and largely insensitive to f; (x) and span length. Lower reliabilities in Figure 4.10a were
expected when compared against those in Figure 4.7a due to a smaller area of prestressing
reinforcement resulting from a lower LL factor (Figure 4.3b). Figure 4.10b indicates that the
average probability of exceeding tension limits was about 88%, higher than 73% shown in
Figure 4.7b. Figure 4.10c presents £ for bridges designed using Approx-0.8-Gains, with f
generally close to results in Figure 4.10a, having an average of -1.10, and with slightly more
sensitivity to span length. In both cases, elastic gains were considered, and the same design LL
factor was used. As a result, prestress loss predictions were similar. Figure 4.10d indicates that
the average probability of exceeding tension limits was about 86%, which is similar to 88% from

Figure 4.10b.
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Generally, Pre-1.0-No-gains produced higher Peva and frevar values than the other design
loss methods, except for some 60-ft bridge span cases (Figure 4.5b and Figure 4.5d). Bmpiicic for

Pre-1.0-No-gains was generally higher than that for other methods. Figure 4.11a presents Sumpiicit
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for Pre-1.0-No-gains. Bridges were designed based on the Standard Specifications but evaluated
using parameters consistent with LRFR. f’s varied as a function of span length and generally
increased as span increased, and trends for Peya and fzevar did not consistently match those
observed using prestress loss methods from the LRFD BDS. Compared to f§ from other design
methods, Pre-1.0-No-gains generally provided much higher reliability, except for some 60-ft
simple-span Post-1.0-Gains cases (Figure 4.7 to Figure 4.11). Figure 4.11b indicates that the
average probability of exceeding the tension limit is about 59%, which is noticeably lower than
other design methods.

Generally, loss design methods considering elastic gains produced a more consistent £ for
considered spans (Figure 4.7a, Figure 4.10a, and Figure 4.10c). Bridges designed without
considering elastic gain possessed higher f and more pronounced span length sensitivity (Figure
4.8a, Figure 4.9a, and Figure 4.11a) reflecting variation in dead load stresses and the expected

result of neglecting associated elastic gain.
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Figure 4.11 Reliability Index f and Corresponding Probabilities of Exceeding Tension Limits for
Simple-span Bridges Designed using Pre-1.0-No-gains, Similar Design and Evaluation f; (x)

In summary, average fimpiicic for optimally designed Service III bridges was
approximately:
e -0.60 for bridges designed using Post-1.0-Gains, Post-0.8-No-gains, and Approx-0.8-No-
gains
e -1.20 for bridges designed using Post-0.8-Gains and Approx-0.8-Gains
Designs obtained using a recent calibration for Service III (Wassef et al., 2014)
corresponded to an implicit reliability of -0.60. There was no published physical evidence that
prestressed girders designed using any prestress loss methods with a LL factor of 0.8 before 2014
exhibited significant cracking when in service, as stated in LRFD BDS C3.4.1. Consequently,
this study recommended targeting a relatively conservative fimpiicic value of -0.60 to evaluate

bridges for platoons.
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4.3.3 Effects of Parameter Uncertainty on Service 111

To evaluate the effect of uncertainty of parameters on reliability analyses, simulated data
points for the Service III limit state function (Equation 3.11) are provided in normal probability
plots (Figure 4.12a and b) for 120-ft simple-span prestressed concrete bridges designed by Post-
1.0-Gains with f; (ka4es = 0.0948) at midspan. Resistance flexural stresses were based on the
allowable tensile stress and prestressing terms in Equation 3.11 and are plotted as positive
values. The allowable tensile stress (f; = 0.0948) is a deterministic value (Figure 4.12a). In
Figure 4.12a, prestressing and dead load terms in Equation 3.11 are plotted in black and green,
respectively. HL-93 CoVs (CoV = 0 and 0.18) are simulated and plotted to evaluate their effects
on the reliability index (Figure 4.12a). Figure 4.12a shows that primary sources of uncertainties
were live load and prestress loss. The influence of prestress loss uncertainty was comparable to
that from the live loads (Figure 4.12a).

Figure 4.12b plots PDFs for the limit state function terms (g, O, and R) over stress. It can
be seen that a change in CoV of live load from 0.18 to 0 had a slight effect on the distribution of
load effects, but not a significant effect on the distribution of the limit state function, g. Thus,

changing the live load Col may not significantly affect the reliability index.
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Figure 4.12 Normal Probably Plots for 120-ft Prestressed Concrete Bridges Designed by Post-
1.0-Gains with f; («zes = 0.0948)

4.4 Service II Optimal Design and Target Reliability Results

This section provides optimal design performance ratios for positive and negative
moment regions for steel bridges designed for Strength I and Service II. Positive moment regions
are considered when determining the target implicit reliability index for both simple- and two-
span bridges. This section also discusses uncertainties associated with Service II limit state
function parameters in Equation 3.22.

4.4.1 Service Il Optimal Design Results

This section presents performance ratios (Demand/Capacity) for the Strength I and
Service II steel bridge designs. Strength I and Service II demands were determined using
Equations 3.13 and 3.21, respectively. LRFD BDS design specifications used to determine
nominal resistance for Strength I and Service II were presented in Section 3.5.3. Optimal design

involved varying the bottom flange width to achieve a maximum performance ratio of 1.0 for
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Service II and Strength 1. Figure 4.13a shows performance ratios for simple-span positive
moments, which was governed by Service II at the bottom flange for all spans. It can be seen
from Figure 4.13a that Strength I performance ratios were greater than 0.8 for all spans. Figure
4.13b indicates performance ratios were close to 1.0 for both Service II at the bottom flange and
strength for two-span positive moment region designs, while the performance ratio for Service 11

still governed.

I PR (Service top) I PR (Service top)

12 | 12 |
I PR (Service bottom) [ PR (Service bottom)
- PR (Strength) - PR (Strength)

08 |

06 |

04 |

02 |

Performance Ratio (Demand/Capacity)

Performance Ratio (Demand/Capacity )

60 90 120 150 200 60 90 120 150 200
Span Length (ft) Span Length (ft)
(a) Performance Ratios for Simple-span (b) Performance Ratios for Two-span Positive
Positive Moment Moment

Figure 4.13 Performance Ratios for Simple-, and Two-span Positive Moment at Strength I and
Service 11

Figure 4.14 indicates that the Strength I controlled the design at two-span negative
moment locations rather than Service II. Service II implicit reliability indices for simple- and

two-span bridges were determined based on the limit state function as shown in Equation 3.22.
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Figure 4.14 Performance Ratios for Two-span Negative Moment at Strength I and Service II

4.4.2 Service Il Target Reliability Results

MCS was implemented to determine the dead loads, live loads, and resistances according
to previously described nominal values and statistical parameter distributions. Figure 4.15a
presents Service Il PDFs for a 120-ft simple-span bridge positive moment region. Figure 4.15a
shows mean resistance was larger than the mean load. The implicit reliability, representing the
number of standard deviations between the mean for g and the failure threshold was 1.48. A
positive value indicated that the probability of exceeding the Service II limit state was less than
50%. Figure 4.15b further examines the PDF for g, with about 7 out of 100 (7%) 120-ft simple-

span bridge positive moment regions expected to exceed the Service II limit state.
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Figure 4.15 Probability Density Functions for Evaluating Service II for 120-ft Simple-Span
Bridges Positive Moment Region

The reliability indices for simple- and two-span positive moment regions were generally
close to 1.60 (Figure 4.16). As shown in Figure 4.16a, reliability indices were high for the two-
span negative moment region (around 4.0) because Strength I governed bridge designs and they
were therefore overdesigned for Service II (RF > 1.0) in these regions. Accordingly, this study

focused on positive moment regions for simple- and two-span bridges for Service II and

recommended a Binpiicic value of 1.60 (Figure 4.16b).
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Figure 4.16 Reliability Index f for Simple-span and Two-span Bridges at Service 11

4.4.3 Effects of Parameter Uncertainty on Service Il

To evaluate the effect of parameter uncertainties on reliability analyses, simulated
parameter data points for the Service II limit state function (Equation 3.22) are provided on
normal probability plots (Figure 4.17a and b) for a 120-ft simple-span steel bridge midspan
moment region, with flexural for Service II in Equation 3.22 plotted as positive values. The
resistance follows a lognormal distribution, as illustrated in Figure 4.17a. The dead load flexure
moments including the transformed section modulus ratio in Equation 3.22 are plotted in green
(Figure 4.17a). HL-93 loading CoVs (CoV = 0 and 0.18) are simulated and plotted to evaluate
their effects on the reliability index (Figure 4.17a). Figure 4.17a shows that dead loads and
resistance are primary sources of uncertainties.

The plot of the limit state function terms (g, O, and R) in Figure 4.17b shows that a

change in LL CoV from 0.18 to 0 will have a slight effect on the distribution of load effects and
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the distribution of the limit state function, g. When the LL CoV equals zero, fewer data points are
below zero than for g with a CoV = 0.18 (Figure 4.17b). As a result, it would be expected that

reducing LL CoV may slightly increase the reliability index (Figure 4.17b).

o
L
o
L

Riterm
O  DLtem
O Ltem(Cov =018

Standard Normal Quantiles (Z)
Standard Normal Quantiles (Z)

=0
g Ltem(©v =0

&

&

15 20

(&
o
o
>

0 5 10 15
Moment (kip-in) « 10 4 Moment (kip-in)

(a) Normal Probably Plot for Terms in (b) Normal Probably Plot for the Service
Service II Limit State Function II Limit State Function

Figure 4.17 Normal Probably Plots for 120-ft Simple-span Steel Bridges Positive Moment at the
Mid

4.5 Summary

For the simulated prestressed concrete bridges, a target implicit reliability index of -0.60
was recommended for Service III platoon load ratings. For the simulated steel bridges, a target
implicit reliability index of 1.60 was recommended for Service II platoon load ratings. Changes
to LL CoV were shown to have a negligible effect on the reliability index for Service III and a

slight effect for Service II.
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Chapter 5 LRFR Live Load Factor Calibration
5.1 Overview
Live load factors were calibrated for platoon cases with a single-lane loaded, two-lane
loaded and fully correlated, and with routine traffic in the lane adjacent to the platoon.
Amplification and LL factors are presented for Service II for steel bridges and Service III for
prestressed concrete bridges. In addition, LRFR LL factor tables are proposed for platoon
permitting.

5.2 Service III Calibration Procedure

As described in the methodology, platoon LL effects were investigated over a range of
potential CoVs. Parameter uncertainties that differed from code calibration assumptions required
LL factor calibration to facilitate platoon ratings. It should be noted that LL calibration for
bridges designed using Pre-1.0-No-gains and HS20-44 loading was not performed because they
have a higher fimpiicic compared to other prestressed concrete design methods and may be
overdesigned, as shown in Section 4.3.2.

Equation 3.1 provided an expression for Service III, where typical LL terms were updated
while resistance and dead load terms remained unchanged. Equation 3.1 was rearranged by

setting RF'= 1.0 and isolating LL effects:

fR_(YD)(fD):(YL)(fLLHM) 5.1
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where fz, fp, and fr1+ms are given in Equations 3.2 through 3.5. yp is the rating dead load factor
(equal to 1.0 for Service III). y; is the rating LL factor (equal to 0.8 or 1.0 based on MBE Table

6A.4.2.2-2). Setting platoon effects equal to typical design LL effects resulted in:

}/platoonj’platoonaLLplatoon (1 + IMplatoon )GDFplatoon — YLLLHL—93 (1 + IMHL—93 )GDFm
Scb Scb

52

Right-hand side subscripts in Equation 5.2 were modified to clarify that those terms were

associated with LRFR bases. Isolating the platoon LL factor on one side of the equation gives:

y _ Y, LLy os(1+IM ;o )GDEF,
P 2 aom@LL o A+ IM . YGDF,

‘platoon

53

platoon platoon latoon

where IMy1-93 and GDF,, corresponded to the typical LRFR dynamic impact amplification factor
and GDF, for multiple lanes-loaded, respectively. LL bias for platoons, Ayiwon, Was assumed to
be 1.0 throughout this research, as was the case in Steelman et al. (2021). The critical
amplification factor, a, was applied to the platoon nominal static load effect, LLpiu0on, which was
determined using MCS to satisfy a target Smpiicic = -0.6 for Service IIl. GDFpiuwon depended on
the load case being considered (see Section 3.6 Step 17). IMpiawon Was a deterministic impact

factor value for platoon ratings and was set to 0.33 to ensure consistency with the typical LRFR

value used for design.
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5.3 Service III Calibration Results

As expected, the two-lane fully-correlated platoon loading scenario was found to be
critical. Calibrated LL factors for the single- and two-lane fully-correlated platoon loading
scenarios were identical. The same observation was observed in Steelman et al. (2021) because
the only difference between a single-lane platoon and a two-lane fully-correlated platoon
scenario was using a multi-lane rather than a single-lane GDF. Because the increased load
reflected in a multi-lane GDF was offset by a reduced amplification factor, LL factors were not
significantly affected. This scenario was less likely to occur in real traffic than for a single-lane
platoon with or without routine traffic.

Calibrated LL factors for Service III were slightly higher for simple-span than two-span
bridges. Therefore, only simple-span bridge results are presented in this section. Results for the
four-truck platoon at a 5-ft headway were based on Post-1.0-Gains designs at f; (x = 0.0948).

All LL factors were calibrated for a 5-ft headway. The exact headway value did not affect
LL factor calibration because it only influenced LLpiwon - When a larger headway was selected,
LLpiawon decreased from its maximum value, but the MCS produced a correspondingly higher o
so that ypwon remained at the target f. Results in the following subsections include both o and
Vplatoon.

5.3.1 Single-Lane Loaded Service III Results

Table 5.1 shows a factors obtained using MCS for four-truck platoons traversing bridges
at a 5-ft headway without adjacent traffic, with the bridges designed using Post-1.0-Gains with f;
(#des = 0.0948). The CoV ranged from 0 to 0.2 in 0.01 increments, although only 0.04 increments

are shown in the table. The target reliability index was Spiicic = -0.6 for all a factors, as shown in
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Section 4.3.2. Amplification factors were greater than 1.0 for CoVs between 0 and 0.2, meaning
that a four-truck platoon with all trucks at the legal load limit could acceptably travel across

bridges within the scope of the study at a 5-ft headway.

Table 5.1 Single-Lane Platoon (Without Adjacent Traffic) Positive Moment Critical
Amplification Factor, a

PS Concrete Bridges CoV
Span Length (ft) 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 19 19 19 20 20 20
90 16 16 16 16 16 16
120 14 14 14 14 14 14
150 13 13 13 13 13 13
Min 13 13 13 13 13 13
Avg 16 16 16 16 16 16

Corresponding LL factors and maximum and average values for each Co) are shown in
Table 5.2 for selected span lengths. LL factors were generally uniform across different span
lengths. In general, the calibrated LL factor for Post-1.0-Gains was about 0.83, which was less

than 1.0 in MBE Table 6A.4.2.2-2.
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Table 5.2 Single-Lane Platoon (Without Adjacent Traffic) Positive Moment Calibrated LL
Factors, vz

PS Concrete Bridges CoV
Span Length (ft) 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 0.84 084 084 080 080 0.80
90 0.83 0.83 083 083 083 083
120 0.84 0.84 084 084 084 084
150 0.82 082 082 082 082 082
Max 0.84 084 084 084 084 084
Avg 0.83 083 083 082 082 0.82

5.3.2 Platoon with Routine Traffic in Adjacent Lane Service IIl Results

The upper bound of 100 platoon crossings per day with a routine traffic ADTT of 5,000
from Steelman et al. (2021) was used for cases when traffic was adjacent to a platoon. Table 5.3
provides o factors obtained using MCS for four-truck platoons at a 5-ft headway with adjacent
traffic traversing bridges designed using Post-1.0-Gains with f; (kses = 0.0948). The amplification
factors were smaller than for a single-lane platoon without adjacent traffic, as expected.
Amplification factors were greater than or equal to 1.0 for CoVs between 0 and 0.2 for 60- and
90-ft bridges, meaning that a four-truck platoon with all trucks at the legal load limit could
acceptably cross 60- and 90-ft bridges within the scope of the study at a 5-ft headway with
routine traffic in the adjacent lane. However, amplification factors were lower than 1.0 (red text
in Table 5.3) for bridges longer than 90 ft, indicating that platoon headways for these cases need
to be increased to meet Service 11 Simpiicir.

Table 5.4 shows that platoon LL factors for operations in a single lane with routine traffic
in the adjacent lane were higher than those without routine traffic shown in Table 5.2. Routine

traffic in an adjacent lane was not explicitly included in the rating factor equation, so the platoon
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LL effect should be amplified with an increased LL factor to reflect adjacent lane loading. LL

factors were generally uniform across all studied CoV’s.

Table 5.3 Single-Lane Platoon (With Adjacent Traffic) Positive Moment Critical Amplification

Factor, a
PS Concrete Bridges CoV
Span Length (ft) 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 12 12 12 12 13 13
90 1.0 10 10 10 1.0 1.0
120 08 08 08 08 09 09
150 07 07 07 07 08 08
Min 07 07 07 07 08 08
Avg 09 09 09 09 10 10

Table 5.4 Single-Lane Platoon (With Adjacent Traffic) Positive Moment Calibrated LL Factors,

YLL
PS Concrete Bridges CoV
Span Length (ft) 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 133 133 133 133 123 123
90 133 133 133 133 133 133
120 146 146 146 146 130 130
150 153 153 153 153 134 1.34
Max 153 153 153 153 134 1.34
Avg 141 141 141 141 130 130

5.4 Service Il Calibration Procedure

For Service II, Equation 3.21 provided an expression for optimal inventory level
resistance with the RF equal to 1.0. Rearranging Equation 3.13 by setting RF' equal to 1.0 and

isolating LL effects gave Equation 3.25:
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fR _(’YD)(fD):(yL)(fLLHM) 54

fr fp and f1.+ms were given in Equations 3.17 through 3.20. yp is the dead load factor
(equal to 1.0 for Service II), and y; is the rating LL factor (equal to 1.30 for inventory level

rating). Setting platoon effects equal to typical design LL effects gave:

A

‘platoon

aLLplatoon (1 + IMplatoon )GDFplatoon — YLLLHL_93 (1 + IMHL—93 )GDFm
SST SST

}/ platoon

5.5

Right-hand side subscripts in Equation 5.5 were modified to clarify that those terms were

associated LRFR bases. Isolating the platoon LL factor on one side of the equation gave:

y _ v, LLy, o (1+ 1M, o, )GDEF,
P 2 iom@LL o A+ IM . YGDF,

‘platoon

5.6

‘platoon platoon latoon
IM1-93, IMpiatoon, GDFm, and Apiaoon for Service 11 calibration were the same as for
Service III. The critical amplification factor, a, was applied to the platoon nominal static load

effect, LLplaon, and was determined using MCS to meet a target Smpiicic value of 1.6 for Service

1. GDFpia0on differed for the load case being considered (see Section 3.6 Step 18).
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5.5 Service II Calibration Results

As shown in Section 4.4.1, the negative moment range for two-span bridges was
controlled by Strength I and not Service II. Therefore, Service II LL calibration focused only on
positive moment regions for simple-span and two-span bridges. The calibrated LL factors for the
single- and two-lane fully-correlated platoon loading scenarios were also the same for Service II.
Calibrated LL factors for Service II results were slightly higher for simple-span than two-span
bridges in the positive moment regions. Therefore, only simple-span bridge results are presented
in this section. All LL factors were calibrated for a 5-ft headway because the LL factors were
insensitive to headways, as described in Section 5.3. This section presents results for four-truck
platoons at a 5-ft headway for steel bridges.

5.5.1 Single-Lane Loaded Service Il Results

Table 5.5 provides a factors obtained using MCS for four-truck platoons at a 5-ft
headway crossing steel bridges with no adjacent traffic. All amplification factors were for the
target reliability index of Simpiici equal to 1.6, as shown in Section 4.4.2. Amplification factors
were greater than 1.0 for CoVs between 0 and 0.2. Comparing Table 5.5 with Table 5.1, a factors
for Service II at steel bridges and Service III at prestressed concrete bridges were generally

similar for single-lane platoons without adjacent, routine traffic.
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Table 5.5 Single-Lane Platoon (Without Adjacent Traffic) Positive Moment Critical
Amplification Factor, a

Steel Bridges CoV

Span Length (ft) | 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 21 21 21 20 20 19
90 1.7 17 17 17 16 16
120 15 15 15 14 14 13
150 13 13 13 13 12 12
200 12 12 12 12 1.1 1.1
Min 12 12 12 12 1.1 1.1
Avg 16 16 16 15 15 14

Table 5.6 presents LL calibration factors. The factors increased slightly as CoV increased.
For the 120-ft bridge example, the mean of the limit state function was greater than zero, as
shown in Figure 4.15b. Therefore, as CoV decreased (data became less scattered), there were
fewer predicted failures. The maximum calibrated LL factor for CoVs between 0 and 0.08 was
1.11 and was controlled by 200-ft bridges. Increasing the Co¥ to 0.20 increased maximum LL

factors by 9% to 1.21.

Table 5.6 Single-Lane Platoon (Without Adjacent Traffic) Positive Moment Calibrated LL
Factors, y1r

Steel Bridges CoV

Span Length (ft) | 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 099 099 099 1.04 1.04 1.09
90 1.02 1.02 1.02 1.02 108 1.08
120 1.01 1.01 1.01 1.08 1.08 1.17
150 1.07 1.07 107 107 116 1.16
200 .11 111 111 111 121 121
Max .11 111 111 111 121 121
Avg 1.04 104 104 1.06 1.11 1.14
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5.5.2 Platoon with Routine Traffic in Adjacent Lane Service Il Results

Table 5.7 provides a factors obtained using MCS for four-truck platoons traversing steel
bridges at a 5-ft headway with an adjacent traffic ADTT of 5,000. Comparing Table 5.7 with
Table 5.3, o factors for Service II at steel bridges and Service III at prestressed concrete bridges
were generally close for single-lane platoons with routine traffic. Amplification factors were
lower than 1.0 (red text in Table 5.7) for bridges longer than 90 ft, indicating that platoon
headways for these cases need to be increased to meet Service Il Simpiici. Table 5.8 shows LL
factors for single-lane platoons with routine traffic in the adjacent lane. For spans 90 ft and
longer, LL factors were insensitive to changes in CoV. This might have resulted from an increase
in the dead-to-live load ratio as the span increased, as well as the presence of routine traffic in
another lane. Overall, changes in platoon Co} did not affect most calibrated LL factors for these

bridges, particularly not in cases when LL factors were maximum.

Table 5.7 Single-Lane Platoon (With Adjacent Traffic) Positive Moment Critical Amplification

Factor, a

Steel Bridges CoV

Span Length (ft) | 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 15 15 14 14 14 13
90 1.1 11 11 11 11 11
120 09 09 09 09 09 09
150 08 08 08 08 08 0.8
200 07 07 07 07 07 07
Min 07 07 07 07 07 07
Avg 10 1.0 10 1.0 10 1.0
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Table 5.8 Single-Lane Platoon (With Adjacent Traffic) Positive Moment Calibrated LL Factors,

VLL

Steel Bridges CoV

Span Length (ft) | 0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
60 139 139 148 148 148 1.60
90 1.57 157 157 157 157 157
120 169 1.69 1.69 1.69 1.69 1.69
150 173 1.73 173 173 173 1.73
200 1.90 190 190 190 190 1.90
Max 1.90 190 190 190 190 1.90
Avg 1.65 1.65 1.67 167 167 170

5.6 Proposed LRFR Factors

Truck weight amplification factors, a, were evaluated for all considered platoons,
headways, superstructure types, and spans. For Service III, LL factors were insensitive to the
design tensile stress limit, CoV, headways, span numbers, and number of trucks in a platoon.
Only one LRFR LL factor is proposed for use with all LL CoVs from 0 to 0.2. Proposed LRFR
LL factors calibrated to a Simpiici: value of -0.6 for different loading scenarios for bridges designed
for Service III using the Post-1.0 Gains method are shown in Table 5.9. Appendix A contains
proposed LL factors for prestressed concrete bridges designed with other methods as outlined in
Table 3.1. “Single-trip” in the frequency column denotes only a single platoon crossing is
requested in a permit. For Service 11, LL factors were also insensitive to span number, headways,
and number of trucks. LL factors slightly decreased as CoV decreased (approximately 10% for
single-lane platoons loaded without routine traffic and for two-lane platoons). To maintain
consistency with the proposed Service III LL factor table, only one LRFR LL factor is
conservatively proposed for use with all LL CoVs from 0 to 0.2. Proposed LRFR LL factors

calibrated to a target Smpiicic 0f 1.6 for Service Il at steel bridges under different loading scenarios
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are shown in Table 5.10. In Appendix A, LL factors for a range of CoVs are proposed if load
rating engineers wish to take advantage of reduced platoon CoV for Service II. Factors proposed
in Table 5.9 and Table 5.10 were rounded upward from calculated values to the nearest 0.05

increment and enveloped all calculated values.
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Table 5.9 Proposed Moment Calibrated LL Factors for Service 111

adjacent lane

Truck olat ¥ Load conditi DF ADTT Load factors by COV of total live load
ruck platoon requency oad conditions (one direction) COV,, =0-020
single-trip No other vehicles on the bridge One lane N/A 0.85
Muttiple trucks i identi
iple trucks in single-trip Two identical platoons loaded on Two or more lanes N/A 0.85
platoon two lanes
100 Crossings Mixed W1th.r0ut1ne traffic in the One lane > 5000 1.55
adjacent lane
Table 5.10 Proposed Moment Calibrated LL Factors for Service II
Truck olat r Load conditi DF ADTT Load factors by COV of total live load
ruck platoon requency oad conditions (one direction) COVy, =0-0.20
single-trip No other vehicles on the bridge One lane N/A 1.15
Multiple trucks i identi
ultiple trucks in single-trip Two identical platoons loaded on Two or more lanes N/A 115
platoon two lanes
100 Crossings Mixed with routine traffic in the One lane > 5000 1.90

a. DF is the LRFD BDS approximate GDF, with the multiple presence factor (MPF=1.2) removed for one-lane GDFs.
b. To use with a different /M factor, scale tabulated values by 1.33 / (1 + IMuyesired).




5.7 Summary

This section developed and proposed LRFR-calibrated Service III and Service II LL
factors for positive moments bridge load ratings. If platoon trucks were spaced at a 5-ft headway,
a four-truck platoon with all trucks at the legal load limit without routine traffic was shown to be
able to acceptably cross all steel and prestressed concrete bridges within the scope of the study.
However, if this 5-ft headway platoon may cross bridges with routine traffic, headways would
need to be increased for bridges longer than 90 ft in order to meet implicit reliability indices for
service. Acceptable spacing guidelines for Service III and Service II are presented and discussed

in Chapter 6.
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Chapter 6 Serviceable Combinations of Truck Weight and Headway

6.1 Overview

Headway tables for a target Smpiicic = -0.6 for Service 11l and a target Spiicic= 1.6 for
Service II were determined for four-truck platoons traversing simple- and two-span bridges for
single-lane platoons with or without adjacent routine traffic. The headway tables, including
different span lengths and amplification factors, are provided so bridge engineers can efficiently
evaluate acceptable headway ranges without requiring moving load or reliability analyses.
Positive critical midspan moments in simple-span bridges and at 0.4L from the interior support
for two-span bridges were calculated and used in reliability analyses to establish acceptable
platoon headways. Headways required for simple-span bridges are slightly more conservative
than those for two-span bridges. Therefore, only simple-span bridge results are presented.
General guidelines are provided at the end of the chapter for legal load (a = 1.0) platooning
scenarios on steel and prestressed concrete LRFD-designed girder bridges.

6.2 Prestressed Concrete Bridges Service 111

Platoons operating at close headways with weights exceeding legal limits (i.e., “platoon
permits”) could potentially induce unacceptably large LL effects and result in reliability indices
less than the target § = -0.6. For simple- and two-span bridge positive moment regions, platoon
LL effects consistently decreased with increasing headway. Therefore, if a desired combination
of headway and truck weight is unacceptable, serviceability could be maintained by temporarily
increasing headway when the platoon traverses the bridge. For Service III, Chapter 4 and
Chapter 5 demonstrate that varying uncertainties, represented using CoV, do not significantly

change results and, consequently, headway selection guidance. Therefore, results are presented
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based on an assumed ColV = 0.18 for platoons, which is the same as the HL-93 design load CoV'.
Results are shown for prestressed concrete bridges designed using Post-1.0-Gains with f; («czes =
0.0948) because this design scenario provided relatively consistent implicit reliability indices as
shown in Figure 4.7a and was recently calibrated in Wassef et al. (2014).

For illustrative purposes, a four-truck legal load platoon (o = 1.0) single-lane loaded,
simple-span bridge was considered as shown in Figure 6.1. The platoon was run in both
directions across the bridge, and the critical positive moment at midspan incorporating the
single-lane GDF was determined. The critical positive moment was substituted into Equation
3.24 as the nominal platoon load effect (L,.), and then uncertainties for components in Equation
3.24 were combined to determine the reliability index. For each headway spacing from 5 to 50 ft
and CoV from 0 to 0.20, a started at 0.6 and was increased by increments of 0.1 until £ < Brpiicir.
Then, headway tables for each o and CoV were determined based on the minimum headways that
met £ > Bmpiicir. Initializing at a = 0.6 began the analysis with axle spacings and proportionate
axle weights consistent with the NRL, but with all axle weights, and therefore the GVW, scaled

to 60% of the typical (legal) vehicle weight.

112



NRL

NRL

Single-lane platoon loaded
without routine traffic

Figure 6.1 Single-lane Loaded Four-truck NRL Platoon without Routine Traffic on a Simple-
Span Bridge Scenario for Developing Headway Tables

A four-truck legal load platoon (a = 1.0) single-lane loaded with routine traffic in the
adjacent lane, simple-span bridge was also considered, as shown in Figure 6.2. The critical
positive moment at midspan incorporating the single-lane GDF, with the multiple presence factor
of 1.2 being removed, was determined for the four-NRL platoon. As presented by Yang et al.
(2021) and Steelman et al. (2021), the platoon was assumed to have 100 crossings per day and
was accompanied by 5,000 ADTT routine traffic. It was previously demonstrated that these two
parameters were insensitive to precise values selected by Steelman et al. (2021). Multiple
presence probabilities for platoons loaded with adjacent routine traffic were adopted from Ghosn

etal. (2011). Section 3.5.5 in Steelman et al. (2021) provides detailed routine traffic information.
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Resulting reliability indices f were calculated based on Equation 3.26. To develop the headway

spacing tables, a started at 0.6 and was increased by increments of 0.1 until § < Simpiici.

NRL NRL

Single-lane platoon loaded with
routine traffic

Figure 6.2 Single-lane Loaded Four-truck NRL Platoon with Routine Traffic on a Simple-Span
Bridge Scenario for Developing Headway Table
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6.2.1 Single-Lane Platoon Without Adjacent Traffic

Table 6.1 shows minimum acceptable headways as a function of span length based on
positive moment demands for simple-span bridges carrying a four-truck platoon in one lane
assuming a constant CoV = 0.18.

Table 6.1 indicates that headways increase with longer span lengths as more axles can
simultaneously load the bridge. ‘‘Fail’’ in Table 6.1 indicates that the required headway is
greater than 50 ft or that the bridge has reached its limit regardless of headway. The NRL truck
length examined in the study was 30 ft as shown in Figure 6.1. As a result, because only a
fractional portion of two NRLs at most can load a 60-ft bridge, headway has a relatively small
effect on platoon load limits for that span length. The upper bound a that satisfies the target
Pimpiicic for all span lengths was 2.3. Maximum o trends upward with increasing span as platoons
can use increased headways to reduce load effects. If a platooning route included only longer
spans, the upper limit of o increased, up to a maximum of 3.0 with a 49-ft headway for 150-ft
spans. When the 50-ft headway governs, typical processes provided in the MBE may allow for
heavy truck passage under special permitting conditions, but the truck would no longer be in an
aerodynamically efficient platoon.

Table 6.1 also details that, as a platoon operating with a = 2.3 travels along a highway
and encounters longer bridges, the platoon must increase headways to 15, 17, 25, or 33 ft when
crossing 60-, 90-, 120-, or 150-ft simple-span bridges, respectively, to maintain acceptable

service operations.
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Table 6.1 Acceptable Simple-Span Bridge Platoon Headways (ft) Without Adjacent Routine
Traffic (CoV' =0.18)

Amplification factor a L. (ft)

60 | 90 | 120 | 150
0.6 5 5 5 5
0.7 5 5 5 5
0.8 5 5 5 5
0.9 5 5 5 5
1.0 5 5 5 5
1.1 5 5 5 5
1.2 5 5 5 5
1.3 5 5 5 5
1.4 5 5 5 7
1.5 5 5 6 10
1.6 5 5 9 13
1.7 5 6 12 16
1.8 5 8 14 20
1.9 5 10 17 23
2.0 5 11 19 26
2.1 7 13 21 28
2.2 10 15 23 31
2.3 15 17 25 33
2.4 Fail 20 27 35
2.5 Fail 23 29 37
2.6 Fail 30 31 39
2.7 Fail Fail 34 41
2.8 Fail Falil 38 44
2.9 Fail Fail Fail 46
3.0 Fail Fail Fail 49
3.1 Fail Fail Fail Fail
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6.2.2 Single-Lane Platoon, Routine Traffic in Adjacent Lane

The potential presence of heavy trucks in the adjacent lane reduces acceptable operating
headways. Table 6.2 shows minimum headways as a function of span length for simple-span
bridges carrying a four-truck platoon in one lane, and with routine traffic in an adjacent lane. The
table illustrates that a legal load platoon (a = 1.0) cannot cross 120- or 150-ft bridges without
increasing headways from 5 ft due to the presence of adjacent routine traffic. For example, legal
limit platoons (a = 1.0) must increase headways from 5 to 10 ft for a 120-ft span, and from 10 ft
to 15 ft for a 150-ft span.

The maximum o that satisfied target fImplicit with adjusted headways was reduced from
2.3 to 1.4 for platoons with typical LL uncertainty (CoV = 0.18) on 60- to 150-ft span bridges
(Table 6.1 and Table 6.2). o must be limited to no greater than 0.8 (80% of the legal load weight
limit) to ensure acceptably serviceable operations with unrestricted headway spacings as low as 5

ft.
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Table 6.2 Acceptable Simple-Span Bridge Platoon Headways (ft) With Adjacent Routine Traffic
(100 Crossings, and ADTT = 5000) (CoV = 0.18)

Amplification factor a L (ft)

60 90 120 150
0.6 5 5 5 5
0.7 5 5 5 5
0.8 5 5 5 5
0.9 5 5 5 10
1.0 5 5 10 15
1.1 5 7 14 21
1.2 5 10 18 26
1.3 5 13 21 30
1.4 9 16 25 34
1.5 Fail 19 28 38
1.6 Fail 26 32 41
1.7 Fail Fail 37 45
1.8 Fail Fail Fail Fail

6.3 Steel Bridges Service 11

Platoons on steel bridges were evaluated for simple- and two-span bridge positive
moment regions for Service II. Reducing LL uncertainties for Service II slightly decreased
minimum required headways but not to the same magnitude as for Strength I in Steelman et al.
(2021). If the platoon operator wishes to justify reduced uncertainty for platoons to maintain a
desired headway, tables for Service Il for different platoon CoV’s are provided in Appendix B.
Results were conservatively based on the assumption that the platoon CoV equaled the Col for
HL-93 design loading.

For Service II the general procedure for developing headway tables was the same as for

Service 111, except using Smpiicie = 1.6 as shown in Figure 4.16b. A four-truck platoon was used to
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determine the load effects for single-lane loaded platoons with or without adjacent traffic.
Reliability analyses were then conducted using Equations 3.27 and 3.29.
6.3.1 Single-Lane Platoon Without Adjacent Traffic

Table 6.3 summarizes the results to show minimum headway variations as a function of
span length that ensure acceptable positive moment demands for simple-span bridges carrying
only a four-truck platoon in one lane, assuming a constant CoV = 0.18. Maximum a generally
trends upward with an increasing span as platoons can take advantage of increased headways to
reduce load effects except for 200-ft bridges. Platoon vehicles could operate on 200-ft spans at
greater separations than 50 ft and with escalating o similar to shorter spans. However, under
those conditions, the platoon would need to be evaluated as typical permit vehicles with a special
analysis accounting for multiple heavy vehicles simultaneously on the bridge. Because
aerodynamic benefits will be negligible in such a case, it was deemed outside the scope of the
study.

Table 6.3 shows that a platoon operating with a = 2.2 is the maximum that can
acceptably operate on all simple-span bridge spans. With o = 2.2, as the platoon travels along a
highway and encounters longer bridges, platoon trucks must increase headways between trucks
to 12, 16, 25, 34 or 47 ft when crossing 60-, 90-, 120-, 150- or 200-ft simple-span bridges,
respectively, to maintain safe operations. Maximum a for all spans, achievable by adjusting
platoon headways, and acceptable for Service II and Service III is similar, at 2.2 (Table 6.1) and

2.3 (Table 6.3), respectively, for single-lane loaded platoons without routine traffic.
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Table 6.3 Acceptable Simple-Span Bridge Platoon Headways (ft) Without Adjacent Routine
Traffic (CoV' =0.18)

Amplification factor a L (t)

60 | 90 | 120 | 150 | 200
0.6 5 5 5 5 5
0.7 5 5 5 5 5
0.8 5 5 5 5 5
0.9 5 5 5 5 5
1.0 5 5 5 5 5
1.1 5 5 5 5 5
1.2 5 5 5 5 6
1.3 5 5 5 6 11
1.4 5 5 5 9 15
1.5 5 5 8 12 19
1.6 5 5 11 16 22
1.7 5 7 14 20 27
1.8 5 9 16 23 32
1.9 5 11 19 26 36
2.0 5 12 21 29 40
2.1 8 14 23 31 44
2.2 12 16 25 34 47
2.3 Fail 19 27 36 50
2.4 Fail 22 29 38 Fail
2.5 Fail 27 32 40 Fail
2.6 Fail Fail 35 43 Fail
2.7 Fail Fail 39 45 Fail
2.8 Fail Fail Fail 48 Fail
2.9 Fail Fail Fail Fail Fail
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6.3.2 Single-Lane Platoon, Routine Traffic in Adjacent Lane

Table 6.4 shows minimum headways as a function of span length that ensure acceptable
positive moment demands for simple-span bridges carrying a four-truck platoon in one lane and
routine traffic in an adjacent lane, assuming a constant CoV = 0.18. Table 6.4 illustrates that a
legal load platoon (a = 1.0) cannot cross 120-, 150- or 200-ft bridges without increasing the
headways from 5 ft due to the presence of adjacent traffic. For example, at the legal load platoon
(a = 1.0) level, the headway must increase from 5 to 8 ft for a 120-ft span, from 8 to 15 ft for a
150-ft span, and from 15 to 23 ft for a 200-ft span.

The maximum « that provides target Srmpiicic with adjusted headways is reduced from 2.2
to 1.4 on 60- to 200-ft span bridges (Table 6.3 and Table 6.4). To achieve unrestricted headway
spacings (5-50 ft), a must be limited to 0.7 (70% of the legal load weight limit).

Similar to the case without adjacent traffic, maximum o for all spans, achievable by
adjusting platoon headways, and acceptable for Service Il and Service III is similar, at 1.4 in

both Table 6.2 and Table 6.4, for single-lane loaded platoons with routine adjacent traffic.
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Table 6.4 Acceptable Simple-Span Bridge Platoon Headways (ft) With Adjacent Routine Traffic
(100 Crossings, and ADTT = 5000) (CoV = 0.18)

Amplification factor a 50 | 20 | ng? | 150 | 200
0.6 5 5 5 5 5
0.7 5 5 5 5 5
0.8 5 5 5 5 11
0.9 5 5 5 9 18
1.0 5 5 8 15 23
1.1 5 5 13 21 31
1.2 5 8 17 25 38
1.3 5 11 20 30 44
1.4 5 13 23 34 49
1.5 9 16 26 37 Fail
1.6 18 20 30 41 Fail
1.7 Fail 26 34 44 Fail
1.8 Fail Fail 41 49 Fail
1.9 Fail Fail Fail Fail Fail

6.4 Preliminary Operational Guidance

Initial platoon deployments are expected to be limited to trucks operating within the
Federal Bridge Formula B (FBF B) legal load limit, corresponding to o = 1.0. This section
addresses these considerations and enables next steps for operational platoon deployment.
Results were based on four-truck platoons, which were the critical positive moment cases for
simple- and two-span bridges.

For Service 111, at the target Simpiicic = -0.6, a minimum headway of 5 ft is acceptable for
bridge spans between 60 and 150 ft (Figure 6.3a) carrying a platoon in a single lane without
adjacent routine traffic. With adjacent traffic, the headway would need to increase to 10 ft and 15
ft for 120-ft and 150-ft spans, respectively. For Service 11, at the target Smpiicii= 1.6, a minimum

headway of 5 ft is similarly acceptable for bridge spans between 60 and 200 ft (Figure 6.3b)
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carrying a platoon in a single lane without adjacent routine traffic. With adjacent traffic, the

headway would need to increase to 8 ft, 15 ft, and 23 ft for 120-ft, 150-ft, and 200-ft spans,

respectively.
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(a) Legal load platoon headway restrictions (b) Legal load platoon headway restrictions
for prestressed bridges for steel bridges

Figure 6.3 Legal Load Platoon Headway Restrictions for Steel and Prestressed Bridges

Figure 6.4 summarizes findings for potential GVW modification percentages relative to
an 80-kip legal load limit for the different loading scenarios on prestressed concrete and steel
bridges in Sections 6.2 and 6.3. Platoons are presumed to be deployed on interstates initially.
However, legal limits on state highway bridges may be higher, and so the results presented in
Figure 6.4 would be slightly conservative in that case and headway tables presented in this
chapter should be referenced for guidance applicable to a > 1.0.

For prestressed concrete bridges, platoons can operate at any headway on all spans and
configurations with adjacent routine traffic at 80% of the legal load limit (Table 6.2 and Figure

6.4a). If a platoon can avoid traveling adjacent to routine traffic, it can potentially operate at up
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to 130% of the legal load limit (Table 6.1 and Figure 6.4a). Platoons can operate adjacent to
routine traffic at up to 140% of the legal load limit by increasing to minimum headways (Table
6.2 and Figure 6.4a). If the platoon can avoid traveling adjacent to routine traffic, it can
potentially operate at up to 230% of the legal load limit (Table 6.1 and Figure 6.4a).

For steel bridges, platoons can operate at any headway on all spans and configurations
with adjacent routine traffic at 70% of the legal load limit (Table 6.4 and Figure 6.4b). If a
platoon can avoid traveling adjacent to routine traffic, it can potentially operate at up to 140% of
the legal load limit (Table 6.3 and Figure 6.4b). Platoons can operate adjacent to routine traffic at
up to 140% of the legal load limit by increasing to minimum headways (Table 6.4 and Figure
6.4b). If the platoon can avoid traveling adjacent to routine traffic, it can potentially operate at up

to 220% of the legal load limit (Table 6.3 and Figure 6.4b).
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(a) Headway restrictions for prestressed (b) Headway restrictions for steel girder
concrete girder bridges (Bmpiicii= -0.6) bridges (Bmpiicic= 1.6)

Figure 6.4 Headway Restrictions for Prestressed Concrete and Steel Girder Bridges (CoV = 0.18)

124



6.5 Summary

This chapter summarized an investigation of acceptable headways as a function of
platoon truck weight and bridge span. Critical loading occurs with closely grouped trucks for
simple- and two-span bridge positive moment regions, so permitted truck weights can increase
with increasing headway.

For Service I1I, a single-lane platoon can operate at a constant headway of 5 ft on all
simple spans up to an a of 1.3, or 130% of the legal load limit. If the platoon operator is willing
to adjust headways along the route according to varying bridge spans, truck weights can increase
up to 230% of the legal load limit. If the route includes only simple-span bridges spanning at
least 90 ft, the load can increase to approximately 260% the legal limit by adjusting headways.

When routine traffic exists in the adjacent lane, a legal load platoon (a = 1.0) cannot
traverse all the considered spans at a constant headway of 5 ft. The presence of adjacent lane
loading lowers the acceptable a by 50% of the legal load limit, from 130% to 80% (Table 6.1
and Table 6.2). If the operator is willing to adjust headways along the route to accommodate
varying bridge lengths, truck weights can increase up to 140% of the legal load limit with
adjacent lane loading or up to 230% without adjacent loading (Table 6.1 and Table 6.2). If the
route includes simple-span bridges spanning at least 90 ft, loads can increase to 160% of the
legal limit with adjacent lane loading by adjusting platoon headways or up to 260% without
(Table 6.1 and Table 6.2). These readily available overload capacities reflect presumed
resistances consistent with LRFD BDS Service III optimal design, which considered two lanes of
HL-93 LL, appropriate multiple lane distribution factors, a dynamic load allowance (/M = 0.33),

which correspond to Sumpiicic = -0.6.
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For Service II, a single-lane loaded platoon can operate at a constant headway of 5 ft on
all simple spans up to an a of 1.1, or 110% of the legal load limit (Table 6.3). If the platoon
operator is willing to adjust headways along the route to accommodate varying bridge lengths,
truck weights can increase by an additional 110% above the legal load limit, to 220% of the legal
load limit (Table 6.3).

When routine traffic exists in the adjacent lane, a legal load platoon (a = 1.0) cannot
operate at a constant headway of 5 ft to traverse all the considered spans. The presence of
adjacent lane loading lowers the acceptable a by 40% of the legal load limit, from 110% to 70%
(Table 6.3 and Table 6.4). If the operator is willing to adjust headways along the route to
accommodate varying bridge lengths, truck weights can increase up to 140% of the legal load
limit with adjacent lane loading versus 220% without (Table 6.3 and Table 6.4).

These readily available overload capacities reflect presumed resistances consistent with
LRFD BDS Service II optimal design for positive moment regions, which considered two lanes
loaded HL-93 LL, appropriate multiple lane distribution factors, a dynamic load allowance (/M =
0.33), and which correspond to an implicit reliability index, Bpiicii= 1.6.

Guidance is provided for operational platooning weight limits accounting for Service I11
and Service II. For Service III, platoons may operate with upper limits from to 80% to 230%,
depending on whether the lane adjacent to a platoon may be occupied by a routine truck and
whether the platooning operator is willing to adjust headways on a bridge-by-bridge basis along

the route. For Service II, the upper limits are similar, at 70% to 220%.
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Chapter 7 Framework for Aggregating Live Load Uncertainties

7.1 Overview

This chapter proposes a framework for aggregating LL uncertainties based on truck
weight, dynamic amplification, and girder distribution factors and results of sensitivity analyses
to establish total platoon CoVs. Using Monte Carlo simulations discussed in Chapter 3, LL
uncertainties were aggregated based on total platoon CoV. To calibrate LL factors the total
platoon CoV was between 0 and 0.2. Steelman et al. (2021) demonstrated that total platoon CoV’
could be calculated based on uncertainties associated with truck weight, dynamic amplification,
and girder distribution factors. Calibrated LL factors could be selected for Strength I as presented
in Steelman et al. (2021) and for Service III and II from Chapter 5 by implementing the
developed framework to quantify LL uncertainties. It should be noted that in Chapter 5 LL
factors were shown to not be significantly affected by variations in LL CoV for Service III and II.

7.2 Live Load Statistical Model

Recognizing that each LL component (weights, dynamic amplification factor, GDF) is
uncertain, Steelman et al. (2021) proposed the following equation to determine dynamic LL

CoVi Gpr+im:

JA 4242, )(A) + 1,7 (A+ B)

CoV, Gorsm = 7.1
B (1 + /’le)

A=(CoV?, +CoV? . +CoV?,.CoV?)) 7.2

B=(CoV?,CoV’,.CoV?, +CoV?,.CoV?, +CoV? CoV?, +CoV?,,) 73
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where w1 1s the mean of the dynamic impact factor; CoV7y is the ColV of static LL; CoVepr is the
CoV of GDF; and CoVpu is the CoV of impact factor. As shown in Equations 7.1 to 7.3, the total
CoV1_gpr+u for a platoon would be dependent on CoVy , CoVi , pum , and CoVepr .

In this chapter, characterizations of CoVz , CoV , pum , and CoVepr for different
scenarios are discussed so that calibrated LL factors and headways can be determined based on
CoVy gpr+v from Equations 7.1 to 7.3.

7.3 Truck Weight Uncertainty Framework

Truck weight uncertainty can be reduced via direct measurement of axle loads with
commercially available sensors, so long as their resolution (i.e., measurement error) is known.
Weigh-in-motion (WIM) stations capture, record, and catalog axle spacings, weights, and gross
truck weight (GVW) as trucks drive over sensors installed in the roadway. WIM arrays
frequently include inductive loops (ILDs) in the roadway. The ILD acts as a presence detector
while a pressure sensor measures axle or tire weights (FHWA, 2018).

ASTM E1318-09 (ASTM, 2017) is the primary WIM standard in the United States.
Based on the application and functional performance requirements, ASTM E1318-09 categorizes
WIM systems into four distinct types:

e Type I and Type II systems: Suitable for traffic data collection purposes, with
Type I systems having slightly more stringent performance requirements. Vehicle
speed range to meet functional performance requirements is 10 to 80 mph.

e Type III systems: Suitable for screening vehicles suspected of weight limit or load

limit violations. Stricter functional performance requirements than Type I and
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Type Il systems. Vehicle speed range to meet functional performance
requirements is 10 to 80 mph.

e Type IV systems: Not approved for use in the United States but intended for use
at weight enforcement stations. Vehicle speed range to meet functional
performance requirements is 2 to 10 mph.

In accordance with the Nebraska Truck Information Guide (2022), any vehicle operating
with an overweight/over-dimensional permit is required to stop at all open scale facilities. If
platoons need to be weighed, a Type III WIM system should be used.

ASTM E1318-09 (ASTM, 2017) sets accuracy standards for sensor type, wheel load, axle
load, axle-group load, gross vehicle weight, speed, and axle spacing, as shown in Table 7.1.
Accuracy is determined by calculating probabilities that individual axle load measurement errors
are within prescribed limits. Maximum CoV; for static truck WIM weights was determined using
GVW tolerance. ASTM E1318-09 specifies that Type III systems must achieve +6% GVW
accuracy at a 95% tolerance. As shown in Figure 7.1, based on a normal distribution mean of 1.0
and 6% GVW accuracy with 95% tolerance, the standard deviation was determined to be 0.031.
As aresult, the CoV; was calculated as Std/Mean = 0.031. Accordingly, the upper bound CoV;,

for static truck weight with Type WIM III systems was inferred to be 0.031.
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Table 7.1 ASTM 1318E-09 Functional Performance Requirements for WIM Systems
(Reproduced Based on ASTM, 2017)

: Tolerance for 95%
Function
Typel | Type Il | Type III
Wheel Load +25% +20%
Axle Load +20% | +30% | +15%
Axle-Group Load +15% | £20% | £10%
Gross Vehicle Weight +10% | £15% +6%
Speed +1 mph
Axle-Spacing and Wheelbase +0.5 ft
Mean 1
Standard 0.031
deviation
O Above
O Below
@® Between 0.94 and | 1.06
O Outside and

95%

// \\

70007 0938 0969 1 1031 1062 1003

Figure 7.1 Normal Distribution with Mean = 1.0 (95% Compliance)

Trucking companies specify platoon truck axle configurations, number of trucks, gross
weight, and headways for a platoon permit. The permitting DOT determines whether trucks in

the platoon are legal-load trucks. If so, then CoV; for static truck weight equals 0.12 from
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Kulicki et al. (2007). If a platoon truck exceeds the legal load limit and GVW documentation
includes historical WIM data, static weight standard deviation can be calculated directly using
Equation 7.4. In Nebraska, if GVW documentation is not available the platoon must stop at all
WIM stations according to the Nebraska Truck Information Guide, where WIM sensors are
expected to be calibrated and maintained in accordance with ASTM 1318E-09. WIM data

records can potentially be used to approximately characterize Col, according to Equation 7.4:

7.4

where ¢ is the standard deviation, x; is the data set, 4 the mean, and N the number of available
WIM data records. Figure 7.2 illustrates how Col is determined and used in Equation 7.1

through 7.3.
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Figure 7.2 Truck Weight Uncertainty Framework

7.4 Dynamic Amplification Uncertainty Framework

Dynamic amplification (i.e., impact factor, /M) should ideally be measured directly from
axle load variation using reliable, on-board sensors. Evaluating the dynamic amplification is
challenging since vehicle-bridge interaction (VBI) and consequent amplified structural demands
are influenced by many parameters, such as bridge dynamic characteristics (mass, stiffness,
damping), truck weight, suspension stiffness and damping properties, road roughness, and truck
speed. Two predominant methods are currently used to evaluate /Ms, with the most reliable
being field tests. Analytical studies may provide a less expensive method, but ultimately require

experimental validation.
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An example of a field test used to assess dynamic amplification was conducted in Ontario
during the 1980s based on Billing (1984). The tests covered 27 highway bridges with different
construction materials and span lengths, and data were collected for both test trucks and actual
traffic. Based on this field-testing program, mean values of IM were found to be approximately
0.05 to 0.10 for prestressed concrete girders and 0.08 to 0.20 for steel girders. Detailed
information about procedures for dynamic bridge testing can be found in Paultre et al. (1992),
Paultre et al. (1995), as well as Deng et al. (2015).

An analytical study of dynamics typically includes a vehicle model, a bridge model, a
road profile model, and a solution for the vehicle-bridge system. Huang and Nowak (1991)
simulated dynamic loads on bridges based on truck parameters, including mass, suspension, and
tires, as well as the bridge surface. Dynamic amplifications decrease as gross vehicle weights
increase, according to Huang and Nowak. Huang and Nowak found that CoV varies from 0.40
to 0.70, depending on span length. Detailed information for a rigorous evaluation of bridge
dynamics can be found in Deng et al. (2015).

Ling et al. (2022) studied resonance effects of platoons and found that adverse dynamic
loading effects can result on existing highway bridges, particularly medium- to long-span bridges
with a fundamental frequency below 6.5 Hz. Ling et al. noted that resonance can be attributed to
a combination of speed and headway, the number of trucks on the road and road surface
conditions. Rigorously performing detailed analyses to evaluate platoon resonance effects is
beyond the scope of the present project. Resonant critical truck speeds may be estimated from
simple analyses. For example, a two-truck platoon crossing a simple-span bridge is considered in

Figure 7.3. Trucks are denoted as 7/ and 72, the distance between them as d, and vehicle speed
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v. Assuming the bridge natural frequency is f;. The time interval between successive trucks
arriving at midspan can be calculated using Equation 7.5. Rearranging provides truck excitation
frequency, truck, as shown in Equation 7.6, and resonance will occur when the truck excites a
bridge at its natural frequency, f;. Finally, critical speeds that may cause resonance are

determined according to Equation 7.7.

d
f=— 7.5
1%
\%
|:f;mck = E:| = ﬁ 7.6
vcritical = (ftruck = fi )d 77
L d |
1 1
12 T
Vv
—_—
]
: res
L L2 |
1 1

Figure 7.3 Two-truck Platoon on a Simple-span Bridge

A general framework for determining Co Vi and unv is presented in Figure 7.4. A
trucking company specifies planned platoon truck characteristics, number of trucks, gross
weight, and headways. The rating engineer can obtain bridge natural frequencies from free
vibrations using a variety of instruments and methods as reported in Linzell et al. (2021) and

then determine critical platoon speed for each bridge on the planned route using Equations 7.5
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through 7.7 to avoid resonance effects. Bridge natural frequencies can be rigorously determined
by conducting FEM modal analyses and/or spectrum analyses of measured accelerations from
moving load tests, if available. Alternatively, bridge fundamental frequencies may be estimated
using formulations available in literature. Hwang and Nowak (1990) used the following equation

in a study related to bridge dynamics:

f=954xL" 7.8

The equation was extracted from a Swiss report by Cantieni (1983) and reflected
measured frequency data for 224 in-service bridges that may or may not be applicable to US or
particular states’ typical designs. Alternatively, Cantieni also recommended using a classical

beam vibration formulation:

7 |EI

= |— 7.9
20 \'m

f

where fis the natural frequency and L is the span length, or conservatively the maximum span
length for multi-span continuous bridges, E7 is the bending stiffness, and m is the mass per unit
length.

In the absence of test data and corresponding calibrated analytical models, a Co Vi =
0.80 and s = 0.10 can be directly adopted from Nowak (1999) and Kulicki et al. (2007). Figure

7.4 illustrates how CoVy and s are determined and used in Equations 7.1 through 7.3. Testing
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at a specific bridge, for a specific platoon, and operating at a specific speed, could provide
updated /M characterization for that single, narrow set of conditions. However, many such tests
would be required to update /M for a full transit corridor over multiple bridges, each with their
own dynamic characteristics and differing responses to even a single platoon configuration and
speed. Further research will be necessary to improve characterization for /M broadly for a range

of platooning operations and including multiple bridges.
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Figure 7.4 Dynamic Allowance Uncertainty Framework

7.5 Girder Distribution Factor Uncertainty Framework

The girder distribution factor (GDF) represents the proportionate share of load carried by
the most heavily loaded girder, characterized as a decimal number of loaded lanes, and serves to
establish moment and shear effects for girder design and evaluation. Analytical methods, finite-
element analyses, and field tests have been widely used to simplify the analysis of transverse

effects caused by live loads.
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Considering the conservative nature of LRFD BDS GDF formulas, Puckett et al. (2007)
used actual bridges to conduct a rigorous, calibrated finite element method analysis to propose
new simplified GDF equations. Calibrated GDF results were compared to Standard Specification
equivalent GDF and LRFD BDS GDF values for steel and prestressed concrete bridges. GDF
bias (Aepr) can be obtained by dividing the field measured GDF values by the LRFD BDS GDF.
Table 7.2 shows that Agpr ranges from 0.72 to 0.90 for single-lane and multiple-lane loaded
cases, indicating that the LRFD BDS GDF values are conservative. GDF average CoV (CoVepr)
is 14%, with a range of 11% to 18%. Note the Acpr was assumed to be 1.0 for live load
calibrations in this project. The rating factor can be modified based on calculated Apr in the
future.

This study assumed a calibrated finite element analysis (FEM) can be used for platoon
rating, with a calculated GDF being used to represent actual GDFs and with CoVgpr = 0.08. This
assumption is based on Sivakumar et al. (2011) and Ghosn (2019). A normal probability

distribution was assumed for the GDF according to Ghosn (2019).

Table 7.2 Comparison of Field-Measured GDF to LRFD BDS GDF (Reproduced Based on
Ghosn, 2019 and Puckett et al., 2007)

Ao =Field reults/ AASHTO GDF
Moment Shear
Bridge type Statistic |1 lane [ 2 or more lanes |1 lane | 2 or more lanes
Steel Average | 0.78 0.90 0.72 0.82
CoV 11% 14% 14% 18%
. Average | 0.78 0.90 0.77 0.88
Prestressed concrete I-girder Cov 1% 3% 1% 6%
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It should be noted that CoVepr for platoons may potentially be adjusted by accounting for
transverse truck location on the bridge determined from sensors. Rigorously investigating GDF
uncertainty and its sensitivity to various structural characteristics were beyond the scope of the
present project.

The general framework for determining CoVepr and Acpr is proposed in Figure 7.5. The
trucking company specifies platoon truck configurations, the number of trucks, gross truck
weights, and headways. In the absence of field tests and calibrated models, there are two typical
scenarios for determining the CoVeprand Acpr. Option 1 is to directly adopt both CoVgprand
Acpr as presented in Table 7.2 from Puckett et al. (2007). For Option 2, it is also possible for the
rating engineer to use an uncalibrated 3D finite element model (from AASHTOWare™ or other
similar software) to determine GDF and Acpr directly, and to then adopt only CoVepr from Table
7.2. Future WIM technology might reduce the CoVepr to zero. According to Gilbert (2022), an
upcoming technology called mobile WIM places sensors on vehicles that measure the condition
of bridges as they pass over them. Smart trucks may be outfitted with image sensing such as
LiDAR or photogrammetry so that the truck's position can be known and potentially guided to
minimize critical girder structural demands. Two options exist if load testing and calibrated
models are available. If platoon transverse location on the bridge is not known, then the GDF
obtained from a calibrated FEM analysis can be directly used as the mean with a CoVspr = 0.08
from Sivakumar et al. (2011) and Ghosn (2019). The CoVspr could be reduced to zero in the
future if a platoon's transverse location is known using mobile WIM technology as discussed in

Gilbert (2022). Figure 7.5 illustrates how CoVpr is determined based on the availability of
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calibrated analytical models, field tests, and the future mobile WIM technology. The determined

CoVpr can then be used in Equations 7.1 through 7.3 to determine the total Col for platoons.

Specify girder bridge type
(steel or prestressed
concrete)

|

) Determine GDF by
NO (option 2) | s ASHTOware FEM and Lo
adopt CoVp for GDFs scenarios

from Puckett et al. (2007)

NO (option 1)

Adopt Agpr and CoVgpp for
GDFs from Puckett et al. (2007)

Calibrated models
from field tests

Use the calculated GDF and
adopt CoVgpr=0.08 based
on Sivakumar et al. (2011)
and Ghosn (2019)

Platoon's transverse location is

known by mobile WIM Future

scenarios

Use the calculated GDF and
potential CoVgpp of 0

Figure 7.5 Girder Distribution Factor Uncertainty Framework

7.6 Sensitivity Analysis for Platoon Uncertainty

Table 7.3 presents results for various combinations of CoVz, CoVium, pum, and CoVepr
used in Equations 7.1 through 7.3 to evaluate sensitivity of total platoon LL CoV. For the first
scenario, um was assumed to be 0.10 and Co Vs = 0.80 without resonance based on Nowak
(1999) and Kulicki et al. (2007), and CoVspr= 0.12 from Kulicki et al. (2007). The 4, B, and
CoV1 gpr+v were then determined using Equations 7.1 through 7.3 For this scenario, the total
CoVi epr+mt =0.19. CoVy, CoVi and CoVepr were then independently set to zero to investigate
their effects on total CoV: Gpr+m. For example, CoVi gpr+m would reduce to 0.17 if CoViy was
zero. However, if either CoV;, or CoVepr equaled zero, CoVy Gpr+m would reduce to 0.14,

which indicated that ColV; and CoVepr are more influential on total CoVi Gpr+m than CoViy.
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There was no discernable difference between effects of Col; and CoVepr on total CoVy Gpr+m

(Table 7.2).

Table 7.3 Sensitivity Analysis for Different Terms in Determining Platoon Uncertainty

Him CoV, | CoViy | CoVepr A B CoVy Gprrm
0.10 0.12 0.80 0.12 0.03 0.66 0.19
0.10 0.00 0.80 0.12 0.01 0.65 0.14
0.10 0.12 0.00 0.12 0.03 0.00 0.17
0.10 0.12 0.80 0.00 0.01 0.65 0.14
0.10 0.00 0.00 0.12 0.01 0.00 0.12
0.10 0.12 0.00 0.00 0.01 0.00 0.12
0.10 0.00 0.80 0.00 0.00 0.64 0.07
0.10 0.00 0.00 0.00 0.00 0.00 0.00
7.7 Summary

A framework for aggregating LL uncertainties based on truck weight, dynamic
amplification, and girder distribution factor was presented. Using the proposed framework,
calibrated LL factors may be determined for different CoVs for strength and service. The
proposed framework is preliminary and will need to be refined in future research as the
availability of WIM data increases and complexity associated with evaluating platoon dynamic
allowances and girder distribution factors from field data is addressed. A sensitivity analysis was
conducted to evaluate the effects of truck weight, dynamic amplification, and girder distribution
factor uncertainties on total platoon uncertainty. Results indicate that uncertainties associated
with truck weight and girder distribution factors effects on total platoon Col are appreciable and
identical, while those associated with dynamic amplification are less influential on total platoon

CoV.
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Chapter 8 Illustrative Examples for Platoon Evaluation

8.1 Overview

This chapter presents four representative steel and prestressed concrete girder bridges
from the Nebraska inventory and load rated for strength and service limit states. Evaluations
generally followed the LRFR procedure according to the MBE (2018). Calibrated strength and
service LL factors were implemented from Table 2.2, Table 5.9, and Table 5.10. Additionally,
this chapter discusses the influence of platoons on fatigue at steel bridge welded cross-frame
connection plates and shear studs. A cumulative fatigue damage assessment was conducted for a
platoon with 5-ft and 50-ft headways and compared to an AASHTO fatigue truck. Detailed
computations for the examples are provided in Appendices C through F.

8.2 Prestressed Concrete Simple-Span Bridge (S080 41653)

Bridge S080 41653 is a 130-ft simple-span, prestressed multi-girder bridge at the I-80 4S
Greenwood Interchange in Greenwood, Nebraska (Figure 8.1). The bridge was constructed in
2009 and has three design lanes, and the average daily traffic is 49,240. The rating code in NBI
(2022) indicates that the rating method is LRFR.

The example illustrates design and platoon ratings of an interior prestressed concrete
girder at midspan (@ 0.5L) for positive moment, at the first critical shear section, and at a
location where vertical shear reinforcement spacings change. Elastic gains from dead and live
loads were considered. The analysis was based on the gross section properties. Shear resistance
was calculated using the simplified and general modified compression field theory (MCFT).
Prestress losses were calculated using refined estimates described in LRFD BDS Article 5.9.3.4.

HL-93 design and platoon rating factors were computed for Strength I and Service III.
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The bridge was rated for Service I, treating the platoon as a permit load case according to
the MBE. A brief description of the bridge and resulting ratings are provided below, and

Appendix C provides detailed computations.

Figure 8.1 Prestressed Concrete Simple-Span Bridge (S080 41653) (Google Map, 2023)

8.2.1 Bridge Details

The bridge has a 10-degree skew, as shown in Figure 8.2, which was ignored. It is
comprised of six NU-1600 girders spaced at 11 ft (Figure 8.3). The average deck thickness is 8
in., and overhangs are 3 ft-10 in. (Figure 8.3). The haunch thickness between the girder's top and
the slab's bottom is 1 in. (Figure 8.3). Final and initial girder concrete strengths were 9.5 ksi and

7.5 ksi, respectively. The deck design strength is 4 ksi.
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Figure 8.2 Bridge Plan View for S080 41653 (AASHTOWare™ BrR, 2023)

528"

500"

.—Deck Thickness 8" ]
Travelway 1

| *Haunch Th. 1" | *Haunch Th. 1" | :Haunch Th. 1" | “Haunch Th. 1" | “Haunch Th. 1" | :Hdunch Th 1"

NU 600 NU1600 NU1500 NU1600 NU1600 NU 600
3 10 5@11'-0" = 55'-0" 3 10"

Figure 8.3 Bridge Cross Section for S080 41653 (AASHTOWare™ BrR, 2023)
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Grade 270 0.6-in low-relaxation strands having a modulus of elasticity of 28,500 ksi were

used. The initial stress at transfer (f,;) was assumed to be 0.75, the ultimate tensile strength (f.)

and 52 strands were used, with the strands in 5 layers (Figure 8.4). Bottom concrete cover was 2

in., and distance between prestressing layers was 2 in. Ten strands were harped 52.4 ft from the

ends (Figure 8.4). The allowable tensile stress was set to 0.19y/ /", (ksi). Participation of mild

reinforcing steel in girder cross-sectional resistance was ignored.

Strand configuration type V| Symmetry
Straight/Debonded
Harped

®) Harped and straight debonded

®) Mid span
Harp point locations
Left end
. Harp | Distance | Radius
Right end point | (f) (in)
. Left 52.40 | 0.0000
| Right 5240 0.0000

Figure 8.4 Bridge Girder Details for SO80 41653 (AASHTOWare™ BrR, 2023)
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Wire fabric (70 ksi) was used as shear reinforcement, and the BrR does not readily
support this. In BrR and the example computations, shear reinforcement was modeled using 3.1
legs. Similarly, 1.80 legs were used for other locations. Vertical shear reinforcement details and

spacings are shown below (Figure 8.5).

‘ o Start Distance » 'Sgacing. o
‘ Vertical Horizontal

‘ Ex.tends .Start | Number of | Spacing | Length ' .End |
Name into distance . distance
deck ) spaces (in) (ft) ()

» D31 v 0.00 9 2.0000 1.50 1.50
D18 - 1.50 21 4.0000 7.00 8.50
D18 v 8.50 19 8.0000 12.67 21.17
D18 v 21.17 44 12.0000 44.00 65.17
D18 v 65.17 1 8.0000 0.67 65.83
D18 v 65.83 44 12.0000 44.00 109.83
D18 v 109.83 19 8.0000 12.67 122.50
D18 v 122.50 21 4.0000 7.00 129.50
D31 v 129.50 8 2.0000 1.33 130.83

Figure 8.5 Vertical Shear Reinforcement Ranges (AASHTOWare™ BrR, 2023)

8.2.2 Vehicle Details

HL-93 loading, assuming multiple-lanes loaded, was used to determine the GDF based on
LRFD BDS Table 4.6.2.2.2b-1 for Strength I moment and shear. According to the LRFD BDS
Article 3.6.2.3, the dynamic load allowance for HL-93 is 33%. The same load model was used

for the Service III inventory rating.
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The platoon rating was based on a single-lane loaded four-truck (legal load platoon) at a
5-ft headway with routine traffic in the adjacent lane. An upper bound CoV of 0.20 was used.
One hundred platoons per day were assumed, and the ADTT for adjacent lanes was 5000. The
platoon truck was based on the NRL, see Figure 3.1. The dynamic allowance, IM, was assumed
to be 0.33 based on MBE permit load rating. The platoon rating used a single-lane loaded GDF
from LRFD BDS Table 4.6.2.2.2b-1 and removed the 1.20 multiple presence factor.

As the strength and service calibrated LL factors for single-lane loaded platoons with
routine traffic in the adjacent lane have been implicitly considered ADTT of adjacent lane traffic
and platoon crossing per day during calibration, the LL effects of adjacent lane traffic have not
been considered separately. The details of the characteristics of adjacent traffic are provided in
Steelman et al. (2021).

8.2.3 Moment and Shear Rating Check Locations

Design and platoon ratings were for an interior girder at 0.5L span (65 ft to the centerline
of support) for positive moment, at the first critical shear section (5.87 ft to centerline of
support), and at one a change in shear reinforcement spacing (8 ft to centerline of support) (see
Figure 8.6). The first critical shear point was determined based on the effective shear depth (d,)
per LRED BDS Atrticle 5.7.2.8, plus the distance from the face of the support to the centerline of
the bearing (6 in). A second point of interest where shear reinforcement spacing changed from 4

to 8 in. was also provided (8.5 ft from the beam end) (Figure 8.5).
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+Moment rating

Figure 8.6 Moment and Shear Rating Check Locations

8.2.4 Moment and Shear Rating Check Results

Strength I moment, shear, and Service III moment load factors for design rating were
taken from MBE Table 6A.4.2.2-1. For platoons, Strength I moment and shear LL factors (target
S =2.5) were obtained from Table 2.2 (Steelman et al., 2021). Service IIl moment LL factors
(target S = -0.6) for platoons were based on Table 5.9. MBE Article 6A.5.4.2.2b specifies
Service I limit state for the permit rating that prestressing steel closest to the extreme tension
fiber of the member should not exceed 0.90 of its yield stress. MBE C6A.5.4.2.2b states an
alternative method for checking Service I that limits unfactored moments to 75% of the nominal
flexural capacity. This rating example used this alternative method, which limits the unfactored
moment, to rate platoons for Service I.

As shown in Table 8.1, Service III governed the platoon rating, and shear rating factors
for the two checked locations were similar. Table 8.2 shows that all rating factors exceed 1.0,
indicating that this bridge can accommodate the design loads and a four-truck (legal load

platoon) at a 5-ft headway with traffic in the adjacent lane. See Appendix C for details.
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Table 8.1 Rating Factors for Different Limit States

Limit state Design load rating Platoon load rating
Inventory | Operating| (Strength I f .0, = 2.5 and Service Il £ 40 = -0.6)
Strength I for Design and platoon load rating
Flexure (at midspan) 1.656 2.146 2.088
Shear at (5.87 ft to the centerline of support) 1.354 1.755 1.403
Shear at (8 ft to the centerline of support) 1.377 1.785 1.443
Service 111
Flexure (at midspan) 1.427 1.062
Service I
Flexure (at midspan) Stress ratio = 1.177

8.3 Prestressed Concrete Continuous Span Bridge

Bridge S080 41465 is a 170-ft (42.5°-85°-42.5") three-span, prestressed multi-girder
bridge at the I-80 SN Waverly Interchange in Waverly, Nebraska (Figure 8.7). According to the
National Bridge Inventory (NBI) (2022), the bridge was constructed in 2009 with three design
lanes, and the average daily traffic is 49,240. The rating code in NBI (2022) indicates that the
rating is LRFR.

The example illustrates the design and platoon ratings of an interior prestressed concrete
girder at 0.5L of the interior span for positive moment, at the interior support for negative
moment, at the first critical shear section, and one of the changes in vertical shear reinforcement
spacing. For this example, the interior span was used. The bridge was simple-span for dead load
and made continuous for live load. The elastic gains from dead and live loads were considered
when calculating prestress loss. The analysis was based on the gross section properties. The
shear resistance was calculated using the simplified and general MCFT methods. Prestress losses
were calculated using the refined estimates described in LRFD BDS Article 5.9.3.4. Strength I
and Service III rating factors for HL-93 inventory and platoon loads were computed. Considering

the platoon as a future permit truck, the Service I rating was performed as the permit rating in
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MBE (2018). A brief overview of the bridge and resulting ratings is provided below. Appendix

D provides the details.

Figure 8.7 Prestressed Concrete Continuous Span Bridge (S080 41465) (Google Map, 2023)

8.3.1 Bridge Details

The bridge has no skew (Figure 8.8). It is comprised of six NU-900 girders spaced at 11
ft (Figure 8.9). The average deck thickness is 8 in., and the overhangs are 3 ft-10 in (Figure 8.9).
The haunch thickness is 1 in. (Figure 8.9). Final and initial concrete strengths for the girder are 9

ksi and 7 ksi, respectively. The concrete design strength for the deck is 4 ksi.
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Figure 8.8 Bridge Plan View for S080 41465 (AASHTOWare™ BrR, 2023)
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Figure 8.9 Bridge Cross Section for S080 41465 (AASHTOWare™ BrR, 2023)

Grade 270 0.6-in low-relaxation strands having a modulus of elasticity of 28,500 ksi were
used. The initial stress at transfer (f,;) was assumed to be 0.75 of the ultimate tensile strength
(fpu), and 38 strands were used, with the strands in three layers (Figure 8.10). The bottom
concrete cover was 2 in., and the distance between prestressing layers was 2 in. Six strands were

harped 33.73 ft from the ends (Figure 8.10). The non-prestressed reinforcement in the beam was
considered for the negative moment region. The allowable tensile was set to 0.19y/ 1" (ksi).

Participation of mild reinforcing steel in girder cross-sectional resistance was ignored.
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Figure 8.10 Bridge Girder Details for SO80 41465 (AASHTOWare™ BrR, 2023)

Shear was checked at two locations. Welded wire fabric (WWF) (70 ksi) was used. At the
support ends, the WWF was modeled with 2.8 legs (#4 bars); this was to use BrR that does not

directly model WWF. 1.80 legs (#4 bars) were used for other locations (Figure 8.11).
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D18 - 65.50 48 4.0000 16.00 81.50
D28 v 81.50 16 2.0000 2.67 84.17

Figure 8.11 Vertical Shear Reinforcement Ranges (AASHTOWare™ BrR, 2023)

8.3.2 Vehicle Details

The HL-93 was used for inventory ratings. The combination includes 90% of the effect of
two design trucks having a 14-ft spacing between the 32-kip axles and a minimum headway of
50 ft between the trucks, which were spaced to create maximum loading effects plus 90% of the
design lane load.

Platoon characteristics were described previously. Critical negative moments may occur
for continuous-span bridges when adjacent spans are loaded. Accordingly, platoons with a 5-ft
headway may not result in this example's critical negative moment rating factors, as this example
was intended to demonstrate the use of LL factors for platoon permits. The rating engineers can

use AASHTOWareTM BrR to evaluate critical LL effects for platoons on a particular bridge.
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8.3.3 Moment and Shear Rating Check Locations

Design and platoon ratings were for an interior prestressed concrete girder at 0.5L of
interior span (85 ft to the centerline of the left beam end support) for positive moment, at the
interior support for negative moment, at the first critical shear section (3.93 ft to the centerline of
the left interior support), and at one of the changes in vertical shear reinforcement spacing (18.33
ft to the centerline of the left interior support) (Figure 8.12). At the negative moment section, the
compression face was the bottom flange. The non-prestressed reinforced concrete section was
used when evaluating the interior support negative moment resistance. For example, a shear
rating was provided where the spacing changed from 4 to 8 in. (18.33 ft to the centerline of the

left interior support) (Figure 8.11). The procedure for checking shear at other locations is similar.

18.33'
Shear rating
3.03"
Shear rating ,H/ -Moment rating
|| | |
| | | | ;I
l, 85’ } +Moment rating

Figure 8.12 Moment and Shear Rating Check Locations
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8.3.4 Moment and Shear Rating Check Results

The design and platoon load factors were the same as above. Table 8.2 provides the
rating factors for different limit states where all the rating factors were greater than 1.0 for a
single-lane loaded four-truck platoon (legal-load platoon) with 5-ft headways mixed with traffic

in adjacent lanes.

Table 8.2 Rating Factors for Different Limit States

- Design load rating | Platoon load rating
Limit state . .
Inventory Operatmgl (Strength I S ,4,0e; = 2.5 and Service 11 00, = -0.6)
Strength I for Design and platoon load rating
Flexure (at the 0.5L of the interior span) 2.562 3.321 4.474
Flexure (at interior supports) 1.922 | 2.491 2.429
Shear at (3.93 ft to the centerline of interior supports at the interior span side) 1.629 | 2.111 2.156
Shear at (18.33 ft to the centerline of interior supports at the interior span side) | 1.500 1.944 2.271
Service 111
Flexure (at midspan) 2.108 2.171
Service I
Flexure (at midspan) Stress ratio = 1.774

8.4 Steel Simple-Span Bridge

Bridge S080 00526 is a 100-ft simple-span, steel welded plate-girder bridge at the 1-80
3W Bushnell Interchange in Bushnell, Nebraska, constructed in 1970 (Figure 8.13). The bridge
has two design lanes (HS20) and an average daily traffic of 8,115. The bridge was later widened
by replacing existing girders and adding a new girder. The original girders were 36 ksi steel,
whereas the new girder is ASTM (2021) A709-50W.

The bridge's load factor rating is LFR. However, the LRFR rating method was used here.
Steelman et al. (2021) indicated that rating factors for LRFR and LFR differ due to LL

components, GDF, impact factors, and resistance effects. A calibrated LFR method that accounts
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for the bias of LFR GDFs relative to LRFR GDFs for different limit states is needed (Steelman et
al., 2021). It is beyond this project's scope to calibrate LL factors for LFR.

The example below illustrates an interior steel girder's design and platoon ratings at the
interior span (0.5L) for positive moment and at the beam end supports for shear. Rating factors
for the Strength I and Service II limit states were provided for HL-93 design and platoon loads.
Fatigue I and Fatigue II for the AASHTO fatigue truck and platoons with 5- or 50-ft headways
were considered to evaluate the welded cross-frame connection plate at a typical cross-frame
location. The fatigue damage ratios for a single crossing of a four-truck platoon with a 5- or 50-ft
headway and an AASHTO fatigue truck were determined. This rating example also considered
Fatigue I and Fatigue II for shear studs at the beam end, based on AASHTO fatigue truck and
platoons with a 5-ft headway. The ratings are provided below. Appendix E provides detailed

computations.

N — - - £ b e et

Figure 8.13 Steel Welded Plate Girder Simple-Span Bridge (S080 00526) (Google Map, 2023)

8.4.1 Bridge Details
The bridge is straight, as shown in Figure 8.14. It is comprised of six steel plate girders

spaced at 8 ft-2in. (Figure 8.15). The average deck thickness is 7.5 in., and overhangs are 2 ft-11
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in (Figure 8.15). The interior girder (G2) was rated, and the haunch is 1 in. (Figure 8.15). The
yield stress for this girder is 36 ksi, and the concrete strength for the deck is 4 ksi. Two types of

girder sections are used for the interior girder G2, as shown in Figure 8.16.
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Figure 8.14 Bridge Plan View for S080 00526 (AASHTOWare™ BrR, 2023)
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Figure 8.15 Bridge Cross Section for S080 00526 (AASHTOWare™ BrR, 2023)
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Figure 8.16 Bridge Girder Details for SO80 00526 (AASHTOWare™ BrR, 2023)



8.4.2 Vehicle Details

As before, HL-93 was used for the moment and shear inventory ratings for Strength I and
Service II. The platoon characteristics were the same as previously outlined.

A single-lane loaded AASHTO fatigue truck with a removed MPF = 1.2 was considered
for a Fatigue I and II check at the cross-frame location and the shear stud. As specified in LRFD
BDS Article 3.6.1.4, the IM of the fatigue truck is 15%. Fatigue I and II checks were also
conducted for a single-lane four-truck (legal-load platoon) with 5-ft headways without routine
traffic in the adjacent lane. When evaluating the platoons for fatigue, the IM for platoons of 15%
for platoons was assumed to be the same as for the AASHTO fatigue truck. When evaluating the
platoons for fatigue, the IM of 15% assumed for platoons was the same as for the AASHTO
fatigue truck. Note that a single-lane loaded four-truck platoon (legal-load platoon) with 50-ft
headways without routine traffic in the adjacent lane was also evaluated when conducting

cumulative fatigue damage assessment.

8.4.3 Fatigue Damage Assessment

As discussed in Section 2.6, a linear accumulative fatigue damage model by Deng and
Yan (2018) was used. Cumulative fatigue damage for evaluating the AASHTO fatigue truck and
platoons at 5- or 50-ft headways was determined using Equation 2.9. 4 from Equation 2.9 was
determined to be 440,000,000 based on LRFD BDS Table 6.6.1.2.3-1 categories for welded
cross-frame connection plates. ENSC in Equation 2.9 for the AASHTO fatigue truck was taken
from LRFD BDS Table 6.6.1.2.5-2. An analysis was conducted at cross-frame locations to

determine ENSC in Equation 2.6. The number of platoon crossings per day was assumed to be
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100 for 75 years. Cumulative fatigue damage (CFD) assessment results are presented in Table
8.3. A CFD of unity indicates 100% utilization or no more service life. The damage ratio was
relatively low (0.14 for scenario “a” in Table 8.3), indicating that welded cross-frame
connection plates were fine for fatigue.

For one platoon crossing at a 5-ft headway, the damage ratio was 10.759, indicating that a
platoon at a 5-ft headway equaled around 11 crossings of an AASHTO fatigue truck (Table 8.3).
If platoon headways increased to 50 ft, the damage ratio reduced to 2.368. As expected,

increasing headways for the platoon on simple-span bridges could reduce fatigue damage.

Table 8.3 Cumulative Fatigue Damage Assessment

Notation Scenarios A ENSC| Num CFD
a Platoon with 5 ft headways for 75 Years  |440000000] 1.000 [2737500(0.140000000
b Platoon with 50 ft headways for 75 Years |440000000( 1.044 [2737500(0.031000000
c Platoon with 5 ft headways for one crossing |440000000| 1.000 1 0.000000051
d Platoon with 50 ft headwaysfor one crossing |440000000| 1.044 1 0.000000011
e AASHTO fatigue truck for one crossing  |{440000000| 1.000 1 0.000000005

Note: fatigue damage ratio (c/e) = 10.759; fatigue damage ratio (d/e) = 2.368; fatigue damage
ratio (c/d) = 4.548

Stawska et al. (2022) used the damage ratio to establish a permit vehicle fee model. Their
study assumed bridge life was based on cumulative fatigue damage from 75 years of AASHTO
fatigue truck crossings. They suggested that it is possible that damage ratios for platoons at
different headways could also be used to establish platoon permit fees.

8.4.4 Moment and Shear Rating Check Locations
Design and platoon ratings were calculated for positive moment for an interior steel

welded plate girder at 0.5L span (50’ from the centerline of support), and for shear at the beam
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end support and four ft from the beam end support (Figure 8.17). The maximum transverse
stiffener spacing was four ft, starting at four ft to the end of the beam (Figure 8.16), which was
used to conduct interior panel shear rating (Figure 8.17). This example also includes the shear
stud fatigue check (Figure 8.17). A welded cross-frame connection plate fatigue at the 41 ft to

the end beam support (Figure 8.16 and Figure 8.17) is also included.

4 Shear rating

Shear rating & Shear stud ~ Welded cross-frame
fatigue connection plate fatigue
|
| | | I
|

41' |

50"

} +Moment rating

Figure 8.17 Moment and Shear Rating Check Locations

8.4.5 Moment and Shear Rating Check Results

The HL-93 was used for Strength I and Service II rating based on MBE Table 6A.4.2.2-1.
The platoon's Strength I moment and shear load factors (target B = 2.5) were based on Table 2.2
reproduced from Steelman et al. (2021). The Service Il moment load factors (target § = 1.6) for
the platoon were based on Table 5.10 (see Table 8.4). All the Strength I and Service II rating
factors were greater than 1.0 for operating loads and the single-lane loaded four-truck (legal-load
platoon) with 5 ft headways mixed with traffic in the adjacent lane.

The Fatigue I and Fatigue II load factors (y in Equation 2.3) for AASHTO fatigue truck

and platoon ratings were based on MBE Table 6A.4.2.2-1. The Fatigue I and Fatigue II | rating
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factors were calculated based on capacity over demand. The capacity is the (4F)n in Equation
2.3. The demand is the y in Equation 2.3 times the LL stress range (Afpiwon). Fatigue I rating
factors for design and platoon loads were all greater than 1.0, see Table 8.5. As a result, the
Fatigue I checks of the welded cross-frame connection plate for the design and platoon loads
were satisfactory. Therefore, Fatigue II checks for design and platoon loads were not performed
at this location.

The Fatigue I and Fatigue II shear stud checks were performed for the AASHTO fatigue
truck and platoon loads at the end beam support according to LRFD BDS Article 6.10.10. The
shear stud rating factor was calculated based on LRFD BDS Equation 6.10.10.1.2-1 over the
actual pitch (see Table 8.6). According to Table 8.6, the shear stud Fatigue I check for a four-
truck platoon with 5-ft headway had a rating factor of 0.819, less than 1.0. This result was due to
the relatively high shear forces near the beam ends for the platoon. Assuming the platoon had
100 crossings per day for 75 years, the Fatigue II shear stud check passed as the rating factor

increased to 1.034. Increasing the platoon headways can satisfy the Fatigue I shear stud check.

Table 8.4 Rating Factors for Strength and Service Limit States

Limit state Design load rating Platoon load rating
Inventory| Operating| (Strength I f,,,.,, = 2.5 and Service I1 £ 15,0, = 1.6)
Strength I for design and platoon load rating
Flexure (at midspan) 1.278 1.656 1.728
Shear (at end) 2.159 2.799 2.386
Shear (at 4 f) 1.990 | 2.580 2.242
Service 11
Flexure (at midspan) 1.842 2.395 1.558
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Table 8.5 Rating Factors for Fatigue Limit States for Welded Cross-frame Connection Plate

Four-truck Platoons

Limit state AASHTO Fatigue Truck i
el (5-ft NRL 100 crossings per day)

Fatigue I welded cross-frame connection plate
Stress (at 41 ft) 2.488 1.127

Fatigue II welded cross-frame connection plate
Stress (at 41 f)

Table 8.6 Rating Factors for Fatigue Limit States for Shear Stud

- . Four-truck Platoons
Limit state AASHTO Fatigue Truck (5-ft NRL 100 crossings per day)
Fatigue I shear stud
Shear (at end) 1.773 0.819
Fatigue Il shear stud
Shear (at end) 1.034

8.5 Steel Continuous Span Bridge

Bridge S080 40375 is a 220-ft (60°-100°-60) three-span, steel rolled beam bridge at the
[-80 2W US77 Interchange in Davey, Nebraska (Figure 8.18) constructed in 1960. The bridge
has three design lanes (HS25), and the average daily traffic is 48,015. It was widened twice, the
first time in 1992 by replacing 1960 girders with ASTM (2021) A709 50 ksi weathering steel
rolled beams and a 3.5 ksi slab. During the second widening in 2005, two more girders were
added, and the slab strength was increased to 4.0 ksi. The design trucks for these two widenings
were HS25. The rating method was load factor rating (LFR). However, the LRFR rating method
was used as before for this rating example. The negative moment region design was considered
noncomposite, so the deck was assumed to be ineffective at carrying tension for Service II. As a

result, the section modulus would be a steel section only for Service II.
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Design and platoon ratings for an interior steel girder at 0.5L of the interior span and 0.4L
from abutments at end spans for positive moment, at the interior supports for negative moment,
and at the beam end supports for shear. Rating factors for the Strength I and Service II limit
states were provided for HL-93 design and platoon loads. Fatigue I and Fatigue II for AASHTO
fatigue truck and platoons with 5- or 50-ft headways were considered to evaluate a welded cross-
frame connection plate at one cross-frame location. The fatigue damage ratio for a single
crossing of a four-truck platoon with a 5- or 50-ft headway and an AASHTO fatigue truck was
determined. Fatigue I and Fatigue II were considered for shear studs at the beam end, based on

AASHTO fatigue truck and platoons with 5- ft headways. Appendix F provides computation.

Figure 8.18 Steel Rolled Beam Three-Span Bridge (S080 40375) (Google Map, 2023)

8.5.1 Bridge Details

The bridge has a 15-degree skew, as shown in Figure 8.19, which was ignored in the
example. It is comprised of seven steel girders (Figure 8.20). Girder spacing between G1 and G2
and G2 and G3 is 9 ft, while spacing for other girders is 9 ft -10 in. (Figure 8.20). The average
deck thickness is 8 in. (Figure 8.20). The left and right overhangs are 2 {t-8 in. and 2 ft-6 in.,
respectively (Figure 8.20). This rating example used the interior girder (G4) with 9 ft -10 in.

girder spacing (Figure 8.20). The yield stress for this girder is 50 ksi, and the deck concrete
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design strength is 4 ksi. Two types of girder sections are used for the G4, as shown in Figure
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Figure 8.19 Bridge Plan View for S080 40375 (AASHTOWare™ BrR, 2023)
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Figure 8.20 Bridge Cross Section for S080 40375 (AASHTOWare™ BrR, 2023)
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Figure 8.21 Bridge Girder Details for SO80 40375 (AASHTOWare™ BrR, 2023)



8.5.2 Vehicle Details

HL-93 was used for Strength I and Service Il inventory ratings. Platoon characteristics
were considered the same as before.
8.5.3 Fatigue Damage Assessment

As discussed in Section 8.4.3, the linear accumulative fatigue damage model by Deng
and Yan (2018) was used, see Table 8.7. The cumulative fatigue damage caused by a platoon
traveling at 5- or 50-ft headway with a 100 crossing per day for 75 years was relatively low
(0.388 for scenario “a” in Table 8.7.

For one crossing platoon with a 5-ft headway, the fatigue damage ratio was 8.200, which
indicated that a running platoon with a 5-ft headway was equal to running around eight crossings
for an AASHTO fatigue truck (Table 8.7). If platoon headway increased to 50 ft, the damage
ratio relative to the AASHTO fatigue truck was reduced to 2.379 (Table 8.7). Table 8.3 and
Table 8.7 demonstrate the damage ratios and cumulative fatigue. Because fatigue damage varied
based on the characteristics of the bridge and the platoon, additional research should be
prioritized in a future parametric study to understand better fatigue damage caused by platoons

on steel bridges demonstrating a variety of CAFLs.

Table 8.7 Cumulative Fatigue Damage Assessment

Notation Scenarios A ENSC| Num CFD
a Platoon with 5 ft headways for 75 Years |440000000( 1.000 [ 2737500| 0.388000000
b Platoon with 50 ft headways for 75 Years |440000000( 1.037 [ 2737500| 0.113000000
c Platoon with 5 ft headways for one crossing |440000000| 1.000 1 0.000000142
d Platoon with 50 ft headwaysfor one crossing |440000000( 1.037 1 0.000000041
e AASHTO fatigue truck for one crossing [440000000| 1.000 1 0.000000017

Note: fatigue damage ratio (c/e) = 8.200; fatigue damage ratio (d/e) = 2.379; fatigue damage
ratio (c/d) = 3.447.
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8.5.4 Moment and Shear Rating Check Locations

Typical locations for positive and negative moments, and shear were used (Figure 8.22).
The shear stud fatigue check at the end beam support was checked (Figure 8.22). Also, this
example investigated a welded cross-frame connection plate fatigue at 52.6 ft from the left

interior support (Figure 8.21 and Figure 8.22).

Welded cross-frame
connection plate fatigue

J2.6'

Shear rating &

Shear stud fatigue Shear rating -Moment rating

+Moment rating

110 |
I

Figure 8.22 Moment and Shear Rating Check Locations

8.5.5 Moment and Shear Rating Check Results

The rating factors are provided in Table 8.8. In Table 8.8, the Service Il moment rating
for the negative moment region was more critical than the Service II moment rating for the
positive moment region. This was due to the conservative assumption that the section modulus
was only steel for the negative moment region. As shown in Table 8.8, all the Strength I and
Service Il rating factors were greater than 1.0. This bridge was safe for operating design loads
and the single-lane loaded four-truck (legal-load platoon) with 5-ft headways mixed with traffic

in the adjacent lane.
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The Fatigue I rating factor was 1.618 (satisfactory) for the design loads of a welded
cross-frame connection plate at 52.6 ft to the left interior support (Table 8.9). However, the
Fatigue I rating factor for the platoon was smaller than 1.0 (not satisfactory), see Table 8.9.
Therefore, the Fatigue II check for the platoon was performed. The Fatigue II rating factor for
platoons was greater than 1.0 (satisfactory), see Table 8.9.

Using the same details as above, Table 8.10 shows the shear stud Fatigue I rating for a
four-truck platoon with 5-ft headway was 1.324, greater than 1.0. Therefore, the Fatigue II shear

stud checks for AASHTO fatigue truck and platoons were not performed.

Table 8.8 Rating Factors for Strength and Service Limit States

o Design load rating Platoon load rating
Limit state - .
Inventory | Operating| (StrengthI S .., =2.5 and Service Il £ 0., = 1.6)
Strength I for design and platoon load rating
Flexure (at 0.4L of the end span) 3.191 4.137 5.860
Flexure (at 0.5L of'the interior span) 2.062 2.672 3.243
Flexure (at the interior support) 1.507 1.953 1.864
Shear (at the interior support) 4.427 5.739 6.861
Shear (at the interior support of the interior span side) 3.436 4.454 3.947
Service 11

Flexure (at 0.4L of the end span) 3.444 4.477 3.956
Flexure (at 0.5L of the interior span) 2.125 2.763 2.091
Flexure (at the interior support) 2.076 2.699 1.607

Table 8.9 Rating Factors for Fatigue Limit States for Welded Cross-frame Connection Plate

Four-truck Platoons

Limit stat AASHTO Fatigue Truck .
it state abighe Lrue (5-ft NRL 100 crossings

Fatigue I welded cross-frame connection plate

Stress (at 52.6 ft to the left interior support ) 1.618 0.802
Fatigue II welded cross-frame connection plate
Stress (aat 52.6 ft to the left interior support ) 1.713
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Table 8.10 Rating Factors for Fatigue Limit States for Shear Stud

- . Four-truck Platoons
Limit state AASHTO Fatigue Truck (5-ft NRL 100 crossings per day)
Fatigue I shear stud
Shear (at the beam end support) 2.134 1.324
Fatigue II shear stud
Shear (at the beam end support)

8.6 Summary

This chapter presented rating examples for four typical steel and prestressed concrete
girder bridges from the Nebraska inventory. These examples demonstrated how to conduct
ratings for design and platoon loads. All calculated strength and service ratings were greater than
1.0.

This chapter also evaluated fatigue of steel bridge shear studs and welded cross-frame
connection plates. These rating factors were greater than unity. A preliminary assessment of
cumulative fatigue damage was conducted for a 5-ft and 50-ft headways platoon and an
AASHTO fatigue truck. The cumulative fatigue damage caused by a platoon at 100 crossings per
day over 75 years was relatively low. Additional research is needed to assess the extent to which
this finding may be generalizable to a broad population of steel bridges containing various

fatigue details at different locations.
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Chapter 9 Cracking Reliability and Probability for Prestressed Girder Bridges

9.1 Overview

Based on the reliability analysis procedure presented in Section 3.4 for Service III,
implicit reliability indices (Bimpiici) were determined in Section 4.3.2. When finpiicic Was negative,
optimally designed bridges for service were more than 50% likely to violate tensile stress limits
under current design live loads at some point during their service lives. However, exceeding the
service limit did not necessarily mean bridges experience flexural cracking in their
precompressed tensile zones. As a result, it was of interest to investigate cracking reliability,
Pcracking, against mechanical cracking limits provided by code-compliant bridge designs. fcracking
and cracking probabilities for bridge design scenarios from Table 3.1 were determined. Three
assumed nominal moduli of rupture were considered. Relationships between assumed nominal
moduli of rupture and cracking reliability and probability were also established and presented.

9.2 Service III Cracking Reliability and Probability Results

Figure 9.1a presents PDFs estimating the likelihood of cracking at f; (keve = 0.24) for a
120 ft simple-span bridge designed using Post-1.0-Gains. The bridge was assumed to be
designed with f; (x = 0.0948). The corresponding cracking reliability was +0.08, with the shaded
area in Figure 9.1b representing cracking cases and results indicated that about 47 out of 100

120-ft simple-span bridges were expected to crack during their service lives.
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Figure 9.1 Probability Density Functions for evaluating cracking at f- (x = 0.24) for 120-ft
Simple-Span Bridges Designed by using Post-1.0-Gains

To further evaluate fcracking, bridges designed using a typical f; (k = 0.0948) were

evaluated over a range of f; (x). Nominal moduli of rupture were assumed equal to ¢.24./7",
0.30. /7" »and o.37. /7 to examine the effect of cracking strength on cracking probability

variations.

Figure 9.2 presents cracking reliability indices and corresponding cracking probabilities
for Post-1.0-Gains, Post-0.8-No-gains, and Approx-0.8-No-gains methods. Figure 9.2a shows
Pcracking values for simple-span bridges designed using different loss methods with f; (x = 0.0948)
and evaluated for f (« = 0.24). Consider a 60-ft simple-span bridge designed using Post-1.0-
Gains as an example. fcracking for this case equaled 0.52 as indicated by the leftmost purple bar in
Figure 9.2a. This result implied that 30 out of 100 optimally designed bridges for Service III
were expected to crack during their service lives. As span length increased from 60 to 150 ft,

Lcracking decreased from 0.52 to -0.02 due to increasing dead-to-live ratios. However, for bridges
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designed using Post-0.8-No-gains and Approx-0.8-No-gains, Pcracking Slightly increased as span
length increased. Figure 9.2b shows that cracking probability (shaded to distinguish from the
reliability index) was generally less than or equal to 50% for all three methods. Increasing
nominal £, (k = 0.24) to f, (x = 0.30) increased Bcracking by about 0.30 on average (Figure 9.2a and
Figure 9.2¢), with cracking probabilities being reduced by about 11% (Figure 9.2b and Figure
9.2d). Increasing nominal /- (x = 0.30) to £ (x = 0.37), Bcracking increased by about 0.32 on
average (Figure 9.2¢ and Figure 9.2¢). Changing nominal f. (x = 0.24) to £ (x = 0.37) increased
reliability indices by an average of 0.62 and decreased cracking probabilities by an average of
20%.

Figure 9.3a shows ficracking Values for simple-span bridges designed using Post-0.8-Gains
and Approx-0.8-Gains with f; (x = 0.0948) and evaluated using f; (k = 0.24). Bcracking Was always
negative in Figure 9.3a, and cracking probabilities were close for bridges designed using Post-
0.8-Gains and Approx-0.8-Gains. Increasing nominal £ (x = 0.24) to f (x = 0.37) increased
reliability indices by an average of 0.68, with cracking probabilities decreasing by an average of
26%.

Figure 9.4a shows ficracking values for simple-span bridges designed using Pre-1.0-No-
gains with f; (k = 0.0948) and evaluated using f- («x = 0.24) to f- (x = 0.37). Bcracking Was always
positive in Figure 9.4a, and was generally higher than fcracking for the same nominal f- in Figure
9.2 and Figure 9.3. The maximum Scracking Was 1.29 for 90-ft simple-span bridges, which implied
that 9 out of 100 optimally designed Service III bridges would experience cracking during their

service life (Figure 9.4). Increasing nominal £, (x = 0.24) to £ (x = 0.37) increased reliability
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indices by an average of 0.61, with cracking probabilities decreasing by an average of 16%

(Figure 9.4).
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Increasing nominal f; (k = 0.24) to f, (x = 0.30) increased fcracking by an average of 0.31,
with cracking probabilities decreasing by an average of 11% (Figure 9.2, Figure 9.3, and Figure
9.4). Changing the nominal f. (x = 0.24) to £ (x = 0.37) increased the reliability index by an
average of 0.64, with cracking probabilities decreasing by an average of 22%. Given that linear
changes in reliabilities and cracking probabilities as a function of nominal rupture moduli were
observed for all cases, the fcracking and cracking probability can be preliminarily estimated based
on linear interpolation for nominal moduli of rupture between 0.24 and 0.37.

Current optimally designed Service III bridges with f; (x = 0.0948) that were subjected to
current design live loads had fcracking between -0.45 and 1.29 for the nominal moduli of rupture
range considered herein. Estimated cracking probabilities during their service lives ranged
between 10% and 67%, with highest reliabilities and lowest cracking probabilities corresponding

to upper-bound rupture moduli, which the LRFD BDS notes corresponds to small-depth samples,
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that were moist-cured before testing. These results imply that lower reliabilities and higher
cracking probabilities were likely representative of many in-service prestressed concrete bridges.
9.3 Summary

This chapter determined cracking reliability indices and probabilities for various designed
prestressed concrete bridges optimally designed for Service III. Three different nominal moduli
of rupture were considered. As nominal moduli of rupture increased, cracking probabilities
decreased. fcracking results indicated that cracking probabilities were between 10% and 67% for
code-specified service loads. This implies that optimally designed bridges may crack during their
service life, despite the expectation that cracking is avoided by using tensile stress limits less
than the modulus of rupture. Also, Scracking and cracking probabilities changed approximately
linearly as a function of nominal moduli of rupture. Derived linear relationships can be
preliminarily used to estimate the fScracking and cracking probabilities based on the nominal

moduli of rupture.
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Chapter 10 Summary and Conclusions
10.1 Summary

Platoons can operate in convoys at close headways using currently available and future
technology, thereby reducing transportation, and potentially environmental, costs associated with
shipping freight. Platoons could, however, subject bridges to greater demands than under normal
traffic conditions. Studies have widely examined platoon effects on girder bridges for strength
(Steelman et al., 2021). However, reliability-based studies examining platoon effects for service
are lacking.

This research developed a Load and Resistance Factor Rating (LRFR) methodology to
investigate service limit states using four-truck platoons loading simple- and two-span steel and
prestressed girder bridges. A parametric study established headways between platoon trucks that
would inform effective platoon operational strategies, considering different girder spacings, span
lengths and numbers, truck configurations and numbers, and adjacent lane loading scenarios.
Prestressed concrete bridges were conservatively assumed to have an optimal Service III design
capacity equal to setting the Manual for Bridge Evaluation rating factor equation to 1.0. Optimal
bridge design cases considered three prestress loss methods, two design LL factors, four
allowable tensile stress limits, with or without elastic gains. Optimal steel bridge design criteria
were defined to achieve a maximum performance ratio (demand/capacity) equal to 1.0 for
Service II and Strength 1. Monte Carlo Simulations (MCS) were used to determine target implicit
reliability indices (BImplicit) of optimally designed prestressed concrete and steel bridges under
design HL-93 loading multiple-lane loads from the Load and Resistance Factor Design (LRFD)

Bridge Design Specifications (BDS) (2020).
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Platoon truck weights were scaled by an amplification factor, o, relative to an 80-kip
GVW baseline for parametric headway combinations and CoVs to determine critical (maximum)
safe vehicle weights satisfying target BImplicit values. MCS was used to calibrate LL factors
associated with target BImplicit for Service III and Service II limit states. Calibrated LL factors
were then proposed that accounted for studied platoon-loading scenarios and LL CoVss.

Summary headway guidance was developed for service limit states to illustrate potential
safe operational strategies for varying truck weights and platoon uncertainties, with total platoon
CoV ranging between 0 and 0.2. Sensitivity analyses were completed to develop frameworks that
explicitly aggregated LL uncertainties based on truck weight and dynamic amplification. Girder
distribution factors were developed so that rating engineers could reasonably select LL factors
and corresponding headways based on their known or assumed uncertainties. Results indicated
that uncertainties associated with truck weight and girder distribution factor effects on total
platoon CoV were identical while those associated with dynamic amplification were less
significant.

Example ratings of four representative steel and prestressed concrete girder bridges from
the Nebraska inventory for strength and service were provided. The study also completed a
cursory fatigue evaluation of welded cross-frame connection plates and shear studs for the steel
bridges loaded by platoons at 5- and 50-ft headways and for an AASHTO fatigue truck.

The likelihood of exceeding Service III limits raised questions regarding appropriateness
of current LRFD BDS and MBE methods to evaluate potential frequent heavy loads, such as
those from platoons. This led to additional studies investigating fcracking for these optimally

designed prestressed concrete bridges.
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10.2 Conclusions for Prestressed Concrete Bridges

Key findings for prestressed concrete bridges are:
®  Simpiicit was approximately -0.60 (Service III) when averaged across all considered span
lengths for optimally-designed bridges designed using (Section 4.3.2):
o Post-2005 losses (LRFD BDS 5.9.3.4) with elastic gains using y. = 1.0 (Post-1.0-
Gains),
o Post-2005 losses (LRFD BDS 5.9.3.4) without elastic gains using y. = 0.8 (Post-
0.8-No-gains), and
o Approximate losses (LRFD BDS 5.9.3.3) without elastic gains using y,= 0.8
(Approx-0.8-No-gains).
o Pimpiicie was approximately -1.20 (Service III) when averaged across all considered span
lengths for optimally-designed bridges designed using (Section 4.3.2):
o Post-2005 losses (LRFD BDS 5.9.3.4) with elastic gains using y. = 0.8 (Post-0.8-
Guains), and
o Approximate losses (LRFD BDS 5.9.3.3) with elastic gains using y.= 0.8
(4pprox-0.8-Gains).
o A target of Bimpiicii = -0.60 was recommended for platoons at Service III.
®  Simpiicie 0f -0.60 and -1.20 implies 73% and 88% probability, respectively, of exceeding
the Service III limit during a bridge’s service life.
e Changes in total LL Col have negligible effects on reliability indices and calibrated LL
factors for Service III, with the influence of prestress loss uncertainty on indices being

comparable to that for live loads.
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Single-lane loaded legal-load platoons without adjacent traffic can acceptably traverse all
examined prestressed concrete bridge configurations at a target Service Il Smpiicic = -0.6
(Figure 6.3a).

Single-lane loaded legal-load platoons with adjacent traffic can acceptably traverse all
examined prestressed concrete bridge configurations at a target Service I Spiicic = -0.6
with headways of at least 15 ft (Figure 6.3a).

Platoons can operate at any headway on all examined prestressed concrete bridge
configurations at 80% of the legal load limit with adjacent routine traffic. If a platoon can
avoid traveling adjacent to routine traffic, it can potentially operate at up to 130% of the
legal load limit (Figure 6.4a).

Platoons can operate on all examined prestressed concrete bridge configurations at up to
140% of the legal load limit by controlling headways adjacent to routine traffic. If the
platoon can avoid traveling adjacent to routine traffic, it can potentially operate at up to
230% of the legal load limit (Figure 6.4a).

Bridge cracking probabilities ranged between 10% and 67% for code-specified service
loads, which indicates that optimally designed bridges may crack during their service life
despite the expectation that cracking is avoided using tensile stress limits less than the
modulus of rupture.

Pcracking and cracking probability change approximately linearly as a function of nominal
moduli of rupture (between 0.24,/ /"', and 0.37,/f" (ksi)) and can be preliminarily

estimated based on the linear relationship.
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10.3 Conclusions for Steel Bridges

Key findings of steel bridges are:

o Simpiicic was approximately 1.60 (Service II) when averaged across all considered positive
moment regions for bridges. Based on the optimally-designed steel bridges in this study,
Strength I governed over Service II in the negative moment region (note: C, was assumed
equal to 1 when proportioning optimal designs).

o A target of Simpiicic = 1.60 1s recommended for platoons at Service II (Section 4.4.2).

e Changes in total CoV of platoons would have a slight effect on reliability indices and
calibrated LL factors for Service II. Reducing the total CoV of platoons would result in
lower LL factors and more flexible headway requirements for Service II.

e Single-lane loaded legal-load platoons without adjacent traffic can acceptably traverse all
examined steel bridge configurations at a target Service Il Spiicic = 1.6 (Figure 6.3b).

e Single-lane loaded legal-load platoons with adjacent traffic can acceptably traverse all
examined steel bridge configurations at a target Service Il Srpiicic = 1.6 with headways of
at least 23 ft (Figure 6.3b).

e Platoons can operate at any headway on all examined steel bridge configurations at 70%
of the legal load limit with adjacent routine traffic. If a platoon can avoid traveling
adjacent to routine traffic, it can potentially operate at up to 140% of the legal load limit
(Figure 6.4b).

e Platoons can operate on all steel bridge configurations up to 110% of the legal load limit

by controlling headways adjacent to routine traffic. If the platoon can avoid traveling
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adjacent to routine traffic, it can potentially operate at up to 220% of the legal load limit
(Figure 6.4Db).

Single-lane loaded legal-load platoons with adjacent traffic can acceptably traverse two
selected representative steel girder bridges from the Nebraska inventory at the target
Strength [ = 2.5 and Service II Smpiici= 1.6 with headways of five ft.

For the selected representative steel simple-span bridge, Fatigue I check of a welded
cross-frame connection plate and Fatigue II check of the shear stud for single-lane loaded
legal-load platoons (five-ft headways) without adjacent traffic are satisfactory. Operating
this platoon on this bridge once would result in the same cumulative fatigue damage as
running an AASHTO fatigue truck around 11 crossings.

For the selected representative steel continuous span bridge, Fatigue II check of a welded
cross-frame connection plate and Fatigue I check of the shear stud for Single-lane loaded
legal-load platoons (five-ft headways) without adjacent traffic are satisfactory. Operating
this platoon on the bridge once would result in the same cumulative fatigue damage as
running an AASHTO fatigue truck around eight crossings.

Cumulative fatigue damage for platoons on two selected representative steel girder
bridges from the Nebraska inventory of this research varies based on the characteristics
of both the bridge and the platoon.

The cumulative fatigue damage caused by a platoon traveling at a 5- or 50-ft headway
with a 100 crossing per day assumption under 75 years is at most 0.388 for two selected
representative steel girder bridges from the Nebraska inventory of this research,

indicating that this platoon is unlikely to cause significant fatigue problems for welded
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connection plates at the cross-frame location. Owners must carefully document the
number of platoon crossings for each bridge, as permits issued to multiple operators will
compound and accelerate fatigue damage.

10.4 Recommended Future Research

The following topics are proposed for future research:

e Investigating effects of heavy loads, such as those from platoons, on prestressed concrete
girder cracking.

e Re-examining service behavior and performance to investigate whether an alternate
mechanistic format may be more appropriate for Service III evaluations.

e Improving Smpiicic estimates through calibration to represent WIM data.

e Developing a calibrated LFR method that accounts for bias of LFR GDFs relative to
LRFR GDFs for service limit states.

e (alibrating platoon LL factors for Fatigue limit states.

e Studying the potential implications of platoons on fatigue damage for steel bridges.

10.5 Implementation and Technology Transfer

The procedures outlined herein may be implemented in the following workflow for
platoon permitting in Nebraska as presented in Figure 10.1 and listed below:
1. Operators provide platoon characteristics and request permit (upper right portion of
Figure 10.1).
2. Bridge engineers determine whether platoon is a legal-load platoon.
3. Ifalegal-load platoon, engineers check whether the platoon:

a. Follows headway restrictions from Chapter 6,
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b. Avoids critical truck speed that may cause resonance (Chapter 7), and
c. Administratively requires a permit (upper left portion of Figure 10.1).
If the platoon meets these requirements, bridge engineers can issue a permit with the
information about type of permit, restrictions, time limit, enforcement and might
include multistate corridor collaboration (bottom left portion of Figure 10.1). If the
platoon does not meet these requirements, a detailed assessment is needed, according
to subsequent steps, below.
If an overweight platoon meets the following criteria, an administrative permit can be
issued:
a. Moderate overload (as determined by the owner agency),
b. Follows headway restrictions, and
c. Does not require continued assessment (if follows a and b).
If the platoon does not comply with these requirements, a detailed analysis will be
required for each bridge the platoon will traverse as outlined below and in the center
portion of Figure 10.1:
a. First characterize platoon LL with respect to single or multiple trips, ADTT,
adjacent loading, axle weights, axle spacings, and headway controls (center
right portion of Figure 10.1).
b. Use LL characteristics to characterize static loads, GDF’, and IM based on
proposed framework from Chapter 7 for the platoon route, apply calibrated LL

factors for strength (Table 2.2) and service (Table 5.9 and Table 5.10).
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Input LL and bridge information into AASHTOWare™ Bridge Rating to
directly calculate rating factors.

DOT issues permit if rating factor is greater than or equal to 1.0.

DOT refuses to issue permit if rating factor is less than 1.0, or modify platoon

characteristics and repeat steps a through c.
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Appendix A
This appendix recommended LRFR live load factor tables as described in Section 5.6.
For steel bridges at Service 11, there is a table for different platoon LL CoVs. For prestressed
concrete bridges at Service 111, there are tables for platoon LL CoV up to 0.2. These prestressed

concrete bridges are designed using different methods, as shown in Table 3.1.
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Appendix A. Recommended LRFR Live Load Factors

e Table A-1 provides the live load factors for various CoVs of platoons.

e Bridge engineers can use Table A-1 to assess the load rating of steel bridges for Service Il, considering the total CoV of
platoons.

e Table A-2 to Table A-5 present the Service 111 live load factors for prestressed concrete bridges designed with Post-0.8-Gains,
Approx-0.8-Gains, Post-0.8-No-gains and Approx-0.8-No-gains methods.

e Note: Post-0.8-Gains represents prestress loss method (LRFD BDS 5.9.3.4) with y. = 0.8 and considering elastic gains.
Approx-0.8-Gains represents prestress loss method (LRFD BDS 5.9.3.3) with y. = 0.8 and considering elastic gains.
Post-0.8-No-gains represents prestress loss method (LRFD BDS 5.9.3.3) with y. = 0.8 and without considering elastic gains.
Approx-0.8-No-gains represents prestress loss method (LRFD BDS 5.9.3.3) with y_= 0.8 and without considering elastic gains.

Table A-1. Calibrated Service Il Live Load Factors for Steel bridges Considering Changes of CoV (Simpiicit = 1.6)

Truck platoon Frequenc Load conditions DF ADTT Load factors by COV_ of total live load
P quency (one direction) [COV ., =0.00]cov,, =0.04[cov,, =0.08[cov . =0.12[cov, =0.16[cov . =020
single-trip | \° Othert:’rfgges on the One lane N/A 115 115 115 115 1.25 125
Mutiple trucks in platoon|  single-trip | 10 \dentical platoons loaded | ) o oo e N/A 1.15 115 1.15 115 1.25 1.25
on two lanes
100 Crossings |VX€d With foutine raffic inthe) 0\ > 5000 1.90 1.90 1.90 1.90 1.90 1.90
adjacent lane

a. DF is the AASHTO LRFD approximate GDF, with the multiple presence factor (MPF = 1.2) removed for one-lane GDFs.
b. To use with a different IM factor, scale tabulated values by 1.33 / (1 + |Mgesired).
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Table A-2. Calibrated Service Il Live Load Factors for Prestressed Concrete Bridges Using Post-0.8-Gains (Simpiicit = -0.6)

adjacent lane

. ADTT Load factors by COV of total live load
Truck platoon Frequency Load conditions DF (one direction) COV,., =0-020
single-trip No other vehicles on the bridge One lane N/A 0.90
Multiple trucks in . . identi
ultiple trucks i single-trip Two identical platoons loaded on TWo or more lanes N/A 0.90
platoon two lanes
100 Crossings Mixed with routine traffic in the One lane > 5000 1.75

a. DF is the AASHTO LRFD approximate GDF, with the multiple presence factor (MPF = 1.2) removed for one-lane GDFs.
b. To use with a different IM factor, scale tabulated values by 1.33 / (1 + IMgesired).

Table A-3. Calibrated Service Il Live Load Factors for Prestressed Concrete Bridges Using Approx-0.8-Gains (Bimplicit = -0.6)

adjacent lane

Truck plat F Load conditi DE ADTT Load factors by COV of total live load
ruck platoon requency oad conditions (one direction) COV ., =0-020
single-trip No other vehicles on the bridge One lane N/A 0.90
Multiple trucks i . . identi
ultiple trucks in single-trip Two identical platoons loaded on Two or more lanes N/A 0.90
platoon two lanes
100 Crossings Mixed with routine traffic in the One lane > 5000 1.65

a. DF is the AASHTO LRFD approximate GDF, with the multiple presence factor (MPF = 1.2) removed for one-lane GDFs.
b. To use with a different IM factor, scale tabulated values by 1.33 / (1 + IMgesired).
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Table A-4. Calibrated Service Il Live Load Factors for Prestressed Concrete Bridges Using Post-0.8-No-gains (Bimplicit = -0.6)

adjacent lane

. ADTT Load factors by COV of total live load
Truck platoon Frequency Load conditions DF (one direction) COV,., =0-020
single-trip No other vehicles on the bridge One lane N/A 0.75
Multiple trucks in . . identi
ultiple trucks i single-trip Two identical platoons loaded on TWo or more lanes N/A 0.75
platoon two lanes
100 Crossings Mixed with routine traffic in the One lane > 5000 1.20

a. DF is the AASHTO LRFD approximate GDF, with the multiple presence factor (MPF = 1.2) removed for one-lane GDFs.
b. To use with a different IM factor, scale tabulated values by 1.33 / (1 + IMgesired).

Table A-5. Calibrated Service Il Live Load Factors for Prestressed Concrete Bridges Using Approx-0.8-No-gains (Bimpiicit = -0.6)

adjacent lane

Truck plat F Load conditi DE ADTT Load factors by COV of total live load
ruck platoon requency oad conditions (one direction) COV ., =0-020
single-trip No other vehicles on the bridge One lane N/A 0.80
Multiple trucks i . . identi
ultiple trucks in single-trip Two identical platoons loaded on Two or more lanes N/A 0.80
platoon two lanes
100 Crossings Mixed with routine traffic in the One lane > 5000 1.30

a. DF is the AASHTO LRFD approximate GDF, with the multiple presence factor (MPF = 1.2) removed for one-lane GDFs.
b. To use with a different IM factor, scale tabulated values by 1.33 / (1 + IMgesired).
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Appendix B
This appendix contains recommended safe headway spacing tables for different platoon

LL CoVs for steel bridges at Service 11, as described in Section 6.3.
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Appendix B. Recommended Safe Headway Tables for Steel Bridges at Service |1

e Table B-1to Table B-10 present the safe headway tables for different CoVs of platoons.

e To evaluate steel bridges Service I, bridge engineers can use these tables to establish
platoon headway operation headway guidance based on the total CoV of platoons.

e “‘Fail”’ in these tables indicates that either the required headway is greater than 50 ft or
that the bridge has reached its limit regardless of headway.

e For simple-span bridges, the safe headway requirements were slightly more conservative

than for two-span bridges. Only simple-span bridge results are presented here.

Table B-1. Positive Moment (+M) Safe Headways, Single-Lane Platoons, 60-ft Steel Bridges

e CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 5 5
1.3 5 5 5 5 5 5
1.4 5 5 5 5 5 5
1.5 5 5 5 5 5 5
1.6 5 5 5) 5 5} 5)
1.7 5 5 5 5 5 5
1.8 5 5 5 5 5 5
1.9 5 5 5 5 5 5
2.0 5 5 5) 5 ) 6
2.1 5 5 5 6 7 9
2.2 6 6 7 8 10 14
2.3 8 8 10 12 17 Fail
2.4 11 12 14 Fail Fail Falil
2.5 Fail Fail Fail Fail Fail Fail
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Table B-2. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent Routine
Traffic (100 Crossings, ADTT = 5000), 60-ft Steel Bridges

e CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 5 5
1.3 5 5 5 5 5 5
1.4 5 5 5 5 5 6
1.5 5 5 6 7 8 10
1.6 9 9 10 12 14 Fail
1.7 15 16 Fail Fail Fail Fail
1.8 Fail Fail Fail Fail Fail Fail
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Table B-3. Positive Moment (+M) Safe Headways, Single-Lane Platoons, 90-ft Steel Bridges

. CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 5 5
1.3 5 5 5 5 5 5
1.4 5 5 5 5 5 5
1.5 5 5 5 5 5 5
1.6 5 5 5 5 5 5
1.7 5 5 5 5 6 7
1.8 6 6 7 7 8 9
1.9 8 8 8 9 10 11
2.0 9 10 10 11 12 13
2.1 11 11 12 13 14 15
2.2 13 13 14 15 16 17
2.3 15 15 15 17 18 20
2.4 17 17 18 19 21 24
2.5 19 19 20 22 25 32
2.6 22 22 24 27 Fail Fail
2.7 26 27 31 Fail Fall Falil
2.8 Fail Fail Fail Fail Fail Fall
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Table B-4. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent Routine
Traffic (100 Crossings, ADTT = 5000), 90-ft Steel Bridges

e .- CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 6 6 6 7 7 8
1.3 8 9 9 9 10 1n
1.4 11 11 11 12 13 14
15 14 14 14 15 15 17
1.6 16 17 17 18 19 2
1.7 20 20 21 2 25 28
1.8 26 26 28 33 0 Fail
1.9 Fail Fail Fail Fail Fail Fail




Table B-5. Positive Moment (+M) Safe Headways, Single-Lane Platoons,120-ft Steel Bridges

S CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 5 5
1.3 5 5 5 5 5 5
1.4 5 5 5 5 5 6
1.5 5 5 5 6 7 9
1.6 7 8 8 9 10 12
1.7 10 10 11 12 13 14
1.8 13 13 14 15 16 17
1.9 15 16 16 17 18 19
2.0 18 18 18 19 20 21
2.1 20 20 20 21 22 24
2.2 22 22 22 23 24 26
2.3 24 24 24 25 26 28
2.4 25 26 26 27 29 30
2.5 27 28 28 29 31 33
2.6 29 30 30 32 34 36
2.7 32 32 33 35 38 42
2.8 34 35 36 39 45 Fail
2.9 39 40 42 Fail Fail Fail
3.0 Fail Fail Fail Fail Fail Fail




Table B-6. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent Routine
Traffic (100 Crossings, ADTT =5000), 120-ft Steel Bridges

e - CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 6 6 6 7 8 9
1.1 10 100 1 12 12 13
1.2 14 14 15 15 16 17
1.3 18 18 18 19 20 2
1.4 20 21 21 22 23 24
15 24 24 25 25 26 27
1.6 27 21 28 28 29 30
1.7 30 3 31 32 33 35
1.8 3 34 3% 37 39 44
1.9 41 42 44 Fail  Fail  Fail
2.0 Fail Fail Fail Fail Fail Fail
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Table B-7. Positive Moment (+M) Safe Headways, Single-Lane Platoons,150-ft Steel Bridges

e CoV
Amplification factor a

0.00 | 0.04 | 008 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 5 5
1.3 5 5 5 5 6 7
1.4 6 7 7 8 9 10
15 9 9 10 10 11 13
1.6 12 12 13 14 15 17
1.7 15 16 16 17 19 20
1.8 19 19 20 21 22 24
1.9 22 22 23 24 25 27
2.0 25 25 26 27 28 29
2.1 28 28 28 29 31 32
2.2 30 30 31 32 33 34
2.3 32 32 33 34 35 37
2.4 34 35 35 36 37 39
2.5 37 37 37 38 40 41
2.6 39 39 39 40 42 43
2.7 41 41 42 43 44 46
2.8 43 43 44 45 47 49
2.9 45 45 46 48 Fail Fail
3.0 43 48 50 Fail Fail Fail
3.1 Fail Fail Fail Fail Fail Fail
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Table B-8. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent Routine

Traffic (100 Crossings, ADTT =5000), 150-ft Steel Bridges

e - CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5} 5 5) 5
0.8 5 5 5 5 5 5
0.9 8 8 8 8 9 10
1.0 12 12 13 13 14 15
1.1 18 18 18 19 20 21
1.2 23 23 23 24 25 26
1.3 27 27 28 28 29 30
14 31 31 32 32 33 34
1.5 35 35 35 36 37 38
1.6 38 38 39 39 40 41
1.7 41 41 42 43 44 45
1.8 45 45 45 47 48 50
1.9 50 50 Fail Fail Fail Fail
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Table B-9. Positive Moment (+M) Safe Headways, Single-Lane Platoons,200-ft Steel Bridges

e . CoV
Amplification factor «

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5 5 5
0.8 5 5 5 5 5 5
0.9 5 5 5 5 5 5
1.0 5 5 5 5 5 5
1.1 5 5 5 5 5 5
1.2 5 5 5 5 6 7
1.3 8 8 8 9 10 12
1.4 12 12 13 14 15 16
15 6 16 17 17 19 20
1.6 19 19 20 21 2 23
1.7 2 23 23 24 26 28
1.8 26 27 28 29 3 33
1.9 31 31 32 3B 3B 37
2.0 3% 3% 3% 38 3 4
2.1 39 39 40 4 43 45
2.2 43 43 44 45 46 48
2.3 46 46 47 48 49 Fail
2.4 49 49 50  Fail  Fail Fail
2.5 Fail Fail Fail Fail Fail Fail




Table B-10. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent
Routine Traffic (100 Crossings, ADTT = 5000), 200-ft Steel Bridges

S CoV
Amplification factor a

0.00 | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
0.6 5 5 5 5 5 5
0.7 5 5) 5} 5 5 5}
0.8 9 9 9 10 11 12
0.9 16 16 16 17 17 18
1.0 21 21 22 22 23 24
11 28 28 28 29 30 32
1.2 35 35 36 36 38 39
1.3 41 41 42 43 44 45
14 47 47 47 48 49 50
1.5 Fail Fail Fail Fail Fail Fail

B-10




Appendix C
This appendix contains detailed calculations related to the example prestressed concrete

simple-span bridge described in Section 8.2.
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Appendix C. LRFR Load Rating Example of a 130' NU1600 Simple-span
Prestressed Concrete I-girder Bridge (interior girder)

Note: Bridge S080 41653 is a 130-ft simple-span, prestressed multi-girder bridge at the I-80
48 Greenwood Interchange in Greenwood, Nebraska (Figure 39). The bridge was constructed
in 2009 and has three design lanes, and the average daily traffic is 49,240. The rating code in
NBI (2022) indicates that the rating method is LRFR.

The example illustrates design and platoon ratings of an interior prestressed concrete
girder at midspan (@ 0.5L) for positive moment, at the first critical shear section, and at a
location where vertical shear reinforcement spacings changes.

Elastic gains from dead and live loads were considered. The analysis was based on the
gross section properties. Shear resistance was calculated using the simplified and general
modified compression field theory (MCFT). Prestress losses were calculated using refined
estimates described in LRFD BDS Article 5.9.3.4. HL-93 design and platoon rating factors
were computed for Strength I and Service I11.

Considering the platoon as a future permit truck, the Service I rating for the platoon was
performed as the permit rating in MBE (2018).

1. Bridge Data
Span Length L:=130 ft
Year built 2009

Concrete information

Ultimate strength for deck fleqi=4 kst

Initial strength for deck feai=4 ksi

Strength of girder concrete at time of transfer flei="7.5 ksi
Ultimate strength of girder concrete fe:=9.5 kst

Unit weight of concrete for determining w,:=155 pcf

dead loads

Unit weight of concrete for determining Wed modulus = 155 pcf

deck modulus of elasticity

Unit weight of concrete for determining Weg modulus*= 150 pcf
girder modulus of elasticity
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E, =120,000K,w 2 f1°% (5.4.2.4-1)

E. =33.000Kw. "\ f! (C5.4.2.4-2)

Modulus of elasticity of concrete girder at time of transfer

E,;:=120000 (wcg_modulus)Q‘o (f i
[ * .

0.33
- « kst =5249.694 ksi
pcf 1000 ksi

Modulus of elasticity of concrete girder at ultimate strength

E :=120000 (wcg_modulus)zo (f,c
JRES . .

0.33
- «ksi =5675.61 ksi
pcf 1000 ksi

Modulus of elasticity of deck at final time

wcd_modulus 1o . f /cd
pcf 1000 ksi

0.5
B, :=33000- ( ) - ksi =4027.555 ksi

Modulus of elasticity of deck at initial

E._..:= 33000 (wcd_modulus) - (‘f/cdi
cdi*— ° *

0.5
“| . ksi=4027.555 ksi
pcf 1000 ksi
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Vertical shear reinforcement information

Note: Wire fabric (70 ksi) was used as shear reinforcement, and BrR does not readily support
this. In BrR and the example computations, shear reinforcement was modeled using 3.1 legs.
Similarly, 1.80 legs were used for other locations. Vertical shear reinforcement details and
spacings are shown below.

‘ Start Digtance » 'Sgacing.

Mertical : Horizontal |

Mame E:(itr::u‘.r::»d5 digit::nrtce Numts of Sp;cing Leoait disEtirjice
: | () spaces (im) : (ft) ()
D31 - [ 0.00 9| 20000 1.50 1.50
D18 - [ 1.50 21| 40000 7.00 8.50
D18 - [ 8.50 19| 8.0000 12.67 21.17
D18 - ¥ 2117 44| 12,0000 44,00 65.17
D18 - ¥ 65.17 1| 80000 0.67 £5.83
D18 - = £5.83 44| 12.0000 4400  109.83
D18 - = 100.83 19| 8.0000 1267| 12250
D18 - ¥ 122,50 21|  4.0000 7.00, 129.50
D31 - [ 129,50 a| 20000 133 13083

Compression steel
The BrR file does not contain any information about the compression steel.
Other information

1. Skew: 10 degrees.
2. ADT: 49240.
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Prestress steel information

» Harped strands

Note: 0.6", 270 ksi, low-relaxation strands. There are total 52 prestress strands (10 strands

harped).

0.6", low-relaxation strand

Area of prestress per strands

Ultimate strength of prestressed strands
Yield stress of prestressed strands
Prestressed strands stress prior to transfer
Modulus of elasticity of prestress

Modulus of ratio for deck to girder concrete

d,:=0.6 in

A ranai=0.217 in?
fpui=270 ksi
fpyi=243 ksi

Jpi=0.75+f,,=202.5 ksi
E,:=28500 kst

E
“d _0.71

3

pd::
c
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2. Bridge Cross Section

62'-g"
600"
600 I
,—DECK Thickness 8"
Travelway 1 [
| ‘HaUI'ICh Th. 1 | ‘Haunch Th. 1 | HaUI'ICh Th. 1 | Haunch Th. 1 | Haunch Th. 1 | Hdunch Th. 1"
NU 600 NU1600 NU1600 NU1600 NU1600 NU 600
3 10 5@11'-0" = 550" 3 10"
Girder spacing (S) S:=11 ft
Number of girders N_girder:=6
Overhang overhang:=3.833 ft
Barrier length Lyyrier:i=0.333 ft
Total bridge width Wiridge = (overhang -2+ S+ (N_girder —1)) =751.992 in
Effective width for deck (for interior girders) bepr=S=132 in
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3. Interior Girder Details

Name: NU1800

Descrption:

Dimensions | Properties I| Mild steel | Strand grid . |

Area: 812.1589358 in*2
Nominal load: 845.999 Ib/ft
Moment of inertia: 458893.983 in*4
CG from bottom: 284245 in

Section modulus, top: | 13272.244 in"3
Section modulus, bot.: | 16744.290 in"3
Nominal depth: 63.0000 in

Girder gross section area

Beam height

Top girder width

Moment of inertia precast girder
Girder centroid to the bottom of fiber

Girder centroid to the top of fiber

Non-composite section modulus top

Non-composite section modulus bottom

Thickness of deck (loads calculations)

Thickness of deck (effective)

Top flange type

Volume/surface ratio: 3.077 in

Half depth area for pos. flex.: | 430.298 in*2
Half depth area for neg. flex.: | 332.480 in*2
5t Venant torsional constant: | 20894.555 in*4

Use entered section propeties

Note: see engine related help for
analysis engine specific information on the
‘Use entered section properties” selection.

MNote: 130 pcf concrete is assumed to

compute the neminal load.

A,:=812 in’
h,.:=63 in
biop=48.25 in
I,.:=458893 in*

Yneb = 28.42 i'n/

Ynet :=Ppe — Ynep = 34.58 in

I
Stop.nei=————=13270.474 in’
N h‘nc_yncb
Shot ne= y"c =16146.833 in®
nch
t;:=8 in

hd = 7.5 ’in




Section property calculations

Transformed width of deck
(deck concrete to girder concrete)

Cross-section area of deck

Deck moment of inertia of deck about it
centroid
Height of haunch

Transformed width of haunch

Area of haunch

Haunch moment of inertia of haunch about it centroid

Total height of composite beam

Transformed section area
(including deck and haunch)

Center of deck to the bottom of fiber

Center of haunch to the bottom of fiber

Center to the bottom of fiber (composite)

Ag * Yneb +Ad_tr ¢ hd_center + Ah_tT * hh_center

bd_t'l“ = beff . npd =93.671 in

Ay i =bg ypohy=702.529 in”

h,* b
I, =t = 3293.104 in’
- 12
hh:: 1 in
bh_t'l“ = btop . npd = 34.239 in

Ah_t'r = bh_tT‘ . hh = 34-239 in2

h? b
_h TR 9853 ind
12

Ih_tr::
hc::hh+ hnc+hd: 7]..5 in

A=A+ A+ A, =1548.768 in’

h
hd_center = hnc + hh + ?d =67.75 in
hh .
hh_center = hnc+? =63.5 1n
=47.036 in

Y=

Moment of inertia (composite)

A

C

L= Lo+ Ay (Yner—Yer)*) + (Tatr+ Ad_tr* (P _center—Yer)”) =1054306.916 in*
+ <I h_tr + Ah_tr ° (hh_center - ycb) 2 )
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I
Composite section modulus top beam Siop.oi=————=66041.996 in’

ne ™~ Yeb
. : I, . 3
Composite section modulus bottom beam Spot o i =——=22414.983 in
- Yeb

Dead load moment calculations (BrR line-girder analysis)

Non-composite Dead Load DC1 Moment at the mid span Mpe,:=4357.7 kip - ft

Composite Dead Load DC2 Moment at the mid span Mpeo:=310.5 kip - ft

Wearing surface load moment at the mid span Mpy:=0 kip - ft

Note: The dead load effects are directly extracted from BrR.

HL-93 design loading moment calculations (BrR line-girder analysis)

E
Modular ratio for AASHTO GDFs NGpri=— £ =1.409
cd

h,
e, term for AASHTO GDF equations €y GDF*= Ynet + P+ ?d =39.33 in

K term for AASHTO GDF equations K :=ngpp- (Inc+Ag- eg_GDF2> =2416676.725 in*

Distribution Factors
One Design Lane Loaded:

0.4 03 - 0.1
K
14) \L) \120Lt,

Two or More Design Lanes Loaded:

06 02 K 01
0.075+ (i] {EJ —
95 15 120L:°

Single lane AASHTO moment GDF for interior girders
g |04 K 01

ﬁ .(S)o.s. in’

=0.553

L

=0.064+|—
9m1 14
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Multiple lanes AASHTO moment GDF for interior girders

i 0.6 Kg 0.1
0.2 . 4
Gmo=0.075 + ﬁ . (é) . m S =0.834
9.5 L ) i E
ft \in
Single lane AASHTO shear GDF for 9,1:=0.36+ =0.8
interior girders 25 ft
2

Multiple lanes AASHTO shear GDF Jp2:=0.20 + - ( 5 ) =1.018
for interior girders 12 ft 35 ft

Distributed live load moment at the midspan ~ HL_93_M ;. :=3412.1 kip - ft
(including /M = 0.33 for truck and g,,,5)

Note: The HL-93 loading load effects are directly extracted from BrR.
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4. Compute Nominal Flexural Resistance at the Mid Span

c
‘- )
k= 0.28 for low-relaxation strands
fou = 270ksi
dy =

tendons

Center of PS strands to the bottom girder
Distance from extreme compression fiber to the
centroid of the prestressing strands

Number of strands

Area of total prestress

Stress factor of compression block
0.28 for low-relaxation
Distance from neutral axis to the compressive c:=

face

Depth of the equivalent stress block

distance from extreme compression fiber to the centroid of the prestressing

Yvar = 4.23 in

dp = hnc+ hh+ hd —Yvar— 67.27 in

N,s:=52

Apei=Agprang*Nps=11.284 in’

a;:=0.85
B,:=0.85
k:=0.28

Aps 'fpu

=7.73 in

, f
l'fcd'ﬂl'beff'i'k'Aps'%

P

a:=03,;-c=6.57 in

Note: Because the "a" is smaller than the deck thickness, the rectangular section behavior

assumption is valid.

Average stress in prestressing strand, ksi

fps::fpu'(l_k' d

C

):261.313 ksi
p

Nominal flexural resistance at the mid span M, :==A,, - f - (dp—%) =15722.487 kip - ft
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5. Check the Maximum Reinforcement

Note: LRFD BDS Article 5.6.2.1 limits the factor resistance of compression controlled sections.
Over-reinforced (compression controlled) sections are limited by this approach. Using similar
triangles, the net tensile strain is determined at nominal strength.

Based on an allowable concrete strain of 0.003 and the distance from the extreme concrete
compression fiber to the center of gravity of the prestressing strands.

Allowable concrete strain €.:=0.003
. . &
Net tensile strain gyi=—-+(d,—c)=0.023
c

Note: Because €, >0.005, the section is tension controlled and resistance factor shall be taken
as 1.0.

Strength Reduction Factor ¢:=1.0
Factored required moment

M,:=1.25+ (Mpcy +Mpes) +1.50 « Mpy,+ 175« (HL_93_M;,,) = 11806 kip « ft

Demand/capacity ratio for the mid span DCR,,;;:=




6. Compute Prestress Loss according to LRFD BDS Article 5.9.3.4 (Gross Section)

Assumed center of PS strands to bottom of fiber e = Yneb — Ypar = 24.19 in
Eccentricity (composite at final) €. =€pnet Yo — Ynep =42.806 in
Shape factor (V/S) V_S Girder:=3.077

Average Humidity (Nebraska) H:=65

Age of girder concrete at time of transfer (day) t;:=1

Age of girder concrete at time of deck placement t;:=30

Age of girder concrete at time at final time tp:=3650

Permanent load moments at midspan acting
on non-composite section (beam) M, :=1846.8 kip - ft

2
Aps°fpi' <Inc+6nc 'Ag> _6nc'Mg'Ag —=921.458 ksi

Losses due to elastic shortening Af pg:=

A oI . .
Aps' <Inc + enc2 'A9> + S
EP
Stress in strand after elastic shortening Jor1=fpi— Af pps=181.042 ksi

Concrete stress at the center of 2

. ‘A ‘A e M -e
strands due to the prestressing force  f, = Tpir* Aps + Totr*Aps-ene My Cne =3.953 ksi
at transfer and the self weight of the A Tne ne
member
k,term calculation k,:=max(1,(1.45—0.13-V_S_Girder))=1.05
Humidity factor for shrinkage k;s:=2—0.014-H=1.09

5 ksi
Concrete strength factor k= —sz =0.588
1 ksi+f,;
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I

k
G . 100—4fc;1 r
2] ——= |+
fi+20 |

Time development factor

_<td_t">, =0.487
12.(100 ksi—4-f,

Time development factor (initial to deck) [
+ (ty—t;
' +20 ksi J (ta=t)

Shrinkage strain (initial to deck placement) Epia=kso kpsekpekigq+0.48+ 107%=0

1

Transformed section coefficient Ky = = PR
1+E_:i4:: I.\1+‘g—1’gﬁ [1+0.7v, (t,.4,)]
(5.9.3.4.2a-2)
Humidity factor for creep kj.:=1.56—0.008- H=1.04
. . (tp—t;)
Time development factor (initial to final) kygri= =0.992

tdf *— . ’
100 kst —4-f',;
12. J'c“ +(ty—t;)
"i+20 kst

Creep coefficients and shrinkage strains (girder)

The creep coefficient may be taken as:

v(t.t)= 1.9k k, k k170 (5.42.3.2-1)

Creep coefficients (initial to deck placement) Pra_ti=1.9 kyokpeokpekygqe () 1% =0.594

Creep coefficients (initial to final) Vi 1i1=1.9 ke kpokpekygpe ()P =1.21
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Transformed section coefficients (initial to deck )

Kid:: 20.779
A e’
. <1 + 0.7 * ¢tf_ti>

g “nc

1+

nc

Long-term losses prior to deck placement (between transfer and deck placement)

Loss due to girder shrinkage Af psr=¢€pig* E, K;3=3.494 ksi
(initial to deck)

Creep coefficients and shrinkage strains (girder):

The creep coefficient may be taken as:

v(t.t)= 1.9k k, k k170 (5.42.3.2-1)
. E, .
Loss due to girder Creep AprR::E—-ngp “Piq 4 K;3=9.936 ksi
(initial to deck) ci
Loss due to relaxation Afpr1=1.2 ksi
Total loss before deck placement Afprria=Af psp+ Af por + Af pr1 = 14.63 ksi

Long -term losses after deck placement

Shrinkage strain (initial to final) Epipi=kgokpsokpekigee0.48+ 107°=0
The girder concrete shrinkage

strain between deck placement Epaf = Epif— Epia=0

and final time is: shrinkage strain

(deck to final)

Transformed section coefficients (deck to final)

de:: 20.788
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The prestress loss due to

shrinkage of concrete between Afpsp=¢€pas+ B, Kqp=3.661 kst
deck placement and final time

is: Shrinkage (deck to final)

Loss due to girder Creep (after deck placement)

" R
Moo =22 fean | Vo1t~ Ws(10t) [Ky  (5.9.3.43b-1)

E \
+ Ay oty | Ky

tr—1t
Time development factor (deck to final) Kap a:= < f d> =0.992
- 100 ksi—4-fa)
i+20 ksi (t=ta)
Creep coefficients (deck to final) Vi 1a=1.9 kyekpeokpekygp qv (tg) 11" =0.81

Permanent load moments at midspan acting
on non-composite section (except beam at M,,.:=2510.9 kip - ft
transfer) [Haunch + deck]

Permanent load moments at midspan acting M,.:=310.54 kip - ft
on composite section [barrier and wearing)

Loss in the strands Ppi=A, Afyrria=165.089 kip

Change in concrete stress at centroid of strands due to long-term losses between transfer and
deck placement

P, Pj-e,’ M,,.-e, M- e
Ade::_ _A+ A" Cne + dnc nc+ dec” *c —_9.153 ksi
A I I I

g ne nc c

Losses due to creep between deck placement and final time

E E
AprD=:E—p_ *fegp® <1/th_ti—¢td_ti> 'de‘i‘Fp' Afca*if 1aKqp=3.51 ksi

(&2 c

Loss due to relaxation Af ppa=Afpr1=1.2 ksi
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Deck material coefficients
It is also necessary to determine some material properties for the deck concrete. Humidity
factors (k;, and k;,) are the same as for the beam.

hg+b
Shape factor for deck estimated (V/S) VSy:= 4 =3.548
<hd + beff> e 21
k,, for deck ky:=max (1,(1.45—0.13-VS,)) =1
Concrete strength factor kpyi= & =1
1 kst +flcdi
Time development factor (end of moist to final)
t,—t
ktdf dd*— '< ! d> =0.989
- 100 kSZ - 4 .flcdi
12- — |+ (tr—ta)
f,cdi +20 kst

Shrinkage strain (deck to final) Eadf=ksq*Kns Kra*Kiap q+0.48- 107°=0.001
Creep COCfﬁClentS (deCk tO ﬁnal) 1lbd_tf_td = ]_.9 ksd . khc . kfd . ktdf_d . <tz> —0.118 = 1.959

. : . . h .
Eccentricity of deck with respect to gross composite section  ey:= (b, —y,s) —?d: 20.714 in

Area of deck concrete Ag:=bprhy=990 in’

Change in concrete stress due to deck Af,;p:=

<5ddf'Ad'Ecd> (L_ €c*€d
shrinkage (14+0.7+% 47 10) (A

) =—0.17 kst

C Cc

E
Losses due to shrinkage of deck Afyss ::Ep s (=Afeqp) Kape (1+0.7 1y 1) =1.056 ksi
C
Total loss after deck placement Afprras=Af psp+ Af pop+ Af pro — Af pss=T7.314 ksi

Total long-term loss based on refined method Afprr=Af prria+ Afprrap=21.945 ksi
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Total loss based on refined method

Af pLT_without_elastic_gain = Af pES + Af pLTid + Af pLTdf = 43.403 ksi
The elastic gain due to deck weight, superimposed dead load, and live load (Service I1I)

Mdnc'enc +Mdc'ec). E

—2—8.735 ksi
I I E

elastic_gain_dead :=
nc c C
€.* HL—93—Mdist
I

[

E
elastic_gain_live:=1.0+ ( ) . Fp =8.348 kst
c

Total loss with elastic gain (dead loads)

Af p_total_dead_elastic_gain = Af pES + Af pLTid + Af pLTdf — elaStiC—g ain—dead =34.667 ksi

Total loss with elastic gain (live loads)
Af p_total_live_elastic_gain = Af pES + Af pLTid + Af pLTdf — ela’Stic—g a‘in—live =35.055 ksi
Total loss with elastic gain (dead and live loads)

A fps =A fp Bs+ A fp i+ A fp LTdf— elastic_gain_dead — elastic_gain_live =26.32 ksi

Note: The total loss included both dead and live load elastic gains in this rating example.

Effective stress after loss fer=Ffpi—Afps=176.18 ksi
Effective force after loss P, :=A,-f.,=1988.02 kip

. Pe Pe *€nc .
Compressive stress due to Jop=—+ =5.427 ksi
effective prestress A, bot_nc

C-17




7. Check the Minimum Reinforcement according to LRFD BDS Article 5.6.3.3

At any section, the amount of prestressed and non-prestressed tensile reinforcement must
be adequate to develop a factored flexural resistance, M,., equal to the lesser of:

e 1.33 times the factored moment required by the
applicable strength load combination specified

in|Table 3.4.1-1;

(g V]
” ﬂi{n' =13 [Yl-fl ok \l‘(?f;‘}’e ]SC _"l‘drdﬂ: l SC L ‘ i
(5.6.3.3-1)
Design Flexural Strength M, :=¢+M,=15722.487 kip - ft

1.33 Factored moment required M, toc10peq:=1.33 M, =15702.545 kip - ft
fe

ksi

Modulus of rupture (assume A =1.0)  f,:=0.24. <ksi =0.74 ksi

(LRFD BDS 5.4.2.6)

vi = flexural cracking variability factor
= 1.2 for precast segmental structures
= 1.6 for all other concrete structures
Y, = prestress variability factor For prestressing steel. ys shall be taken as 1.0.
= 1.1 for bonded tendons
= 1.0 for unbonded tendons
Cracking moment v1:=1.6 yy:=1.1 v3:=1.0
S, bot_c g
Mcr =73 <71 'fr+72 'fpb) 'Sbot_c_MDCI ° —1]|=11669.245 k?'p '.ft
bot_nc

check_min_reinforcement :=if <M > min <1 33 M, , M cr) , “OK”, “NG”> =“OK”

Note: Therefore, the minimum reinforcement check is good.
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8. Compute Nominal Shear Resistance at First Critical Section

Note: The MBE Article 6A.5.8 does not require a shear evaluation for design load and
legal loads if the bridge shows no visible sign of shear distress. Here the shear calculations
are just for illustrative as MBE 6A3.8.

Critical location for shear near the supports is determined based on LRFD BDS 5.7.3.2.
The d,definition in LRFD BDS 5.7.2.8 is given below.

dy, = effective shear depth taken as the distance,
measured perpendicular to the neufral axis,
between the resultants of the tensile and
compressive forces due to flexure; it need not
be taken to be less than the greater of 0.9d, or

0.72h (in.)
c
;(_;J_'.' = fp“ {1 -k —]
dy
k= 0.28 for low-relaxation strands
fu = 270ksi
d, = distance from extreme compression fiber to the centroid of the prestressing

tendons

Note: According to BrR file for this bridge, there are 10 harped prestress strands.
Number of harped strands Nharpea =10

C.G. of PS straight strands to the bottom girder

16-2+16-4+8-6+2-8 . )
Yvar_straight *= 12 «mm=3.81 1

Distance from extreme compression fiber to  d, yr4ignt = Pone + P+ Pg— Ypar straignt = 67-69 in
the centroid of the prestressing tendons

Number of straight strands Nops straight =42

Area of total straight strands AL straight = Astrand * Nops_straight = 9-114 in 2
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Some of the strands are harped, the effective depth, d,, varies from point-to-point. However,
d, must be calculated at the critical section in shear which is not yet determined; therefore, for
the first iteration, d, is calculated based on the center of gravity of the straight strand group at
the end of the beam, Yy4; straignt -

The corresponding effective depth from the extreme
compression fiber to the centroid of the tensile force de:=h.—Ypar straignt=067.69 in
in the tensile reinforcement (d, )
Effective shear depth d, d,:=max dp_stmight—% ,0.9.d,,0.72+h,|=64.405 in
Critical shear location from centerline of bearing
(distance from the face of support to centerline of bearing is 6")

dcm‘tical = dv +6 in=5.87 ft
Note: The effective depth, d,, and the position of the critical section in shear may be refined
based on the position of the critical section calculated above. However, the difference is
small. Therefore, no more refinement is performed in this rating example.
Maximum shear at critical section near supports
Calculated shear loads at the 5.87 ft from the centerline of bearing.

Total distributed shear (including multiple lanes GDF for shear and /M = 0.33 for HL-93 truck)

V distributed_critical*= 124.7 kip

DC shears (Dnc (non-composite dead loads + Dc (composite dead loads))

Vnc_cm'tical =122 k’Lp Vc_cm'tical =8.7 k’l,p
VDC_crz'tz'cal 6= Vnc_cv“itical + Vc_m“itical =130.7 k’l,p
DW shears (DW) VDW_critical =0 klp
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Compute nominal shear resistance

The nominal shear resistance, 7, shall be
determined as the lesser of both of the following:

KEeEl 1y, (3334
V,=025fbd, +V, (5.73.3-2)

in which:

Ve=00316B%/f bd, (5.7.3.3-3)
A fd (cot® + cota)sind
v, = 45,4, ( ) o (5.7.3.3-4)
5
o q)uc )y 3
kdm:]_o[#; (5.7.3.3-5)

Based on the beam shear reinforcement layout below, the transverse reinforcement provided at
5.87 ft from the bearing centerline is D18 shear reinforcement at 4-in. spacing.

Vertcal Honzonta
Extends Start End
f f h
Name into distance Numnber of Spacing | Lengt distance
Tt o LpBCes (in) (ft) "

+ D31 v 0.00 9 2.0000 1.50 150
D18 il 1.50 21 4.0000 7.00 8.50 [
Dig v 8.50 19 8.0000 1267 2117
D8 v 217 44| 120000 44.00 6517
D8 v 65.17 1 8.0000 0.67 6583
D18 Ll 65.83 441 12.0000 4400 109.83
D18 v 109.83 19 8.0000 1267 122.50
oe L 122.50 21 4.0000 7.00 129.50
D31 ' 129.50 8 2.0000 133 130.83
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Minimum transverse reinforcement (LRFD BDS 5.7.2.5)

C5.7.2.8

T —e

Neutral
axis

T
Figure C5.7.2.8-1—Illustration of the Terms b, and d,

Effective web width, b, b,:=5.9375 in

Shear reinforcement spacings, Sg,.qr Ssheari=4 N

Shear reinforcement yield strength, f, o.cqr Ty _shear="T0 kst

Where transverse reinforcement 1s required as
specified in either Article 5.7.2.3|or| Article 5.12.5.3.8¢|and
nonprestressed remforcement is used to satisfy that
requirement. the area of steel shall satisfy:

& >
A, = 0.0316 A/ f] by (5.7.2.5-1)
%
' b,*s
A,=0.0316+(1.0)- fc_ cksi - —0 — 0,033 in?
ksi y_shear
Area provided for the critical section Apovidea=1.8+0.2 in®>=0.36 in’

check_min_transverse_reinforcement :=if <Apmm'ded >A,,“OK”, “NG”) =“OK”
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Determine the Vp

Prestress force per strand without live load gains

P wo_LG_strand = <f pi Af p_total_dead_elastic_gain) * Astrand =36.42 k’Lp

Top layer of harped strand distance to the top of precast beam
dharpedl = hnc —61.15 ’in =1.85 in

There are a total of five layers of harped strands and the vertical increment is 2". Each harped
strand layer distance to the top of the precast beam can be determined.

C.L.
|

1
t

5.85" = :
i : /
N E A
| 524 | f
] 7

The distance between the center of gravity of the 10 harped strands at the end of the
beam and the top fiber of the precast beam is:
1.85-2+4+3.85-2+5.85-2+7.85-2+9.85-2

dharped_top = 10 «in=5.85 in

The distance between the center of gravity of the 10 harped stands at the harp point and the
bottom fiber of the beam is:
2:244-24+6-248-24+10-2

dharped_bot = 10 =6 1n

hnc - dhm“ped_top - dhm’ped_bot
52.4 ft

:=atan =4.651 deg

Component of prestressing force in the direction of the shear force (10 strands harped for
this case)

V= (Pyo_r6_strand) * NVharped) *sin () = 29.528 kip
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The nominal shear determined by LRFD BDS V.

n_equ_1 :=0.25 'flc * bq] * dv + Vp =937.745 k’l,p
Equation 5.7.3.3-2

These equations are based on the Modified Compression Field Theory
(MCFT) and require the determination of p and 6 by detailed analysis. A

simplified analysis using 8 = 45° and B = 2.0 may be utilized for an mitial

evaluation before resorting to the MCFT, if necessary, for likely improved

shear capacity.

Simplified approach
Assumed 6,;,, and 3,;,, based on MBE C6A.5.8 O =45 deg Byim = 2.0
Concrete shear strength V,:=0.0316 B,;,-(1.0)- ! © ksi+b,-d,=74.491 kip
st
A .d. -cot (6.
Steel shear strength V=2 rovided" fy_shear* - CO < Slm) =405.754 kip
Sshear
The nominal shear determined Vi equ2=V+V+V,=509.774 kip
by LRFD BDS Equation
5.7.3.3-1

The nominal shear determined by LRFD Equation 5.7.3.3

Vn_simp =mn <Vn_equ_1 ’

Vi equ_s) =509.774 kip

e For shear and torsion in monolithic prestressed
concrete sections and prestressed concrete sections
with cast-in-place closures or with match cast and

epoxied joints having bonded strands or tendons: Pps_shear*=0-9
normal weipht concrete......oonnane 0.90
lightweight concrete.........oooooiiiiiie, 0.90
Factored shear resistance Dps_shear* Vn,_simp=458.796 kip
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Maximum shear at the critical section (HL-93 inventory loading)

Load Load Factor y
I 125
DW 1.50
e 175

Factored shear demand
Vu =1.25- VDC_critical +1.5- VDW_critical +1.75- Vdistm’buted_critical =381.6 kl"p

check_shear_at_the_critical :=if <¢ps_shem Vo simp

> Vu, “OK” , “NG”) — “OK”

u

Demand/capacity ratio for shear DCR:= =0.832

ps_shear * ¥ n_simp

Note: The check was passed for the simplified shear resistance approach. Therefore, the
MCFT approach to determine the shear resistance for this critical location was not used.

9. Check the Longitudinal Reinforcement according to LRFD BDS Article 5.7.3.5
Calculated the moment at the 5.87 ft from the centerline of support.

Total distributed moment (including g,,,, and IM = 0.33 for HL-93 truck)

Total distributed moment M yistrivuted criticar*=608.4 kip « ft

DC moment (Dnc (non-composite dead load + D¢ (composite dead load ))

Mnc_m“itical :=751.5 klp '.ft Mc_critical :=53.6 k’Lp 'ft

MDC_critical =M M critical — 805.1 klp '.ft

ne_critical + C_

DW moment (DW) Mpw criticar:=0 kip - ft
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Maximum moment at the critical section (HL-93 inventory loading)

Mu_critical =1.25- MDC’_critical +1.5- MDW_critical +1.75. MdistTibuted_cm'tical =2071.075 klp * .ft

The net force is zero N,:=0 kip

The A, is zero A,:=0in’

The E, for non-prestressing longitudinal steel E,:=29000 kst

The f,,, can be taken as 0.7 f,, Jpo:=0.7f,, =189 ksi

A3.10.3—Check Longitudinal Reinforcement (LRFD Design 5.7.3.5)

Tensile capacity of the longitudinal remforcement on the flexural tension side of
the member shall be proportioned fo satisfy LRFD Design Eq. 5.7.3.5-1. “Any
lack of full development shall be accounted for.”

1 LRFD Design
—0.5V, icme Eq.5.7.3.51

Al
P +Af,z—+05—"2L+
oo+ A d,p¢ . L

LA
Py

Calculate minimum required tensile capacity

Vy
Vs reqi=min (VS , —) 405.754 kip

ps_shear

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

abs (M, ... 0.5-N. |
(M eriicat) + —+|abs|————=V,[=0.5 V| cot (6,) =620.353 kip
d'u ¢ qbps?shear ¢psﬁshear ps_shear
Transfer Length: LRFD Design 5.9.4.3.1

f, = 60 strand diameters

1,:=60-d,=36 in

5.9.4.3.2—Bonded Strand

Pretensioning strand shall be bonded beyond the
section required to develop fps for a development length.

{q. in in., where {7 shall satisfy:  ysenss : y
Kk = 1.6 for pretensioned members with a depth

( 2 ) S greater than 24.0 in.
ba 2 %| Sps =% Fpa |ds (5.9.43.2-1)
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2
fps_g fe
lyi=1.6-|———|.d,=138.105 in
ksi

¢ From the point where bonding commences to the
end of transfer length:

fef X
fa=

(5.9.43.2-2)
60d,

¢ From the end of the transfer length and to the end of
the development of the strand:

£, —60d, . . 5
Sox = Jre +m(\fps —fpe) (5.9.43.2-3)
where:
fox = design stress in pretensioned strand at nominal

flexural strength at section of member under
consideration (ksi)

{px = distance from free end of pretensioned strand to
section of member under consideration (in.)

lyp=d,=64.405 in

l,,—60d
.fpm::fe"‘(p ’

L | (fps—fe) =199.864 ksi
ld—6().db) Fr=fo)

Since the transfer length is 36 in. from the end of the beam, the available prestress from the
42 straight strands is a fraction of the effective prestress, f,,, in these strands. The 10 harped
strands do not contribute to the tensile capacity since they are not on the flexural tension side
of the member.

The left side of LRFD BDS Equation 5.7.3.5-1 yields:

Af:: ApS_StT‘aight .fp:E = 1821.562 kip

q abs <Mu critical) 0.5-N,
check :=if |Af > = +

J “OK”.“NGQ” | =“0OK”
’ )
dv ° ¢ps,shea7’ gbps?shear
Vu
+|abs| ———V,[-0.5 V .| cot <93im>
ps_shear

For this first critical location, the longitudinal reinforcement check is good.
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10. Compute Nominal Shear Resistance at Vertical Shear Reinforcement Change

Note: As an example of a calculation, this rating example provided the shear rating at the
vertical shear spacing changing from 4" to 8" location (8.5' to the beam end). Since the
distance between the beam end and the bearing centerline is 6 in., the distance between the
bearing centerline and the location of the spacing change is 8 ft. There is another change in the
shear reinforcement spacing at the end of the beam at 21.17 ft, and the quarter point to the
centerline of the beam typically also be checked for shear. However, this load rating example
did not provide calculations for these two locations. The procedure for checking these two
shear locations would generally be similar to that for checking shear at the 8.5' to the beam
end in this example.

‘ Start Distance » 'Sgacing'

| Vertical : Horizontal

Mame E,(it:i:r::;ds dif:nrtce Plumberat Spa.cing ol disEt:ﬁce
| el ) spaces (in) | (ft) i#)
D31 - = 0.00 9| 20000 1.50 1.50
D18 - ] 150 21 40000 7.00 850
D18 - W] 850 19, 80000 12.67 2117
D18 - W] 217 44| 12.0000 4400 65.17
D18 - [l 65.17 1 80000 0.67 65.83
D18 - = 65.83 44| 12.0000 4400 100.83
D18 - W] 109.83 19| 80000 1267 12250
D18 - W] 122.50 21| 40000 700| 12950
D31 - ] 129.50 8 20000 133 13083

$1 = 8 . 5 ft
— C.L.

dlmrpedﬁrop
585" =

WAN
324 ,

Harped strands distance to the bottom of beam

dharped_bot

6"—%

AP

<hnc - dha'rped_top> - (dharped_bot>
52.4 ft

Bharp o13= (Pne = Bharped_top) = .z, =48.853 in
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The distance between the center of gravity of the strands and the bottom of beam at this
location is:

d
PP 1042164416 +6+8+8+2
m

ybg/r'_ml = 52 * in = 12-472 in

The corresponding effective depth from the extreme dy o1 =he—Ypar 11 =59.028 in
compression fiber to the centroid of the tensile force
in the tensile reinforcement (d,, ;)

Effective shear depth d, ,, d 0.72+h,|=55.743 in

v_xl =

a
max de_ml - 5 ,0.9. de_ml ’

Note: The effective depth, d, ., and the position of the critical section in shear are refined
based on the position of the critical section calculated above.

Compute maximum shear at shear reinforcement change

Since the beam projection is 6", the distance from this shear reinforcement spacing change
location to the bearing centerline is determined.

L1_centerline ‘= L1~ 0.5 .ft =8 .ft
Calculated shear at the 8 ft from the bearing centerline

Total distributed shear (including g,,and IM = 0.33 for HL-93 truck)

Vdistm’buted_critical_ml :=121.8 k?'p

DC shears (DC1 + DC2) Ve eritical z1:=117.6 kip V., critical o1 =8-4 kip

VDC_critical_zl 8= Vnc_critical_ml + Vc_m“itical_:r:l =126 k’bp

DW shears (DW) Vow eritical_z1°=0 kip
Shear reinforcement spacings, Scq; 21 Sshear z1°=8 1M
A, ;1:=0.0316-(1.0)- \/Tksz Do Ssnear 1 _ 0.066 in’
ksi y_shear
Area provided for the critical section A povided z1°=1.8+0.20 in®>=0.36 in’
check_min_transverse_reinforcement_x:=if <Ap1“ovided_:cl >A, 41, “OK”, “NG”> =“OK”
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Simplified approach

The nominal shear determined by LRFD V.., 1 41:=0.25+f".+b,+d, ,1 +V,=815.595 kip
BDS Equation 5.7.3.3-2

I

St

Concrete shear strength V, 21:=0.0316 B,;,-(1.0)- ~ksi-b,-d, ,;=64.473 kip

Ao . «d, ,1+cot (0,
Steel shear strength Vg g1i=—2 rovided i1y shear* o o1 < Slm) =175.591 kip

Ssheanm

The nominal shear determined by Vi equ2a1=Ve stV 21 +V,=269.592 kip
LRFD BDS Equation 5.7.3.3-1

The nominal shear determined by Vo_simp a1 =1 (Vi cqu_1_a1>Vi_equ_2_a1) = 269.592 kip
LRFD BDS Equation 5.7.3.3

Factored shear resistance Dps_shear* Vin_simp_ 1= 242.633 kip
Maximum factored shear at this section
Vv

u_xl = 1.25. VDC_critical_ml +1.5. VDW_critical_ml +1.75- Vdistm'buted_critical_zl =370.65 k?’p

check_shear_at_the_critical_x :=if (¢ps_shem~ o o il =

V 21> “OK” , “NG”> — “NG”

Note: The simplified approach is not good. Therefore, the general MCFT method is checked.
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Try MCFT General approach (LRFD BDS 5.7.3.4.2)

%

— Vv
Shear stress on the concrete vi=— Pps shear* Vp =1.155 ksi

¢psfshear * bv * dv,:cl

check_using APPENDIXBS :=if fi' <0.25,“0OK”,“NG” |=“OK”

c

Note: The check for shear stress on the concrete illustrates that the LRFD BDS Appendix B
can be used to determine resistance. However, Appendix BS5 is not used in this example.
Instead, this example uses LRFD BDS 5.7.3.4.2, the general MCFT approach to determine
shear resistance.

Calculated the moment at 8 ft to the support centerline
Total distributed moment (including g,,,, and IM = 0.33 for HL-93 truck)

M distributed_critical_z1*= 814.1 klp * .f t

DC moments (DC1 + DC2) M, critical z1:=1006.6 kip«ft M, . itica o1:=71.7 kip-ft
Mpc_critical_s1=Mne_critical_e1 + Me_critical_e1 = 1078.3 kip - ft

DW moment (DW) Mpw critical_z1°=0 Kip « ft

Maximum moment at this section (HL-93 inventory loading)

Mu_critical_ml =1.25 'MDC’_critical_ml +1.5 'MDW_critical_zl 4=2772.55 k’Lp 'ft

+1.75-M distributed_critical_z1

abs (M, critical z1
< ;_C” S > +0.5 Nu +abs <Vu_a:1 - Vp> _Aps_straight * fpo
€,i= vl =—0.003
Es ° As + Ep ¢ Aps?straight
Note: €, is less than zero. Use €, = (0 el:=0

Assume the section contains at least the minimum amount of transverse reinforcement:

4.8
Pen = 750vey
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Angle of diagonal compressive stresses is:

Bcqui=(29+3500-¢,) deg =0.506

Concrete shear strength V., ycpp 41:=0.0316 B4, +(1.0) fc. «ksi-b,-d, ,,=154.734 kip
_ . - R
A ovi . «d, » *cot (0
Steel shear strength Vo MeFT 21 =— rovided 1y shear* o o1 < eq"> =316.775 kip
Sshear_z1

The nominal shear determined by V., vrerr 1=V, perr 21+ Vs merr 21 +V,=501.037 kip
LRFD BDS Equation 5.7.3.3-1

The nominal shear determined |V, yscpr 41:=min <V

n_equ_i_z1> Vo MCPT_z1) = 501.037 kip
by LRED BDS Equation 5.7.3.3

Factored shear resistance s shear* Vi svorr z1=450.934 kip

ChBCk—Shear—MCFT :=if <¢ps_shear ° Vn_MCFT_a:l > Vu_ml ) “OK” ) “NG”> =“0OK”

%

u_xl

Demand/capacity ratio DCR,, = = =0.822
¢ps,shea7’ ° anMCFszl

Check the longitudinal reinforcement requirement

Calculate minimum required tensile capacity

u_xl

|%
Vs req o =mun (VS_MCFT_ml 7—_) =316.775 kip
¢psﬁshear

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

abs <M 0.5-N,

u_thical_ml)
+
d

S_

Vu rl .
abs | ————=V,[=0.5 V, g o1 |+ cot (6.4,) =1067.129 kip

v_xl® Qspsfshear ¢psﬁshear ps_shear
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Determine the f,,, based on LRFD BDS 5.9.4.3.2:

2

fps_g fe
ld :=1.6- — 'db: 138.105 in lpm:: dv m1:55.743 in
ksi -
l.—60 d,
Jimfo [0 (f, — f.) = 192.642 ksi
Fua=1 (ld—ﬁ().db) o=t

Since the transfer length is 36 in. from the end of the beam, the available prestress from the 42
straight strands is a fraction of the effective prestress, f,,., in these strands. The center of

gravity of 10 harped strands to the bottom of girder is greater than half the height of the
composite girder, so they do not contribute to the tensile capacity.

The left side of LRFD BDS Equation 5.7.3.5-1 yields:

Aps_stmight =9.114 in’ Afm ::Aps_straight ° fpm =1755.738 kzp
Check :=if Af > abs <Mu_critical_ml> + 0.5 .N“ J “OK”.“NGQ” | =“0OK”
'_ x ) ) =

d'v;cl ° ¢psfshear ¢psﬁshear
v
+|abs|—“ Vp[—0.5 Vi 1eq 21| cOt <96qu>
ps_shear

Note: The longitudinal reinforcement check for this section is good.
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11. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary
Load effects HL-93 Design Lodaing Dy D A Four-truck Platoon (5-ft headways)
(M(kip-ft), and Vikip)) | (with LW = 0.33 and multiple lanes GDF) e < (with ZM = 0.33 and single lane GDF removed MPF =1.2)
Moment (at mid) 34121 4357.7|310.5 2939 0
Moment (at 5.87 ) 608 4 75151536 543.1
Moment (at § f) 814.1 1006.6] 71.7 722.6
Shear (at 5 87 f) 1247 1220| 87 1316
Shear (at 8 f) 121.8 1176 84 1271

Resistance Summary

Resistance (with @)

M (kap-ft) and V (kip))

Moment (at mid)

15722.5

Shear (at 5 87 ft) (Simplified Approach)

458.8

Shear (at & ft) (MCFT Approach)

450.9
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12. Load Rating: Design Load Rating for Moment and Shear

BF = {{Pr }([-p.f ){{P)R.u — (TDC' ](DC) Iz {“'FF.D w )(D FF)
()(LL+DM)

A3.13.2. la—Inventory Level

Load Load Factor

Dc 1.25

DWW 1.50 Overlay thickness was not field measured.
IL 1.75

Parameter information for the equation below.

M, =15722.487 kip - ft g,0=0.834

My =4357.7 kip - ft My =310.5 kip - ft
Mpy=0 kip - ft

Distributed HL.-93 moment HL_93_M . |:=3412.1 kip - ft
(including /M = 0.33 for truck and g,,,5)

Inventory level rating factor
_ (1.0)+M,,— (1.25+ (Mpey +Mpes) +1.50 - Mpyy)

o —1.656
1.75+ (HL_93_M ;)

For Strength T Operating Level only the live load factor changes; therefore the
rating factor can be caleulated by direct proportions.

Load Load Factor, ¥
DC 1.25

DW 1.50
LL 1.35

Operating level rating factor

1.75

RF,,: ?: 2.146

RF;

.
mu

C-35




The shear rating factors for Design Load Rating are calculated for illustration 6A.5.8
purposes only. In-serviee concrete bridges that show no visible signs of shear
distress need not be checked for shear during design load or legal load ratings.

Shear load rating at first critical location (5.87 ft to the centerline of the support)
Parameter information for the equation below.
Vo simp=9509.774 kip gp2=1.018

Vnc_critical =122 klp Vc critical = 8.7 k’lp

VDW_critical =0 kzp

Distributed HL-93 shear V distributed_eriticat = 124.7 Kkip
(including /M =0.33 for truck and g,,)

Inventory level rating factor

(09) ° Vn_simp - <1 25 <Vnc_critical +V _critical> +1.50- VDW_m'itical)

RF \%4 =
1.75- <Vdistributed_critical>

=1.354

Operating level rating factor

1.75
RFE  :=RF -
P V'1.35

=1.755
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Shear load rating at location (8 ft to the centerline of the support)

Parameter information for the equation below.

Vo nvcrr 21 ="501.037 kip Gyo=1.018
Vnc_critical_:rl =117.6 k’&p Vc_critical_ml =84 k’&p

VDW_critical_:rl =0 kip

Distributed HL-93 shear
(including /M =0.33 for truck and g,,) V gistributed_critical z1=121.8 kip

Inventory level rating factor

(09) * Vn_MCFT_:r:l - <125 ° <Vnc_critical_m1 + Vc_cv“itical_ml) +1.50- VDW_critical_cr:1>

RF Va = 7 V
1.75- < distributed_critical_xl)

=1.377

Operating level rating factor

1.
RF,,, = RFy,~1° _ 1 785
1.35
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13. Load Rating for Service III Limit State (Inventory Level)

RF = Jfr—(rp)(/p)
() rzeme)

Flexural Resistance f = f,; + Allowable tensile stress

fp_& = Compressive stress due to effective prestress

= 2550 ks1 (from|Article A3.7.1 3|of this example)

Allowable tensile stress, ksi f=0.19. fc_ +ksi =0.586 kst
st
Resistance stress Jr=fp+fi=6.012 ksi
M M
Determine dead load stress at midspan foo= ( DCI) + ( DCZ> =3.405 ksi
S bot_nc S bot_c
. . . <MDW> .
Determine wearing dead load stress at mid fow= =0 ksi
span Sbotﬁc
Total dead load stress at midspan fo=fpc+ fow=3.405 ksi

(HL_93_M ;)

Live load stress at midspan frr= =1.827 kst
S bot_c
: : fr—fp
Rating factor for Service I11 RF gricellliny = —————=1.427
(Post-1.0-Gains) 1.0~ frr
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14. Load Rating for Strength I Limit State Platoon (target beta = 2.5)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,

CoV =0.20 (100 crossings, ADTT = 5000)

Proposed Strength Calibrated LL Factors for the Target f = 2.5 (Steelman et al., 2021) (Table 2)

. .. ADTT Live load factors by CoF of total live load
Lk Elitoon Frequency Loading Condition DE (One direction) | COV =0 ] €OV =0.05| covi =0.1]covy =015 covi =02
Single-trip | No other vehicles on the bridge One lane NA 1.00 1.05 110 120 125
Singletrp || VO identicdl platoonsloaded on e tanes NA 1.00 105 110 120 125
two lanes
> 5000 135 135 140 145 155
10 Crossings | Med Wil routnewafficinthe | o 1000 135 135 140 145 1.50
Multiple Trucks in Platoon adjacent lane
<100 135 135 140 145 1.5
> 5000 135 1.40 145 150
e | (Mosdwsfiomncodicimuel| oL 1000 135 1.40 145 145 155
Crossings adjacent lane
<100 135 135 145 145 155
Platoon weight divided by 80 kips W piatoon = 1.0
(amplification factor alpha)
Assumed IM = 0.33 (same as MBE permit load rating) IM 1 foce = 33%

5 ft headway 4-truck platoon moment at the mid span from the above load effect table:

(with /M = 0.33 and single lane moment GDF ( g,,,; ) and removed 1.2 multiple presence factor)

LL y400m = 2959.0 kip - ft
5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha)

LL platoon * LLplatoon =2959 klp '.ft

platoon_dis =

Platoon calibrated live load factor (the value

in the red box as shown above Table) pi=1.60

7platoon_st7'engt
Parameter information for the equation below.

M, =15722.487 kip - ft Mppy=310.5 kip - ft

RF Platoon_flezure ‘= LL
7platoon_strength ° < platoon_dis>
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Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon
mixed with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)

Shear resistance taken from HL-93. Acceptable and conservative as long as M,
and ¥, for HL-93 are both = M, and V, for permit. Must be recalculated if
permit values are greater.

Shear load rating at first critical location (5.87 ft to the centerline of the support)
Parameter information for the equation below.
V_simp=509.774 kip g, =0.8

Vnc_critical =122 klp Vc critical = 8.7 kZP

VDW_critical =0 kzp

5 ft headway 4-truck platoon shear at 5.87 ft to the end from the above load effect table:
(with /M = 0.33 and single lane shear GDF (g, ) and removed 1.2 multiple presence factor)

v

critical_platoon 8

=131.6 kip

5 ft headway 4-truck platoon shear at 5.87 ft to the centerline of support (with amplification
factor alpha)

%

critical_platoon_dis = platoon *

V.

critical_platoon

=131.6 kip

o (09) * <Vn_simp> - <125 * <Vnc_critical + Vc_cv“itical) +1.50- <VDW_critical>>
V=

=1.403
7platoon_strength * <Vcritical_platoon_dis>
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Shear load rating at the location (8 ft to the centerline of the support)

Parameter information for the equation below.

Vo nvcrr 21 ="501.037 kip g,1=0.8
Vnc_critical_:rl =117.6 k’&p Vc_critical_ml =84 k’&p

VDW_critical_:rl =0 kip

5 ft headway 4-truck platoon shear at 8 ft to the end from the above load effect table:
(with /M = 0.33 and single lane shear GDF (g, ) and removed 1.2 multiple presence factor)

Vthical_platoon_a:l =127.1 klp

5 ft headway 4-truck platoon shear at 8 ft to the end (with amplification factor alpha)

Vcﬂtical_platoon_dis_wl = Wplatoon * Vcritical_platoon_ml =127.1 k’Lp

(09) * Vn_MCFT_:r:l - <125 ° <Vnc_critical_m1 + Vc_cv“itical_ml) +1.50- VDW_critical_cr:1>

=1.443
7platoon_strength * (Vcritical_platoon_dis_x1>

RFVCC::
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15. Load Rating for Service III Limit State Platoon (target beta = -0.60)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =0.20 (100 crossings, ADTT = 5000)

Proposed Service III Calibrated LL Factors for the Target f = -0.6 (Table 21)

ADTT Load factors by COV of total live load
Truck platoon Frequency Load conditions DF T 3
(one direction) COV;; =0-0.20
single-trip No other vehicles on the bridge One lane N/A 0.85
Multiple trucks i ro identi
ultip s in skl v Two identical platoons loaded on Two or more hmes N/A 0.85
platoon two lanes
T B e s One hine = 5000 1.55
adjacent lne
Platoon calibrated live load factor (the value Y platoon, service = 1.55

in the red box as shown above Table)

Live load stress due to 5 ft headway 4-truck platoon at the mid span (with amplification factor
alpha)

LL ,
fplatmm — platoon_dis —1.584 kS’L

S bot_c

Parameter information for the equation below.

fr=6.012 ksi fp=3.405 ksi Shot o =22414.983 in’

fR_-fD

7platoon_service ° f platoon

=1.062

Rating factor for Service 111 RF geicerimplatoon ™=
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16. Load Rating for Service I Limit State Platoon

A3.13.4.2—S8ervice I Limit State (Optional)|(64.5.4.2.2b)

Y =Ypc =Ypw =1.0

For concrete members with standard designs and
closely clustered tension reinforcement, the Engineer may.,
as an alternate to limiting the steel stress, choose to limit
unfactored moments to 75 percent of nominal flexural
capacity. Where computations are performed in terms ol

5 ft headway 4-truck platoon moment at the mid span (with /M = 0.33 and multiple lanes
moment GDF (g,,5) )

LL
LL yatoon mi=—D2M L g, o =5354.595 kip - ft
9m1
1.20
Note: LL,qt00n includes the Jm1 as shown before.

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha )

LLplatoon_dis_m =W platoon ® LLplatoon_m =5354.595 k’&p 'ft
Parameter information for the equation below.

M, =15722.487 kip - ft Mpey=310.5 kip - ft Mpo, =4357.7 kip - ft

75% of moment resistance M, ;5:=0.75-M, =11791.865 kip - ft

. M n75
Moment ratio M, oiio = =1.177
M DC1 +MDC’2 +MDW + LLplatoon_dis_m
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17. Load Rating Summary

Load rating summary table is given below.

Load Rating Summary
. Design load rating Platoon load rating
Lunt state = = i
Inventory | Operating| (Strength I8 .., = 2.5 and Service Il £, =-0.6)
Strength I for Design and platoon load rating
Flexure (at midspan) 1.656 2.146 2.088
Shear at (5.87 ft to the centerline of support) 1.354 EAT5S 1.403
Shear at (8 ft to the centerlne of suppoxt) 1377 1.785 1.443
Service III
Flexure (at midspan) 1.427 1.062
Service I
Flexure (at midspan) Stressratio = 1.177
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Appendix D
This appendix contains detailed calculations related to the example prestressed concrete

continuous span bridge described in Section 8.3.
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Appendix D. LRFR Load Rating Example of a 170' NU900 Three-span Prestressed
Concrete I-Girder Bridge (interior girder)

Note: Bridge S080 41465 is a 170 ft (42.5°-85°-42.5°) three-span, prestressed multi-girder
bridge at the I-80 5N Waverly Interchange in Waverly, Nebraska (Figure 45). According to the
National Bridge Inventory (NBI) (2022), the bridge was constructed in 2009 with three design
lanes, and the average daily traffic is 49,240. The rating code in NBI (2022) indicates that the
rating is LRFR.

The example illustrates the design and platoon ratings of an interior prestressed concrete
girder at 0.5L of the interior span for positive moment, at the interior support for negative
moment, at the first critical shear section, and one of the changes in vertical shear
reinforcement spacing. For this example, the interior span was used.

The bridge was simple-made continuous, so the dead weight of the beam, the slab, and the
haunch act on the non-composite, single-span structure. The elastic gains from dead and live
loads were considered when calculating prestress loss. The analysis was based on the gross
section properties. The shear resistance was calculated using the simplified and general
MCFT methods.

Prestress losses were calculated using the refined estimates described in LRFD BDS Article
5.9.3.4. Strength I and Service Il rating factors for HL-93 design and platoon loads are
computed. Considering the platoon as a future permit truck, the Service I rating was
performed as the permit rating in MBE (2018).

1. Bridge Data

End span length L,,;:=42.5 ft
Mid span length L,,;:=85 ft
Year built 2009

Concrete information

Ultimate strength for deck fleqi=4 kst

Initial strength for deck flegii=4 kst

Strength of girder concrete at time of transfer flei=T kst

Ultimate strength of girder concrete fei=9 kst

Unit weight of concrete for determining w,.:=155 pcf

dead loads

Unit weight of concrete for determining Wed modulus = 155 pcf
deck modulus of elasticity

Unit weight of concrete for determining Weg modulus*= 150 pef

girder modulus of elasticity
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E_=120,000K,w *° £/°% (5.42.4-1)
E. =33.000Kw > f (C5.4.2.4-2)

< €

Modulus of elasticity of concrete girder at time of transfer

E..:=120000 (wcg_modulus)zo (‘f’ci
ci*— ° ¢

0.33
- +kst =5131.521 kst
pcf - 1000 kst

Modulus of elasticity of concrete girder at ultimate strength

E :=120000 (wcg_modulus)zo (f,c
JRES . .

pef - 1000 ksi
Modulus of elasticity of deck at final time

0.33
) «ksi =5575.243 ksi

E. .:=33000 (/wcd_modulus)l.5 (f/cd
cd = ° ¢

0.5
—| <ksi=4027.555 kst
pcf - 1000 ksi

Modulus of elasticity of deck at initial

wcd_modulus o . f /cdi
pcf - 1000 ksi

0.5
B y= 33000-( ) - ksi =4027.555 ksi

Compression steel

The BrR file does not contain any information about the compression steel.

Other information

1. Skew: 0 degrees.
2. ADT: 49240.
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Vertical shear reinforcement information

Note: Shear was checked at two locations at the interior span. Welded wire fabric (WWF) (70
ksi) was used. At the support ends, the WWF was modeled with 2.8 legs (#4 bars). 1.80 legs (#4
bars) were used for other locations.

Span 1 vertical shear reinforcement information

" Start Distance Spacing, |

Vertical | Horizontal

Span: |1 v Copy span to...

Name E"i::;ds di:it::nrtce Rl szfcing ot disEt:ice
| el () spaces : (i) | (ft) i)

- D18 - W] 0.00 8| 20000 1.23 123
D18 - W] 133 12| 40000 4.00 533
D18 - =l 5.33 10|  8.0000 6.67 12.00
D18 - & 12.00 9| 12.0000 9.00 21.00
D18 - W] 21.00 1| 80000 0.67 2167
D18 - ] 21.67 9| 12,0000 9.00 30.67
D18 - W 30.67 10|  8.0000 6.67 37.33
D18 - ™ 37.33 12| 4.0000 400 41.33
D18 - M 4133 7| 2.0000 117 42,50

Span 2 vertical shear reinforcement information
‘ Start Distance » .Sgacing.
| Vertical ; Horizontal d
Mame E"i::’;ds dii::ce fhikedoy Spal\cing Lo disEt::ce
i () spaces (in) {ft) i)

“|ozs - ¥ 0.00 17| 2.0000 2.83 2.83
D18 - [ 2.83 48| 40000 16.00 18.83
D18 - [ 18.83 7 80000 467 2350
D18 - ] 2350 18| 12.0000 18.00 4150
D18 - [ 4150 1| 16.0000 1.33 4283
D18 - [ 4283 18| 12.0000 18.00 60.83
D18 - ¥ 60.83 7| s.0000 467 65.50
D18 - ™ 65.50 48| 4.0000 16.00 2150
D28 - ™ 8150 16 2.0000 2.67 8417




Prestress steel information

Span 1 strand layout information

b Strand Layout - Span 1

Description type

P and CGS only (@) Strands in rows

Strand configuration type 7] Symmetry
Straight/Debonded
Harped

®) Harped and straight debonded

Mid span
Harp point locations

Left end .
LY | Harp | Distance | Radius
ek point (ft) (im)

Left 17.07 | 0.0000

Right 17.07 | 0.0000

Debonding

Left Section location (in) | Measured and debonded from

Span 2 strand layout information

[® Strand Layout - Span 2

Description type

P and CGES only (@ Strands in rows

Strand configuration type 7] Symmetry
Straight/Debonded
Harped

® Harped and straight debonded

@ Mid span
Harp point lacations
Left end
e Harp | Distance | Radius
sl point (ft) {in)
Left 3373 0.0000
Right 33.73| 0.0000
Debonding
Left | Section location (in}) | Measured and debonded from

Span strand layouts are given below for span 1 and 2. Span 3 has the same layout as for span 1.

B hRae B en |v

) X X J

Strand in Row 9 Column 2
Strand is 1.00 in right of centerline and 33.50 in from bottom of section
5 A strand is harped at left end to this position.
\ A strand is harped at right end to this position.

MNumber of strands = 10
Number of harped strands =0 Number of debonded strands (Total'Here/Other) = 0/0/0

CG of strands (measured from bottom of section) = 2.00 in

B haQe B

@ X X >

# Strand in Row 9 Column 2
% © Strand is 100 in right of centerline and 33.50 in from bottom of section
A A strand is harped at left end to this position,
‘.I A strand is harped at right end to this position.
[

i ’ b
.--""'-// --7--\“-@.\_‘
il : oo
/_oooooooooooooooooo\‘
90000000 OOIOIOIOIOOITRS

Number of strands = 28
MNumber of harped strands =0 Mumber of debonded strands (Total/Here/Other) = 0/0/0

CG of strands (measured from bottom of section) = 2.16 in

Note: 0.6", 270 ksi, low-relaxation strands.

Span 1 & 3: There are total 10 prestress strands (2 strands harped).
Span 2: There are total 38 prestress strands (6 strands harped)

This rating example focused on Span 2 (interior span) strand layout.
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0.6", low-relaxation strand

Area of prestress per strands

Ultimate strength of prestressed strands

Yield stress of prestressed strands

Prestressed strands stress prior to transfer

Modulus of elasticity of prestress

Modulus of ratio for deck to girder concrete

2. Bridge Cross Section

dy:=0.6 in
Arongi=0.217 in’

Jpu =270 ksi

Jpy =243 kst
Fpit=0.75f,, =202.5 ksi

E,:=28500 ks

Ecd

== 0.722

3

[

52'-8"
60-0"
60°-0" |
—Deck Thickness 8" ’7
Travelway 1 ]
E b = . - - __I
Haunch Th. 1" I “Haunch Th. 1" I “Haunch Th. 1" I “Haunch Th. 1" I “Haunch Th. 1" I “Haunch Th. 1"
1 G2 G3 G4 G5 5
NUB00 NU900 NU900 NU900 NL900 NUBO00
3-10" 5@11'-0" = 550" 3-10"
Girder spacing (S) S:=11 ft
Number of girders N_girder:=6

Overhang
Barrier length

Total bridge width

Effective width for deck (for interior girders)

overhang:=3.833 ft
Lbarrier :=0.333 ft
Wiridge = (overhang-2+S-(N_girder —1))=751.992 in

beff::S: 132 in
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3. Interior Girder Details
D Prestress | Beam

MNarme: NU900

Description:

Dimensions. Properties I| Mild steel | Strand gnd |
Area: 648.2839358 in"2

Nominal load: 675.206 I/t
Moment of inertia: 110017.723 in"4
CG from bottom: 16.1076 in
Section modulus, top: | 5702.655 n*3
Section modulus, bot.: | 8830.161 in"3
Nominal depth: 354000 in

Girder gross section area

Beam height

Top girder width

Moment of inertia precast girder
Girder centroid to the bottom of fiber

Girder centroid to the top of fiber

Non-composite section modulus top

Non-composite section modulus bottom

Thickness of deck (loads calculations)

Thickness of deck (effective)

Volume/surface ratio:

Half depth area for pos. flex.:
Half depth area for neg. flex.:

St. Venant torsional constant:

— | X

Top flange type

3.105 in

357.166 int2
250.543 in*2
25792.348 in"4

" | Use entered section propeties

Naote: see engine related help for
analysis engine specific information on the
"Use entered section properties’ selection.

Naote: 150 pef concrete is assumed to

compute the nominal load.

A,:=648.3 in”
h,.:=35.4 in
biop=48.25 in
I1,.:=110017.7 in*

Yneb = 16.1 ":n

Ynet = h’nc “Yneb= 19.3 in

I
Stop_ne = +;b =5700.399 in®
nc nci
Shot ne'=——=6833.398 in’
Yneb
t;:=8 in

hd = 7.5 'l:n




Section property calculations

Transformed width of deck
(deck concrete to girder concrete)

Cross-section area of deck

Deck moment of inertia of deck about it centroid

Height of haunch
Transformed width of haunch

Area of haunch

Haunch moment of inertia of haunch about it centroid

Total height of composite beam

Transformed section area
(including deck and haunch)

Center of deck to the bottom of fiber

Center of haunch to the bottom of fiber

Center to the bottom of fiber (composite)

Ag * Yneb +Ad_tr ¢ hd_center + Ah_tT * hh_center

bd_t'l“ = beff . npd =95.357 in

Ay p=by 4phy=T15.176 in”

h,* b
I, =t = 3352387 in’
- 12
hh:: 1 in
bh_t'l“ = btop . npd = 34.856 in

A, i =by, 4o by, =34.856 in’

R b
—h T 9905 ind
12

Ih_tr::
hc = hh+ hnc+hd:43'9 ":n

A=A+ A+ A 1, =1398.332 in’

h
hd_center = hnc + hh + ?d =40.15 in
hh .
hh_center = hnc+? =35.9 in
=28.894 in

Y=

Moment of inertia (composite)

A

C

I:= <Inc +Ag ° <yncb - ycb) ? > + <Id_tr +Ad_tr ° <h’d_center - ycb) ? > 4=311812.799 in’
+ <I h_tr + Ah_tr ° (hh_center - ycb) 2 )




I
Composite section modulus top beam Siop. oi=————=47926.273 in’

ne ™~ Yeb
. . I, . 3
Composite section modulus bottom beam Spot o i =——=10791.645 in
- Yeb
1 I,

Composite section modulus for extreme top fiber S, gqp :=—— =28763.955 in®

of the structural deck slab Npd Pe—=Yep

Dead and live load moments from BrR (interior girders)

Non-composite Dead Load DC1 Moment at Mpey miqi=1637.5 kip - ft
the 0.5L of the interior span

Composite Dead Load DC2 Moment at the Mpeo miqi=127.6 kip - ft
0.5L of the interior span

Wearing surface load moment at the 0.5L of the Mpyw mia:=0 kip - ft
interior span

HL-93 loading moment at the 0.5L of the interior span HL_93_M 4t 1niq:=1034 kip - ft
(with multiple lanes loaded GDF and IM = 0.33)

Note: The HL-93 loading load effects are directly extracted from BrR.

GDF for positive moment region at 0.5L of the interior span (interior girders)

E
Modular ratio for AASHTO GDFs NGpri=— £ =1.38427479
cd
t
e, term for AASHTO GDF equations €y P =P — Ynep + P+ ES =24.3 in

K term for AASHTO GDF equations K :=ngpp- (Inc+Ag- eg_GDF2> =682215 in*

D-8




Distribution Factors
One Design Lane Loaded:
]lfl

s, ]lf.4[ S‘ JU 3 KJ:
L} {1208’

0.06+ [—
Two or More Design Lanes Loaded:

14
nn?5+[i]lm(£yl K, )"
' 95) \E

12.0 LI_("
Single lane AASHTO moment GDF for interior girders (0.5L of the interior span)

S 0.4 Kg 0.1
_t S \03 . 4
9Im1_mid+=0.06 + ELH . n - =0.565
14 Limia 12. Limia . ts
ft \lin

Multiple lanes AASHTO moment GDF for interior girders (0.5L of the interior span)

ft

S 0.6 Kg 0.1
_t S |02 . 4
Gz miar=0.075+ | 4| : M| =082
Lmia 12. Lmia [ ts
ft lin
GDF for negative moment region at the interior supports (interior girders)
Single lane AASHTO moment GDF for interior girders (interior support)
L.pa+ L,
Liier ::M: 63.75 ft
S 0.4 Kg 0.1
ft S \%? in
9mi_inter :=0.06 + f_ * =0.627
14 Linter inter

&)




Multiple lanes AASHTO moment GDF for interior girders (interior support)

S 0.6 Kg 0.1
ft S \*? in'
I imter=0.075 + L2 ) . | =0.887
9 5 Linter 12 inter . E
It mn

Single lane AASHTO shear GDF for interior girders

=0.8
25 ft

Multiple lanes AASHTO shear GDF for interior girders

g,1:=0.36+

S (S
12 ft (35ft

2
9p2:=0.20+ ) =1.018
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4. Compute Nominal Flexural Resistance at 0.5L of the Interior Span

c
tﬁ” = fpu[l_kd_]
p
k= 0.28 for low-relaxation strands
fu = 270ksi
d, = distance from extreme compression fiber to the centroid of the prestressing
tendons
Center of PS strands to the bottom girder Ypar = 3-16 in
Distance from extreme compression fiber to the d,=h,.+hy,+hy— Y, =40.74 in

centroid of the prestressing strands

Number of strands N,s=38
Area of total prestress Aps=Agrana* N ps=8.246 in’

o, :=0.85
Stress factor of compression block B,:=0.85
0.28 for low-relaxation k:=0.28

. . . Aps * fpu .
Distance from neutral axis to the compressive c:= =5.611 in
face al'f/cd'ﬂl'beff'i-k'Aps'%
p

Depth of the equivalent stress block a:=0,-c=4.7T in

Note: Because the "a" is smaller than the deck thickness, the rectangular section behavior
assumption is valid.

Average stress in prestressing strand, ksi Fps=Fpu* (1 —k- ;

) =259.587 kst
p

Nominal flexural resistance at the interior span =~ M,,:==A,, .+ f (dp—%) =6841.803 kip - ft
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5. Check the Maximum Reinforcement

Note: LRFD BDS Article 5.6.2.1 limits the factor resistance of compression controlled sections.
Over-reinforced (compression controlled) sections are limited by this approach. Using similar
triangles, the net tensile strain is determined at nominal strength.

Based on an allowable concrete strain of 0.003 and the distance from the extreme concrete
compression fiber to the center of gravity of the prestressing strands.

Allowable concrete strain €.:=0.003
. . &
Net tensile strain gy:=—-+(d,—c)=0.019
c

Note: Because €, >0.005, the section is tension controlled and resistance factor shall be taken
as 1.0.

Strength Reduction Factor ¢:=1.0
Factored required moment

My, mia=1.25+ (Mpc1_mia+Mpoa_mid) +1-50 - Mpy g 4=4016 kip - ft
+ 1.75 O <HL—93—Mdist_mid>

M, . .
Demand/capacity ratio for the DCR,,;;:= uid _ ).587
0.5L of the interior span ¢-M,
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6. Compute Prestress Loss according to LRFD BDS Article 5.9.3.4 (Gross Section)

Assumed center of PS strands to bottom of fiber €nc = Ynch— Ypar = 12.94 in
Eccentricity (composite at final) €' =€netYop— Ynep =25.734 in
Shape factor (V/S) V_S_Girder:=3.1052
Average Humidity (Nebraska) H:=65

Age of girder concrete at time of transfer (day) t;:=1

Age of girder concrete at time of deck placement t;:=30

Age of girder concrete at time at final time tp:=3650

Permanent load moments at midspan acting M, :=605.7 kip - ft
on non-composite section (beam)

2
Aps°fpi' <Inc+6nc 'Ag> _6nc'Mg'Ag =920.759 ksi

Losses due to elastic shortening Af pg:=

A .I . .
Aps' <Inc + enc2 'A9> + S
EP
Stress in strand after elastic shortening Jorn=fpi— Af pps=181.741 kst

Concrete stress at the center of 2

i ‘A <A e M,-e
strands due to the prestressing force  f, = Tpir* Aps + Totr*Aps-ene My Cne =3.738 ksi
at transfer and the self weight of the A Tne ne
member
k, term calculation k,:=max(1,(1.45—0.13-V_S_Girder))=1.046
Humidity factor for shrinkage k;s:=2—0.014-H=1.09

5 ksi
Concrete strength factor kpi= —SZ =0.625
1 kst +f,;
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I

k
G . 100—4fc;1 r
2] ——= |+
fi+20 |

Time development factor

_<td_t">, =0.475
12.(100 ksi—4-f,

Time development factor (initial to deck) [
+ (ty—t;
' +20 ksi J (ta=t)

Shrinkage strain (initial to deck placement) Epia=kso kpsekpekigq+0.48+ 107%=0

1

Transformed section coefficient Ky = = PR
1+E_:i4:: I.\1+‘g—1’gﬁ [1+0.7v, (t,.4,)]
(5.9.3.4.2a-2)
Humidity factor for creep kj.:=1.56—0.008- H=1.04
. . (tp—t;)
Time development factor (initial to final) kygri= =0.991

tdf *— . ’
100 kst —4-f',;
12. J'c“ +(ty—t;)
"i+20 kst

Creep coefficients and shrinkage strains (girder)

The creep coefficient may be taken as:

v(t.t)= 1.9k k, k k170 (5.42.3.2-1)

Creep coefficients (initial to deck placement) Pra_ti=1.9 kg koo kpekygqe () 1% =0.614

Creep coefficients (initial to final) Vi 1= 1.9 ke kpokpekygpe () 1% =1.281
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Transformed section coefficients (initial to deck )

Kid:: :O.79
A e’
. <1 + 0.7 * ¢tf_ti>

g “nc

1+

nc

Long-term losses prior to deck placement (between transfer and deck placement)

Loss due to girder shrinkage Af psr=¢€pig* E,+K;3=3.661 ksi
(initial to deck)

Creep coefficients and shrinkage strains (girder):

The creep coefficient may be taken as:

v(t.t)= 1.9k k, k k170 (5.42.3.2-1)
. E, .
Loss due to girder Creep AprR::E—-ngp g 4 K;q=10.072 ksi
(initial to deck) ci
Loss due to relaxation Afpr1=1.2 ksi
Total loss before deck placement Af prria=Af psp+ Afpor + Af pr1 = 14.933 ksi

Long -term losses after deck placement

Shrinkage strain (initial to final) Epipi=kgokpsokpekigee0.48+ 107°=0
The girder concrete shrinkage

strain between deck placement Epaf = Epif— Epia=0

and final time is: shrinkage strain

(deck to final)

Transformed section coefficients (deck to final)

de:: =0.802
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The prestress loss due to

shrinkage of concrete between Afpsp=€pas+ B, Kyp=4.035 ksi
deck placement and final time

is: Shrinkage (deck to final)

Loss due to girder Creep (after deck placement)

& s
Afyep= E_{f@[% (PEARA(HAL S (5.9.3.4.3b-1)

E \
o MV Tl : K

tr—1t
Time development factor (deck to final) Kap a:= < f d> =0.991
- 100 ksi—4-fu)
i +20 ksi (=t
Creep coefficients (deck to final) Vg 1a=1.9 kyokpeokpekygp go (tg) 115 =0.857

Permanent load moments at midspan acting
on non-composite section (except beam at M,,.:=1031.8 kip - ft
transfer) [Haunch + deck]

Permanent load moments at midspan acting My, ==Mpco 1miq=127.6 kip - ft
on composite section [barrier and wearing)

Loss in the strands Ppi=A,« Af prria=123.136 kip

Change in concrete stress at centroid of strands due to long-term losses between transfer
and deck placement

P, Pj-e,’ M,,.-e, M- e
Ade::_ _A+ A" Cne + dnc nc+ dec” *c —_1.96 ksi
A I I I

g ne nc c

Losses due to creep between deck placement and final time

E E '
Afpepi= E—p_ “Segp® <¢tf_m‘ - ¢td_ti> Kgp+ Fp «Afca*if 1a-Kap=4.209 ksi

(&2 c

Loss due to relaxation Af ppa=Afpr1=1.2 ksi
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Deck material coefficients

It is also necessary to determine some material properties for the deck concrete. Humidity
factors (k;, and k) will be the same as for the beam.

hg+b
Shape factor for deck estimated (V/S) VSy:= 4 —=3.548
<h’d + beff> «2e1m
k,, for deck ky:=max (1,(1.45—0.13-VS,)) =1
Concrete strength factor kpyi= & =1
1 kst +flcdi
Time development factor (end of moist to final)
t,—t
ktdf dd = '< ! d> =0.989
- 100 kS’l, - 4 .flcdi
12- — |+ (tr—ta)
,cdi +20 kst
Shrinkage strain (deck to final) Eadf=ksq*Kns Kra*Kiap q+0.48- 107°=0.001
Creep COCfﬁClentS (deCk tO ﬁnal) 1lbd_tf_td = 1.9 ksd . khc . kfd . ktdf_d . <tz> —0.118 = 1.959

.. : . . h .
Eccentricity of deck with respect to gross composite section e;:= <hc - ycb> —?d: 11.256 in

Area of deck concrete Ag:=bsrhy=990 in’

Change in concrete stress due to deck Af,;p:=

<5ddf'Ad'Ecd> (L_ €c*€d
shrinkage (14+0.7+% 47 1) (A

) =—0.186 kst

C C

E
Losses due to shrinkage of deck Af pss ::Ep s (=Afeqp) Kape (1+0.7 1y 1) =1.224 ksi
c
Total loss after deck placement Afprras=Af psp+ Af pop+ Af pro — Af pss = 8.221 ksi

Total long-term loss based on refined method Afprr=Af prria+ Afprrap=23.154 ksi

TOtal IOSS Af pLT_without_elastic_gain = Af pES + Af pLTid + Af pLTdf =43.913 ksi
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The elastic gain due to deck weight, superimposed dead load, and live load (Service I11)

Mdnc'enc +Mdc'ec). E

—P2—8.09 ksi
I I E

elastic_gain_dead :=
nc c C
€. HL_93_M y;s; mid
I

[

E
elastic_gain_live::l.O-( )-Fp=5.235 ksi
c

Total loss with elastic gain (dead loads)

Af p_total_dead_elastic_gain = Af pES + Af pLTid + Af pLTdf — ela’StiC—g ain—dead =35.822 kS’L
Total loss with elastic gain (live loads)

Af p_total_live_elastic_gain = Af pES + Af pLTid + Af pLTdf — ela’Stic—g ain—live =38.678 ksi
Total loss with elastic gain (dead and live loads)

A fps =A fp s+ A fp i+ A fp LTdf— elastic_gain_dead — elastic_gain_live =30.587 ksi

Note: The total loss included both dead and live load elastic gains in this rating example.

Effective stress after loss Jer=fpi— Afps=171.913 kst
Effective force after loss P, :=A,-f,=1417.591 kip

. Pe Pe *€nc .
Compressive stress due to Jop=—+ =4.871 ksi
effective prestress A, bot_nc
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7. Check the Minimum Reinforcement according to LRFD BDS Article 5.6.3.3

At any section, the amount of prestressed and non-prestressed tensile reinforcement must be
adequate to develop a factored flexural resistance, M, , equal to the lesser of:

e 1.33 times the factored moment required by the
applicable strength load combination specified

in|Table 3.4.1-1;

(.
” ﬂi{n' =13 |:[ Yl-f}" S \l‘(?f;‘}’e ]SC _"l‘drdﬂ: l SC L ‘ i
(5.6.3.3-1)
Design Flexural Strength M,:=¢-M,=6841.803 kip - ft

1.33 Factored moment required M, tocr0req:=1.33+ M, 1,iq="5341.114 kip - ft
fe

ksi

Modulus of rupture (assume A =1.0)  f,:=0.24. +ksi =0.72 ksi

(LRFD BDS 5.4.2.6)

flexural cracking variability factor

1.2 for precast segmental structures

1.6 for all other concrete structures

prestress variability factor For prestressing steel. ys shall be taken as 1.0.

1.1 for bonded tendons
1.0 for unbonded tendons

Y1

Y2

Cracking moment v1:=1.6  vy:=1.1  4:=1.0

S, bot_c

M., =3- <71 Jrt7a 'fpb) 'Sbot_c_MDCI_mid° ( - 1)) =4906.07 kip - ft

bot_nc

check_min_reinforcement :=if <M »>min <1 33 My nia>s M, CT) , “OK”, “NG”> =“OK”

Note: Therefore, the minimum reinforcement check is good.
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Negative moment region Strength I

Note: M, is determined firstly for the negative moment region. For this simple made

continuous bridge, the self weight of the beam and the weight of the slab and haunch act on
the noncomposite, simple-span structure, while the weight of barriers and live loads with
impact act on the composite, continuous structure.

Dead and live load moments from BrR (interior support)

Non-composite Dead Load DC1 Moment at Mpet inter=0 kip -« ft
the interior support

Composite Dead Load DC2 Moment at the Mpey inter=—T4.7 kip - ft
interior support

Wearing surface load moment at the interior Mpyw inter:=0 kip -« ft
support
HL-93 loading moment at the interior support HL_93_M ;s inter=—1006.1 kip - ft

(with multiple lanes GDF and IM = 0.33 for truck)

T imy = = e

Non-prestressing flexural reinforcement _ Bottom
information at the interior support (in BrR) L ;

L

Centroid of non-prestressed reinforcement to the bottom of beam

8.8 in’+41.4 in+12.1 in®>-37.4 in
8.69 in’ +12.1 in’

d =39.291 in

inter "

Notes:
1. At the negative moment section, the compression face is the bottom flange of the beam.
2. This section is a nonprestressed reinforced concrete section, thus ¢ is 0.9 for flexure.
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The compression face is the bottom by, :=38.375 in
flange of the beam

Total non-prestressed flexure A,:=12.1 in” +8.69 in® =20.79 in’
reinforcement
Non-prestressed flexure yield stress f,,:=60 ksi

As ° fy

Depth of the equivalent stress block =4.249 in

Qinter *=

0.85 by = f'e

Note: This value is smaller than the flange thickness of 5.3125 in. The rectangular section
behavior assumption is valid.

Nominal flexural resistance (include the negative sign)

Qinter

Mn_inter = _As 'fy * (dinter_ ) =—3863.454 k’l;p '.ft

¢ Factor for nonprestressed section Prionps = 0.9

M, ipior=—3477.108 kip - ft

¢nonps °

Factored required moment

Mu_intev“ =1.25. <MDC'1_inter +MDC2_inter> +1.50 'MDW_inter J=-1854 klp 'ft

+1.75. (H L_93_M dist_intev“>

u_inter

M

n_inter

=0.533

Demand/capacity ratio DCR,,,;4:=

nonps *
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Negative moment region minimum reinforcement check (LRFD BDS Article 5.6.3.3)

Note: This cross section is located in the region over the piers. Section is analyzed as a
reinforced concrete section. At this section, the amount of non-prestressed tensile reinforcement
must be adequate to develop a factored flexural resistance.

M, iion=—34T77.108 kip - ft

Design Flexural Strength M

r_inter *— ¢nonps ¢

=1.33-M,,_

1.33 Factored moment required M,

u_factored_inter :

inter — —2465.887 k’l,p -ft

Modulus of rupture based on the deck fr inter=0.24+ f“_l +ksi =0.48 ksi
(assume A =1.0) (LRFD BDS 5.4.2.6) st
Y¥s = ratio of specified minimum yield strength

to ultimate tensile strength of the
nonprestressed reinforcement

= 0.67 forl AASHTO M 31| (ASTM A615),
Grade 60 reinforcement

Cracking moment vili=1.6  hy:=1.1  1y3:=0.67

Composite section modulus for extreme top fiber Stop. siab_c=28763.955 in’
of the structural deck slab

Cracking moment (apply negative sign here) (Note: For reinforced concrete members S, =
Spe» and without f,..)

Mcr_inter =73 <71 'fr_inte'r * Stop_slab_c> =-1233.398 k’l;p '.ft

check :=if <abs (M T_mter> >abs <m1n <1.33 M, .

inter

M

C

r_intev“>> 9 “OK?” 9 “NG”> =“OK”

Note: Therefore, the minimum reinforcement check is satisfied.

D-22




8. Compute Nominal Shear Resistance at First Critical Section

Note: The area and spacing of shear reinforcement must be determined at regular intervals
along the entire length of the beam. In this rating example, transverse shear design
procedures are demonstrated below by determining these values for the critical section near
the interior supports at the interior span.

The dv definition in LRFD BDS 5.7.2.8 is given below.

dy, = effective shear depth taken as the distance,
measured perpendicular to the neufral axis,
between the resultants of the tensile and
compressive forces due to flexure; it need not
be taken to be less than the greater of 0.9d, or

0.72h (in.)

c
;(_;J_'.' = fp“{l—k—]

dy
k= 0.28 for low-relaxation strands
fu = 270ksi
d, = distance from extreme compression fiber to the centroid of the prestressing

tendons

Note: de is calculated considering the nonprestressed reinforcement in the slab as the main
reinforcement and neglecting the prestressing strand. This is because this section lies in the
negative moment zone.

The corresponding effective depth from the extreme
compression fiber to the centroid of the tensile force de inter = Qinger=39.291 in

in the tensile reinforcement (d, ;,,sc;)

Qinter

Effective shear depth d, d,:=max|d

,0.9+d, inter,0.72+ h,|=37.166 in

e_inter

Critical shear location from centerline of bearing
(distance from the face of support to centerline of bearing is 10")

chtical = dv +10 ! =3.93 ft
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Beam Lengths 42'-8"

93 ft

3
(Y winfl 110
|
Beam Projections . 6" I--I 6"
Bearing Offsets 10" ~hotest- 107
Span Lengths g 42-6° =

Notes
* All beam length dimensions are horiz
* X denotes diaphragm locations.

Compute the factored shear force and bending moment at the critical section for shear,
according to Strength I load combination

Calculated shear loads at the 3.93 ft from the centerline of bearing.

Total distributed shear (HL-93 loading with multiple lanes GDF and IM = 0.33)
Vdistributed_critical’= 111.6 Kip

DC shears (Dnc (non-composite dead loads + Dc (barrier loads))

Vnc_m"itical =72.8 kZp Vc critical *= 5.7 k’Lp

DW shears (DW) Vow eriticar’=0 kip

Total distributed moment (HL-93 loading with multiple lanes GDF and IM =0.33)
M gistrivuted_criticat’=—729.7 kip - ft

DC moment (Dnc (non-composite dead load + Dc (barrier loads))

Mnc_critical :=234.4 klp 'ft Mc_critical :=—51.3 k’bp 'ft
DW moment (DW) Mpyw criticar:=0 kip - ft
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Compute nominal shear resistance

Based on the beam shear reinforcement layout below, the transverse reinforcement provided at

The nominal shear resistance, 7, shall be
determined as the lesser of both of the following:

V,=V,+V,+7, (5.7.3.3-1)
V,=025£bd,+V, (5.7.3.3-2)

in which:

Ve=00316B%/f bd, (5.7.3.3-3)
A fd (cot® + cota)sind
e e yome, (5.7.3.3-4)
5
R
kdud:]_s[f} (5.7.3.3-5)

3.93 ft from the bearing centerline is D18 shear reinforcement at 4-in. spacing.

Yertical | Honzontal

Span: | 2 ™ Copy span to...
Name E)?:Il:u d:;::cc Numbarof | Spacing | Langth das;::cc
promnd ) spaces {mn) (f) )

*|D28 . V] 0.00 17 20000 283 283
D18 v 283 43 4.0000 16.00 1883
D18 ' V] 18.83 7 8.0000 467 23.50
D18 ol 23.50 18 12.0000 18.00 41.50
D18 - 7| 41.50 1 16.0000 133 4283
D18 ] 4283 18 12.0000 18.00 60.83
D18 v 60.83 7 8.0000 4.67 65.50
D18 V] 65.50 48 4.0000 16.00 81.50
D28 v 81.50 16 2.0000 267 84.17
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Minimum transverse reinforcement (LRFD BDS 5.7.2.5)

Effective web width, b, b,:=5.9375 in
Shear reinforcement spacings, Sy,cqr Sehear =4 N
Shear reinforcement yield strength, f, o.cqr fy_shear="T0 ksi

Where transverse reinforcement 1s required as
specified in either Article 5.7.2.3|or| Article 5.12.5.3.8¢|and
nonprestressed remforcement is used to satisfy that
requirement. the area of steel shall satisfy:

by s
i

A4, = 0.0316 A\[f

' b,+s
A,:=0.0316-(1.0)- fc_ cksi - — 0 — 0,032 in?
St y_shear
Area provided for the critical section Apovidea=1.8+0.2 in®> =0.36 in’

check_min_transverse_reinforcement :=if <Apmm'ded >A,,“OK”, “NG”) =“OK”

Determine the Vp

n type iy Q Q& BT 6% v

CGSonly (@ Strands in rows

sfiguration type P synmeity

1t/Debonded k e /l
i _7__7_7__*'*--\,\ X XK o U
1 and straight debonded NOX® 7

¥ Strand in Row 7 Column 2

l Strand is 1.00 in right of centerline and 29.50 in from bottom of section
Harp point locations A strand is harped at left end to this position.

A strand is harped at right end to this position.

Harp | Distance | Radius

point (ft) (in)
Left 3373| 0.0000 | |
Right | 3373 00000 y \
4 N
. \~
ot P
_ ol .
Debonding s B
,—— L) -
Section lecation (in) | Measured and debonded from | 99000000000 0CBO00CSO ]
[ N N K N NN NN NNNNENRESRZJNN]

Number of strands = 28

Number of harped strands =0 Number of debonded strands (Total/Here/Cther) = 0/0/0

CG of strands (measured from bottom of section) = 2.18 in
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Number of harped strands Nharpea =6
Harped strands point location to the bearing Lyarpeat=33.73 ft
Prestress force per strand without live load gains
P rc_strand*= <f i~ Af p_total_dead_elastic_gain) * Agtrana=36.169 kip
Top layer of harped strand distance to the bottom of precast beam Pharp bot1:=33.5 in
Top layer of harped strand distance to the top of beam (33.5" to the bottom of beam in BrR)
Qparped1 = Pne = Pharp pot1 =1.9 0

There are a total of 3 layers of harped strands and the vertical increment is 2". Each harped
strand layer distance to the top of the precast beam can be determined.

Span 2
CL.

b |
T

3.9" ¢

AN

33.73' |
/l

4"

A

E 5.

The distance between the center of gravity of the 6 harped strands at the end of the
beam and the top fiber of the precast beam is:

1.9:-24+3.9-2+5.9-2 .
dharped_top = 6 «in=3.9

The distance between the center of gravity of the 6 harped stands at the harp point and the
bottom fiber of the beam is:
2:24+4:2+6-2

dharped_bot = 6 cin=41n

hnc - dhm“ped_top - dhm’ped_bot

1:=atan =3.887 deg

L harped
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Component of prestressing force in the direction of the shear force (6 strands harped )

Vp = <Pwo_LG_st'rand> ‘ <Nhu7“ped> +sin (¢) =14.71 kip

The nominal shear determined by LRFD Vi equ1=0.25+f".+b,+d,+V,=511.231 kip
Equation 5.7.3.3-2

These equations are based on the Modified Compression Field Theory
(MCFT) and require the determination of p and 6 by detailed analysis. A

simplified analysis using 8 = 45° and B = 2.0 may be utilized for an mitial

evaluation before resorting to the MCFT, if necessary, for likely improved

shear capacity.

Simplified approach
Concrete 6, and 3, Ogim =45 deg By, =2.0
Concrete shear strength V,:=0.0316 B,;,-(1.0)- fc. «ksi-b,-d,=41.84 kip
si
Aprovided 'fy shear * Gy * COt <Gszm> .
Steel shear strength V= = =234.149 kip
Sshear
The nominal shear determined by Vi equ2=Ve+V+V,=290.699 kip

LRFD BDS Equation 5.7.3.3-1
The nominal shear determined by LRFD BDS Equation 5.7.3.3

v

n_simp *

=min (Vy,_equ 15 Vi_equ_2) =290.699 kip

e For shear and torsion in monolithic prestressed
concrete sections and prestressed concrete sections
with cast-in-place closures or with match cast and

epoxied joints having bonded strands or tendons: Pps_shear = 0-9
normal weipht concrete......oonnane 0.90
lightweight concrete.........oooooiiiiiie, 0.90
Factored shear resistance Dps_shear* Vn_simp=261.629 kip
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Strength I load factors

Load Load Factor y
I 125
DW 1.50
e 175

Maximum shear at the critical section (HL-93 inventory loading)

Vu_critical =1.25. (Vnc_thical + Vnc_critical> +1.5- VDW_critical 4=377.3 klp

+1.75. Vdistributed_cv“itical

Check_shear_at_the_critical :=if <¢ps_shear %

n_simp

> Vu_critical? “OK?” ) “NG”> =“NG”

Note: The check was not good for the simplified shear resistance approach. Therefore, the
MCEFT approach to determine the shear resistance for this critical location was used.

Try MCFT General approach (LRFD BDS 5.7.3.4.2)

v

u_critical — (bps_shem“ *

v
Shear stress on the concrete V= P —1.833 ksi
¢psfshear * bv * dv

check_using APPENDIXBS :=if fi' <0.25,“0OK”,“NG” |=“OK”

c

As noted above, this example uses LRFD BDS 5.7.3.4.2, the general MCFT approach to
determine shear resistance.

The net force is zero N,:=0 kip

The A, is provided before A,=20.79 in’

The E, for non-prestressing longitudinal steel E,:=29000 kst

The f,,, can be taken as 0.7 f,, Jpo:=0.7f,, =189 ksi
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Note: A, area of prestressing strands on the flexural tension side of the member. For this

case, the harped strand area was used.

A d ::Nharped 'Astrand =1.302 in2

ps_harpe

In|Egs. 5.7.3.4.2-1| through[5.7.3.4.2-3 | &; is the net

longitudinal tensile strain in the section at the centroid of
the tension reinforcement as shown in|Figures 5.7.3.4.2-1|
and[5.7.3.4.2-2.]In lieu of more involved procedures, &
may be determined by|Eq. 5.7.3.4.2-4|

v

v,-V,|- Apsfpo]
&

OIS I N

M
(|—“ +0.5N, +
L4 (5.7.3.4.2-4)

Maximum moment at this section (HL-93 inventory loading)

M u_critical *= 1.25. (M nc_critical +M, c_critical) +1.5-M DW _critical 4=-1048.1 k?;p '.f t
+1.75-M distributed_critical
abs (M, .ritical
< ;_C” = > +0.5 N, ut abs <Vu_critical - Vp> - Aps_harped ° f po
€, = v =7.108-107"
Es * As + Ep * Apsfharped

Assume the section contains at least the minimum amount of transverse reinforcement:

4.8
Bogyi=—————=3.131
A (1+4750-¢,)

Angle of diagonal compressive stresses is:

Ocqui=(29+3500-¢,) deg =0.55 cot (0.q,) =1.633
Concrete shear strength Ve yorri=0.0316 B, +(1.0)- ’fc_ -ksi-b,-d,=65.499 kip
- st
A ovided* «d,-cot (0
Steel shear strength Vo vcpri=—2 rovided” fy shear* Iy < eq"> =382.28 kip

Sshear
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The nominal shear determined by  V,, yrcrr=V . porr+ Vs porr+V,=462.489 kip
LRFD BDS Equation 5.7.3.3-1

The nominal shear determined by Vo ricrt =m0 (Vi cqu 1>V icrr) =462.489 kip
LRFD BDS Equation 5.7.3.3

Factored shear resistance Dps_shear* Vi viorr=416.24 kip

check_shear_at_the_critical :=if <¢ Vo vicrr >V eriticats “OK”, “NG”> =“OK”

'ps_shear * ¥ n,

%

u_critical

Demand/capacity ratio DCR,,:= = =0.906
¢ps,shea7’ ° anMCFT
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9. Check the Longitudinal Reinforcement according to LRFD BDS 5.7.3.5

A3.10.3—Check Longitudinal Reinforcement (LRFD Design 5.7.3.5)

Tensile capacity of the longifudmal remforcement on the flexural tension side of
the member shall be proportioned to satisfy LRFD Design Eq. 5.7.3.5-1. “Any
lack of full development shall be accounted for.”

LRFD Design

:
L —0.5V, J'cote Eq.5.73.5-1

r

| |
Apsfp: sfw (p (P: +L

Py

Calculate minimum required tensile capacity

Vu_critical

%

s req =TT (VS , ) =234.149 kip

ps_shear

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

abs(M,, ... 0.5-N. V., criti
(M citca) "t |abs| -y 0.5 V, o |+ Ot (B4) = 663.44 Kip
d'u ¢ ¢psfshear ¢psﬁshear ps_shear
Transfer Length: LRFD Design 5.9.4.3.1
£y = 60 strand diameters

l,:=60-d,=36 in

9.4.3.2—Bonded Strand

n

Pretensioning strand shall be bonded beyond the
section required to develop fps for a development length.
{a. 0 1n.. Where £, shall satisfy:

{ 3>

e |4, (5.9.43.2-1)

£ =K
A | 3

k = 1.6 for pretensioned members with a depth
greater than 24.0 in.

l;=1.6.|——|-d,=139.18 in
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¢ From the point where bonding commences to the
end of transfer length:

_ fpef px

T 60d,

(5.9.43.2-2)

¢ From the end of the transfer length and to the end of
the development of the strand:

£, —60d, . . 5
Sox = fpe+m(‘fps _fpe) (5.9.43.2-3)
where:
fox = design stress in pretensioned strand at nominal

flexural strength at section of member under
consideration (ksi)

{px = distance from free end of pretensioned strand to
section of member under consideration (in.)

lyp=d,=37.166 in

gt l,,—60 d,
pze ld_GO’db

) * (fps—fe) =172.904 ksi

Since the transfer length is 36 in. from the end of the beam, the available prestress from the 6

harped strands is a fraction of the effective prestress, f,,, in these strands. The 6 harped

strands contribute to the tensile capacity since they are on the flexural tension side of the
member.

The left side of LRFD BDS Equation 5.7.3.5-1 yields:

Ape harpea® Fpw=225.121 kip

abs (M, citical) N 0.5:N,

check:=if Aps_harped 'fpz 4> d Y7, “N” [=4Y”
+A.. f dv ° ¢psﬁshear ¢ps,shea7’
s Jy
V. L.
+|abs (M — Vp) —-0.5 Vsreq] - cot (Osz-m>
ps_shear

Note: For this first critical location, the longitudinal reinforcement check is good.
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9. Compute Nominal Shear Resistance at Vertical Shear Reinforcement Change

Note: As an example of a calculation, this rating example provided the shear rating at the
vertical shear spacing changing from 4" to 8" location (18.33to the centerline of the left
interior support). The procedure for checking shear at other locations would generally be
similar to that for checking shear at the 18.33' to the centerline of the left interior support. The

procedure for checking other shear locations would generally be similar
shear at the 18.33 to the interior support end in this example.

x,:=18.83 ft

l = Start Distance RO, e

to that for checking

Yertical . Honzontal
Spanc | 2 v Copy span to
Btends | SR |\ mberof | Spacing | Length | ™
Name into distance | = p::}‘g ?%' distance
deck ft) o : i)
/ 7| 0.00 17 20000 283 283
D18 . v 283 48| 40000 16.00 1883
[ D18 V] 1883 7] 80000 467 2350
D18 v 2350 18| 120000 18.00 4150
D18 v 41.50 1 160000 133 4283
D18 ¥ 4283 18 12,0000 18.00 6083
D18 v 60.83 7 8.0000 467 65.50
D18 ] 65.50 48| 40000 16.00 81.50
D28 v £1.50 16| 20000 267 84.17
Span 2
C.L:
39* —is

‘f/

Harped strands distance to the bottom of beam

<hnc - dha'rped_top> - <dharped_bot>

2, =16.148 in

Grarp_a1 = (e Anarpea_top) ~ 33.73 ft
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The distance between the center of gravity of the strands and the bottom of beam at this
location is:

d
_farptl 642.16+4-16
m

ybg/r'_ml = 38 . in = 5-076 in

The corresponding effective depth from the extreme de o1=h.—Ypar -1 =38.824 in
compression fiber to the centroid of the tensile force
in the tensile reinforcement (d, ;)

Effective shear depth d, ,, d 0.72+h,.[=36.439 in

v_xl =

a
max de_ml - 5 ,0.9. de_ml ’

Compute maximum shear at shear reinforcement change
Since the beam projection is 6", the distance from this shear reinforcement spacing change
location to the bearing centerline is determined.
L1_centerline ‘= L1~ 6 in=18.33 .ft
Calculated shear at the 18.33 ft from the bearing centerline.
Total distributed shear (including g,, and IM = 0.33 for HL-93 truck)
Vdistm’buted_critical_ml :=86.4 k%p

DC shears (DC1 + DC2) Ve eritical z1:=45.6 kip V. critical e1=3-55 kip

VDC_critical_zl 8= Vnc_critical_ml + Vc_thical_:r:l =49.15 klp

DW shears (DW) VDW_critical_zl =0 klp
Shear reinforcement spacings, Scq; 21 Sshear z1°=8 1M
! b,+s
Ay ::0.0316-(1.0)-” fc_ kst L 0,064 in
ksi y_shear
Area provided for the critical section A povided z1:=1.8+0.20 in®>=0.36 in’

check_min_transverse_reinforcement_x:=if <Ap'rovided_ml >A, 41, “OK”, “NG”> =“OK”
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Simplified approach

The nominal shear determined by LRFD V.., 1 41:=0.25+f".+b,+d, ,; +V,=501.516 kip
BDS Equation 5.7.3.3-2

I

St

Concrete shear strength V, 21:=0.0316 B,;,-(1.0)-

cksi+by+d, ,;=41.021 kip

Ao . «d, ,1+cot (0,
Steel shear strength V), gy = LLovided 7] Tyshear (Ouim) =114.784 kip

S shear_x1

The nominal shear determined by Vi equ2a1=Ve a1 tVs 1 +V,=170.516 kip

LRFD BDS Equation 5.7.3.3-1

The nominal shear determined Vo_simp a1 =1 (Vi cqu_1_a1>Vi_equ_2_a1) = 170.516 kip
by LRFD BDS Equation 5.7.3.3
Factored shear resistance Dps_shear* Vn_simp_ 1= 153.464 kip

Maximum shear at this section (HL-93 inventory loading)

Vu_ml =1.25. VDC_critical_ml +1.5. VDW_critical_ml +1.75- Vdistm'buted_critical_zl =212.638 k’bp
check_shear_at_the_critical_x :=if (qbps_shear Vi simpa1> Vs “OK”, “NG”> =“NG”

Note: The simplified approach is not good. Therefore, the general MCFT method is checked.
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Try MCFT General approach (LRFD BDS 5.7.3.4.2)

%

— Vv
Shear stress on the concrete )= M Pps shear* Vp =1.024 ksi

qspsfshear * bv * dv,:cl

check_using APPENDIXB5|:=if fi' <0.25,“0OK”,“NG” |=“OK”

c

The check for shear stress on the concrete illustrates that the LRFD BDS Appendix B5 can be
used to determine resistance. However, Appendix B5 is not used in this example. Instead, this
example uses LRFD BDS 5.7.3.4.2, the general MCFT approach to determine shear resistance.

Calculated moment at 18.33 ft to the support centerline.
Total distributed moment (including g,,,, and IM = 0.33 for HL-93 truck)

M distributed_critical_z1*= 495.5 klp 'f t

DC moments (DC1 + DC2) M, critical 21:=1086.5 kip-ft M, . iticar 1:=15.1 kip-ft

M DC'_critical_x1 =M nc_critical_xl + M, c_critical_x1— 1101.6 k'Lp ° f t

DW moment (DW) MDW_cm'tical_ml =0 kZp '.f t

Maximum moment at this section (HL-93 inventory loading)

M _critical_z1 = 1.25 'MDC’_thical_ml +1.5 'MDW_critical_zl 4=2244.125 k'l'p '.ft

u.

+1.75-M distributed_critical_x1

Note: Total A, was used to calculate €, because the distance between the center of gravity of
the strands and the bottom of the beam is on the tension side.

abs (M, critical z1
(o) g -1,
= vl —=—7.418.107"
E,-A+E,-Ap
Note: eis less than zero. Use €, = () el:=0
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Assume the section contains at least the minimum amount of transverse reinforcement:

4.8
(1+750-¢,)

equ :
Angle of diagonal compressive stresses is:

Bcqii=(29+3500-¢,) deg=0.506

Concrete shear strength V., ycpp 41:=0.0316 B4, +(1.0) ! © oksi+b,-d, ,,=98.452 kip
_ _ < ¥
A ovi . «d, » *cot (0
Steel shear strength Vo MeFT 21 =— rovided 1y shear* o o1 < eq"> =207.075 kip
Sshear_z1

The nominal shear determined by V., vrerr 1=V merr 21+ Vs merr 21 +V,=320.237 kip
LRFD BDS Equation 5.7.3.3-1

The nominal shear determined V., yopr o1 =m0 (Viy_cqu_1_o1 5 Vo viorr 21) = 320.237 kip
by LRFD BDS Equation 5.7.3.3

Factored shear resistance Dps_shear* Vi sorr z1=288.213 kip

ChBCk—Shear—MCFT :=if <¢ps_shear ° Vn_MCFT_a:l > Vu_ml ) “OK” ) “NG”> =“0OK”

%

u_xl

Demand/capacity ratio DCR,, = = =0.738
¢ps,shea7’ ° anMCFszl
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Check the longitudinal reinforcement requirement
Calculate minimum required tensile capacity

%

S

. Vu_zl .
_req_x1 =TT Vs morr 21— |[=207.075 kip
¢psﬁshear

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

abs <Mu_c1“itical_ml> 0.5-N, u N

Vu rl .
abs | ————=V,[=0.5 V, g o1 |+ cot (6,4,) = 1034.045 kip

ps_shear

dv?azl * qbps?shear ¢psﬁshear

2
fps_g fe
1)=1.6-|— > |.d,=139.18 in Ii=d, ,1=36.439 in
ksi -
l.—60 d,
Jemf |20 (F, — £.) = 172.286 ks
fp f (ld_GO'db) (fp f>

Since the transfer length is 36 in. from the end of the beam, the available prestress from the 38
strands is a fraction of the effective prestress, f,,,, in these strands. The center of gravity of 6

harped strands to the bottom of girder is smaller than half the height of the composite girder, so
they do contribute to the tensile capacity.

The left side of LRFD BDS Equation 5.7.3.5-1 yields:

Af = Ay fp=1420.669 kip

abs <Mu_critical_m1> n 0.5-N, w

Check :=if | Af,> d ,“OK”,“NG”|=“OK”
d'v;cl ° ¢psfshear ¢psﬁshear
v
+|abs (uixl — Vp) -0.5 Vsreqxl) - cot <96qu>
ps_shear

The longitudinal reinforcement check for this section is good.
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10. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary
Load effects HL-93 Design Lodaing pne | pe Four-truck Platoons (5-ft NRL)
(M{ldp-ft), and V(kip)) (with JM = 0.33 and nmltiple lanes GDF) {(with JM = 0.33 and single lane GDF removed MPEF = 1.2}

Moment (at 0.5L of the interior span) 1034.0 1637.5|127.6 647.6
Moment (at interior supports) -1006.1 0.0 |-747 -870.6
Moment (at 3.93 fi) -729.7 2344 1-513 -613.8
Moment (at 18.33 fi) 4955 1086.5| 15. 281.6

Shear (at 3.93 ff) 1116 728 | .57 922

Shear (at 18.33 f) 86.4 456 | 36 62.4

Resistance Summary

Resistance (with ¢ )
(M (kip-ff) and V (kip))
Moment (at 0 5L of the interior span) 6841 8
Moment (at interior supports) -3477.1
Shear (at 3.93 ft) (MCFT Approach) 4162
Shear (at 18.33 ) (MCFT Approach) 288.2
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11. Load Rating: Design Load Rating for Moment and Shear

BF = {{Pr }([-p.f ){{P)R.u — (TDC' ](DC) Iz {“'FF.D w )(D FF)
()(LL+DM)

A3.13.2. la—Inventory Level

Load Load Factor

Dc 1.25

DWW 1.50 Overlay thickness was not field measured.
IL 1.75

Moment load rating at the 0.5L of the mid span

Parameter information for the equation below.

M, =6841.803 kip - ft Im2_mia=0-82

Mpoi mia=1637.5 kip - ft Mpes, mia=127.6 kip - ft
Mpw _mia=0 kip - ft

Distributed HL-93 moment HL_93_M ;g4 1niq=1034 kip - ft
(including /M =0.33 for truck and g,,,5 i)

Inventory level rating factor

_ (1.0)-M,,— <1~25 . <MD01_mid +MD02_mid> +1.50 'MDW_mid>

= =2.562
1.75. <H L_93_M dist_mid)

For Strength I Operating Level only the live load factor changes; therefore the
rating factor can be calculated by direct proportions.

Load Load Factor, y
DC 1.25
DW 1.50
LL 1.35
Operating level rating factor
1.75
RFope = RFi'rL’U . ? = 3.321
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Moment load rating at the interior supports

Parameter information for the equation below.

M, inter=—3863.454 kip - ft Gma_inter = 0.887
MDCl_inter =0 k'l'p '.ft MDCZ_inter =—-T4.7 kll'p '.ft

MDW_inter =0 klp '.f t

Distributed HL.-93 moment HL_93_M 4y inter=—1006.1 kip - ft
(including /M =0.33 for truck and g,,,5 inser)

Inventory level rating factor

o (0:9)-805 (M ) <05 (125 (Mo i+ M i) + 150 Mow i)
1.75+abs <H L_93_M dist_inter)

my

=1.922

For Strength I Operating Level only the live load factor changes; therefore the
rating factor can be calculated by direct proportions.

Load Load Factor, y
D¢ 1.25

DWW 1.50
LL 1.35

Operating level rating factor

1.75

RF ——=2.491
1.35

ope =

RF,

.
mu

The shear rating factors for Design Load Rating are calculated for illustration 6A.5.8
purposes only. In-serviee concrete bridges that show no visible signs of shear
distress need not be checked for shear during design load or legal load ratings.
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Shear load rating at first critical location (3.93 ft to the centerline of the support)

Parameter information for the equation below.

Vo vorr=462.489 kip Gyo=1.018
Vnc_critical =72.8 k’Lp Vc_m“itical =5.7 k?'p

VDW_critical =0 k’l,p

Distributed HL-93 shear V gistributed_criticar=111.6 Kip
(including /M =0.33 for truck and g,,)

Inventory level rating factor

(09) ¢ Vn_MCFT - <1 25 <Vnc_cm'tical +V, _critical) +1.50- VDW_critical)

= =1.629
v
1.75- <Vdistributed_c7’itical>
. . 1.75
Operating level rating factor ~ |RF,,:= RF\+ T35 2.111

Shear load rating at location (18.33 ft to the centerline of the support)
Parameter information for the equation below.

Vo vicrr o1 = 320.237 kip g,=1.018

V ne_critical_a1 =45-6 Kip Ve critical_a1=3-55 Kip

VDW_critical_:rl =0 k’l,p

Distributed HL-93 shear
(including /M =0.33 for truck and g,,) V distributed_critical 21 = 864 kip

Inventory level rating factor

(09) * Vn_MCFT_:r:l - <125 ° <Vnc_critical_m1 + Vc_cv“itical_ml) +1.50- VDW_critical_cr:1>
RF Vz = = 1 .5

1.75- <Vdistributed_critical_xl)

Operating level rating factor RF,,.:=RFy,- % =1.944
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12. Load Rating for Service III Limit State (Inventory Level)

RF = Jfr—(rp)(/p)
() rzeme)

Flexural Resistance f = f,; + Allowable tensile stress

fp_& = Compressive stress due to effective prestress

= 2550 ks1 (from|Article A3.7.1 3|of this example)

Allowable tensile stress, ksi

Resistance stress

Determine dead load stress at 0.5L of midspan

Determine wearing dead load stress at 0.5L of
mid span

Total dead load stress at 0.5L of midspan

Live load stress at 0.5L of midspan

Rating factor for Service I11
(Post-1.0-Gains)

fe

St

fi:=0.19. «ksi=0.57 kst

Fri=Fp+fi="5.441 ksi

(M DCl_mid> 4 (M DCQ_mid>

S bot_nc S bot_c

foc= =3.017 kst

fDW:M: 0 ksi

S bot_c

<HL_93_M dist_mid> =1.15 ksi

LL =
S bot_c

1.0 frr

RFServiceIHinv B= =2.108
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13. Load Rating for Strength I Limit State Platoon (target beta = 2.5)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =0.20 (100 crossings, ADTT = 5000)

Moment load rating at the 0.5L of the interior span

Proposed Strength Calibrated LL Factors for the Target f = 2.5 (Steelman et al., 2021) (Table 2)

. .. ADTT Live load factors by CoF of total live load
Lk Elitoon Frequency Loading Condition DE (One direction) | COV =0 ] €OV =0.05| covi =0.1]covy =015 covi =02
Single-trip | No other vehicles on the bridge One lane NA 1.00 1.05 110 120 125
Singletrp || VO identicdl platoonsloaded on e tanes NA 1.00 105 110 120 125
two lanes
> 5000 135 135 140 145 155
10 Crossings | Med Wil routnewafficinthe | o 1000 135 135 140 145 1.50
Multiple Trucks in Platoon adjacent lane
<100 135 135 140 145 1.5
> 5000 135 1.40 145 150
e | (Mosdwsfiomncodicimuel| oL 1000 135 1.40 145 145 155
Crossings adjacent lane
<100 135 135 145 145 155
Platoon weight divided by 80 kips W piatoon = 1.0
(amplification factor alpha)
Assumed IM = 0.33 (same as MBE permit load rating) IM 1 foce = 33%

5 ft headway 4-truck platoon moment at the 0.5L of the interior span from the above load effect
table: (/M = 0.33 and single lane moment GDF ( g,,; ,,,;4) and removed 1.2 multiple presence

factor)
LL y400n = 647.6 Kip - ft

5 ft headway 4-truck platoon moment at the 0.5L of the interior span (with amplification factor
alpha)
LLplatoon_dis =W platoon ® LLplatoon =647.6 k'l'p * ft

Platoon calibrated live load factor (the value Yplatoon_strength = 1-60
in the red box as shown above Table)

Parameter information for the equation below.

M, =6841.803 kip - ft Mpcsy mia=127.6 kip - ft
MDCl_mid =1637.5 k'lzp 'ft MDW_mid =0 k'l;p 'ft
Rating Factor

(1.0)-M,— (1-25 . <MDC’1_mid+MDC2_mid> +1.50 - Mpy i)

RF Platoon_flezure ‘= =4.474

7platoon_strength ° (LL platoon_dis>
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Moment load rating at the interior supports

5 ft headway 4-truck platoon moment at the interior support from the above load effect table:
(with /M = 0.33 and single lane moment GDF ( g,,,; jnse-) and removed 1.2 multiple presence

factor)
LLplatoon_inter :=—870.6 k'Lp 'ft

5 ft headway 4-truck platoon moment at the interior support (with amplification factor alpha)

LL platoon * LLplatoon_inter =—870.6 k’Lp ¢ ft

platoon_inter_dis =

Parameter information for the equation below.

M, inter=—3863.454 kip - ft Mpes inger=—74.7 kip - ft
MDCl_inter =0 k'l'p '.ft MDW_inter =0 klp '.ft
Rating Factor
0.9 -abS Mn inter —a.bs 1.25 . M in er+M inter =+ 1.50'M inter
iy o 091055 (V) 05 (125 (Vo1 iMoo i) +1-50 M ) _, o

7platoon_strength -abs (LL platoon_inter_dis)
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Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon
mixed with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)

Shear resistance taken from HL-93. Acceptable and conservative as long as M,

and ¥, for HL-93 are both = M, and V, for permit. Must be recalculated if
permit values are greater.

Shear load rating at first critical location (3.93 ft to the centerline of the support)

Parameter information for the equation below.

Vo vcrr=462.489 kip g,1=0.8
Vnc_critical =72.8 kll'p Vc critical = 5.7 k?'p

VDW_critical =0 k’l;p

5 ft headway 4-truck platoon shear at 3.93 ft to the interior support from the above load effect
table: (with /M = 0.33 and single lane shear GDF ( g, ) and removed 1.2 multiple presence

factor)
v

critical_platoon 8

=92.2 kip

5 ft headway 4-truck platoon shear at 3.93 ft to the interior support (with amplification factor
alpha)

%

critical_platoon_dis = platoon *

V.

critical_platoon

=92.2 kip

Rating Factor

_ (09) ° <Vn_MCFT> - <125 ° <Vnc_cv“itical + Vc_cm‘tical) +1.50- <VDW_m"itical>>

= =2.156

7platoon_strength * (Vcritical_platoon_dis>
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Shear load rating at the location (18.33 ft to the centerline of the support)
Parameter information for the equation below.
Vo micrr 21 = 320.237 kip g, =0.8

Vnc_critical_:rl =45.6 kll'p Vc_critical_ml =3.55 k?'p

VDW_critical_:rl =0 k’l,p

5 ft headway 4-truck platoon shear at 18.33 ft to the end from the above load effect table:
(with /M = 0.33 and single lane shear GDF (g, ) and removed 1.2 multiple presence factor)

%

critical_platoon_x

1 = 62.4 kip

5 ft headway 4-truck platoon shear at 18.33 ft to the end (with amplification factor alpha)

Vcﬂtical_platoon_dis_wl = Wplatoon * Vcritical_platoon_ml =62.4 k’Lp

Rating Factor

(09) * Vn_MCFT_:r:l - <125 ° <Vnc_critical_m1 + Vc_cv“itical_ml) +1.50- VDW_critical_cr:1>

=2.271
7platoon_strength * (Vcritical_platoon_dis_x1>

RFVCC::
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14. Load Rating for Service III Limit State Platoon (target beta = -0.60)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =10.20 (100 crossings, ADTT = 5000)

Proposed Service III Calibrated LL Factors for the Target f = -0.6 (Table 21)

ADTT Load factors by COV of total live load
Truck platoon Frequency Load conditions DF T 3
(one direction) COV;; =0-0.20
single-trip No other vehicles on the bridge One lane N/A 0.85
Multiple trucks i ro identi
ultip s in skl v Two identical platoons loaded on Two or more hmes N/A 0.85
platoon two lanes
T B e s One hine = 5000 1.55
adjacent lne
Platoon calibrated live load factor (the value Y platoon, service = 1.55

in the red box as shown above Table)

Live load stress due to 5 ft headway 4-truck platoon at the 0.5L of the interior span (with
amplification factor alpha)

LL ,
fplatmm — platoon_dis —0.72 kS’L

S bot_c

Parameter information for the equation below.

fr=>5.441 ksi fp=3.017 ksi Spor «=10791.645 in’

fR_-fD

7platoon_service ° f platoon

=2.171

Rating factor for Service 111 RF geicerimplatoon ™=
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15. Load Rating for Service I Limit State Platoon

A3.13.4.2—S8ervice I Limit State (Optional)|(64.5.4.2.2b)

Y =Ypc =Ypw =1.0

For concrete members with standard designs and
closely clustered tension remforcement. the Engineer may,
as an alternate to limiting the steel stress, choose to limit
unfactored moments to 75 percent of nominal flexural
capacity. Where computations are performed in terms ol

5 ft headway 4-truck platoon moment at the 0.5L of the interior span (with /M = 0.33 and
multiple lanes moment GDF (g,,,) )

LL platoon

platoon.m* =" ° Im2_mid = 1127.935 klp 'ft
gml_mid

1.20

LL

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha )

LLplatoon_dis_m =W platoon ® LLplatoon_m =1127.935 k?'p ° .ft

Parameter information for the equation below.

Mpw _mia=0 kip - ft

75% of moment resistance M, 5:=0.75+-M,=5131.352 kip - ft

. M n75
Moment ratio M, oiio = =1.774
M DC1_mid +M DC2_mid +M DW_mid +LL ‘platoon_dis_m
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16. Load Rating Summary

Load rating summary table is given below.

. Design load rating | Platoon load rating
Limit state ; A
Inventory Opa’atmg (Strength I 8 oer = 2.5 and Service 11 8, .., = -0.6)
Strength I for Design and platoon load rating
Flexure (at the 0.5L of the interior span) 2562 | 3321 4474
Flexure (at interior supporis) 1922 2491 2429
Shear at (3.93 ft to the centerline of interior supports at the interior span side) 1.629 2111 2.156
Shear at (18.33 i to the centerline of interior supports at the interior span side) | 1.500 1.944 2271
Service [T
Flexure (at midspan) 2.108 251
Service [

Flexure (at midspan)

Stress ratio = 1.774
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Appendix E
This appendix contains detailed calculations related to the example steel simple-span

bridge described in Section 8.4.
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Appendix E. LRFR Load Rating Example of a 100' Simple-span Welded Plate
Girder Bridge (interior girder)

Note: Bridge S080 00526 is a 100-ft simple-span, steel welded plate girder bridge at the I-80
3W Bushnell Interchange in Bushnell, Nebraska, constructed in 1970 (Figure 51). Bridge has
two design lanes (HS20) and average daily traffic of 8,115. The bridge was later widened by
replacing existing girders and adding a new girder. The original girders were 36 ksi steel,
whereas the new girder is ASTM (2021) A709-50W.

The bridge's load factor rating is LFR. However, the LRFR rating method was used here.
Steelman et al. (2021) indicate that rating factors for LRFR and LFR differ due to LL
components, GDF, impact factors, and resistance effects. A calibrated LFR method that
accounts for the bias of LFR GDFs relative to LRFR GDF's for different limit states is needed
in future research (Steelman et al., 2021). It is beyond this project's scope to thoroughly
calibrate the LL factors for LFR.

The example below illustrates an interior steel girder's design and platoon ratings at the
interior span (0.5L) for positive moment and at the beam end supports for shear. Rating
factors for the Strength [ and Service 11 limit states were provided for HL-93 design and
platoon loads. Fatigue I and Fatigue II for the AASHTO fatigue truck and platoons with 5- or
50-ft headways were considered to evaluate the welded cross-frame connection plate at a
typical cross-frame location.

The fatigue damage ratios for a single crossing of a four-truck platoon with a 5- or 50-ft
headway and an AASHTO fatigue truck were determined. This rating example also considered
Fatigue I and Fatigue Il for shear studs at the beam end, based on AASHTO fatigue truck and
platoons with a 5-ft headway.

1. Bridge Data

Span length L:=100 ft

Year built 1970

Material Steel yield stress (homogenous section)
F,:=36 kst F,.:=36 kst F, =36 kst F,:=36 ksi F,,:=36 kst

F,: girder yield stress, F,,.: compression flange yield stress, F,,: flange yield stress, F,:
tension flange yield stress, and F,,, is the web yield stress
Other information

1. Skew: 0 degrees.
2. ADT: 8115.
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Concrete information

Unit weight of concrete for determining
dead loads

Unit weight of concrete for determining
deck modulus of elasticity

Unit weight of concrete for determining
girder modulus of elasticity

Ultimate strength for deck

E, =33.,000Kw,"”y/ £

c c

Modulus of elasticity of deck at final time

wcd_modulus

w, =155 pcf

wcd_modulus =155 pc.f

wcg_modulus =150 pc.f

E,;:=33000-
pcf - 1000

1.5 . f/cd
ksi

0.5
) «ksi =4027.56 kst
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2. Bridge Cross Section

5080 00526L
100.0 ft simple span welded PL girder - 2018 Including Rehab

180 / Stream
3/4/2023
. 46'-8" X
A6'-4"
: A4'-Q" :
24I_0IF N
—Deck Thickness 7 1/2" " _

Stiiped Travelway. 1 e

/ Travelway 1 I

MHaunch Th. 1* | “Haunch Th. 1° | “Haunch Th 1"rHaunch Th. 1'fHaunch Th. 1" | “Haunch Th 3/4”

G1 G2 G3 G4 G5 G6
il 5@8'-2" = 40'-10" 211"
Steel modulus of elasticity E:=29000 kst
Girder spacing (S) S:=98 in=8.167 ft
Number of girders N_girder:=6
Overhang overhang:=35 in=2.917 ft
Total bridge width Wiridge = (overhang-2+S-(N_girder —1)) =560 in
b.sp for deck (for interior girders) beff int=S=98 in
Thickness of deck (loads calculations) t;:=7.51in
Thickness of deck (effective) hy:=7.0 in
Haunch thickness (shown in the BrR analysis) h,:=11in
. E
Modulus of ratio for the steel to deck n == 7.2
cd
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3. Girder Section

5080 00526L

100.0 ft simple span welded PL girder - 2018 Including Rehab - G2
180 / Stream

34/2023

Top Flange Transitions PL 3/4"x12"x29'-0" " PL 1 1/8"x12"x42'-0"
Web Transitions VBE0"%100-0"

Stiffener Spacing ? SPA.@ 2-0"=4'0

HEEE RN .

Bottom Flange Transitions J. PL 1 5/8"x14"x24'-0" PL 2 1/4"x14"x52'-0"

Bottom Flange Deterioration

Span Lengths 100-0"

Girder dimensions at the mid span

Web thickness t,, ::% in=0.375 in

Top flange width by=12 in

Bottom flange width byp:=14 in

Compression flange (top flange) thickness t;=1.125 in

Tension flange (bottom flange) thickness typ=2.25 in

Web Depth D:=60 in

Total height of the composite section Dy:=tp+ D+t + hy, +1,=71.875 in
Total height of the non-composite section D grger =ty +D+t,;=63.375 in

E-4




Section property calculations
Top flange section area

Web section area

Bot flange section area

Girder section area

Top flange center to the datum
Web center to the datum

Bot flange center to the datum
Ay for the tension flange

Ay for the web

Ay for the bottom flange

Ay for the girder

centroid y, to the datum

Moment of inertia for the top flange

Moment of inertia for the web

Atf:: btf. ttf: 13.5 in2
Apep=t,D=22.5 in’
Abf:: bbf.tbf:31'5 in2
Agirde'r ::Atf+Aw€b +Abf: 67.5 in2
tif )
ytf::tbf+D+?: 62.813 1n
D .

Yoweb = tbf+?: 32.25 in

lyf )
ybf::_: 1.125 wn

2
A, ypi=Ayy,;=847.969 in’
Ay web = Aued* Yuer = 725.625 in’

Ay_bf ::Abf. ybf: 35.438 ins

Ay_qirder ::Ay_tf +Ay_web +Ay_bf =1609.031 ’l:’rl,3

Moment of inertia for the bottom flange

Moment of inertia (girder only)

A
ygi'rde'r‘_b ::M: 23.838 in

girder

bpet,’
O_tf::—tf t =1.42 in*

o bbf. tbf3

Livder=To 5+ Asp+ (Ysr— Ygirderv)* + Lo op T Avs* (Yo — Ygirder ) + 1o wep ¢ =45113.74 in’

+ Aweb ° <yweb - ygirder_b)

2




Short term section properties (n)

be ff_int® iy

Area of slab Agab sti= =102.078 in’
- n
tS .

Center of slab to the datum Ysiab = Dgirder + hh—i-?: 68.125 in

besr f

eff_int . ts3
Moment of inertia for the slab I, gab st = —478.49 in*
(short term) 12
A, for the slab (short term) Ay siab st =Agiab_st* Ysiap = 6954.042 in’
. A, girder T A

centroid y,, . to the datum Yp st'= ygirder 7 7y slob st _ 50).496 in

Agirder + Aslab?st

Moment of inertia (short term)

Iy:= Igirder +Agirder ° <ygi7“de7“_b - yb_st) ’+ Io_slab_st +Aslab_st ° (yslab - yb_st> ? =125286.71 in'

Long term section properties (3n)

be ff_int ® i,

Area of slab Agap 1= =34.026 in’
B n
beff_int - 3
S
Moment of inertia for the slab I, gab 1t ::3n— =159.5 in*
(long term) 12
A, for the slab (long term) Ay dab 1t°=Agab 1t * Ysiap=2318.014 in’

Ay _girder + Ay_slab_lt
Agirder + Aslab?lt

centroid y,, ;;to the datum Yp 11= =38.68 in

Moment of inertia (long term)

D=1 girier + Agirder* Ygirder b= Yo.1t)* +Lo_stab_it +Astab_it* (Ystab— Yo_ir)* =89644.2 in’
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Summary of section properties

I irder .
Section modulus for the bottom of the girder (Steel only) S,, =279 _1892.553 in®

ygirder?b
. . Igirde'r . 3
Section modulus for the top of the girder (Steel only)  S,,:= =1141.037 in
D girder — ygirderﬁb
. . Ist . 3
Section modulus for the bottom of the girder (short term) Sy 1= =2481.099 in
- Yb_st
. . Ist . 3
Section modulus for the top of the girder (short term) S, ;:==—————=9728.335 in
D girder — Yy_st
. . Ilt .3
Section modulus for the bottom of the girder (long term) Sy = =2317.571 in
Yo
Iy

Section modulus for the top of the girder (long term) S, ;;:= =3630.089 in®

D girder — Yv 1t
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Dead load moment and shear calculations

Unfactored DC1 moment at the mid span M,;.,:=1324.6 kip- ft
Unfactored DC2 moment at the mid span M ;.5:=268.8 kip - ft
Unfactored DW moment at the mid span M,,:=332.3 kip- ft
Unfactored DC1 shear at the beam end Ve1:=52.2 kip
Unfactored DC2 shear at the beam end V4eo:=10.8 kip
Unfactored DW shear at the beam end V4w =13.3 kip
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Live load demand calculation (GDF and HL-93 nominal loadings)

Modular ratio for AASHTO GDFs B =7.20039821

cd

Ngpr=

h
e, term for AASHTO GDF equations g aoF*=Dgirder = Ygirder b+ hn+ 7(1 =44.0375 in

K, term for AASHTO GDF equations K ,:=ngpp+ (Lyirder+Aginder* €5 cpr” ) = 1267390 in’

Distribution Factors
One Design Lane Loaded:

04 03 - 0.1
K
PREANEIy
14) \L) \12.0Lt;

Two or More Design Lanes Loaded:
0.6 02 K 0.1
U_DT5+[iJ (EJ _—
9.5 L 12.0L¢°

Single lane AASHTO moment GDF for interior girders

0.1
i 0.4 Kg
_ ft AR in’ _
gml —006+ E M f M 3 —0485

Multiple lanes AASHTO moment GDF for interior girders

0.1
S 06 Kg
0.2 . 4
g.,=0.075+| L] (2], s —0.694
m2
9.5 L L ()
12. .| -¢
ft \in

Single lane AASHTO shear GDF for J,1:=0.36+
interior girders

5 =0.687
t
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Multiple lanes AASHTO shear GDF Ju2:=0.20+ 5

2
- ( ) =0.826
for interior girders 12 ft \35 ft

HL-93 loading moment with multiple lanes HL_93_M;,:=1958.8 kip - ft
GDF and IM = 0.33 at the mid span

HL-93 loading shear with multiple lanes =~ HL_93_V ., :=98.2 kip
GDF and IM = 0.33 at the beam end
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4. Article 6.10.2 Proportional Limits Check

Web check (6.10.2.1.1-1)

Bottom Flange check (6.10.2.2-1)

Top Flange check (6.10.2.2-1)

Bottom Flange check (6.10.2.2-2)

Top Flange check (6.10.2.2-2)

Bottom Flange check (6.10.2.2-3)

Top Flange check (6.10.2.2-3)

Moment of inertia of the compression

flange about the vehicle axis (6.10.2.2-4)

Moment of inertia of the tension flange
about the vehicle axis (6.10.2.2-4)

Flange check (6.10.2.2-4)

check :=if 23 150, “OK”, “No”) =“No”

w

b
Check = if bf S 12 , “OK” , “NO” — “OK”
2 by

b

Check = if 2 ttf S 12 , “OK” , “NO”) — “OK”
tf

. D

check :=if bbfzga “OK”,“No” | = “OK”

D
checkj=if | b,;>—,“OK”, “No”) = “OK”
6

check:=if (t,;>1.1-1,,,“OK”, “No”) = “OK”

check:=if (t,;>1.1-t,,“OK”,“No”) = “OK”

t,peb, >
T A

e =162 in*

toeebp s
7. torOvf

i =514.5 in*

I
check:=if|0.1<-* <10, “OK”, “No” | = “OK”
yt

Note: For this case, D/tw is 160. Therefore, the webs without longitudinal stiffeners failed the
checkin 6.10.2.1.1. That is because the bridge was not designed by LRFD.
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5. Service II Checks (LRFBD BDS Article 6.10.4.2.2)

Note: This design checks the Service II limit state first and the Strength I limit state will be
checked later. For the bottom of the steel flange, the lateral flange stress ( f;) is ignored.

Hybrid factor Rh R;:=1.0
Lateral flange stress (assume to be 0) fi=0
Flange stress upper limit for the Service 11 Jservicerr:=0.95 Ry, « F r=34.2 ksi

Check the top steel flange stress due to the Service II loads (6.10.4.2.1)

For the top steel flange of composite sections:

f; <0.95R,F, (6.10.4.2.2-1)

Top flange stress due to Service II loads without the consideration of lateral flange
bending (ksi) (Service II load factors) (Compression)

1.0 My N 1.0 (Mg +My,) 1.3 HL_93 My,

o= + =19.059 ksi
Sta: St?lt St?st

check:=if <fth.fServiceHa “OK” 3 “NO”> =“0OK”




T
I

Fouw=

Check the bottom steel flange stress due to the Service II loads (6.10.4.2.1)

For the bottom steel flange of composite sections:

fade L<O95RF,

1.0 M,

1.0 (Mo +My,)

(6.10.4.2.2-2)

Bottom flange stress due to Service II loads without the consideration of lateral
flange bending (ksi) (Service II load factors) (Tension)

1.3 HL 93_M,,
T T dist _93.83 ksi

bf =
Sbm Sb?lt

S b_st

:: if <fbefSeTviceH’ “OK”, “NO”) —“QK”

(6.10.4.2.2-4)

compression flange stress at the section under
consideration due to the Service Il loads
calculated without consideration of flange
lateral bending (ksi)

nominal bend-buckling resistance for webs with
or without longitudinal stiffeners, as applicable,

determined as specified inArticle 6.10.1.9](ksi)

Note: Since the web does not meet the requirement of Article 6.10.2.1.1, the compression
flange stress should also satisfy LRFD BDS Equation 6.10.4.2.2-4.

The nominal bend-buckling resistance shall be taken
as:

0.9Ek

P-ﬂ'-l' 2
D
L,

but not to exceed the smaller of RpF). and F,,. /0.7

(6.10.1.9.1-1)

in which:
k= bend-buckling coefficient
T
(D./ D)’ (6.10.1.9.1-2)




Depth of web in compression
(top flange in compression)

Bend-buckling coefficient

Nominal bend-buckling resistance for webs F

D6.3.1—In the Elastic Range (D.)

For composite sections i positive flexure, the depth
of the web in compression in the elastic range, D., shall
be the depth over which the algebraic sum of the factored
stresses in the steel, long-term composite and short-term
composite sections from the dead and live loads, plus
impact, 1 compressive.

In lieu of computing D. at sections in positive flexure
from stress diagrams, the following equation may be used:

D{=[ A ]d—rezo (D6.3.1-1)
JARS :

—— —1 f

Figure D6.3.1-1 —Computation of D. at Sections in Positive
Flexure

= _Ju + Dyiyger— tyy=27.039 in
Jip+Jos
k:= ) 5 =44.316
D
=Bk 45,182 ksi
(LRFD BDS Equation 6.10.1.9.1-2) (2)
tw

:: if <fthFcrw ,“OK?”, “NO”) —“QK”

F
Nominal bend-buckling resistance for webs  F.. :=min (ch_equ Ry-F,., O—y;') =36 ksi




6. Moment Strength I Checks (LRFD BDS Article 6.10.7)

First, use LRF'D BDS Table D6.1-1 to determine the M, for this positive bending case. The
reinforcements are not considered. Therefore, only three cases of PNA are considered in

the slab, top flange, and web.

Table D6.1-1—Calculation of ¥ and M} for Sections in Positive Flexure

CASE 1 CASE 11

Case PNA Condition '}"’ and M,
1 In Web P+P>P+P+P,+P r
e e e ;z[gJ i i o Y
2 P,
Mo ﬁ[j_f+(D—§_’}:}+[P.d.+P..,¢f..,+P,.-d,,+Pd +Pd.]
F 2D 5 [ § Ll B e i
I In Top P+P +P>P+P, +P r
:Flange I ¥ £ & rb i ? = r_{‘ Rd + B-P: -"PJ'?_PPPJ 4 1
2)| 2
P [= —\2
M, = 35| P+t ¥) | +[2d. +Bd, + B.d 4 Bd, + B
I Concrete
Deck, R+R,+gz[i’]g+ﬁb—3: =) R
Below g 2 P
Pr'b o
Y
M, = {)—-’1+[R;dﬂ +P.d, +Pd +Pd +Fd |
o . .

Cro { —+- PNA
¥

CASE [11=vII

Compression flange thickness used in equations

Tension flange thickness used in equations

Plastic force in the web used to compute M,

Plastic force in the compression flange used to compute M,

Plastic force in the tension flange used to compute M,

loi=ty
L=ty
P,=F,,-D-t,=810 kip
P :=F,- btf- t;=486 kip

Pt ::Fyt.bbf.tbf: 1134 kip

Plastic force in the concrete deck used to compute M,, Py:=0.85+f" .4+ bess iy * ts=2499 kip




Check the PNA is in the web, top flange or concrete deck

Case:=| it P,+P,>P. +P, =3

return 1
alsoif P,+P,+P.>P,
return 2

else
3

Note: Case 1 for PNA in the web, Case 2 for PNA in the top flange, and Case 3 for PNA in the

concrete deck.
Y., 1n the above figure for the specific case

Yo i=if Case=1

d, is the distance from PNA to the center of the tension flange

d,:=if Case=1 =64.02 in

ty

5 + D— Ybar

also if Case =2

by

—+ D + tc - Ybar
2

else

t
ts+hh+tt+D+§—YW




d, is the distance from PNA to the center of the compression flange
d.=if Case=1 =1.77 in

tC
Yyar +E
also if Case=2
0in
else

tc
ts+hh+E_Ybar

d,, is the distance from PNA to the center of the web
d,=if Case=1 =32.332 in
0 in
also if Case=2
D
7 + tc - Ybar
else

D
ts+h’h+tc+?_Ybar

d, is the distance from PNA to the center of the concrete slab

d,:=if Case=1 =01
tS

E+h’h+tc+Ybar

also if Case =2

tS

E+hh+Ybar

else

0in




D, is the distance from PNA to the top of the concrete slab

D,:=if Case=1 =7.293 in
t,+ hh +t.+ Y,
also if Case=2
to+h,+Y,,
else
Yiar

D,, is the distance of the web in the compression according to the PNA

:=if Case=1 =01n
Ybar

also if Case =2

D,

0in

else

0 n
M, is the plastic moment

Mp:: if Case=1

ZP—;’) (Yior” + (D=Yi)?) + (Py+dy+ P, d,+ Py dy)
also if Case =2

2P—:’c (Yoar” + (te=Ypar)?) + (Pyv dy+ Py dyy + Py dy)
else

s

21, +<Pc'dc+Pw'dw+Pt'dt>

=9042.342 kip - ft




Calculate the yield moment M, of the composite section using the equations provided in
LRFD BDS Appendix D6 (Article D6.2.2). Essentially, M, is taken as the sum of the factored

moments at the strength limit state applied separately to the steel, long-term, and short-term
composite sections to cause first yield in either steel flange. Flange lateral bending is to be
disregarded in the calculation. The Strength I load factors are used here.

Symbolically, the procedure 1s:

1) Solve for Mp from the equation:
Fp=2o 4 Mos y Mo (D6.2.2-1)
Z S e Stir Ssr
2) Then calculate:
M, =M, +M,,+M,, (D6.2.2-2)

Mp, ,Mp,, and My, are the factored moments at the strength limit state applied separately to
the steel, long-term, and short-term composite sections. M,, is taken as the value calculated for
the tension (bottom) flange (control for simple-span positive moment case).

M, :=1.25 My, =1655.75 kip - ft

My :=1.25 My, +1.50 My, =834.45 kip - ft

MAD::Fy'Sb_st_

Sb_st Sb_st .
Mp, — M, =4379.313 kip - ft
Sy S

M,:=Mp, +Mpy+M 4, =6869.513 kip - ft




Nominal Flexural Resistance

First, check if the section is compact or non-compact (LRFD BDS Article 6.10.6.2.2). Note
that the section is 36 ksi but the web fails LRFD BDS Article 6.10.2.1.1 as mentioned above.
Therefore, the section is not compact.

e  The specified minimum yield strengths of the flanges
do not exceed 70.0 ks,

o The web satisfies the requirement of
|Arti-::lf: 6.10.2.1 .l.|and
*  The section satisfies the web slenderness limit:

2D E
r—’” <3.76 = (6.10.6.2.2-1)

Check ductility according to LRFD BDS Equation 6.10.7.3-1

Compact and noncompact sections shall satisfy:

D,<042D, (6.10.7.3-1)
where:
D, = distance from the top of the concrete deck to the

neutral axis of the composite section at the
plastic moment (in.)
D, = total depth of the composite section (in.)

check:=if (D,<0.42 D,,“OK”,“NO”) = “OK”
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6.10.7.2—Noncompact Sections F,, =R,R,F, (6.10.7.2.2-1)

6.10.7.2. 1—General

where:
shau}:; ltit:?v:btrength limit state, the compression flange B = owd i e Aacmaed
L specified in[Article 6.10.1.10.2]
T (6.10.7.2.1-1) Ry =  hybrid factor determined as specified in
e o [Article 6.10.1.10.1]
— The nominal flexural resistance of the tension flange
¢r = resistance factor for flexure specified in shall be taken as:
fou = flange stress calculated without consideration of F =R, (6.10.7.2.2-2)
flange lateral bending determined as specified in )
[Article 6.10.1.6]cksi)
F,. = nominal flexural resistance of the compression—

flange  determined  as specified in
Article 6.10.7.2.2|(ksi)
The tension flange shall satisfy:
o the web satisfies:

1
fm+§f,«5¢fﬂr (6.10.7.2.1-2) D
St (6.10.1.10.2-1)
where: fe
fr = flange lateral bending stress determined as then, Ry shall be taken equal to 1.0.
specified in[Article 6.10.1.6](ksi)
Fy = nominal flexural resistance of the tension flange
determined as specified in |Article 6.10.7.2.2
(ksi)
Slenderness ratio for web A= £ =144.208
tw
. . 2:D,.-t,
Ratio a,, for the compression flange Qe ::7: 0.644
bf* Lbf

Slenderness ratio limit for non-compact web

3.1+

E
A i=max (4.6 «4/— ,min >
yc Qe

-\/£,5.7-\/£ =161.779
F,. F,

:: if c <Ay “OK”  “NO” | = “OK”

Web load-shedding factor Ry:=1
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F wRRF. (6.10.7.2.2-1)

where:

Ry = web load-shedding factor determined as
specified in[Article 6.10.1.10.2]

Ry = hybnd factor determined as specified in

[Article 6.10.1.10.1]

The nominal flexural resistance of the tension flange
shall be taken as:

E, =R,F, (6.10.7.2.2-2)
Nominal compression flange flexure strength F,.:=Ry+-Ry-F, =36 ksi
Nominal tension flange flexure strength F,:=Ry,-F, =36 ksi

For design checks where the flexural resistance is
based on lateral-torsional buckling:

e The stress f;, shall be determined as the largest value
of the compressive stress throughout the unbraced
length in the flange under consideration, calculated
without consideration of flange lateral bending.

e The moment M, shall be determined as the largest
value of the major-axis bending moment throughout
the unbraced length causing compression in the
flange under consideration.

Factored moment (Strength I)
M,:=1.25+ (Mo +Myep) +1.50 My, +1.75- HL_93_M 4, =5918.1 kip - ft

The bottom flange stress (tension)

1‘25.Md01 1'25.Md02+ 1.50 de 1‘75.HL—93—MdiSt
+ +
be Sb,lt Sb,st

=31.398 ksi

bot_bu =
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check :=if <fbot_bu SFnt , “OK?” , “NO”) =“QK”

The top flange stress (Compression )

]"25.Mdcl 1‘25.Md02+ 1.50 de 1'75.HL—93—Mdist
+ +

= =24.4 ksi
top_b
o S tx S t_lt S t_st
check:=if <ftop_bu§Fm , “OK”, “NO”> =“OK”
F,. =R,R,F, (6.10.7.2.2-1)
where:
Ry = web load-shedding factor determined as
specified in[Article 6.10.1.10.2]
Ry =  hybrid factor determined as specified in
[Article 6.10.1.10.1]
The nominal flexural resistance of the tension flange
shall be taken as:
E,=RF, (6.10.7.2.2-2)
Summary of performance ratios
: : fif
Performance ratio for the top flange (Service II) PR vicerr top™= =0.557
f Servicell
: : for
Performance ratio for the bottom flange (Service I) PR, yicerr pottom :=————=0.697
f Servicell
. ftop_bu
Performance ratio for the top flange (Strength I) PRgtyengtht top*= =0.678
nc
. fbot_bu
Performance ratio for the bottom flange (Strength I) PRy, gtnr pottom = =0.872
nt
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7. Shear Strength I Check at the Beam End and Maximum Stiffener Spacing Location
(LRFD BDS Article 6.10.9)

6.10.9.1—General

At the strength limit state, straight and curved web
panels shall satisfy:

vV, <¢. ¥, (6.10.9.1-1)

where:

¢ = resistance factor for shear specified in
|Article 6.5.4.2]

F, = nominal shear resistance determined as

specified in|Articles 6.10.9.2| and |6.10.9.3] for
unstiffened and stiffened webs, respectively
(kip)

¥V, = factored shear in the web at the section under
consideration (kip)

Shear Resistance of
I-Sections

Hybrid and Mon-Hybrid

+—U nsiiffenedJ—Etiﬂ'ene-d—*‘

Shear Yield or

Shear Buckling

Interior I End

Panels Panels [

§.10.8.3.3
Mo——— | Shear ¥ield or
Shear Buckling

20t
(brotic +brtn)
£257

fes
¥ Y
Eq. ﬂ.ll}.9.3.2-2| I Eg. & 1€I.9.3.2—§|
Shear Yield or Shear Shear Yield or Shear
Buckling Plus Buckling Plus Reduced
Tension-Field Action Tensicn-Field Action

Figure C6.10.9.1-1—Flowchart for Shear Design of
I-Sections
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Beam end location

Web Panel: End Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.)

5080 00526L

100.0 ft simple span welded PL girder - 2018 Including Rehab - G2
180 / Stream

3/4/2023

Top Flange Transitions

Web Transitions

Stiffener Spacing ! SPA. @ 2'-0"=4'0

Top Flange Deterioration

PL 3" 1229 0"

d,:=9 in

PL 1 1/8"x12"°x42'-0"
3/8"X60"x100-0"

M

Bottom Flange Deterioration
Bottom Flange Transitions

Span Lengths

Girder dimensions at the beam end

Web thickness

Top flange width

Bottom flange width

Compression flange (top flange) thickness
Tension flange (bottom flange) thickness

Web Depth

PL 1 5/8"x14"x24'-0"

@;:% in=0.375 in

318"%60" Web

PL 2 1/4"x14"x52'-0"

1000
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End web panels of nonhybrid and hybrid I-shaped
members:

e  With or without one or more longitudinal stiffeners
and with a transverse stiffener spacing not exceeding
1.5D

:: if <d0 <1.5 D, “Stiffened”, “Unstiffened”> = “Stiffened”

6.10.9.3.3—End Panels

The nominal shear resistance of a stiffened web end
panel shall be taken as:

¥, SV SEF, (6.10.9.3.3-1)
in which:

V, =0.58F, D, (6.10.9.3.3-2)
where:

C = ratio ofthe shear-buckling resistance to the shear

yield strength determined by [Egs. 6.10.9.3.2-4,]
16.10.9.3.2-5 Jor|6.10.9.3.2-6|as applicable
V., = shear-yielding or shear-buckling resistance (kip)
¥V, = plastic shear force (kip)

The ratio, C, shall be determined as specified below:

L=l (6.10.9.3.2-4)
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e« If 1.12 E{ESIAU E—k.thcn:
Ek

1.12 :
=" = 6.10.9.3.2-5
C D \F. ( )
T
D JE.F:
e If —>1.40 |— , then:
{\- ‘E:,-\-
C= ]'5?3 {E—k] (6.10.9.3.2-6)
D)
(fl‘-']
in which:
k = shear-buckling coefficient
g2 (6.109.3.2-7)

Otherwise, the nominal shear resistance shall be
taken as follows:

0.87(1-C
V,=V,|C+ -1 (6.10.9.3.2-8)
[ (d ) d ]
I+ =] +-2
D D
Shear-buckling coefficient =5+ —=
o
D
D . —=160
— ratio
w w
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Ratio of the shear-buckling
resistance to the shear yield strength

Plastic shear force

Nominal shear resistance for the web panel

Phi factor for steel bridge shear

Factored shear resistance

V,:=0.58+F,,+D+t,=469.8 kip

V. =C.V

n p

¢:=1.0

¢V, =469.8 kip

Vyui=1.25+ (Ve + Vigeo) + 1.5+ Vg + 1.75 - HL_93_V 4, =270.55 kip

check_shear_at_the_critical :=if <¢ -V, >V, “OK”, “NG”> =“0K”

Demand/capacity ratio for shear

DCR:=

=0.576

n
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The maximum transverse stiffener spacing location

Interior web panels of nonhybrid and hybrid I-shaped
members:

e without a longitudinal stiffener and with a transverse
stiffener spacing not exceeding 3D, or

e with one or more longitudinal stiffeners and with a
transverse stiffener spacing not exceeding 2D

Girder dimensions at the maximum transverse stiffener spacing location

The beam section is the same as for the above end panel shear evaluation. The maximum
transverse stiffener spacing, starting at 4 ft to the end of the beam, is 48".

Top Flange Transitions PL 3 12722907

Web Transitions

Top Flange Deterigration J 4 8”
-
Bottom Flange Deterioration J
Bottom Flange Transitions L PL 1 5/8™x14%24'-0" L
Span Lengths kY
Notes

* All flange length dimensions are horiz. (length along fange may differ)
" Transverse stiffenar pairs shown in red

" Single transverse stiffener shown in blue

* Bearing stiffeners shown in grean

" Dimensioning starts and ends at CL bearings

" X denotes cross frame lecations

Web Panel: Interior Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No
Transverse stiffener spacing (in.) @:: 48 in

:: if <d0 <3 D, “Stiffened”, “Unstiffened”> = “Stiffened”
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Shear-buckling coefficient

Ratio of the shear-buckling

6.10.9.3.2—Interior Panels

The nominal shear resistance of an interior web

panel complying with the provisions of|Article 6.10.9.1,

and with the section along the entire panel proportioned
such that:

2Dt
. . (6.10.9.3.2-1)
[E’fr"fr +‘-”f-’ﬁ)

shall be taken as:

0.87(1-C)

v=v,|c+ (6.10.9.3.2-2)
(%)
14| =2
D
in which:
v, =0.58F,, Dr, (6.10.9.3.2-3)
=5+ = 12.813
_°
D
—=160
D
P
=if —<1
D \/
1
resistance to the shear yield strength E-k D
alsoif 1.12. —
F t
1.12 E-k
D F
tw
else
1.57 E-k
DY Fy
tw

| &
e

yw

=0.633
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2D-t,

Check LRFD BDS Equation 6.10.9.3.2-1 =1.417
(bog o+ b i)
2 D-t,
check:=if <2.5,“0OK”, “NO”) =“OK”
(Bog tog+ by i)
Plastic shear force V,as1=0.58-F,,+D-t,=469.8 kip

0.87-(1-C)

Nominal shear resistance for the web panel V45 :=V paup+|C + =414.512 kip
2
1+|—=
¢ factor for steel bridge shear P:=1.0
Factored shear resistance @+ Vpasp=414.512 kip
Shear loads at the 4 ft to the end of the beam
Viciraae=48.2 kip Vicaai =99 kip Viwaapi=12.2 kip

HL-93 shear at 4 ft to the end of beam (including multiple lanes GDF for shear and IM=0.33)
HL_93_V gira45:=92.9 kip

Factored shear demand at 4 ft to the end of beam
Vu@4ft :=1.25. <Vdcl@4ft A= Vd62@4ft> aF 1.5. de@4ft aF 1.75 .HL—93—Vdist@4ft =253.5 klp

check_shear_at_the_critical:=if <¢ *Visasst> Vuaage, “OK”, “NG”) =“0QK”

Vu@4ft

Demand/capacity ratio for shear DCR):= =0.612

° Vn@4ft
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8. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary
.LDad aﬁ‘ect% | .I-[L-EB Design Lodaing pNC | DC | DW
(M(kip-ft), and V(kip)) | (with IM = 0.33 and GDFm)
Moment (at mid) 1958 8 1324 6|268.8{332.3
Moment (at 41 ft) 19149 1281.71260.0{321.5
Shear (at end) 082 522 | 108 | 133
Shear (at 4 ft) 929 482 1 99 | 122
Load effects AASHTO Fatigue Truck Four-truck Platoons (5-ft NRL) Four-truck Platoons (50-ft NRL)
(M(kip-ft), and Vikip)) | (with IM = 0.15 and GDFs/1.2) | (with JM = 0.33 aand GDFs /1.2} | (with JM = 0.33 and GDFs /1.2)
Moment (at mid) 588.0 1584 4 934.0
Moment (at 41 ft) 596.4 15227 906.1
Shear (at end) 38.8 972 57.0
Shear (at 4 ff) 36.9 90.2 528

Resistance Summary

Resistance (with @)
(Fn (ksi) and V (kip))
Strength [ Flexural Stress (at mid) 36
Strength [ Shear (at end) 469.8
Strength I Shear (at 4 ft) 414.5
Service Il Flexural Stress (at mid) 34

Note: The bending (flexural) resistances are written in terms of stress because the section is

not compact.

E-32




9. Load Rating: Design Load Rating for Moment and Shear

BF = {{Pr }([-p.f ){{P)R.u — (TDC' ](‘DC) Iz {“'FF.D w )(D FF)

(G (LL+ M)

A3.13.2. la—Inventory Level

Load Load Factor

Dc 1.25

DWW 1.50 Overlay thickness was not field measured.
IL 1.75

Moment load rating at the mid (inventory and operating level)

Parameter information for the equation below.

F

n

M, =1324.6 kip- ft

M, =332.3 kip - ft

S,,=1892.553 in’

RF for the RF,

G =0.694
M., =268.8 kip - ft

HL_93_M,, ,=1958.8 kip - ft

mu B=
inventory level

Sy =2481.099 in’® Sy 1y =2317.571 in’®
M C M C M w
(1.0)-Fm—(1.25-( sd S sd 2 |+1.50. - 4 )
bx b_lt b_lt —1.278
HL_93_Mg,
b_st

For Strength T Operating Level only the live load factor changes; therefore the
rating factor can be caleulated by direct proportions.

Load Load Factor, ¥
DC 1.25
DWW 1.50
LE 1.35
. 1.75
RF for the operating level RF,, =RF;,,. Tan 1.656
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Shear load rating at the beam end (inventory and operating level)

Parameter information for the equation below.

V, =469.8 kip gy2=0.826
Vo1 =52.2 kip V 4e2=10.8 kip
V4w=13.3 kip HL_93_V,.,=98.2 kip

RF for the inventory level

(1.0)+V,,— (1.25+ (Viger + Vigea) +1.50+ Vy,,)

e =2.159
iV 1.75+ (HL_93_V 45) i

RF for the operating level

b5
RF, =RF, . +——2=2799
peV V'1.35

Shear load rating at the 4 ft from the support (inventory and operating level)

Parameter information for the equation below.

V5aap=414.512 kip Jyo=0.826
Vdcl@4ft:48'2 k?:p Vdc2@4ft:9'9 k’l:p
Viwasst=12.2 kip HL_93_V jis1a45:=92.9 kip

RF for the inventory level

(1.0) Voauss— (1:25+ (Vgeroape + Vacoaage) + 150+ Viyaape)

=1.99
1.75+ (HL_93_V yissaufy)

RF;va4 ft:=

RF for the operating level

1.75

RFopeV@4ft B invV@aft® 1.35 =2.58
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10. Load Rating for Service II Limit State

For Service Limit States, C = f

fa _(?D}(-fb)

= (‘J’f_ ](\f'ufm)

Yo = Yoc=vYow=10

y. = 1.3 for Inventory

= 1.0 for Operating

Resistance stress

Determine dead load stress at midspan

Determine wearing dead load stress at mid
span

Total dead load stress at midspan

Live load stress at midspan

Rating factor for Service II
(inventory level)

Rating factor for Service II
(operating level)

Table 6A.4.2.2-1

Jr=0.95-R),-F ,=34.2 ksi
Mgy M,
fro=—2t 4 —%2 —9.791 ksi
Sba: b_lt
M
Fowi=—l =1.721 ksi
b_lt

fD::fDC’""fDW: 11.511 kst

(HL_93_M ;)

= =9.474 ksi
LL
Sbﬁst
fR - .fD
RFServiceIIim) 8= m =1.842
fR _fD
RFServiceHopr B= m =2.395
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11. Load Rating for Strength I Limit State Platoon (target beta = 2.5)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =10.20 (100 crossings, ADTT = 5000)

Proposed Strength Calibrated LL Factors for the Target f = 2.5 (Steelman et al., 2021) (Table 2)

. .. ADTT Live load factors by CoF of total live load
Lk Elitoon Frequency Loading Condition DE (One direction) | COV =0 ] €OV =0.05| covi =0.1]covy =015 covi =02
Single-trip | No other vehicles on the bridge One lane NA 1.00 1.05 110 120 125
Singletrp || VO identicdl platoonsloaded on e tanes NA 1.00 105 110 120 125
two lanes
> 5000 135 135 140 145 155
10 Crossings | Med Wil routnewafficinthe | o 1000 135 135 140 145 1.50
Multiple Trucks in Platoon adjacent lane
<100 135 135 140 145 1.5
> 5000 135 1.40 145 150
e | (Mosdwsfiomncodicimuel| oL 1000 135 1.40 145 145 155
Crossings adjacent lane
<100 135 135 145 145 155
Platoon weight divided by 80 kips W piatoon = 1.0
(amplification factor alpha)
Assumed IM = 0.33 (same as MBE permit load rating) IM g1 foce = 33%

5 ft headway 4-truck platoon moment at the mid span from the above load effect table:
(with /M = 0.33 and single lane moment GDF ( g,,,; ) and removed 1.2 multiple presence factor)

LL yjag00n:=1584.4 kip - ft
5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha)

LL platoon * LLplatoon =1584.4 kll'p '.ft

platoon_dis =

Platoon calibrated live load factor (the value Yplatoon_strength = 1-60
in the red box as shown above Table)
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Parameter information for the equation below.

n

M, =1324.6 kip- ft M ., =268.8 kip - ft

M, =332.3 kip- ft

S, =1892.553 in® Sy =2481.099 in’ Sy 1y =2317.571 in’®
M M M
(1.0)-F,,—|1.25. | =21 4 — 92| 1.50. 2"
szr: Sb_lt Sb_lt
RF Platoon_flezure ‘= =1.728
Yplatoon_strength ® <LLplatoon7dis>
Sb_st
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Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed
with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)

Shear load rating at the beam end

Parameter information for the equation below.

V,,=469.8 kip 9,1 =0.687
V,1=52.2 kip Viw=13.3 kip V 40 =10.8 kip
Shear of platoon loads at the beam end VL ena=125.4 kip

5 ft headway 4-truck platoon shear at the end beam from the above load effect table:
(with /M = 0.33 and single lane shear GDF ( g, ) and removed 1.2 multiple presence factor)

VPL_end :=97.2 k’bp
5 ft headway 4-truck platoon shear at the end beam (with amplification factor alpha)

VPL_end_dis =W platoon ® VPL_end =97.2 klp

(1.0)+ V,,— (1.25+ (Viger + Vigeo) +1.50+ Vg, )

RF PILV@beam_end 8= =2.386
7platoon_strength * <VPL_end_dis>
Shear load rating at the 4 ft to the support
Parameter information for the equation below.
Vn@4ft:414‘512 kip Vdcl@4ft:48'2 k?:p de@4ft: 12.2 k’l:p Vdc2@4ft:9'9 k’l:p

5 ft headway 4-truck platoon shear at the 4 ft to the support from the above load effect table:
(with /M = 0.33 and single lane shear GDF (g, ) and removed 1.2 multiple presence factor)

VPL@4ft :=90.2 kip
5 ft headway 4-truck platoon shear at the 4 ft to the support (with amplification factor alpha)

Vpraaft_dis*=W platoon * Vrass = 90.2 kip

(10) * (10) ® (10) ® Vn@4ft - <125 * <Vdcl@4ft +Vd02@4ft> + 150 ° de@4ft>

=2.242
Yplatoon_strength ® <VPL@4 ft_dz's)

RFpivas it =
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12. Load Rating for Service II Limit State Platoon (target beta = 1.60)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =10.20 (100 crossings, ADTT = 5000)

Proposed Service Il Calibrated LL Factors for the Target 5 = 1.6 (Table 22)

- ADTT Load factors by COV of total live load
Truck platoon Frequency Load conditions DF g . -
(one direction) COVy,=0-0.20
single-trip No other vehicles on the bridge One lane N/A 1.15
Muitiple trucks in " s Two identical plat loaded
. single-trip bl " | Two or more lanes N/A 1.15
platoon two lanes
ey Sl e One lane 5000 1.90
adjacent lane
Platoon calibrated live load factor (the value Y platoon, service = 1.90

in the red box as shown above Table)

<L L platoon_dis)

Live load stress at midspan Fptatoon ™= S =7.663 ksi
b_st
Parameter information for the equation below.
fr=34.2 ksi fp=11.511 ksi Sy =2481.099 in’®
fr=Ip =1.558

Rating factor for Service II RF gepicertpiatoon_iny ™=
7platoon_se7"uice ° f platoon
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13. Load Rating Summary

Load rating summary table is given below.

smii Desizn load rating Platoon load rating
Irvertory| Operating| (Strengthl § greer = 2.5 and Service I pyeer = 1.6)
Strength [ for design and platoon load ratng
Flexure {at midspan) 1.27%8 1.636 1.728
Shear (at end) 2159 | 2.799 2.386
Shear (at 4 f) 1.990 | 2380 2.242
Service [T
Flexure {at midspan) 1.842 2393 1.558
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14. Fatigue Check for AASHTO Fatigue Truck

ADT information from NBI database is given below. This example investigates a welded
cross-frame connection plate fatigue at the 41 ft (cross-frame location) to the end of supports
(near the critical positive moment location).

ADT ADT:=8115

Percentage of truck in ADT Pyer:=60%

ADTT ADTT:=ADT-P,,,, = 4869
Multiple presence factor for two design lanes m,,:=0.85

(AASHTO LRFD BDS Table 3.6.1.4.2-1)

ADTT (single lane) ADTTg,:==ADTT+m,=4139

Table 6.6.1.2.3-1 (cont.}—Detail Categories for Load-Induced Fatigue

Section 4—Welded Stiffener Connections

4.1 Base metal at the toe of
transverse stiffener-to-flange fillet
welds and transverse stiffener-to-
web fillet welds. (Note: includes
similar welds on bearing stiffeners
and connection plates). Base metal
adjacent to bearing stiffener-to-
flange fillet welds or groove
welds.

c 44 = 10 12 Initiating from
the geometrical
discontinuity at
the toe of the
fillet weld
extending into
the base metal

Table 6.6.1.2.3-2—75-yvear (4D7TT)s: Equivalent to Infinite

Life
Detail T5-year (ADTT)s Equivalent to
Category Infinite Life (trucks per day)
A 690
B 1120
B’ 1350
C 1680
i L 975 |
D 2450
E 4615
E' B485
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ADTT (single lane threshold)

ADTT,, =975

:=if <ADTTSL >ADTT,,, “Infinite”, “Finite”) = “Infinite”

First, check the infinite life for this case. The constant amplitude fatigue limit for C' is 12 ksi
as shown in LRFD BDS Table 6.6.1.2.5-3.

Table 6.6.1.2.5-3—Constant-Amplitnde Fatigne Thresholds

Detail Category Threshold (ksi)
A 24.0
B 16.0
B’ 12.0
g 10.0
£
= T i
E 4.5
E' 2.6
ASTM F3125/F3125M, Grades |
A325 and F1852 Bolts in Axial
Tension 31.0
ASTM F3125/F3125M. Grades
A490 and F2280 Bolts in Axial
Tension 35.0

Constant amplitude fatigue thresholds for C'

centroid y,, . to the datum

bottom flange thickness

Determine the connection plate to the

short-term NA

Moment of inertia (short-term)

AFnjatigueI:: 12 ksi

Yy, 5= 50.496 in

tbf_mid :=2.25 in

d tbf_mid:48’246 in

connection_plate = yb_st -

I,=125286.706 in*

S
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Also, the NA and appropriate dimensions are shown below.

begr = 98"
[
NA
Gtz 50.496"
225" LI L

6.6.1.2.2—Design Criteria

For load-induced fatigue considerations, each detail
shall satisfy:

v(AF) <(AF), (6.6.1.2.2-1)

where:

Y = load factor specified in|Table 3.4.1-1 for the
fatigue load combination

(Af) = force effect, live load stress range due to the

passage of the fatigue load as specified in
[Article 3.6.1.4](ksi)

(AF), = nominal fatigue resistance as specified in
[ Article 6.6.1.2.5|(ksi)

Therefore, the stress range at the top of the bottom flange is found as follows:

AASHTO Fatigue truck moment at 41 ft (with GDFs/1.2 and IM = 0.15)

M pssuT0 Fat*=596.4 kip - ft

E-43




Load factor for Fatigue I Ytatiguer = 175

Live load stress range based on AASHTO fatigue truck including /M = 0.15

(M AASHTO_F at> * dconnection_plate
I st

Affatigue = = 2.756 kS’i

ChBCk—fatigueI i=if <7fatiguel ° Affatigue < AFnJatigueI? “OK” 5 “NG”> =“OK”

e AFe
Demand/capacity ratio for fatigue DCR = 2fatiguel Fsatigue =0.402
n_fatiguel
. . 1
Rating factors (inverse of the DCR) RF:=———=2.488
DCR

Note: The Fatigue I check for AASHTO fatigue truck check passes.
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15. Fatigue Check for Platoons

For this example, check the fatigue based on a 4 NRL platoon with 5 ft headway spacing.

e For the Fatigue II load combination and finite life:

1

(AF), = ¥ (6.6.1.2.5-2)
N

in which:

N =(365)(75)n(ADIT),, (6.6.1.2.5-3)

where:

A = constant taken from |Table 6.6. l.2.5-1|[ksi3}

n = number of stress range cycles per truck

passage taken from [Table 6.6.1.2.5-2]
(ADTT)s;= single-lane  ADTT as specified in
[Article 3.6.1.4]
(AF)rg = constant-amplitude fatigue threshold taken
from|Table 6.6.1.2.5-3|(Kksi)

Table 6.6.1.2.5-1—Detail Category Constant, A

Constant, 4
Detail Category (ksi)

A 250.0 x 108
B 120.0 x 108
B’ 61.0 x 108
C 44,0 x 108
c’ 44,0 x 108
D 22.0 x 108
E 11.0 x 108
E’ 3.9 x 108

ASTM F3125/F3125M, Grades
A325 and F1852 Bolts in Axial
Tension 17.1 x 108

ASTM F3125/F3125M, Grades
A490 and F2280 Bolts in Axial
Tension 31.5 x 108
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Fatigue Check for Platoons with 5 ft headways

MBE Fatigue check for permit is not provided. In this example, firstly use the infinite life
to check this platoon case. The constant amplitude fatigue limit for C' is 12 ksi as shown in
LRFD BDS Table 6.6.1.2.5-3.

Therefore, the stress range at the top of the bottom flange is found as follows:

Moment from live load analysis (4 NRL platoon with 5ft at 41 ft (cross-frame location) with
GDFs/1.2 and assumed the IM = 0.15 as the same for AASHTO Fatigue Truck)

(1+0.15)

(1+0.33)

M yiatoon st = 1522.7 Kip - ft -

) =1316.62 kip - ft

Note the platoon was calculated with IM = 0.33 in the BrR for this rating example

Live load stress range based on the platoon including /M = 0.15 (assume IM = 0.15 same as
for AASHTO fatigue load)

(M

platoon_5 ft> * dconnection_plate
I st

=6.084 ksi

Af platoon_5ft =

Platoon load factor for Fatigue I (assume =1.75

the same as for AASHTO fatigue load)

0 fatiguel _platoon :

ChBCk—fatigueI—PL i=if <’7fatigue1_platoon ° Afplatoon_5ft < AFn_fatigueI? “OK” ) “NG”> =“OK”

7fatigue[ _platoon * A.f platoon_5ft

AF n_fatiguel

Demand/capacity ratio for platoon fatigueI = DCR:= =0.887

Rating factors (inverse of the DCR) ——=1.127

DCR

Note: The Fatigue I check for a four-truck platoon with 5 ft headway passes.
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Fatigue I and Fatigue 1l welded cross-frame connection plate check summary

Four-truck Platoons

Limit state AASHTO Fatigue Truck )
e = (5-ft NRL 100 crossings per day)

Fatigue [ welded cross-frame connection plate

Stress (at 41 ft) 2.488 1.127

Fatigue Il welded cross-frame connection plate

Stress (at 41 ft)

Note: The Fatigue I and Fatigue II | rating factors were calculated based on capacity
over demand in terms of the stress.
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16. Fatigue Damage Assessment for S ft and 50 ft Platoons and AASHTO Fatigue Truck

Fatigue damage for platoons with 5 ft headway

Constant A for C' case A:=44.108

number of stress range cycles per 4 NRL platoon with ENSC patoon sft:=1
5 ft headways (refer to the bottom figure)

The moment for each step (time-dependent) was plotted using SAP2000 for the 41 ft to the
beam end (cross-frame location) of the bridge. Note the platoon effects were plotted without IM
and with GDF = 1.0. For the analysis below, GDF/1.2 and IM = 0.15 were assumed.

Moment at the 41 ft to the su_Rports
3000 {—4 NRL platoon w/ Headways = 5 ft|

N
=
o
o

—
o
o
o

Moment (kip-ft)

0 . . . . —
0 50 100 150 200 250
1st axle of the leading truck to the left support

Assume platoon 100 crossings per day Numsy, piatoon, 5ft:= 100
(single lane loaded without routine traffic)

A

Available N (number of crossings) for N

platoon_5ft = 3 =19536456
this platoon truck (

Af platoon_5ft
ksi

Accumulative fatigue damage for 75

year platoon with 5 ft headways

Af platoon_5ft

3
: -365-75
ksi

N umSL_platoon_5 ft* ENS Cplatoon_5 ft* (
=0.14

CFD platoon_5ft = A
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Fatigue damage for platoons with 50 ft headway
The stress range at the top of the bottom flange is found as follows:

Moment from live load analysis (4 NRL platoon with 50 ft headways at the cross-frame
location) (GDFs/1.2 and assumed the IM = 0.15 as the same for AASHTO Fatigue Truck)

(1+0.15)

(1+0.33)

M latoon_50ft :=906.1 kzp -ft 0

) =783.47 kip - ft

Note the platoon was calculated with IM = 0.33 in the BrR for this rating example

Live load stress range for this platoon including /M = 0.15 (assume IM = 0.15 same as for
AASHTO fatigue load)

<M platoon_50 ft> ¢ dconnection_plate
I st

Afplatoon_50ft = =3.62 kst

Number of stress range cycles per 4 NRL platoon with 50 ft headways (refer to the below figure

Equivalent Number of Stress Cycles (ENSC) (Schilling, 1984)

S S S om
ENSC =N, + (2" + (2D et ()
P P P %+ A complex stress cycle can be broken
down into a primary cycle and one or
Where: more higher order cycles

m = the slope constant of the S-N curve,
N,,= the number of maximum stress range caused by individual truck passage; o Hj gher_order cycles are secondary
S,; = higher-order stress range; and

S, — maximum stress range reversals of the primary cycle
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The moment for each step (time-dependent) was plotted using SAP2000 for the cross-frame
location of the bridge. Note the platoon effects were plotted without IM and with GDF = 1.0.
For the analysis below, GDF/1.2 and IM =0.15 were assumed.

Moment at the 41 ft to the supports
3000 -—4 NRL platoon w/ Headways = 30 ft|

=

(¥

= 2000 7 1684 kip-ft

=

2

& 1000

= 795 kip-ft
0 -

0 100 200 300 400
Ist axle of the leading truck to the left support

. . 3
ENSCyiat00m 505t =1 +((1+0.15) “‘i”” . ( 1684 k;’f}éﬁt’; 79;tk’p'ft)) .3=1.044
- . ip -

Assume platoon 100 crossings per day

N umSL_platoon_EiO ft =100
(single lane loaded without routine traffic)

Available N (number of crossings) for N piatoon_soft = A
this platoon truck (

= 92717227
Af platoon_50ft

ksi

Accumulative fatigue damage for 75 year platoon with 50 ft headways

Af platoon._s0ft ’
NumSL_platoon_SOft ¢ ENSCplatoon_50ft * (% 36575

ksi
CFD platoon_50ft =

=0.031
A
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Fatigue damage ratios for AASHTO fatigue truck and platoons

Table 6.6.1.2.5-2—Cvcles per Truck Passage, n

Longitudinal Members
Simple Span Girders 1.0
Contimuous Girders:
1) near interior support 15 ENS Cfatigue =1
2) elsewhere 1.0
Cantilever Girders 5.0
Orthotropic Deck Plate 5.0

Connections Subjected
to Wheel Load Cycling

Trusses 1.0
Transverse Members

Spacing > 20.0 ft 1.0

Spacing < 20.0 ft 2.0

Fatigue damage for one crossing for AASHTO fatigue truck

Af fatigue

1. ENSCfatigue * ( ksi

)3
=4.758.107°

FDfatigue = A

Fatigue damage for a crossing for a 4-truck platoon with 5 ft headways

3
Af platoon_5ft

1 * ENSC atoon, * .
platoon_5ft ( kesi

) =5.119.-107°

FDplatoon_5ft = A

Fatigue damage for a crossing for a 4-truck platoon with 50 ft headways

Af pratoon_s0ft
1.-ENS Cplatoon_50f t* (%

)3
=1.126-107°%

FDplatoon_5Oft = A

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to the
AASHTO fatigue truck
FD platoon_5ft

) L e= =10.759
ratio_platoon_5ft_fatigue
FD fatigue

FD

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 50 ft headway

to the AASHTO fatigue truck D
platoon_50ft

FD fatigue

FD =2.368

ratio_platoon_50ft_fatigue ‘=
Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to
the 50 ft headway truck platoon

FD platoon_5ft

FDratio_platoon_E)ft_E)Oft B= =4.544

FD platoon_50ft
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Cumulative fatigue damage assessment summary

Notation Scenarios A ENSC| Num CFD
a Platoon with 5 ft headways for 75 Years  |440000000| 1.000 (2737500 0.140000000
b Platoon with 50 fi headways for 75 Years  |440000000| 1.044 [2737500|0.031000000
c Platoon with 5 ft headways for one crossing (440000000 | 1.000 1 0000000051
d Platoon with 50 ff headwaysfor one crossing |440000000( 1.044 1 0000000011
£ AASHTO fatigue truck for one crossing 440000000 | 1.000 1 0000000005

Fatigue damage ratios:

1. fatigue damage ratio (c/e) = 10.759 ;
2. fatigue damage ratio (d/e) = 2.368;
3. fatigue damage ratio (c/d) = 4.544.
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17.

Fatigue Check for Shear Studs

The shear stud information is given in the bridge drawings, and this example checks the fatigue
of shear stud according to AASHTO LRFD Article 6.10.10. The end beam support shear was
used to check the shear stud fatigue.

p(

The pitch, p, of shear connectors shall satisfy:

nz,

v,

(6.10.10.1.2-1)

in which:

Vir

Vit

Ffm ok

Fﬁ:!

or:

Fou

horizontal fatigue shear range per unit length
(kip/in.)

) +(Fae)

= (I{mr

(6.10.10.1.2-2)

longitudinal fatigue shear range per unit length
(kip/in.)
%0

by

(6.10.10.1.2-3)

radial fatigue shear range per unit length
(kip/in.) taken as the larger of either:

: Ayt g £

p—— (6.10.10.1.2-4)

e

w

(6.10.10.1.2-5)

4 =

Shear Connectors, 101 Spa.

2" Min (Typ.)
I

where:

Ofg =

Z

@

— H.D

L

range of longitudinal fatigue stress in the bottom

flange without consideration of flange lateral

bending (ksi)

area of the bottom flange (in.%)

net range of cross-frame or diaphragm force at

the top flange (kip)

moment of inertia of the short-term composite

section (in.*)

distance between brace points (ft)

number of shear connectors in a cross section

pitch of shear connectors along the longitudinal

axis (in.)

first moment of the transformed short-term area

of the concrete deck about the neutral axis of the

short-term composite section (in.?)

minimum girder radius within the panel (ft)

vertical shear force range under the applicable
combination  specified in

fatigue load
Table 3.4.1-1|with the fatigue live load taken as
specified in|Article 3.6.1.4|(kip)

effective length of deck (in.) taken as 48.0 in.,
except at end supports where w may be taken as
24.0 in.

shear fatigue resistance of an individual shear
connector _determined as specified in

Article 6.10.10.2|(kip)

1'=0" = 100’ —[:l""l

|;{3“X Gr‘ﬁ”
| End Welded Studs

SHEAR CONNECTOR DETAIL
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Number of studs per row (14,,45) Nigpuds =3
Pitch length (inch) p:=12 in
Shear stud diameter (inch) d ::% in

The horizontal shear range is taken as the vector sum of the longitudinal and radial fatigue shear
ranges. For this straight girder bridge, the radial fatigue shear range is zero.

6.10.10.2—Fatigue Resistance

The fatigue shear resistance of an individual
stud shear connector, Z,, shall be taken as:

For stud-type shear connectors:

e Where the projected 75-year single lane Average
Daily Truck Traffic (4DTT)s; is greater than or equal
to 1090 trucks per day, the Fatigue 1 load

combination shall be used and the fatigue shear
resistance for infinite life shall be taken as:

T i (6.10.10.2-1)

I

e Otherwise, the Fatigue II load combination shall be
used and the fatigue shear resistance for finite life

shall be taken as:
Z, =ad’ (6.10.10.2-2)
in which:
a=345-428log N (6.10.10.2-3)
ADTT (single lane threshold 6.10.10.2) ADTTy, 4,q:=1090

:: if <ADTTSL >ADTTy, 444, “FatigueI”, “Fatigue II”) =“Fatigue I”
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Fatigue I Shear Stud Check

. . d\* . )
Fatigue shear resistance per stud Z,:=5.5 (—) <kip=4.211 kip
in

Shear stud fatigue check at the end of girder (use the girder section close to the end)

Girder dimensions at the girder end

Web thickness @::% in=0.375 in

Top flange width =12 in

Bottom flange width byj:=14 in

Compression flange (top flange) thickness :: 0.75 in

Tension flange (bottom flange) thickness :=1.625 in

Web Depth D:=60 in

Total height of the composite section @ =ty + D+t +hy, +t,=71.875 in
Total height of the non-composite section =1+ D+1,,=62.375 in

Section property calculations

Top flange section area :: bypetr=9 in®

Web section area i=t,-D=22.5 in’

Bot flange section area @;: bype tyy=22.75 in’

Girder section area 1= Appt Aoy + App=54.25 in”
Top flange center to the datum :: tbf+D+%: 62 in

Web center to the datum :: tbf—i-%: 31.625 in

Bot flange center to the datum @::gﬁ: 0.813 in

Ay for the tension flange = Aype Yy =558 in®

Ay for the web = Ay * Yuep = 711.563 in’
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Ay for the bottom flange Ay b= Appe Ypp=18.484 in®

Ay for the girder Ay girden =Ay 1f T Ay wep T Ay pp=1288.047 in’
. Ay_gdeeT .
centroid y, to the datum Ygirder h'=———=23.743 in
girder
3
. . btf' ttf . 4
Moment of inertia for the top flange L, 11 == 0.42 in
ty+ D’
Moment of inertia for the web o wel = — =6750 in*
L bygetys .y
Moment of inertia for the bottom flange I, b= —0y = 5.01 in

Moment of inertia (girder only)

Livaen=To 5+ Asps (Yir = Ygirder )" + Lo op+Avpe (Yor— ygirder_b) P+ 1, ey 4 =33287.77 in’
+ Aweb ° <yweb - ygirder_b) 2

Short term section properties (n)

be ff_int® i

Area of slab Agab sti= =102.078 in”
= n
tS .
Center of slab to the datum Ysiat)=Dgirder + o+ 5= 67.125 in
beff_int . t33
Moment of inertia for the slab I, siab st = —478.49 in*
(short term) 12
Ay for the slab (short term) Ay siab_st*=Astab_st * Ysiap = 6851.965 in’
. A, girder tA
centroid y,, . to the datum Yp sl i= ygirder 7 7y Sob st _ 59 07 in

Agirder + Aslab?st

Moment of inertia (short term)

L= Igirder +Agirder ° <ygi7“de7“_b - yb_st) ’+ Io_slab_st +Aslab_st ° (yslab - yb_st> ? =100434.32 in"
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First moment of the transformed short-term

area of the concrete deck about the neutral Q=Aga_st* (Ysiab— Yp_st) = 1536.761 in”

axis of short-term section (in"3)

Shear Stud Fatigue Check for AASHTO Fatigue Truck
9u1
1.2

Shear force at the end of girder including /M = 0.15 and GDF =
V fatigue = 38.8 kip

AASHTO Fatigue Truck Vfincluding /M = 0.15 and GDF = ‘1}”;

Vf = Vfatigue =38.8 k’l;p

Ve ;
Longitudinal fatigue shear range per Vo= Q =0.594 kﬂ
unit length (kip/in.) st m
Horizontal fatigue shear range per unit length V=V, =0.594 kﬂ
(kip/in.) (without F_fat for this case) m
. . . Npuds * Ly .
Pitch requirement (Equation 6.10.10.1.2-1) Dreg ::V—: 21.279 in

sr

check:=if (p,o,>p, “OK”, “NO”) = “OK”

The shear stud fatigue check for AASHTO fatigue truck is good at the end of the girder.

Fatigue I shear stud load rating for AASHTO fatigue RF 4 fatigue =——
truck (w.r.t spacing)
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Shear Stud Fatigue Check for Platoon with 5 ft Headways

Shear force at the end of girder (4 NRL platoon with 5 ft headways including /M = 0.15 and
GDFs/1.2)

(1+0.15)

(1+0.33)

%

platoon :

=97.2 kip - =84.045 kip

Note the platoon was calculated with IM = 0.33 in the BrR for this rating example

4 NRL platoon V; including /M = 0.15 and GDFs/1.2

VJ( = Vpl(ltOOn = 84.045 kip

Ve ;
Longitudinal fatigue shear range per Vial= @ =1.286 kﬂ
unit length (kip/in.) st m
. . . kip

Horizontal fatigue shear range per unit length V=V =1.286 ——
(kip/in.) (without F,, for this case) m

. . . Npuds * Ly .
Pitch requirement (Equation 6.10.10.1.2-1) Preq= — = 9.823 in

sr

check:=if (p,o,>p, “OK”, “NO”) = “NO”

Fatigue I shear stud load rating for platoons RF 4 platoon'=——=0.819
(W.r.t spacing) p

The shear stud fatigue I check for a 4 NRL platoon with 5 ft headway is not good at the end of
the girder. Note that the shear force for the platoon near the girder ends is high, the pitch does
not meet the Fatigue I requirement. Next, the Fatigue Il shear stud check for this platoon case
is given.
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Fatigue Il Shear Stud Check

e  Otherwise, the Fatigue II load combination shall be
used and the fatigue shear resistance for finite life
shall be taken as:

Z, =od’ (6.10.10.2-2)
in which:
o=34.5-428log N (6.10.10.2-3)
N =(365)(75)n(ADIT),, (6.6.1.2.5-3)
Assume platoon (4 NRL with 5 ft headways) ADTTy piatoon_sft:=100

100 crossings per day (single lane loaded)

N (number of crossings) for N:=365+75+ENSC ,i4100n 51t * ADTTg piatoon_ st = 2737500
this platoon truck

Qg i=34.5—4.28 log (N) =6.948

2
Fatigue II shear resistance per stud 7= Oy * (i) -kip=5.32 kip
in
. . . Npuds * Ly .
Pitch requirement (Equation 6.10.10.1.2-1) Preq ::V— =12.41 in

sr

check:=if (p,o,>p, “OK”, “NO”) = “OK”

Fatigue II shear stud load rating for platoons RF g4 platoon=—=1.034
(Ww.r.t spacing) p

The Fatigue Il shear stud check for this platoon case is good.
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18. Shear Stud Fatigue Load Rating Summary

Shear stud fatigue load rating summary table is given below.

R A Four-truck Platoons
Limit state AASHTO Fatigue Truck (5-fi NRL 100 crossings per day)
Fatigue [ shear stud
Shear (at end) 1.773 0.819
Fatigue II shear stud
Shear (at end) 1.034

Note: The shear stud load rating factor was calculated based on LRFD BDS Equation
6.10.10.1.2-1 over the actual pitch.
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Appendix F
This appendix contains detailed calculations related to the example steel continuous span

bridge described in Section 8.5.

F-0



Appendix F. LRFR Load Rating Example of a Three-span Rolled Beam Bridge
(interior girder)

Note: Bridge S080 40375 is a 220-ft (60°-100°-60°) three-span, steel rolled beam bridge at the
1-80 2W US77 Interchange in Davey, Nebraska (Figure 56) constructed in 1960. The bridge
has three design lanes (HS25), and the average daily traffic is 48,015. It was widened twice,
the first time in 1992 by replacing 1960 girders with ASTM (2021) A709 50 ksi weathering
steel rolled beams and a 3.5 ksi slab. During the second widening in 2005, two more similar
girders were added, and the slab strength was increased to 4.0 ksi. The design trucks for these
two widenings were HS25. The rating method is load factor rating (LFR). However, the LRFR
rating method was used as before for this rating example. The negative moment region design
was considered noncomposite, so the deck was ineffective at carrying tension for Service Il. As
a result, the section modulus would be a steel section only for Service I1.

Design and platoon ratings for an interior steel girder at 0.5L of the interior span and 0.4L
from abutments at end spans for positive moment, at the interior supports for negative
moment, and at the beam end supports for shear. Rating factors for the Strength I and Service
11 limit states were provided for HL-93 design and platoon loads.

Fatigue I and Fatigue Il for AASHTO fatigue truck and platoons with 5- or 50-ft headways
were considered to evaluate a welded cross-frame connection plate at one cross-frame
location. The fatigue damage ratio for a single crossing of a four-truck platoon with a 5- or
50-ft headway and an AASHTO fatigue truck was determined. Fatigue I and Fatigue I were
considered for shear studs at the beam end, based on AASHTO fatigue truck and platoons with
5- ft headways.

1. Bridge Data

End span length L,,;=60 ft

Middle span length L,,.;:=100 ft

Material Steel yield stress (homogenous section)
F,:=50 kst F,.:=50 kst F, =50 kst F,,:=50 ksi F,,,:=50 kst

F,: girder yield stress, F,,.: compression flange yield stress, F,,: flange yield stress, F,:
tension flange yield stress, and F,,, is the web yield stress
Other information

1. Skew: 15 degrees.
2. ADT: 48,015.
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Concrete information

Unit weight of concrete for determining
dead loads

Unit weight of concrete for determining
deck modulus of elasticity

Unit weight of concrete for determining
girder modulus of elasticity

Ultimate strength for deck

E, =33.,000Kw,"”y/ £

c c

Modulus of elasticity of deck at final time

w, =155 pcf

wcd_modulus =155 pc.f

wcg_modulus =150 pc.f

f4=3.5 ksi

(C5.4.2.4-2)

B, :=33000- (

wcd_modulus 1o . f /cd
pcf - 1000

ksi

0.5
) < ksi =3767.43 kst
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2. Bridge Cross Section

S080 40375L
3 span rolled beam steel girder continuous - 2018 Exist Cond
180/ Little Salt Creek

3152023
62'-6
62'-4
60'-0
26-0"
—Deck Thickness 8" ’.
Striped Travelway 1 []
| Travelway 1 |

¥

I |

1 2 3
W 36x230 W 36x230 W 3gx230
21g" g_qg g_g 910"

Steel modulus of elasticity

-

Girder spacing (S)

Number of girders

4 5 6 7
W 36x230 WV 38%230 W 36%230 W 36%230
910" 910" g0 2'—6"’

E:=29000 kst
S:=118 in=9.833 ft

N_girder:=T7

Left overhang overhang;:=32 in=2.667 ft
Right overhang overhangr:=30 in=2.5 ft
Total bridge width Wridge = <overhcmg . +overhangp+ S+ (N_girder — 1)> =770 in

b, for deck (for interior girders)

Thickness of deck (effective)

Haunch thickness

Modulus of ratio for the steel to deck

beff_int =5=118 in
t,:=7.51in
hh::() in

E
n:=——="7.6975
Ecd
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3. Girder Section

€ Abutment No. | € Field Spiice No. ! gl € Prer No. 1—

6 Span Mo, I=6¢'-0"

€ Fieig Spilce to. 2

Span Hio. 2=100°-0" _

€ Fleid Splice No. 3—— € Pler No. 2} r—& Fleid Splice No. 4

& Aputment No. 2

|
L - __ Span No. 3=60"-0" AL

il_ Compression=31'-0" Tension=2%'-0" | Tenslon=1g’ 6‘ Comprgsston=6i'-0" Tenston=1g'-6" | Tension=2¢'-0" | 3i'-0" r
e et o T H T
T | | i
| 0Sm @7 2 5m @0 14 8pa @ I'6" |10 Spa @ V6" [ 9 Spa@ 8" = 60"-8" ) 1 J05p2 @ I'-6Y] 14 Spa @ 16" 2 Spa @97 30 Spa @ 7 Sheer Connsctor
‘ = 76 T=-r || = =T 1| = 150" || =20 [1=5¥ ERT=| Spacing
) i | | gl 7 z-¢ e i—‘ 23
i = g =i T M e T a0 f I o Eail Zam 70 |
A ) | o M e | HEE _ 1 I r 1t
| W36x230 [E W2Ex245 m W36x230 m W361245 L] Wa6x230
\ - 1 I T T |
Tension=47'-6" | [compre esston | Tension=75'-0" o |____icompression|Compres: . Tension=a7'-6* |
= =12 | = iZE | =126 | =2 1
35'-6" 246" B0t 3 s4'-0" = 246" 35'-6" |

Girder dimensions W 36x230
Web thickness

Top flange width

Bottom flange width

Top flange thickness

Bottom flange thickness

Web Depth

Total height of the composite section

Total height of the non-composite section

Section property calculations
centroid y, to the datum

Moment of inertia (girder only)

Section modulus for the bottom of the girder (Steel only)

Section modulus for the top of the girder (Steel only)

Girder section area

A, for the girder

GIRDER LAYOUT

A

y_girder :

t,:=0.76 in

byr:=16.47 in

by:=16.47 in

tp:=1.26 in

ty=1.26 in

D:=33.38 in
Dyi=ty+D+typ+ by +t,=43.4 in

Dgirder = ttf+D + tbf: 35.9 in

Ygirder_b*= 17.95 in

I

girder :

=15000 in*
Sy, =837 in®
S,, =837 in’

A =67.6 in’

girder :

=A 1213.42 in?

girder * Ygirder_b=
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Positive Flexure

Short term section properties (n)

be ff_int® iy

Area of slab Ay o= =114.972 in®
B n
tS .
Center of slab to the datum Ysiab = Dgirder + hp+ 5= 39.65 in
beff_int . t33
Moment of inertia for the slab I, gab st =" —538.93 in*
(short term) 12
A, for the slab (short term) Ay siab st =Agiab_st * Ysiap =4558.626 in’

Ay_gi'rder + Ay_slab_st
A girder + Aslab?st

centroid y,, . to the datum Yp st'= =31.615 in

Moment of inertia (short term)

Iy = Igirder +Agirder ° <ygi7“de7“_b - yb_st) ’+ Io_slab_st +Aslab_st ° (yslab - yb_st> ? =35584.74 in’

Ist

Section modulus for the bottom of the girder (short term) Sy sp= =1125.557 in’®

yb?st

Ist

Section modulus for the top of the girder (short term) S, ;= =8304.949 in’®

D girder — Yy_st
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Long term section properties (3n)

be ff_int ® 1

Area of slab Agap 115= =38.324 in’
B n
beff_int - 3
S
Moment of inertia for the slab I, gab 1t ::3n— =179.64 in’
(long term) 12
A, for the slab (long term) Ay dab 1t°=Agab 1t * Ysiap= 1519.542 in®

Ay _girder + Ay_slab_lt
Agirder + Aslab?lt

centroid y,, ;;to the datum Yp 1= =25.801 in

Moment of inertia (long term)

D=1 girger + Agirder* Ygirder b= Yo1t) > +Lo_stab_tt + Asiab_it* (Ystap— Yo_ir)* =26696.71 in’

Ilt

Yv 1t

Section modulus for the bottom of the girder (long term) Sy 1= =1034.708 in’®

Ilt

Section modulus for the top of the girder (long term) S, ;;:= =2643.549 in®

D girder — Yv 1t
Negative Flexure

Ignore Long. Reinf. in Negative Moment Capacity Control Option: No.
Therefore, the section properties for the negative flexure are based on steel girder only for
Strength 1.
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Girder dimensions W 36x245
Haunch thickness

Thickness of deck (effective)
Effective slab width

Web thickness

Top flange width

Bottom flange width

Top flange thickness

Bottom flange thickness

Web Depth

Total height of the composite section

Total height of the non-composite section

Section property calculations

centroid y, to the datum

Moment of inertia (girder only)

Section modulus for the bottom of the girder (Steel only)

Section modulus for the top of the girder (Steel only)

Girder section area

A, for the girder

beff_int2 =118 in
t5:=0.80 in

bbf2 :=16.51 in

tbf2 :=1.35 in
D,=33.38 in

Dt2 = ttfz +D2 + tbfZ + hh2 + t82 = 43.58 ":n

Dgirder2 = ttf2 +D2 + tbf2 = 36.08 in

ygirde'r‘_bZ :=18.04 in

I

girder

,:=16100 in*

Sy =895 in’

S, ,0:=895 in®

Agirde'rZ = 72. 1 in2

Ay_qirderQ ::Agirder2 * ygirder_bZ =1300.684 ing




Positive Flexure

Short term section properties (n)

beff_int2 -ty

Area of slab Ay sioi= 2 =114.972 in?
- n
ts2 .

Center of slab to the datum Ysiab2 = Dgirdera + Ppo + 5 = 39.83 in

beff_int2 3

. tso
Moment of inertia for the slab I, b st2i=—————=538.93 in"
(short term) 12
A, for the slab (short term) Ay siab_st2°=Astab_st2* Ysiape = 4579.321 in®

Ay_girderZ + Ay_slab_st2

centroid y,, . to the datum Yp_st2= =31.432 in

AgirderQ +Aslabfst2
Moment of inertia (short term)

. 4
Ist2 = IgirdeTZ + AgirderZ ¢ <ygirder_b2 - yb_st2> 2 + Io_slab_st2 + Aslab_st2 * <yslab2 - yb_st2> 2 =37678.29 in

I
Section modulus for the bottom of the girder (short term) Sy ypi=—2 =1198.73 in®
- Yo_st2
I
Section modulus for the top of the girder (short term) S, o:= i =7655.65 in®

D girder2 — Yy_st2
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Long term section properties (3n)

berf intat
Area of slab Agab 182 = Itz 752 38 394 in?
B n
beff_int2 ¢ 3
3n *Us2
Moment of inertia for the slab I, g 2= ——————=179.64 in"
(long term) 12
A, for the slab (long term) Ay b 112=Adiab 112 * Ysiapo = 1526.44 in’

Ay_girder2 + Ay_slab_lt2

centroid y,, ;;to the datum Yo 12'= =25.602 in

Agz’rder2 + Aslab?th
Moment of inertia (long term)

.y
Lo =1 girders + Agirdera® <ygirder_b2 — Yo a12)” +Lo_stab_tt2 + Astab_ii2* <yslab2 — Yy 112) " =28160.73 in

I
Section modulus for the bottom of the girder (long term) Sy o= 2 —1099.922 in®
- Yo_it2
I
Section modulus for the top of the girder (long term) S, 5= w2 =2687.726 in’®

D girder2 — Yv_112
Negative Flexure

Ignore Long. Reinf. in Negative Moment Capacity Control Option: No.
Therefore, the section properties for the negative flexure are based on steel girder only for
Strength 1.
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Dead load moment and shear effects from BrR file (interior girder)

Unfactored DC1 moment at the end span 0.4L

Unfactored DC2 moment at the end span 0.4L

Unfactored DW moment at the end span 0.4L

Unfactored DC1 moment at the interior span 0.5L

Unfactored DC2 moment at the interior span 0.5L

Unfactored DW moment at the interior span 0.5L

Unfactored DC1 moment at the interior support

Unfactored DC2 moment at the interior support

Unfactored DW moment at the interior support

Unfactored DC1 shear at the interior support
Unfactored DC2 shear at the interior support

Unfactored DW shear at the interior support

Unfactored DC1 shear at the end support
Unfactored DC2 shear at the end support

Unfactored DW shear at the end support

Mdcl_end = 175.8 kip '_ft

Mdc2_end :=13.6 k'['p 'ft

de_end =0 k’Lp '.ft

Mdcl_mid = 648.9 kip 'ft

M oo mia=47.4 kip - ft

M 4y mia:=0 kip - ft

Mdcl_inter :=—933.7 k'['p '.ft

Mch_inter :=—50.8 k'['p '.ft

de_inter =0 k'l'p ° ft

Vdcl_inter =63.4 k'l'p
Vdc2_inter =3.9 kZp

de_inter =0 klp

Vdcl_end :=22.4 klp
Vdc2_end =1.5 klp

de_end =0 k'['p




GDF calculations for positive moment regions (W 36x230) (interior girder)

Modular ratio for AASHTO GDFs Neppi= EE =7.69754947
cd
t
e, term for AASHTO GDF equations g aoF*=Dgirder = Ygirder b+ hn+ ?S =21.7 in

K, term for AASHTO GDF equations K :==ngpp- (I girder T Agirder* €9 G DF > =360493 in*

Distribution Factors
One Design Lane Loaded:

04 03 - 1
K
PREANEIy
14) \L) \12.0Lt;

Two or More Design Lanes Loaded:

? L] g. 02 K [IN]
n_n?5+(‘—] H - N
9.5 L 12.0L¢°

Single lane AASHTO moment GDF for interior girders (0.4L of the end span)

0.1

i 0.4 Kg

ft S\ in'
9Imi1_ena:=0.06+|— . =0.573
m enu 14 Lend

Multiple lanes AASHTO moment GDF for interior girders (0.4L of the end span)

0.1
i 0.6 Kg
ft S \2 in'
G2 ena=0.075+ . =0.798
ma_en 9 5 Lend

reg)
ft \in
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Single lane AASHTO moment GDF for interior girders (0.5L of the interior span)

0.1
i 0.4 Kg
ft S \3 in*
Im1 mia:=0.06+|=—| - . =0.478
mi_mau 14 Lmzd 3

Multiple lanes AASHTO moment GDF for interior girders (0.5L of the interior span)

S 0.6 Kg 0.1
_t S |02 . 4
Gos mia=0.075+| T - : n | =0.696
mid 12. Lmia [ ts
ft lin
GDF calculations for negative moment region (W 36x245) (interior girder)
t
e, term for AASHTO GDF equations e, gpp2*=Dygirdgers — Ygirder b2+ Pna + ;2 =21.79 in
K, term for AASHTO GDF K yy:=ngpps (Lirders + Agiraers* €4 cprs” ) = 387444 in*
Single lane AASHTO moment GDF for interior girders (interior support)
L.pa+ L,
Linte'r = M =380 ft
2
S 0.4 Kgg 0.1
ft S \%? in’
gml_inter::0'06+ f_ * L 3 =0.521
14 inter 12. Linter . E
It n
Multiple lanes AASHTO moment GDF for interior girders (interior support)
S 0.6 Kgg 0.1
ﬁ g \02 in®
teri=0.075 + . . =0.743
gm2_znter 9.5 Lmter I

12.

inter . E ’
It n




GDF calculations for shear (interior girder)

Single lane AASHTO shear GDF for
interior girders

Multiple lanes AASHTO shear GDF
for interior girders

HL-93 positive moment at the end span
(at 0.4L) (including IM=0.33 and
AASHTO GDF for multiple lanes)

HL-93 positive moment at the
interior span (at 0.5L)(including
IM=0.33 and AASHTO GDF for
multiple lanes)

HL-93 negative moment at the
interior support (including
IM=0.33 and AASHTO GDF
for multiple lanes)

HL-93 shear at the mid span side
of piers (including IM=0.33 and
AASHTO GDF for multiple
lanes)

HL-93 shear at the end beam
support (including IM=0.33 and
AASHTO GDF for multiple lanes)

S
9u1 25 ft

S

S
:=0.20+ —
Jv2 12 ft (35 ft

2
) =0.941
HL—93—MdiSt_end :=939.11 kip 'ft

HL—93—Mdist_inter :=—947.7 klp . ft

HL—93—Vdist_inter :=114.8 kip

HL—93—Vdist_end :=91.1 k?;p




4. Article 6.10.2 Proportional Limits Check

Article 6.10.2 check for W 36x230

Web check (6.10.2.1.1-1)

Bottom Flange check (6.10.2.2-1)

Top Flange check (6.10.2.2-1)

Bottom Flange check (6.10.2.2-2)

Top Flange check (6.10.2.2-2)

Bottom Flange check (6.10.2.2-3)

Top Flange check (6.10.2.2-3)

Moment of inertia of the compression

flange about the vehicle axis (6.10.2.2-4)

Moment of inertia of the tension flange
about the vehicle axis (6.10.2.2-4)

Flange check (6.10.2.2-4)

D
check:=if | — <150, “OK”, “No”) =“0OK”

w

b
Check = if bf S 12 , “OK” , “NO” — “OK”
2 by

b
Check = if tf S 12 , “OK” , “NO” — “OK”
2 ty

D
checkj:=if | b, >—, “OK”, “No”) — “OK”
6

D
checkj=if | b,;>—,“OK”, “No”) = “OK”
6

check:=if (t,;>1.1-1,,, “OK”, “No”) = “OK”

check:=if (t,;>1.1+t,, “OK”, “No”) = “OK”

3

tyeb
I,=—L 1 —469.105 in*
12

teebp s
7. tor Ov

i =469.105 in'

I
check:=if|0.1<-% <10,“OK”, “No” | = “OK”
yt

Note: The Article 6.10.2 check for W 36x230 is good. WF shapes are typically compact. The

checks here for completeness.




Article 6.10.2 check for W 36x245

Web check (6.10.2.1.1-1)

Bottom Flange check (6.10.2.2-1)

Top Flange check (6.10.2.2-1)

Bottom Flange check (6.10.2.2-2)

Top Flange check (6.10.2.2-2)

Bottom Flange check (6.10.2.2-3)

Top Flange check (6.10.2.2-3)

Moment of inertia of the compression
flange about the vehicle axis (6.10.2.2-4)

Moment of inertia of the tension flange

about the vehicle axis (6.10.2.2-4)

Flange check (6.10.2.2-4)

D
check):=if —2§ 150, “OK”, “No”) =“0OK”

w2

q bbf2 14 W b2 13 b2
check:=if <12,“OK”,“No” |=“OK
2 typ
q btf 43 W« k2 13 2
check:=if <12,“OK”,“No” |=“OK
2 ttf2

D
check:=if | by >—=, “OK”, “No”) =“OK”
6

D
check)=if | b, >—, “OK”, “No”) = “OK”
6

check:=if (t,7,> 1.1+, “OK”, “No”) = “OK”

check:=if (t,,>1.1+1,,,“OK”, “No”) = “OK”

. ttf2 ¢ btf23

W =506.283 in’

_typee bbf23

e =506.283 in’

I
check:=if|0.1<-* <10, “OK”, “No” | = “OK”
yt

Note: The Article 6.10.2 check for W 36x245 is good.




5. Service II Checks (Article 6.10.4.2.2)

Note: This Service Il check was performed for the positive moment at the 0.4L of the end span,
and 0.5L of the interior span, and the negative moment region at the interior support.

Service Il check at the end span (at 0.4L)

Note: The lateral flange stress (f,) is ignored. The beam section is W36x230 at this location.

Hybrid factor R, R;:=1.0
Lateral flange stress (assume to be 0) fi=0
Flange stress upper limit for the Service 11 S servicerr:=0.95 Ry, « F, ;= 47.5 kst

Check the top steel flange stress due to the Service II loads (6.10.4.2.1)

For the top steel flange of composite sections:

f; <0.95R,F, (6.10.4.2.2-1)

Top flange stress due to Service II loads without the consideration of lateral
flange bending (ksi) (Service II load factors) (compression)

. 1.0 Mdcl_end + 1.0 <Mdc2_end+de_end> + 1.3 HL—93—Mdist_end

1= =4.346 kst
S tr S t It S t_st

check:=if <fth.fServiceHa “OK” 3 “NO”> =“0OK”




Check the bottom steel flange stress due to the Service II loads (6.10.4.2.1)

For the bottom steel flange of composite sections:

i +%go,gsgbﬁ_f (6.104.22-2)

Bottom flange stress due to Service II loads without the consideration of lateral
flange bending (ksi) (Service II load factors) (tension)

'_ 1.0 Mdcl_end + 1.0 <Mdc2_end + de_end> + 1.3 HL—93—Mdist_end

of = =15.69 ksi
Sbm Sb?lt Sb?st

checkj:=if <fbefServiceII? “OK” P “NO”> =“OK”

Note: Since the web does meet the requirement of Article 6.10.2.1.1, LRFD BDS Equation
6.10.4.2.2-4 is not checked.

Performance ratio for the top flange (Service II) PR vicerr top™= Ty =0.091
f Servicell
: : oy
Performance ratio for the bottom flange (Service 1) PR, icerr pottom:=———=0.33
f Servicell




Service Il check at the interior span (at 0.5L)

Note: The lateral flange stress is ignored. The beam section is W36x230 at this location.

Top flange stress due to Service II loads without the consideration of lateral flange
bending (ksi) (Service II load factors) (compression)

1.0 My mia N 1.0 (Mo mia+M g, mia) N 1.3 HL_93_M 45t mia

fif= =11.919 ksi
Sta: St?lt Stfst

check:=if <fth.fServiceHa “OK” 3 “NO”> =“0OK”

Bottom flange stress due to Service II loads without the consideration of lateral flange
bending (ksi) (Service Il load factors) (tension)

1.0 My mia N 1.0 (Mo mia+Maw_mia) N 1.3 HL_93_M yist mia

fof= =27.57 kst
S bx S b_lt S b_st
check:=if <fbefServiceII? “OK” ) “NO”> =“OK”

: : fif

Performance ratio for the top flange (Service II) PRgeryicell top™= =0.251
f Servicell

: : for

Performance ratio for the bottom flange (Service II) PR rvicell bottom:=————=0.58
f Servicell




Service Il check at the interior support
Note: The lateral flange stress is ignored. The beam section is W36x245 at this location. This

design of the bridge was assumed to be noncomposite for the negative moment region. The
section modulus for short and long term are the same as for only steel section modulus.

Top flange stress due to Service II loads without the consideration of lateral flange
bending (ksi) (Service II load factors) (tension)

=29.72 ksi

1.0 M, del_inter 1.0 <M dc2_inter + M, dw_inter) + 1.3 H L_9 3—M dist_inter

ftf =—1
Sth Sta:2 Stm2

Note: To make the stress positive, applied the negative sign

check):=if <abs (ftf> < fservicerrs “OK”, “No”> =“0OK”

Bottom flange stress due to Service II loads without the consideration of lateral flange
bending (ksi) (Service II load factors) (compression)

1.0 M, del_inter 1.0 <M de2_inter + M. dw_inter> + 1.3 H L—93—M dist_inter

fbf =—1 =29.72 kst
S bx2 S bx2 S bx2
Note: To make the stress positive, applied the negative sign
check):=if <abs (fbf> < fservicerrs “OK”, “No”) =“0OK”
: : abs (f1y)
Performance ratio for the top flange (Service II) PR yicerr top=—————=0.626
f Servicell
: : abs (1)
Performance ratio for the bottom flange (Service II) PR rvicell bottom=———=0.626
f Servicell




Note: The compression flange for the composite negative region should also pass the following
Equation 6.10.4.2.2-4 check.

The nominal bend-buckling resistance shall be taken
as:

f.<F,, (6.10.4.2.2-4)
. i (6.10.1.9.1-1)
whnere: {1?)
fe = compression flange stress at the section under b
consideration due to the Service II loads :
calculated without consideration of flange but not to exceed the smaller of RyFyc and Fy», /0.7
]ater'fal bending (ksi). ‘ ‘ ki
Fgw= nominal bend-buckling resistance for webs with
or with.uut longitud.inal Stiffenfzrs, as applicablfe_. k= bend-buckling coefficient
determined as specified inArticle 6.10.1.9](ksi)
9
(D./DY (6.10.1.9.1-2)
For composite sections in negative flexure, D. shall
be computed for the section consisting of the steel girder
plus the longitudinal remforcement with the exception of
the following. For composite sections in negative flexure
at the service limit state where the concrete deck i1s
considered effective mn tension for computing flexural
stresses on the composite section due to Load
Combination Service II, D, shall be computed from|Eq.
D6.3.1-1.
: : o .
Depth of web in compression D= (#) * D yivdera — tip2=16.69 in
(top flange in tension) tf T Jof
. . 9
Bend-buckling coefficient ki=——rr-=36
D c2
D
. . . 09-FE-k .
Nominal bend-buckling resistance for erw_equi=— 5 = 039.697 kst
webs (LRFD BDS 6.10.1.9.1-2) D,
th

F
Nominal bend-buckling resistance for webs ~ F. :=min (ch_equ R, F,., O—y;)) =50 ksi

checkj:=if (abs (fyr) <F oy “OK”, “No”) = “OK”




6. Moment Strength I Checks (LRFD BDS Article 6.10.7)

Strength I check at the end span (at 0.4L)

First, use LRFD BDS Table D6.1-1 to determine the Mp for this positive bending case. The
reinforcements are not considered. Therefore, only three cases of PNA are considered in

the slab, top flange, and web.

Table D6.1-1—Calculation of ¥ and M} for Sections in Positive Flexure

Case PNA Condition '}"’ and M,
1 In Web P+P>P+P+P,+P r
Ll —{2} B-B-BrB=B,
2 B,
Pyl =2 — 1
M, = E[Y +(p-7) }+ [Pd, + P,d, + Psd,,+ Pd, + Pd,]
I In Top P+P +P>P+P, +P r
:Fla_nge I ¥ £ & rb i ?’ = t_{‘ Rd + B_P: HIDJ'? _Pr'b 4 1
2)| P
P [= —\2
M, = 35| P+t ¥) | +[2d. +Bd, + B.d 4 Bd, + B
I Concrete
Deck, R+P,,+Pcz[ci’]}’: FBAR | Py R
Below g 2 P
Pr'b o
b
M, = {)—"1+[R;ﬂ’,., +P,d,+FPd +Fd +Fd ]
2t : :

C -+
— ET] | “elaE= e
T —E PNA — Y
77 | v |

| — PNA |

| |

—— — ——

CASE 1 CASE 11 CASE 111-vII
Compression flange thickness used in equations to=ty
Tension flange thickness used in equations tyi=tys

Plastic force in the web
Plastic force in the compression flange

Plastic force in the tension flange

P,=F,,-D-t,=1268.44 kip
P,:=F by t,,=1037.61 kip

Pt ::Fyt . bbf. tbf: 1037-61 kip

Plastic force in the concrete deck Py:=0.85f"cq*bess iy ts=2632.875 kip
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Check the PNA is in the web, top flange or concrete deck

concrete deck.

Case:=

Yo i=if Case=1

if P,+P,>P_.+P, =2
return 1

alsoif P,+P,+P.>P,
return 2

else
3

Note: Case 1 for PNA in the web, Case 2 for PNA in the top flange, and Case 3 for PNA in the

Y., 1n the above figure for the specific case

=0.432 in

D.(wﬂ)
2 P,

also if Case=2

tC

2

(P,+P,—P,)
PC

+1

else

(P.+P,+P,)

dt = if

S Ps

d, is the distance from PNA to the center of the tension flange

Case=1 =34.838 in

ty
5 + D— Ybar
Iso if Case=2

t
?t+D+tc_Ybar

else

t
ts+hh+tt+D+§—YW
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d, is the distance from PNA to the center of the compression flange
d.=if Case=1 =01n

tC
Yyar +E
also if Case=2
0in
else

tc
ts+hh+E_Ybar

d,, is the distance from PNA to the center of the web
d,=if Case=1 =17.518 in
0 in
also if Case=2
2 + tc - Ybar
2
else

D
ts+h’h+tc+?_Ybar

d, is the distance from PNA to the center of the concrete slab

d,:=if Case=1 =4.182 in
tS

E+h’h+tc+Ybar

also if Case =2

tS

E+hh+Ybar

else

0in




D, is the distance from PNA to the top of the concrete slab

D,:=if Case=1 =7.932 in
t,+ hh +t.+Y
also if Case=2
to+h,+Y,,
else
Yiar

D,, is the distance of the web in the compression according to the PNA

D,.,:=if Case=1 =01n

Ybar

also if Case =2
0 in

else
0 in

M, is the plastic moment
M, =if Case=1 =5818.211 kip- ft

P
ﬁ (Yiar” +(D=Y})?) + (Py+dyt P+ d+ Py dy)

also if Case=2

P

ﬁ (Ybar2 +<tc_Ybar>2>+<Ps'ds+Pw°dw+Pt'dt>
else

Ybar2 Ps
2—ts+<Pc-dc+Pw-dw+Pt-dt)




Calculate the yield moment M, of the composite section using the equations provided in

Appendix D6 (Article D6.2.2). Flange lateral bending is to be disregarded in the calculation.
The Strength I load factors are used here.

Symbolically, the procedure 1s:

1) Solve for Mp from the equation:
Fp=2o 4 Mos y Mo (D6.2.2-1)
Z S e Stir Ssr
2) Then calculate:
M, =M, +M,,+M,, (D6.2.2-2)

Mp, ,Mp,, and My, are the factored moments at the strength limit state applied separately to
the steel, long-term, and short-term composite sections. M,, is taken as the value calculated for
the tension (bottom) flange for the positive moment region.

MDl_end :=1.25 Mdcl_end: 219.75 kip 'ft

MD2_end =1.25 Mch_end+ 1.50 de_end: 17 klp 'ft

S b_st

b_st
- MDl_end - (S

S -
MAD_end = Fy ¢ Sb_st - S

bx

) Mpy, ona=4375.818 kip - ft

My_end ::MDl_end +MD2_end +MAD_end =4612.568 klp '.ft
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Nominal Flexural Resistance

Firstly, check if the section is compact or non-compact (Article 6.10.6.2.2). Note the F', is 50
ksi and the web satisfies LRFD BDS Atrticle 6.10.2.1.1 as mentioned before. Therefore, only
need to check the third requirement :

e  The specified minimum yield strengths of the flanges
do not exceed 70.0 ks,

o The web satisfies the requirement of
|Arti-::lf: 6.10.2.1 .l.|and

®  The section satisfies the web slenderness limit:

2D E
r—’” <3.76 = (6.10.6.2.2-1)

(2 Dcp E
:=if - <3.76 = “Compact”, “Non—compact” | = “Compact”
yc

w

Check ductility according to LRFD BDS 6.10.7.3-1

Compact and noncompact sections shall satisfy:

D,<042D, (6.10.7.3-1)
where:
D, = distance from the top of the concrete deck to the

neutral axis of the composite section at the
plastic moment (in.)
D, = total depth of the composite section (in.)

check:=if (D,<0.42 D,,“OK”,“NO”) = “OK”

According to the provisions of LRFD BDS Article 6.10.7.1.2, the nominal flexural resistance
of compact composite sections in positive flexure is determined as follows:

If Dy < 0.1D, then:

M, =M, Eq. (6.10.7.1.2-1)

D
Otherwise: M, =Mp[1.0?0.73p] Eq. (6.10.7.1.2-2)

t




M, :=|lit D,<0.1 D, =65774.05 kip-in

M,

else

DP
M,+|1.07-0.7-2
t

In a continuous span, the nominal flexural resistance
of the section shall satisfy:

M, <13R,M, (6.10.7.1.2-3)

where:

M, = nominal flexural resistance determined from
[Eq. 6.10.7.1.2-1] or [6.10.7.1.2-2,| as applicable
(kip-in.)

M, = vyield moment determined as specified in
[Artiele D6.2] kip-in.)

Ry =  hybrid factor determined as specified in

[Article 6.10.1.10.1]

unless:

e the span under consideration and all adjacent

interior-pier sections satisfy the requirements of
Article B6.2,

and:

e the appropriate value of Bz from|Article B6.6.2
exceeds 0.009 radians at all adjacent interior-pier
sections,
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However, in a continuous span, the nominal flexural resistance of the section is also limited to
the following check.

This example conservatively assumed insufficient stiffness and ductility of adjacent pier
sections, and it does not meet the exception in 6.10.7.1.2-3.

M, engi=min (M,,,1.3 Ry+M, ;) =5481.171 kip - ft

n

Then determine the M,,. Note the f; is 0 and ¢ is 1.0.
1
M, 4218, <4,M, (6.10.7.1.1-1)

Factored moment (Strength I)

My =125+ (Mger_ena+Maes_ena) +1.50 Mgy, epg+1.75+ HL_93_M ;54 o= 1880.193 kip - ft

u_en

check:=if <M w

end<1.0 M

n_end

“OK” “NO”) — “OK”
Y

u_end

1.0 M,

_end

Performance ratio for the bottom flange (Strength I) PRgyepginr = =0.343




Strength I check at the interior span (at 0.5L)

The girder section is also W36x230. Therefore, the M is the same as for the end span at 0.4L

as above calculations. Calculations can be found above. Calculate the yield moment of the
composite section using the equations provided in Appendix D6 (Article D6.2.2). Flange lateral
bending is to be disregarded in the calculation. The Strength I load factors are used here.

Symbolically, the procedure is:

1) Solve for Mp from the equation:
oo Moy My, | Mo (D62.2-1)
¥ S we Sir Ssr
2) Then calculate:
M, =M, +M,,+M,, (D6.2.2-2)

Mp, ,Mp,, and My, are the factored moments at the strength limit state applied separately to
the steel, long-term, and short-term composite sections. M,, is taken as the value calculated for
the tension (bottom) flange for the positive moment region.

MDl_mid :=1.25 Mdcl_mid: 811.125 kip ‘ft

MDQ_mid :=1.25 Mch_mid+ 1.50 de_mid: 59.25 k’&p ‘ft

S b_st

Sb_st
Mup mia=F y® Sy st— S— Mpi mia—

) Mpy mig=3534.606 kip - ft
br

My mia=Mp1 mia+Mps mia+Map mia=4404.981 kip - ft




Nominal Flexural Resistance

As mentioned before, the W36x230 section is compact according to LRFD BDS Atrticle
6.10.6.2.2. Also, this section passes the ductility check according to Equation 6.10.7.3-1. These
two check details can be found above.

According to the provisions of LRFD BDS Article 6.10.7.1.2, the nominal flexural resistance
of compact composite sections in positive flexure is determined as follows:

If Dy < 0.1D, then:

M, =M, Eq. (6.10.7.1.2-1)
: D
Otherwise: M, =Mp[1.0?0.75p] Eq. (6.10.7.1.2-2)
t
M,):=|lif D,<0.1 D, =65774.05 kip -in
M,
else

DP
M,+|1.07-0.7-2
t

In a continuous span, the nominal flexural resistance
of the section shall satisfy:

M, <1.3R,M, (6.10.7.1.2-3)

where:

M, = nominal flexural resistance determined from
| Eq. 6.10.7.1.2-1| orlf}.l{],?.l.E-l,l as applicable
(kip-in.)

M, = vyield moment determined as specified in
Article D6.2|(kip-in.)

Ry =  hybrid factor determined as specified in

[Article 6.10.1.10.]]

The nominal flexural resistance of the section also considered the LRFD BDS Equation
6.10.7.1.2-3 as above.

M, pig=min (M, 1.3 R,+M, ,,;,q) =5481.171 kip - ft
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Then determine the M,,. Note the f; is 0 and ¢ is 1.0.
1
M, 4218, <4,M, (6.10.7.1.1-1)

Factored moment (Strength I)

M

u

_mid = 125 . (Mdcl_mid +Md02_mid> + ]. 50 de_mid + ]. 75 ° HL—93—Mdist_mid = 310688 k:’bp 'ft

checky:=if <Mu_mid§ 1.0 M,, 54, “OK”, “NO”> =“OK”
. Mu_mid
Performance ratio for the bottom flange (Strength I) PRgyength)'=—————=0.567
1.0 M, ia
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Strength I check at the interior support

Use Table D6.1-2 to determine the Y, and M, for this negative flexure case. The negative

moment region is considered as the noncomposite section for this example. The reinforcements
are not considered. Two cases of PNA are considered either in the top flange or web.

Case PNA Condition Yandn,
I |lWeb | BB =B+B, 15, _ (D\[P-P-P-P,
} —3 | ‘—"+]_
2 ‘o
P [=2 =\!
M, = F=[7+(D-F) [ +1P,d, + Pudy + B, + P,]
I In Top P+P +B2P.+P
e e S Y S = t\|\P+BE-P -F
Flange Y=t "w “rby]
2 P |
P[= =2
M, = P +(1-F) [+15d, +Bd, + B4, + )

g — e =
' . A

. & L ) eI : b
F ' B _._‘ l ’
: Z e Th‘\'.‘n
v W
: i

ENa

o+
R
g =
" o

&
i
al
L.b'.
b‘l

¥,

L

b
L—‘J CASE | CASE Il

Plastic force in the web used to compute the M, @::wa -D,-t,,=1335.2 kip

Plastic force in the compression flange used to @:: Fyoobypoetype=1114.425 kip
compute M,

Plastic force in the tension flange used to compute M, @::Fyt bypo ety =1114.425 kip

Plastic force in the top layer reinforcement P,;:=0 kip
Plastic force in the bottom layer reinforcement P, :=0 kip
Cover for the bottom layer reinforcement Covery,,:=0 in
Cover for the top layer reinforcement Covery,,=0 in
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Check the PNA is in the web or top flange

Case:=| it P.+P,>P,+P,+P,, =1
H return 1

else

H return 2

Note: Case 1 for PNA in the web and Case 2 for PNA in the top flange.

Y., 1n the above figure for the specific case

Yy li=1if Case=1 =16.69 in
D P,—P,—P,—P,
_2. < c t rb rt) +1
2 P,
else
t P.+P,—P,—P,
o [ P ||

d, is the distance from PNA to the center of the tension flange

dj:=if Case=1 =17.365 in

d, is the distance from PNA to the center of the compression flange

d.:=if Case=1 =17.365 in
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d,, is the distance from PNA to the center of the web

d,|=if Case=1 =01n
H 0in
else

D,
L= Ypor + N

d,; 1s the distance from the PNA to the center of the bottom layer reinforcement

d,,:=if Case=1 =18.04 in
H tipo + hpo + Yy, + Covery,,

else
H hyo+Y o +Covery,

d,, is the distance from the PNA to the center of the top layer reinforcement
d,.=if Case=1 =25.54 in
H tipa+hpo+ Yy, + 1 —Covery,,

else
H hpa+Y e+t —Covery,,

D,, is the distance of the web in the compression according to the PNA

D,,y:=if Case=1 =16.69 in

H DQ_Ybar
else
2
M, is the plastic moment
M ,5:=if Case=1 =4153.85 kip - ft
P’LU
5D <Ybar2 + <D2_Ybar)2>+ <Prt'drt+Prb'drb+Pc°dc+Pt'dt>
2
else

P
9 5 <Ybar2 +<ttf2_Ybar>2>+<Prt'drt+Prb'drb+Pc'dc+Pw'dw>
2

The plastic moment (include the negative sign) M ,5:=—1+M,,=—4153.852 kip - ft

F-34



Note: In this load rating example, the reinforcement were not considered for the negative
region. Also only the steel section is considered for resisting short-term and long-term loads.

Therefore, the M, for bottom flange and top flange is the same for this case.

Symbolically, the procedure 1s:

1) Solve for M,p from the equation:
F,‘I’ — ‘ﬂfﬂj . ‘H:f.D.' e ﬂr.{_iD (D622-1)
= Swe Sir S'sr
2) Then calculate:
M, =M, +My, + M, (D6.2.2-2)

Yield moment for the bottom of the steel M, ,,
MDl_inteT = 1.25 Mdcl_inteT = _1167-125 kll:p 'ft

MD2_inteT =1.25 Mch_inteT +1.50 de_inte'r =—63.5 k'l'p '-ft

Sbm2 Sme .
MAD_bot_inteT = Fy * Sbm2 - MDl_inter - S_ MDZ_inter =4959.792 k’Lp * .ft
bx2 bx2

M y_bot_inter =M D1_inter + M D2_inter + M AD _bot_inter — 3729.167 k?'p ¢ f t
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Nominal Flexural Resistance

Firstly, check the web compactness according to LRFD BDS 6.10.6.2.3-1. The flange yield
stress F, is 50 ksi, therefore, only check the other two requirements as below. This load rating

example cannot use the Appendix A6 since the diaphragms are not parallel to supports.

Sections in straight bridges whose supports are
normal or skewed not more than 20 degrees from normal,
and with intermediate diaphragms or cross-frames
placed in contiguous lines parallel to the supports may be

proportioned according to the provisions for compact
or noncompact web sections specified in
For these sections:

Otherwise, the section shall be proportioned according

to provisions specified in|Article 6.10.8.

Note: Therefore, this load rating example uses Article 6.10.8.

Flange local buckling check

Top flange continuously laterally supported for this bridge. Then check the compression
flange local buckling according to LRFD BDS 6.10.8.2.2-3 & 4.

4s = slenderness ratio for the compression flange
bfr
gy (6.10.8.2.2-3)
21,
Apr = limiting slenderness ratio for a compact flange

= 038 {£ (6.10.8.2.2-4)
F,

Ay = limiting slenderness ratio for a noncompact
flange
E
= 0.56 |— (6.10.8.2.2-5)
VE,
b
Slenderness ratio for the compression flange Api= if 2 =6.115
bf2
Limiting slenderness ratio for a compact flange Appi=0.38 4 ,F_ =9.152
yc

:: if <)\f§ Apss “Compact flange”, “Non—compact ﬂange”> = “Compact flange”
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The local buckling resistance of the compression
flange shall be taken as:

e If B By then:
FJ‘IC = RbRP.'JF;r {6 10822-1)

e  Otherwise:

ol 1 T T
F;rr =1k~ 1~ : 3 = RbRFlF;c
RF. | Ly -

(6.10.8.2.2-2)

Determine the R, according to Article 6.10.1.10.2 which is used to calculate FLB resistance.

. 2 * D62
Slenderness ratio for web A= =43.921
w
: : 2¢Deyetyp
Ratio a,, for the compression flange Qe =————=1.198
bypo toso
e = limiting slenderness ratio for a noncompact web,
expressed in terms of 2D.%., calculated as
follows:
e for longitudinally-stiffened sections:
2D
:( = }"’"“"ﬂ (6.10.1.10.2-4)

e for all other cases:

4.6 iikp, = 3.]+E ££5.? i
‘F € a, ' F;.r F 4

(6.10.1.10.2-5)

.,/3,5.7.,/3)]=137.274
FyC FyC
Web check (6.10.6.2.3-1)

:: if <>\S Ay, “OK”, “NO”) —“OK”

Slenderness ratio limit for non-compact web

5
3.1+—

E
Appi=max (4.6 «4/— ,min
awc

yc
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e the web satisfies:

e, (6.10.1.10.2-1)

then, R shall be taken equal to 1.0.

Web load-shedding Ry:=1
factor

Local buckling resistance (compact flange) Fo. prp=Ry* Ry~ F,, =50 ksi
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Lateral flange buckling check

Then check the compression flange lateral torsion buckling according to LRFD BDS
6.10.8.2.3-9 & 4 to determine the braced length compactness. The unbraced length for the
bottom flange is 157.20" for this bridge.

Ly = unbraced length (in.)

E; limiting unbraced length to achieve the nominal
flexural resistance of RuR:F,. under uniform
bending (in.)

E
= 1.07, |— (6.10.8.2.3-4)
F,
1 = effective radius of gyration for lateral-torsional
buckling (in.)
b ;
= = (6.10.8.2.3-9)
12 142 e
3b.t,
L, = limiting unbraced length to achieve the onset of

nominal yielding in either flange under uniform
bending with consideration of compression
flange residual stress effects (in.)

= nr (— (6.10.8.2.3-5)

b
Effective radius of gyration for LTB (in.)  r,:= b2 =4.351 in
Dt
\/12 14t et "”2)
bypa tofo
Unbraced length (based on the BrR file) L,:=157.2 in
Limiting braced length to achieve the z
nominal flexure resistance Ry« R+ F,, Ly=1.0-7;+4 ,F_ =104.794 in
yc

under uniform bending (in.)
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F,, = compression flange stress at the onset of
nominal yielding within the cross section,
including residual stress effects, but not
including compression flange lateral bending,

taken as the smaller of 0.7F,. and F;.., but not
less than 0.5F,

Compression flange stress at the onset of ~ F, :==max <0.5 F,.,min (0.7 Fy, ,wa» =35 ksi
nominal yielding within the cross-

section

Limiting braced length to achieve the onset of I

nominal yielding considering the compression L= /— =393.494 in
flange residual stress effects (in.) yr

Compactness:=if L,<L, =“Non—compact unbraced”
return “Compact unbraced ”

alsoif L,<L,<L,

return “Non—compact unbraced”

else

return “ Slender unbraced”

This design moment gradient modifier C}, is 1.896 based on the BrR file.

Moment gradient modifier C,:=1.896
e L <L, ,then:
F, =RRF, (6.10.8.2.3-1)

e If LF S A then:

F. WE--I
‘F;lr = Clb !'_ 1_ = i : RthFr - RbRb'F:r
RF, N\ L -L, ; :

(6.10.8.2.3-2)

e Ifr >L,then:

F,=F, <RR,F, (6.10.8.2.3-3)
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Lateral torsional resistance (non-compact unbraced length)

F L,~L,

F,. rg=min|Cy+|1—[1— v
e ( R,-F,.) \L,—L,

'Rb'Rh.F

yc?Rb.Rh.ch :50 kSZ

The smaller value of the calculated FLB and LTB resistances will be considered as the nominal
compression flange flexure resistance as shown below.

Fnc =nun <Fnc_FLB 9 Fnc_LTB) =50 kS’L

At the strength limit state, the following requirement
shall be satisfied:

1
fb,,+§f} <¢,F, (6.10.8.1.1-1)

The strength I bottom flange stress (compression).

For design checks where the flexural resistance is
based on lateral-torsional buckling:

e The stress f3, shall be determined as the largest value
of the compressive stress throughout the unbraced
length in the flange under consideration, calculated
without consideration of flange lateral bending.

1.25. Mdcl_inter n 1.25. Mch_inter +1.50 de_inter

-fb b::_]‘ (J =38.74 ksi
- S bx2 S bx2
+ 1 .75 . HL—93—Mdist7inte’l’
Sbw2

Note: To make the stress positive, applied the negative sign

:: if <abs (fbu_b) <F, _ ,“OK”, “NO”) —“«OK”

. abs (f bu_b>

Strength I bottom flange performance ratio PRy engtnt bottom™=———-=0.775

nc
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The continuously braced for the tension flange, and check the strength for the tension flange.

The strength I top flange stress (tension)

At the strength limit state, the following requirement
shall be satisfied:

Fou S0, RF, (6.10.8.1.3-1)
Fy:=Ry,+F ;=50 ksi

125 Mt inter , 1-25*Maca inter1-50 Mu inter
St Staz
N 1.75« HL_93_M g;st inter
S tr2

J|=38.74 kst

fbu_t =—1

Note: To make the stress positive, applied the negative sign

check:=if (fy, < F,y, “OK”, “NO”) = “OK”

abs <f bu_t>

nt

Strength I top flange performance ratio PRgy,cngthi top™= =0.775
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7. Shear Strength I Check at the end beam support (end panel) and interior support
loaction at the interior span side (interior panel) (LRFD BDS Article 6.10.9)

6.10.9.1—General

At the strength limit state, straight and curved web
panels shall satisfy:

vV, <¢. ¥, (6.10.9.1-1)

where:

¢ = resistance factor for shear specified in
|Article 6.5.4.2]

F, = nominal shear resistance determined as

specified in|Articles 6.10.9.2| and |6.10.9.3] for
unstiffened and stiffened webs, respectively
(kip)

¥V, = factored shear in the web at the section under
consideration (kip)

Shear Resistance of
I-Sections

Hybrid and Mon-Hybrid

+—U nsiiffenedJ—Etiﬂ'ene-d—*‘

Shear Yield or

Shear Buckling

Interior I End

Panels Panels [

§.10.8.3.3
Mo——— | Shear ¥ield or
Shear Buckling

20t
(brotic +brtn)
£257

fes
¥ Y
Eq. ﬂ.ll}.9.3.2-2| I Eg. & 1€I.9.3.2—§|
Shear Yield or Shear Shear Yield or Shear
Buckling Plus Buckling Plus Reduced
Tension-Field Action Tensicn-Field Action

Figure C6.10.9.1-1—Flowchart for Shear Design of
I-Sections
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End beam support location

Web Panel: End Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.) d,:=172.8 in

End web panels of nonhybrid and hybrid I-shaped
members:

»  With or without one or more longitudinal stiffeners
and with a transverse stiffener spacing not exceeding
1.5D

:: if <d0 <1.5 D, “Stiffened”, “Unstiffened”) = “Unstiffened”

6.10.9.3.3—End Panels

The nominal shear resistance of a stiffened web end
panel shall be taken as:

V.=V =CF, (6.10.9.3.3-1)
in which:

V, =0.58F, D, (6.10.9.3.3-2)
where:

C = ratio ofthe shear-buckling resistance to the shear

yield strength determined by [Egs. 6.10.9.3.2-4,]
16.10.9.3.2-5 Jor|6.10.9.3.2-6|as applicable
V., = shear-yielding or shear-buckling resistance (kip)
¥V, = plastic shear force (kip)

The ratio, C, shall be determined as specified below:

D Ek
o If —<1.12 |—, then:
r'|.' F;|'|.'

C=140 (6.10.9.3.2-4)
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e« If 1.12 E{ESIAU E—k.thcn:
Ek

1.12
C=—=

D \F,

I

RN

b

D JE.F:
e If —>1.40 |— , then:
{\- ‘E:,-\-

¢

in which:

k’ =

F

Y

E_k]

shear-buckling coefficient

(6.10.9.3.2-5)

(6.10.9.3.2-6)

(6.10.9.3.2-7)

Otherwise, the nominal shear resistance shall be

taken as follows:

0.87(1-C)

V.=V,|C+

i

Shear-buckling coefficient

D .
— ratio

w

d

2

D

j

i]
+
D

(6.10.9.3.2-8)
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Ratio of the shear-buckling C:=if
resistance to the shear yield strength

Plastic shear force V,:=0.58-F,,-D-t,=735.695 kip

Nominal shear resistance for the web panel Vi ena=C+V,

Phi factor for steel bridge shear ¢:=1.0
Factored shear resistance ® V., ena="735.7 kip

Vu_end =1.25. <Vdcl_end + Vch_end> +1.5- de_end +1.75 HL—93—Vdist_end =189.3 k?'p

check_shear_at_the_critical :=if <¢ Vi end™>Vau_endas “OK”, “NG”> =“0OK”

u_end

v
Demand/capacity ratio for shear DCR:=————=0.257

n_end
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Interior support location
Web Panel: Interior Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.) @:: 157.2 in

Interior web panels of nonhybrid and hybrid I-shaped
members:

e without a longitudinal stiffener and with a transverse
stiffener spacing not exceeding 3D, or

e with one or more longitudinal stiffeners and with a
transverse stiffener spacing not exceeding 2D

i=if (d,<3 D, “Stiffened”, “Unstiffened”) = “Unstiffened”

6.10.9.2—Nominal Resistance of Unstiffened
Webs

The nominal shear resistance of unstiffened webs
shall be taken as the shear-yielding or shear-buckling
resistance as follows:

v, =V, =C¥, (6.10.9.2-1)
in which:

v, =0.58F, Dt (6.10.9.2-2)
where:

C = nratio of the shear-buckling resistance to the

shear yield strength determined by
[6.10.9.3.2-4.][6.10.9.3.2-5] or |6.lU.9.3.2-6| as
applicable, with the shear-buckling coefficient,
k, taken equal to 5.0

Vo = shear-yielding or shear-buckling resistance (kip)
V., = nominal shear resistance (kip)
Vo = plastic shear force (kip)
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The ratio, C, shall be determined as specified below:

o If Ei-]_IE E—k.thcn:
t '\J &

C=1.0 (6.10.9.3.2-4)

== ey
: Ek D Ek
If 1.12 |— <—<1.40 ||F—,Ihcn'_

—
112 | Ek (6.10.9.3.2-5)
D \F,
o
D [Ek
If —>1.40 |—, then:
. ; > \IF then
c =i?\{E_kJ (6.10.9.3.2-6)
D) \ £
A
Shear-buckling coefficient K:=>5
(C.6.10.9.2 for unstiffened web)
D2
D . ——=41.725
—ratio
w2
w
) . D [E -k
Ratio of the shear-buckling :: it —2<1.12-
resistance to the shear yield strength b Fyw

E
. -k D,
alsoif 1.124[——<—-<1.40-
wa tw2

E
1.12 E-k
D2 wa
tw2

else

1.57 E-k
D2 2 wa
tw2




Plastic shear force Vv =0.58F,,+D-t,,=774.4 kip

p_inter :
Nominal shear resistance Vi inter =C*Vp, inter="T74.4 kip
Phi factor for steel bridge shear P:=1.0
Factored shear resistance DV, inter="774.42 kip

Factored shear demand at the interior support on the mid span side

Vu_inter =1.25. <Vdcl_inter + Vdc2_inter> +1.5- de_inter +1.75-H L—93—Vdist_inter =285.025 k?’p

check_shear_at_the_critical:=if <¢ -V

n

_inter > Vu_inter? “OK?” ) “NG”> =“OK”

. . Vu inter
Demand/capacity ratio for shear DCR):=———=0.368

° aninter
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8. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary
Iload eﬂ‘ect? : I]—]l-93 Design Lodaing pne | pe
(Mildp-ft), and V(kip)) (with JM = 0.33 and GDFm)
Moment (at 0. 4L of the end span) 9301 1758 | 136
Moment (at 0 5L of the interior span) 12780 6489 | 474
Positive Moment (at 52.4 ft to the left interior support of the interiorspan side) 12781 6456 |47.2
Negative Moment (at 52.4 ft to the left interior support of the interior span side) -140.9
Moment (at the interior support) -947.7 -933.7 |-50.8
Shear (at the beam end support) a1.1 22, 1.5
Shear (at the interior support of the interior span side) 1148 63.4 g

Load effects

AASHTO Fatigue Truck Four-truck Platoons (5-ft NRL) | Four-truck Platoons (50-ft NRL)
(Mkip-ft), and V(kip)) (with JM = 0.15 and GDFs /1.2) | (with /M = 0.33 aand GDFs /1.2) | (with [M = 0.33 and GDFs /1.2)
Moment (at 0 4L of the end span) 283.1 559.3 5109
Moment (at 0.5L of the interior span) 376.0 888.7 5708
Positive Moment (at 52.4 f to the left interior support of the interiorspan side) 380.2 889.4 STE2
[Negative Moment (at 52.4 ft to the left interior support of the interior span side))| -33.8 -76.1 -59.3
Moment (at the interior support) -247.8 -837.9 -4823
Shear (at the beam end support) 345 643 493
Shear (at the interior support of the interior span side) 433 109.3 63.0

Resistance Summary

Resistance (with ¢ )

(M (kip-ft) and V" (kip))

Strength [ Moment (at 0 4L of the end span) 5481.2

Strength | Moment (at .51 of the interior span) 5481.2
Strength [ Shear (at the beam end support) T39:7

Strength [ Shear (at the interior support of the interior span side) 774 4

Resistance (with @)
Fn (ki)
Strength [ Flexural Stress (at the interior support) 50.0
Service I Flexural Stress (at (.41 of the end span) 47.5
Service I Flexural Stress (at 0_5L of the interior span) 475
Service I Flexural Stress (at the interior support) 475




9. Load Rating: Design Load Rating for Moment and Shear

BF = {{Pr }([-p.f ){{P)R.u — (TDC' ](‘DC) Iz {“'FF.D w )(D FF)
()(LL+DM)

A3.13.2. la—Inventory Level

Load Load Factor

Dc 1.25

DWW 1.50 Overlay thickness was not field measured.
IL 1.75

Moment load rating at the 0.4L of end span (inventory and operating level)
Parameter information for the equation below.

M, ,.q=5481.171 kip - ft G ena=0.798

Mdcl_e'n,d =175.8 klp 'ft Mch_e'n,d =13.6 kip 'ft

Md'w_end =0 k'l'p '.ft
HL—93—Mdi5t_end =939.1 k’l;p 'ft

Rating factor at the inventory level

RE. (10) 'Mn_end —1.25. <Mdcl_end +Mdc2_end> —1.50 'de_end
1.75. <H L_93_M dist_end>

nv_end *—

=3.191

Rating factor at the operating level

For Strength T Operating Level only the live load factor changes; therefore the
rating factor can be caleulated by direct proportions.

Load Load Factor, vy
DC 1.25
Dw 1.50
LL 1.35
1.75
RFope_end = R'F'L'm;_end ° E =4.137
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Moment load rating at the 0.5L of the interior span (inventory and operating level)
Parameter information for the equation below.

M, ,.=5481.171 kip - ft G2 mia=0.696

n_mid

Mdcl_mid =648.9 k’l;p ‘ft Mch_mid =47.4 k’l;p ‘ft

M gy mia=0 kip - ft
HL_93_M sy nia= 1278 kip - ft

Rating factor at the inventory level
(1.0)* My, nig—1-25+ (Myer_mia+Macz_mia) = 1-50* Mgy, mig

RFimJ mid ‘= =002
- 1.75. <H L_93_M dist_mid>

Rating factor at the operating level

1.75

RFope_mid ::RFinv_mid' 1.35 =2.672

Moment load rating at the interior support (inventory and operating level)
Parameter information for the equation below. The bottom flange is rated here.
F,.=50 ksi Ima_inter=0.743
M1 inter=—933.7 kip - ft M s inter=—50.8 kip - ft
M gy inter="0 Kip - ft
HL_93_M ;3 inser=—947.7 kip - ft

S0 =895 in®

Rating factor at the inventory level

M ey ; My, ;
(10) .Fnc - 125 L abs ( del_inter o dC2_Znter) <J

S bx2 S bx2
—1.50-abs ( ‘Z"—mte’"
bx2
RF. inter ‘= =1.507
e 1.75 . abs H L—93—M dist_inter)
S bx2
. . 1.75
Rating factor at the operating level RF e inter=RF 0, inter T35 1.953
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Shear load rating at the beam end support (inventory and operating level)

Parameter information for the equation below.

V., ona="735.695 kip gy =0.941

Vdcl_end =224 k’l;p Vdc2_end =15 k?'p

de_end =0 klp
HL—93—Vdist_e'rLd =91.1 k’l,p

Rating factor at the inventory level
(10) ° Vn_end —1.25. <Vdcl_end + Vdc2_end> —1.50- de_end

L =4.427
vV
1.75- (H L_93—Vdist_end>

Rating factor at the operating level

75
RF, =RF, ., +——2=5.739
peV V'1.35

Shear load rating at the interior support of the interior span side (inventory and operating
level)

Parameter information for the equation below.

Vn_inter: 774.416 k'l'p 92— 0.941
Vdcl_inter =63.4 k'l'p Vdc2_inter =3.9 k'l'p

de_inter =0 k?'p
HL—93—VdiSt_int€T =114. 8 kip

Rating factor at the inventory level

(1 0) ° Vn_inter —1.25. <Vdcl_inter + Vdc2_inter> —1.50- de_inter

= =3.436
1.75. <H L_93—Vdist_z'nter>

Rating factor at the operating level

1.75
RFOpeV ::RFin’l)V. E = 4.454




10. Load Rating for Service II Limit State

For Service Limit States, C = f 6A.4.2.1
RE = Ix _(?..:-}(-fb)
(e )(Sezame)

Yo = YDC=TYow= 1.0 Table 6A.4.2.2-1

y. = 1.3 for Inventory

= 1.0 for Operating

Service Il moment rating at the 0.4L of end span (inventory and operating level)

Resistance stress fr=0.95-R,-F ,=47.5 ksi

M decl_end + M. de2_end

Determine dead load stress at 0.4L of end span fpc= =2.678 kst
St Sh
Determine wearing dead load stress at 0.4L of end span fpy:= ;w‘e"d =0 ksi
b_it
Total dead load stress at 0.4L of end span fo=fpc+fow=2.678 ksi
HL 93_M et on .
Live load stress at 0.4L of end span Jrp= < — S— dist d> =10.012 ksi
b_st

: : fr=fp
Rating factor for Service II RF gricelliny = ———=13.444
(inventory level) 1.30-frz

: : fr—fp
Rating factor for Service II RF geryiceropr i =—————=4.477
(operating level) 1.00-frz




Service Il moment rating at the 0.5L of mid span (inventory and operating level)

Resistance stress

Determine dead load stress at 0.5L of the interior
span

Determine wearing dead load stress at 0.5L of the
interior span

Total dead load stress at 0.5L of the interior
span

Live load stress at 0.5L of the interior span

Rating factor for Service II
(inventory level)

Rating factor for Service II
(operating level)

fR = 0.95 'Rh°Fyf: 47.5 ksi

M . M ;
fDC — del_mad de2_mad —9.853 kS’L
S bx S b_lt
fDW _ dw_mid -0 kS’I;
S b_lt

fD ::fDC’ +fDW:9'853 ksi

(HL_93_M gist_ia)

= =13.625 ksi
JLL
Sbﬁst
fR_.fD
RFServiceHinv ::m: 2.125
fR_fD
RFServiceHopr ::m =2.763
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Service I moment rating at the interior support (inventory and operating level)

Resistance stress

Determine dead load stress at the interior support |f|:=

Determine wearing dead load stress at the interior

support

Total dead load stress at the interior support

Live load stress at the interior support

Rating factor for Service II
(inventory level)

Rating factor for Service II
(operating level)

fR = 0.95 'Rh°Fyf: 47.5 ksi

M dcl_inter M dc2_inter

S b2

=-13.2 kst

fo=fpc+fow=—13.2 kst

<H L_93_M dist_inter)

= =—12.707 kst
JLL
SbazZ
fr—abs (fp)
RF servicerrind*= =2.076
Servicelliny 1.30-abs < LL>
fr—abs(fp
RFServiceHopr = < > =2.699

1.00-abs (f7r)




11. Load Rating for Strength I Limit State Platoon (target beta = 2.5)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =10.20 (100 crossings, ADTT = 5000)

Proposed Strength Calibrated LL Factors for the Target f = 2.5 (Steelman et al., 2021) (Table 2)

. . .. ADTT Live load factors by CoF of total live load
Lk Elitoon Frequency Loading Condition DE (One direction) | COV =0 ] €OV =0.05| covi =0.1]covy =015 covi =02
Single-trip | No other vehicles on the bridge One lane NA 1.00 1.05 110 120 125
Singletrp || VO identicdl platoonsloaded on e tanes NA 1.00 1.05 110 120 1.25
two lanes
> 5000 135 135 140 145 1.55
10 Crossings | Exed with routine traffic in the One lane 1000 135 135 1.40 145 1.50
Multiple Trucks in Platoon adjacent lane
<100 135 135 140 145 1.50
> 5000 135 1.40 145 150
L NEsed Rl ouine U icin dic Oue lane 1000 135 1.40 145 145 1.55
Crossings adjacent lane
<100 135 135 145 145 155
Moment load rating at the 0.4L of end span
Platoon weight divided by 80 kips W piatoon = 1.0
(amplification factor alpha)
Assumed IM = 0.33 (same as MBE permit load rating) IM 1 foce = 33%

5 ft headway 4-truck platoon moment at the 0.4L of end span from the above load effect table:
(with /M = 0.33 and single lane moment GDF ( g,,,; ) and removed 1.2 multiple presence factor)

LLplatoon_legal_end :=559.3 klp 'ft
5 ft headway 4-truck platoon moment at the 0.4L of end span (with amplification factor alpha)

LL platoon_legal_end ‘= Wplatoon -LL platoon_legal_end = 559.3 k'l'p * f 15

Platoon calibrated live load factor (the value Yplatoon_strength = 1-60
in the red box as shown above Table)
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Parameter information for the equation below.

M, .q=5481.171 kip- ft Gt ona=0.573
Mdcl_e'n,d =175.8 klp 'ft Mch_e'n,d =13.6 kip 'ft
Md'w_end =0 kll'p '-ft LLplatoon_legal_end =559.3 k"’p '.ft

(10) 'Mn_end_ 1.25. <Mdcl_end +Md02_end> —1.50 'de_end

RFPL_end 8= =5.86

7platoon_strength ° <LL platoon_legal_end)

Moment load rating at the 0.5L of the interior span

5 ft headway 4-truck platoon moment at the 0.5L of the interior span from the above load effect
table: (with /M = 0.33 and single lane moment GDF ( g,,,; ) and removed 1.2 multiple presence

factor)
LLplatoon_legal_mid :=888.7 k'l'p '.ft

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha)

LL platoon_legal_mid ‘= Wplatoon -LL platoon_legal_mid = 888.7 klp ¢ f t

Parameter information for the equation below.

M, ,;q=5481.171 kip- ft Gm1 mia=0.478

Mdcl_mid =648.9 k’l;p ‘ft Mch_mid =47.4 k’l;p ‘ft

Md'w_mid =0 klp '.ft LLplatoon_legal_mid =888.7 klp '.ft
_(1.0) M, 1nia— 125 (M ger_mia+Maca_mia) = 1-50 * Mgy, mia

=3.243

7platoon_strength ° <LL platoon_legal_mid>




Moment load rating at the interior support

5 ft headway 4-truck platoon moment at the interior support from the above load effect table:
(with /M = 0.33 and single lane moment GDF ( g,,,; ) and removed 1.2 multiple presence factor)

LLplatoon_legal_inter :=—837.9 klp 'ft
5 ft headway 4-truck platoon moment at the interior support (with amplification factor alpha)

LL platoon_legal_inter = platoon * LL platoon_legal_inter — —837.9 k’l;p ¢ f t

Parameter information for the equation below. The bottom flange is rated here.

Fnc =50 kst gm2_inter =0.743
Mdcl_inteT =-933.7 k’Lp 'ft Mch_inteT =-50.8 klp 'ft
M, dw_inter — 0 klp * f t LL platoon_legal_inter — —837.9 k?'p * .f t

S0 =895 in®

M dcl_inter + M dc2_inter ) —1.50-abs (M dw_inter

S bx2

(1.0)-Fm—1.25-abs(
Sme Sbcr:2

) =1.864

RF PL_inter 8=

‘platoon_legal_inter )

LL
Y platoon_strength ® abs S
b2




Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed
with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)

5 ft headway 4-truck platoon shear at the beam end support from the above load effect table:
(with /M = 0.33 and single lane moment GDF ( g,, ) and removed 1.2 multiple presence factor)

VpL_tegal_endi=64.3 kip
5 ft headway 4-truck platoon shear at the beam end support (with amplification factor alpha)
VoL tegai_end =W piatoon* V PL_iegal_end = 64-3 kip
Shear load rating for the beam end support
Parameter information for the equation below.
V., ong=T735.695 kip 9,1 =0.753

Vdcl_end =224 k’l;p de_end =0 klp Vdc2_end =15 k:?'p

(10) ° Vn_end —1.25. <Vdcl_end + Vdc2_end> —1.50- de_end —6.861

PLv = v
7platoon_strength ° < PL_legal_end)

5 ft headway 4-truck platoon shear at the interior support from the above load effect table:
(with /M = 0.33 and single lane moment GDF ( g,; ) and removed 1.2 multiple presence factor)

VPL_legal_inter :=109.3 klp
5 ft headway 4-truck platoon shear at the interior support (with amplification factor alpha)
VPL_legal_inter = platoon ® VPL_legal_inter =109.3 k'l'p
Shear load rating for the interior support

Parameter information for the equation below.

V'n,_’inter =774.416 k’l;p 91 = 0.753
Vdcl_’inter =63.4 kll'p de_inte'r =0 k:?'p Vdc2_’inter =3.9 k'l'p

(10) ° Vn_inter —1.25. <Vdcl_inter + Vdc2_inter> —1.50- de_inter —3.047

PLy*= %
7platoon_st7’ength * ( PL_legal_inter)
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12. Load Rating for Service II Limit State Platoon (target beta = 1.60)

4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed with traffic,
CoV =10.20 (100 crossings, ADTT = 5000)

Proposed Service Il Calibrated LL Factors for the Target 5 = 1.6 (Table 22)

- ADTT Load factors by COV of total live load
Truck platoon Frequency Load conditions DF g . -
(one direction) COVy,=0-0.20
single-trip No other vehicles on the bridge One lane N/A 1.15
Muitiple trucks in " s Two identical plat loaded
. single-trip bl " | Two or more lanes N/A 1.15
platoon two lanes
ey (Sl One lane 5000 1.90
adjacent lane
Platoon calibrated live load factor (the value Y platoon, service = 1.90

in the red box as shown above Table)

Service Il moment load rating at the 0.4L of end span

Live load stress at the 0.4L of the end span for the platoon

LL
fplatoon_end — < platoon_legal_end> —5.963 ksi
S b_st

Parameter information for the equation below.

M decl_end + M. de2_end

M W_Een . .
=2.678 ksi  [fopli=—a= —0 ksi  [f)i=Fpo+ Fow=2.678 ksi
be Sb?lt Sb?lt

fpc=
fr=47.5 ksi

Rating factor for Service II

fR_fD

(LL platoon_legal_end>
Y platoon_service ® S
b_st

=3.956

RF PL_SVII end ‘=
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Service Il moment load rating at the 0.5L of the interior span

Live load stress at the 0.5L of the interior span for the platoon

(LL

platoon_legal_mid)

S b_st

=9.475 kst

f platoon_mid =

Parameter information for the equation below.

f )i ——detomid | “7de2mid _ g 853 ki [fopl= —a — 0 ksi [f)i=Fpo+ Fow=9.853 ksi
St S it Sh it
fr=47.5 ksi
Rating factor for Service II
fr—Ip
RFpr, svir mid*= =2.091
<LLplatoon_legal_mid>
Y platoon_service *
Sb_st

Service Il moment load rating at the interior support (apply live load factors calibrated based
on positive moment regions)

Live load stress at the interior support for the platoon

LL ;
fplatmm—intw — < platoon_legal_mter> —_11.234 kS’l,
S bx2
Parameter information for the equation below.
fDC — dcl_inter dc2_inter —_13.2 kS’l, fDW — dw_inter -0 kS’L
S bx2 S bxr2 S b2
o= fpo+ fow=—13.2 ksi Fr=47.5 ksi
Rating factor for Service II
fr—abs(fp
RFpr, svig_inter= < > =1.607
~ abs (LL platoon_legal_inter>
lat ¥ g .
platoon_service Sbw2
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13. Load Rating Summary

Load rating summary table is given below.

.. Design load rating Platoon load rating
Limit state ; 7
Inventory | Operating | (Strength [ 8,50, = 2.5 and Service I1 § 00 = 1.6)
Strength [ for design and platoon load rating
Flexure (at 0 4L of the end span) 3.191 4.137 5.860
Flexure (at 0.5L of the interior span) 2.062 2672 3.243
Flexure (at the interior support) 1.507 1.953 1.864
Shear (at the interior support) 4427 5.739 6861
Shear (at the interior support of the interior span side) 3436 4 454 3.947
Service [T

Flexure (at 0.4L of the end span) 3.444 4477 3.956
Flexure (at 0 5L of the interior span) 2.125 2763 2091
Flexure (at the interior support) 2076 2.699 1.607
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14. Fatigue Check for AASHTO Fatigue Truck

ADT information from NBI database is given below. This example investigates a welded
cross-frame connection plate fatigue at the 52.6 ft (cross-frame location) to the interior
support at the mid span (near the critical positive moment at the mid span).

ADT ADT :=48015

Percentage of truck in ADT P =17%

ADTT ADTT:=ADT-P,,,,=8162.55
Multiple presence factor for three design lanes m,,:=0.80

(AASHTO Table 3.6.1.4.2-1)

ADTT (single lane) ADTTgy,:==ADTT+m,=6530

Table 6.6.1.2.3-1 (cont.}—Detail Categories for Load-Induced Fatigue

Section 4—Welded Stiffener Connections

4.1 Base metal at the toe of 5
transverse stiffener-to-flange fillet C
welds and transverse stiffener-to-
web fillet welds. (Note: includes
similar welds on bearing stiffeners
and connection plates). Base metal
adjacent to bearing stiffener-to-
flange fillet welds or groove
welds.

44 = 10 12 Initiating from
the geometrical
discontinuity at
the toe of the
fillet weld
extending into
the base metal

Table 6.6.1.2.3-2—75-yvear (4D7TT)s: Equivalent to Infinite

Life
Detail T5-year (ADTT)s Equivalent to
Category Infinite Life (trucks per day)
A 690
B 1120
B’ 1350
C 1680
i L 975 |
D 2450
E 4615
E' B485
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ADTT (single lane threshold) ADTT,,:=975

heck:=if (ADTT¢; >ADTT),,, “Infinite”, “Finite”) = “Infinite”
SL th

First, check the infinite life for this case. The constant amplitude fatigue limit for C' is 12 ksi
as shown in Table 6.6.1.2.5-3.

Table 6.6.1.2.5-3—Constant-Amplitnde Fatigne Thresholds

Detail Category Threshold (ksi)
24.0
16.0
12.0
10.0

7.0 '
4.5
2.6

Fim(g 0|

ASTM F3125/F3125M, Grades |
A325 and F1852 Bolts in Axial

Tension 31.0
ASTM F3125/F3125M. Grades
A490 and F2280 Bolts in Axial

Tension 38.0
Constant amplitude fatigue thresholds for C' AF,, tatiguer=12 ksi
centroid y,, . to the datum Yp st =31.615 in
bottom flange thickness tpr=1.26 in
Determine the connection plate to the dpiate =Yp_st— tpy=30.355 in
short-term NA
Moment of inertia (short-term) I,,=35584.739 in*
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Also, the NA and appropriate dimensions are shown below.

b= 118"
[
NA
30.355 ——
1.26" | I —al.

6.6.1.2.2—Design Criteria

For load-induced fatigue considerations, each detail
shall satisfy:

v(AF) <(AF), (6.6.1.2.2-1)

where:

Y = load factor specified in|Table 3.4.1-1 for the
fatigue load combination

(Af) = force effect, live load stress range due to the

passage of the fatigue load as specified in

[Article 3.6.1.4](ksi)
(AF), = nominal fatigue resistance as specified in

[Article 6.6.1.2.5)(ksi)

Therefore, the stress range at the top of the bottom flange is found as follows:
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Moment from live load analysis (AASHTO Fatigue truck at 52.6 ft cross-frame location
with GDF = mll;”d and including IM = 0.15)

M pssuT0 Fat*=380.2 kip - ft

Negative Moment from live load analysis (AASHTO Fatigue truck at 52.6 ft cross-frame

location with GDF=2m-"4 514 including IM = 0.15)
MAASHTO_Fat_neg =—33.8 k’bp '.ft
Load factor for Fatigue I from LRFD Table 3.4.1-1 Ytatiguer = 175

Live load stress range for AASHTO fatigue truck including /M = 0.15

<M AASHTO_Fat +abs <M AASH TO_Fat_neg) > ¢ dplate
I st

Affa,tigue = = 4.238 kS’i

ChBCk—fatigueI i=if <7fatiguel ° Affatigue < AFnJatigueI? “OK?”, “NG”> =“OK?”

W AF
Demand/capacity ratio for fatigue DCR):= Viatiguer - Af patigue =0.618
n_fatiguel
. . 1
Rating factor for fatigue RF:=———=1.618
DCR

Note: The Fatigue I check for AASHTO fatigue truck check passes.
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15. Fatigue Check for Platoons with S ft and 50 ft headways

For this example, evaluate the fatigue for a 4 NRL platoon with 5 ft and 50 ft headway spacing.

e For the Fatigue II load combination and finite life:

1

(AF), = = (6.6.1.2.5-2)
N

in which:

N =(365)(75)n(ADIT),, (6.6.1.2.5-3)

where:

A = constant taken from |Table 6.6. l.2.5-1|[ksi3}

n = number of stress range cycles per truck

passage taken from [Table 6.6.1.2.5-2]
(ADTT)s;= single-lane  ADTT as specified in
[Article 3.6.1.4]
(AF)rg = constant-amplitude fatigue threshold taken
from|Table 6.6.1.2.5-3|(Kksi)

Table 6.6.1.2.5-1—Detail Category Constant, A

Constant, 4
Detail Category (ksi)

A 250.0 x 108

B 120.0 x 108

B’ 61.0 x 108

C 44.0 x 108

C’ 44.0 x 108

D 22.0 x 108

E 11.0 x 108

E' 3.9x 108
ASTM F3125/F3125M, Grades
A325 and F1852 Bolts in Axial

Tension 17.1 x 108
ASTM F3125/F3125M, Grades
A490 and F2280 Bolts in Axial

Tension 31.5 x 108
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Fatigue Check for Platoons with 5 ft

MBE Fatigue check for permit is not provided. In this example, firstly use the infinite life
for checking this platoon case. The constant amplitude fatigue limit for C' is 12 ksi as
shown in Table 6.6.1.2.5-3.

Therefore, the stress range at the top of the bottom flange is found as follows:

Positive Moment from live load analysis (4 NRL platoon with 5ft at 52.6 ft cross-frame location

with GDF=2m-4 o 14 assumed the IM = 0.15 as the same for AASHTO Fatigue Truck)

(1+0.15)

(1+0.33)

M latoon_5ft_pos :=889.4 k'Lp 'ft *

) =769.03 kip- ft

Negative Moment from live load analysis

gml_mid

(4 NRL platoon with 5ft at 52.6 ft cross-frame location with GDF= and assumed the

IM = 0.15 as the same for AASHTO Fatigue Truck)

(1+0.15)

M latoon_5ft_neg ‘= —76.1 kip-ft- m

) =—65.801 kip-ft

Note the platoon was calculated with IM = 0.33 in the BrR for this rating example

Live load stress range for the platoon including /M = 0.15 (assume IM = 0.15 same as for
AASHTO fatigue load)

<M platoon_5ft_pos + abs <M platoon_5 ft_neg>> * dplate
I st

=8.5 ksi

Af platoon_5ft =

Platoon load factor for Fatigue I from LRFD Table
3.4.1-1 (assume the same as for AASHTO fatigue load)

Y fatiguel_platoon *= 1.75

ChECk—fatigueI—PL i=if <7fatigue1_platoon ° Afplatoon_5ft < AFnJatigueI’ “OK” ) “NG”> =“NG”

7fatigue[ _platoon * A.f platoon_5ft

Demand/capacity ratio for platoon fatigueI = DCR:= =1.246
AF n_fatiguel
Rating factor for fatigue RF ::; =0.802
DCR

Note: The Fatigue I check for a four-truck platoon with 5 ft headway fails.
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Fatigue Il Check for Platoons with 5 ft headways

e For the Fatigue II load combination and finite life:

a |

[,«j,_F)” = 4 (6.6.1.2.5-2)
N
in which:
N =(365)(75)n(4DTT), (6.6.1.2.5-3)
Constant A for C' case A:=44.10°
number of stress range cycles per 4 NRL platoon with 5 ft ENSC patoon sft:=1

headways (refer to the bottom figure)

The moment for each step (time-dependent) was plotted using SAP2000 for the 52.6 ft to the
interior support at the mid span (cross-frame location) of the bridge. Note the platoon effects
were plotted without IM and with GDF = 1.0. For the analysis below, GDF/1.2 and IM = 0.15
were assumed.

Moment at the 52.4 ft of the mid span

——Four NRL Platoon with 5 ft headways |

= 1500
=%
<£ 1000 1
5
£ 500
p=

0 4

0 100 200 300

1st axle of the leading truck to the left support

Assume platoon (4 NRL with 5 ft headways) ADTTy piatoon st =100
100 crossings per day (single lane loaded)




N (number of crossings) for N:=365+75+ENSC ,i4100n 51t * ADTTg piatoon_ st = 2737500
this platoon truck

1

. AN .
Fatigue II strength AF,, tatiguerr:= (N) +kst=11.714 kst

Platoon load factor for Fatigue II from Ytatiguell platoon =08
LRFD Table 3.4.1-1 (assume the same as
for AASHTO fatigue load)

ChBCk—fatigueI—PL i=if <’7fatigueH_platoon ° Afplatoon_5ft < AFn_fatigueI’ “OK?” ) “NG”> =“0OK”

7fatigue[[_platoon ° Af platoon_5ft

Demand/capacity ratio for platoon DCR):= =0.584
fatigue 11 AF, n_fatiguell
. . 1
Rating factor for fatigue RF:=———=1.713
DCR

Note: The Fatigue II check for a four-truck platoon with 5 ft headway passes.

Fatigue I and Fatigue 1l welded cross-frame connection plate check summary

Four-truck Platoons

Limit stat AASHTO Fatigue Truck -
imit state HSUE: T (5-ft NRL 100 crossings

Fatigue | welded cross-frame connection plate

Stress (at 52.6 ft to the left interior support ) 1.618 0.802
Fatigue II welded cross-frame connection plate
Stress (aat 52.6 ft to the left interior support ) 1.713

Note: The Fatigue I and Fatigue Il | rating factors were calculated based on capacity
over demand in terms of the stress.
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16. Fatigue Damage Assessment for 5 ft and 50 ft Platoons and AASHTO Fatigue Truck
Fatigue damage for platoons with 5 ft headway

Moment at the 52.6' of the interior span

—Four NRL Platoon with 5 ft headways_;

<1500 1
&
<1000 1
-
S 500
=

O .

0 100 200 300

1st axle of the leading truck to the left support

Assume platoon 100 crossings per day Numsy, piatoon, 5ft:= 100
(single lane loaded without routine traffic)

A

Available N (number of crossings) for N

platoon_5ft ‘= 3 =7050241
this platoon truck (

Af platoon_5ft
ksi

Accumulative fatigue damage for 75

year platoon with 5 ft headways

Af platoon_5ft

3
: -365-75
ksi

N umSL_platoon_5 ft* ENS Cplatoon_5 ft* (
=0.388

CFD platoon_5ft = A
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Fatigue damage for platoons with 50 ft headway

The stress range at the top of the bottom flange is found as follows:

Positive Moment from live load analysis (4 NRL platoon with 50 ft headways at the cross-frame
location (GDFs/1.2 and assumed the IM = 0.15 as the same for AASHTO Fatigue Truck)

(1+0.15)

(1+0.33)

M latoon_50ft_pos =572.2 k’Lp '.ft *

) =494.759 kip - ft

Negative Moment from live load analysis (4 NRL platoon with 50 ft headways at the cross-
frame location (GDFs/1.2 and assumed the IM = 0.15 as the same for AASHTO Fatigue Truck)

(1+0.15)

-1 =-51.274 kip- ft
(1+0.33) S

Mplatoon_50ft_neg :=—959.3 k’Lp '.ft °

Live load stress range for the platoon including /M = 0.15 (assume IM = 0.15 same as for
AASHTO fatigue load)

M —-M od
A fplatggn_50ft — < platoon_50ft_pos : platoon_SOft_neg> plate —5.589 ksi
st

Number of stress range cycles per 4 NRL platoon with 50 ft headways (refer to the below
figure)

Equivalent Number of Stress Cycles (ENSC) (Schilling, 1984)

S S S om
ENSC =N, + (2" + (2D et ()
P P P %+ A complex stress cycle can be broken
down into a primary cycle and one or
Where: more higher order cycles

m = the slope constant of the S-N curve,
N,,= the number of maximum stress range caused by individual truck passage; o Hj gher_order cycles are secondary
S,; = higher-order stress range; and

S, — maximum stress range reversals of the primary cycle




The moment for each step (time-dependent) was plotted using SAP2000 for the cross-frame
location of the bridge. Note the platoon were effects were plotted without IM and with GDF =
1.0. For the analysis below, GDF/1.2 and IM =0.15 were assumed.

Moment at the 52.6' of the interior span
‘—Four NRL Platoon with 50 ft headways;

= 928 kip-ft
v
& 1000 800 kip-ft
e
f S
§ 500 -
S 317 kip-ft
>
0

-130 kip-ft

0 100 200 300 400
Ist axle of the leading truck to the left support

P 8 o ~31 8 o 3
ENSCioon sopi=1+ | (1+0.15) Imimid 800 kip - ft =317 kip-Jt \" o |_4 o37
- 1.2 928 kip- ft —(—130 kip- ft)
o . 3
7 2 . — 1 .
4 (1_1_0'15) Gm1_mid__ 9 S.k:zp ft—3 7k;7,1'o It .1
1.2 928 kip- ft —(—130 kip- ft)

Assume platoon 100 crossings per day

N umSL_platoon_EiO ft =100
(single lane loaded without routine traffic)

Available N (number of crossings) for N piatoon_soft = A
this platoon truck (

5 =25196531
Af platoon_50ft

kst
Accumulative fatigue damage for 75 year platoon with 50 ft headways

Af platoon._s0ft ’
NumSL_platoon_SOft * ENSCplatoon_50ft * (% 36575

ksi
CFD platoon_50ft =

=0.113




Fatigue damage ratios for AASHTO fatigue truck and platoons

Table 6.6.1.2.5-2—Cvcles per Truck Passage, n

Longitudinal Members
Simple Span Girders 1.0
Contimuous Girders:
1) near interior support 15 ENS Cfatigue =1
2) elsewhere 1.0
Cantilever Girders 5.0
Orthotropic Deck Plate 5.0

Connections Subjected
to Wheel Load Cycling

Trusses 1.0
Transverse Members

Spacing > 20.0 ft 1.0

Spacing < 20.0 ft 2.0

Fatigue damage for one crossing for AASHTO fatigue truck

Af fatigue

1. ENSCfatigue * ( ksi

)3
FDfatigue = =1.73. ]_0_8

A
Fatigue damage for a crossing for a 4-truck platoon with 5 ft headways

3
Af platoon_5ft

1 * ENSC atoon, * .
platoon_5ft ( kesi

) =1.418-107"

FDplatoon_5ft = A

Fatigue damage for a crossing for a 4-truck platoon with 50 ft headways

Af iat 50ft
1.-ENS Cplatoon_50f t* (%

)3
=4.115-107%

FDplatoon_5Oft = A
Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to the

AASHTO fatigue truck
et FD platoon_5ft —

FD fatigue

FD 8.2

ratio_platoon_5ft_fatigue ‘=

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 50 ft headway

to the AASHTO fatigue truck D
platoon_50ft

FD fatigue

FD =2.379

ratio_platoon_50ft_fatigue ‘=
Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to
the 50 ft headway truck platoon

FD platoon_5ft

FDratio_platoon_E)ft_E)Oft = =3.447

FD. platoon_50ft
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Cumulative fatigue damage assessment summary

Notation Scenarios A ENSC| Num CFD
a Platoon with 5 ft headways for 75 Years |440000000| 1.000 [ 2737500 0388000000
b Platoon with 50 ft headways for 75 Years |440000000] 1.037 | 2737500 0.113000000
c Platoon with 5 ft headways for one crossing |440000000( 1.000 1 0.0000001412
d Platoon with 50 ft headwaysfor one crossing |440000000| 1.037 1 0.000000041
e AASHTO fatigue truck for one crossing (440000000 1.000 1 0.000000017

Fatigue damage ratios:

1. fatigue damage ratio (c/e) = 8.199;
2. fatigue damage ratio (d/e) = 2.379;
3. fatigue damage ratio (c/d) = 3.446.




17. Fatigue Check for Shear Studs

The shear stud information is given in the bridge drawings, and this example checks the fatigue
of shear stud according to AASHTO LRFD Article 6.10.10. The end beam support shear was

used to check the shear stud fatigue.

The pitch, p, of shear connectors shall satisfy: where:
p< pE (6.10.10.1.2-1) ope = range of longitudinal fatigue stress in the bottom
v, flange without consideration of flange lateral
. . bending (ksi)
in which: Apor =  area of the bottom flange (in.?)
e o Gesmmn e h o F.. = net range of cross-frame or diaphragm force at
= ko.njuna atigue shear range per unit leng the top flange (kip)
(kip/in.) I = moment of inertia of the short-term composite
- . section (in.*)
= (%) +{F) (6.10.10.1.2-2) ¢ = distance between brace points (ft)
n = number of shear connectors in a cross section
N . . = pitch of sh t long the longitudinal
Vim = longitudinal fatigue shear range per unit length 2 g;lcs (ﬁl )S SR e SR RN
(kip/in.) @ = first moment of the transformed short-term area
_ V0 (6.10.10.1.2-3) of the concrete dec[.( about_the I:lel;tl’al axis of the
= _-I short-term composite section (in.”)
R = minimum girder radius within the panel (ft)
Fg = radial fatigue shear range per unit length i = }fetr_tlcal shleardforce ra]:j_ge tl_mder the a_qfa_pl(;cab'le
kip/in.) taken as the larger of either: QUBME 100 colibimgEon  SPeCllo m
(Ep) > - Table 3.4.1-1|with the fatigue live load taken as
) specified in|Article 3.6.1.4|(kip)
e Ayt g £
g = R (6.10.10.1.2-4) w = effective length of deck (in.) taken as 48.0 in.,
y except at end supports where w may be taken as
or: :
24.0 in.
Z, = shear fatigue resistance of an individual shear
Fo s (6.10.10.1.2-5) con_neclor dete@ined as specified in
hits Article 6.10.10.2|(kip)
€ _ __SPEN NO.I- 60°0"
‘ COMPRESSION | TENSION = 290
SHEAR CONNECTUR SPACING | | |30 SPA AT 77« 75", 21 SPAAT @ I519" |14 SPA AT 6"~ 2ru 0
| | » f ”
€ ABUTMENT NO. | —=] ' Latill I A g |
o 1 Lz L
%{ Ly - ‘_l. | i ! !
ST -
QE :_UP‘ LW36 X 230— Lw_?e, X 2a5 . |
| L 7]
£ o p OH.— i I \
" . £ PIER NO.!-—~
L. | £ FIELD SPUCE NO./|-—=| l
| Lore .
TENSION = 47"6" | comPRESSION | 1
[ .Iz_sn Lo
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1" Min {Typ.)

%“x Oi_sn
End Welded Studs

SHEAR CONNECTOR DETAIL

Number of studs per row (n4,,45) Nigpuds =3
Pitch length (inch) p:=T1in
Shear stud diameter (inch) d ::% in

The horizontal shear range is taken as the vector sum of the longitudinal and radial fatigue shear
ranges. For this slightly skewed girder bridge, the radial fatigue shear range is zero.

6.10.10.2—Fatigue Resistance

The fatigue shear resistance of an individual
stud shear connector, Z,, shall be taken as:

For stud-type shear connectors:

e  Where the projected 75-year single lane Average
Daily Truck Traffic (4DTT)s; is greater than or equal
to 1090 trucks per day, the Fatigue [ load

combination shall be used and the fatigue shear
resistance for infinite life shall be taken as:

L (6.10.10.2-1)

r

e Otherwise, the Fatigue II load combination shall be
used and the fatigue shear resistance for finite life

shall be taken as:
Z, =ad’ (6.10.10.2-2)
in which:
a=345-4281log N (6.10.10.2-3)




ADTT (single lane threshold 6.10.10.2) ADTTy, ,q:=1090

check:=if <ADTTSL >ADTTy, 444, “FatigueI”, “Fatigue II”> =“Fatigue I”

Fatigue I Shear Stud Check
d 2

Fatigue shear resistance per stud Z,:=5.5. (—) <kip=4.211 kip
in

First moment of the transformed short-term

area of the concrete deck about the neutral Q=Aga_st* (Ysiab— Yp_st) =923.77 in’
axis of short-term section (in"3)

Shear Stud Fatigue Check for AASHTO Fatigue Truck

Shear force at the interior support (AASHTO Fatigue Truck) with GDF = ‘;JU; and IM =0.15
Vfatigue = 34-5 kip
AASHTO Fatigue Truck V; including /M = 0.15 and GDF
Vf = Vfatigue =34.5 k’l;p
Ve ;
Longitudinal fatigue shear range per Ve = @ =0.846 kﬂ
unit length (kip/in.) Lt n
. . . kip
Horizontal fatigue shear range per unit length V=V =0.846 ——
(kip/in.) (without F,, for this case) m
. . . Npuds* Ly .
Pitch requirement (Equation 6.10.10.1.2-1) Dreq™= — - 14.935 in
sr
check]:=if <preq >p,“OK”, “NO”> =“0OK”
Fatigue I shear stud load rating for RF .4 fatigue =2 2.134
p

AASHTO fatigue truck (w.r.t spacing)

The shear stud fatigue check for AASHTO fatigue truck is good.




Shear Stud Fatigue Check for Platoon with 5 ft Headways

9u1

Shear force at the interior support (platoon with 5 ft headways) with GDF = T
1+0.15) :
Vo5 = VoL lecal on ALH015) oo o8 ki
pl@sft PL_legal_end (1+0.33) 14
Platoon with 5 ft headways V; including /M = 0.15 and GDF = fz};
V):=V a5 =55.598 kip
Ve ;
Longitudinal fatigue shear range per V iasf= @ =1.363 kz_p
unit length (kip/in.) st2 m
. . . kip
Horizontal fatigue shear range per unit length Val=V a5 =1.363 ——
(kip/in.) (without F,, for this case) m
. . . Npuds * Ly .
Pitch requirement (Equation 6.10.10.1.2-1) Preq ::V—: 9.268 in
sr
check]:=if <preq >p,“OK”, “NO”> =“OK”
Fatigue I shear stud load rating for platoons RF .4 platoon e 1.324
h p

(w.r.t spacing)

The shear stud fatigue I check for platoon with 5 ft headways is good.
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18. Shear Stud Fatigue Load Rating Summary

Shear stud fatigue load rating summary table is given below.

Four-truck Platoons

Limit stat AASHTO Fatigue Truck 5
e i (5-ft NRL 100 crossings per dav)
Fatigue [ shear stud
Shear (at the beam end support) 2.134 1324

Fatigue II shear stud

Shear (at the beam end support)

Note: The shear stud load rating factor was calculated based on LRFD BDS Equation
6.10.10.1.2-1 over the actual pitch.
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Appendix G
This appendix provides detailed BrR implementations for future platoon load ratings on

steel and prestressed concrete bridges.
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Appendix G. BrR Platoon Load Rating Implementations

e The load rating example below is based on the simple-span prestressed concrete bridge (S080 41653).

e This appendix includes both the current and future BrR platoon load rating implementations.

BrR Platoon Rating Implementations N

Lincoln

» The following slides will describe the implementation of platoon rating based on Phase I and Phase II

155K 155K
12K

| |4 22' 4

(S A&

Axlel 2 3 5

AASHTO Type 3S2 (74 kips GVW)

17K 17K

Prestressed concrete bridges (S080 41653 ) sk 8K SK‘ ‘SK 8K 8K
6'to 14" LALA LA LALA
Example Load rating case

Axle 1 2 34567 8
* Four-truck Platoons (NRL and Type 3S2 with 5 ft headways)
Single lane platoon mixed with adjacent routine traffic AASHTO NRL (80 kips GVW)
100 platoon crossings per day and adjacent lane ADTT = 5000
Amplification factor (a) = 1.0
CoV'=10.20
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Step 1 Define the Truck Platoon Nebizgka

Step 1 Define the truck platoon configurations

» Permit requester specifies number of vehicles in platoon, axle weights, and headways,
which can either be a special or standard vehicle type

» NDOT rating engineer determines critical load effects by specifying the
minimum/maximum headways or evaluates load effects for particular headways
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Step 1 Define the Truck Platoon N

Lincoln”

BRIDGE EXPLORER BRIDGE FOLDER RATE TOOLS VIEW

= 4 {3 Select Al - A US Customary |V m gﬁ;
@ E {X} Select None \‘}Z A i

Refresh ol Sort  Select Library | Configuration
i@ Invert Selection By~ Columns

Bridge Explorer View

.7 Favorites Folder

@ Recent Bridges \ BID ‘ Bridge ID ’ Bridge Name
= @ Al Bridges » 1 TrainingBridge1l Training Bridge 1(LRFD)
# Sample Bridges 2 TrainingBridge2 Training Bridge 2(LRFD)
B Deleted Bridges 3 TrainingBridge3 Training Bridge 3(LRFD)
4 PClTrainingBridge1 PCl TrainingBridge1(LFD)
5 PClTrainingBridge2 PClTrainingBridge2(LRFD)

» Open the BrR library




Step 1 Define the Truck Platoon

o 50 ft headways) X

Nebiaska,

Lincoln

Name: 2-NRL Platoon (5 to 50 ft headways)

Two-NRL Platoon with 5 to 50 ft headways
Description:

[ ek | Tondem | tane |

Store units as.

Wheel e
Aode Gage ;
Axle no. load dist. Sopact ;p?;;"g
(kip) " yaon
| | (in) Minimum | Maximum
2 800 600 600 1400
3 800 600 400 400
4 17.00 600 400 400 |
s 17.00 600 400 400 1
5 800 600 400 400
7 800 800 400 400
8 800 600 400 400
9 600 600 500 5000
10 8.00 6.00 6,00 14.00
n 800 600 400 400 .
Totals: kip
2-NRL Platoon (5 to 50 ft headways) -
Vehicls Plan New | [ Duplicate | [ Delete
5/25/2023 6:16:41 PM
— | — — | — | — —/  — / — —1 | — [ — —/ | — — 1 A
5
@
— —1 — 3 3 |3 /|3 3 — NN [ A [ A A AN I S| v
0" to 1407 | 4 A40° B0 |y 0 | 0 | 40P | 407 o |50 o SO0 0" o 140 | £10¢ |y 40" oo | o 20|
< > > >4 > W
Axe3  Axded  Axes5 Axdes Axe7  Axles Ade10  Axe1l Axle12 Axe13 Axeld Axle15 Axle 16

Library

National vehicle
Rating

V| LRFD

/| ASD/LFD

V| LRFR

Design
| LRFD
| ASD/LFD

» Suggest copying axle
details from Excel and
pasting into BrR




Step 1 Define the Truck Platoon

Library | Units Name Description
Agency... | US Customary 4-NRL Platoon (5 ft headways) Four-NRL Platoon with 5 ft headways
Agency... | US Customary 4-NRL Platoon (50 ft headways) Four-NRL Platoon with 50 ft headways
Agency... | US Customary 3-NRL Platoon (5 to 50 ft headwa... | Three-NRL Platoon with 5 to 50 ft headways
Agency. US Customary 3-NRL Platoon (3 ft headways) Three-NRL Platoon with 5 ft headways
Agency... | US Customary 3-NRL Platoon (50 ft headways) Three-NRL Platoon with 50 ft headways
Agency... | US Customary 2-NRL Platoon (35 to 50 ft headwa... | Two-NRL Platoon with 5 to 50 ft headways
Agency... | US Customary 2-NRL Platoon (5 ft headways) Two-NRL Platoon with 5 ft headways
Agency... | US Customary 2-NRL Platoon (30 ft headways) Two-NRL Platoon with 50 ft headways
Agency... | US Customary 4-Type3-3 Platoon (5 to 50 ft hea... | 4-Type3-3 Platoon with 5 to 50 ft headways
Agency... | US Customary 4-Type3-3 Platoon (5 ft headways) | 4-Type3-3 Platoon with 5 ft headways
Agency... | US Customary 4-Type3-3 Platoon (50 ft headways) | 4-Type3-3 Platoon with 50 ft headways
Agency... | US Customary 3-Type3-3 Platoon (5 to 50 ft hea... | 3-Type3-3 Platoon with 5 to 50 ft headways
Agency... | US Customary 3-Type3-3 Platoon (5 ft headways) | 3-Type3-3 Platoon with 5 ft headways
Agency... | US Customary 3-Type3-3 Platoon (50 ft headways) | 3-Type3-3 Platoon with 50 ft headways
Agency... | US Customary 2-Type3-3 Platoon (5 to 50 ft hea... | 2-Type3-3 Platoon with 5 to 50 ft headways

US Customary 2-Type3-3 Platoon (5 ft headways) | 2-Type3-3 Platoon with 5 ft headways

US Customary 2-Type3-3 Platoon (50 ft headways) | 2-Type3-3 Platoon with 50 ft headways

US Customary 4-NJTAType352 Platoon (5 to 50 ft ) | 4-NJTAType352 Platoon with 5 to 50 ft headways
Agency.. | US Customary 4-NITAType3S2 Platoon (5 ft) 4-NITAType3S2 Platoon with 5 ft headways
Agency... | US Customary 4-NJTAType3S2 Platoon (S0 ft) 4-NJTAType3S2 Platoon with 50 ft headways
Agency. US Customary 3-NJTAType352 Platoon (5 ft ) 3-NJTAType352 Platoon with 5 ft headways
Agency... | US Customary 3-NJTAType3S2 Platoon (5 to 50 ft) | 3-NJTAType3S2 Platoon with 5 to 50 ft headways
Agency... | US Customary 3-NJTAType3S2 Platoon (50 ft) 3-NJTAType3S2 Platoon with 50 ft headways
Agency... | US Customary 2-NJTAType352 Platoon (5 to 50 ft ) | 2-NJTAType3S2 Platoon with 5 to 50 ft headways
Agency. US Customary 2-NJTAType3S2 Platoon (5 ft) 2-NJTAType3S2 Platoon with 5 ft headways
Agency... | US Customary 2-NJTAType3S2 Platoon (50 ft) 2-NJTAType352 Platoon with 50 ft headways
Agency... | US Customary 4-Class 9 Platoon (5 to 50 ft) 4-Class 9 Platoon with 5 to 50 ft headways
Agency... | US Customary 4-Class 9 Platoon (5 ft) 4-Class 9 Platoon with 5 ft headways
Agency... | US Customary 4-Class 9 Platoon (50 ft) 4-Class 9 Platoon with 50 ft headways
Agency... | US Customary 3-Class 9 Platoon (5 to 50 ft) 3-Class 9 Platoon with 5 to 50 ft headways
Agency... | US Customary 3-Class 9 Platoon (5 ft) 3-Class 9 Platoon with 5 ft headways
Agency... | US Customary 3-Class 9 Platoon (50ft) 3-Class 9 Platoon with 50 ft headways
Agency... | US Customary 2-Class 9 Platoon (5 to 50 ) 2-Class 9 Platoon with 5 to 50 ft headways
Agency... | US Customary 2-Class 9 Platoon (5 ft) 2-Class 9 Platoon with 5 ft headways

Nebiaska,

Lincoln”

» “Truck platoon database.brlx” has been
created. The file can be modified for other
headways

» Includes 2- to 4-truck platoons (FHWA
class 9, NJTA type 3S2, NRL, and Type 3-
3) with varying headways from 5 to 50 ft

» Includes 2- to 4-truck platoons (FHWA
class 9, NJTA type 3S2, NRL, and Type 3-
3) with 5 ft or 50 ft headways




R R e
Step 2 Define platoon live load factors Nk

From Phase I UNL/NDOT Research

Table 2. Proposed Calibrated LL Factors for the Target = 2.5 (Steelman et al., 2021)

Frask Plat ¥ toading Eondith DF ADTT Live load factors by Col” of total live load
ruck Platoon requency a ondition
q ) g (One direction) | COVy; =0 | COVyp =0.05| COVyp =0.1 | COVyp =0.15| COV Yy = 0.2
Single-trip | No other vehicles on the bridge One lane N/A 1.00 1.05 1.10 1.20 1.25
Single-trip R Shwics ptcoss et Two or more lanes N/A 1.00 1.05 1.10 1.20 1.25
two lanes
> 5000 1.35 1.35 1.40 145 1.55
. Mixed with routine traffic in the
10 Crossmgs . One lane 1000 1.35 1.35 1.40 1.45 1.50
Multiple Trucks in Platoon adjacent lane
< 100 1.35 1.35 1.40 145 1.50
> 5000 1.35 1.40 1.45 1.50 1.60
100 Mixed with routine traffic in the
. PR e One lane 1000 1.35 1.40 1.45 1.45 1.55
Crossings adjacent lane
<100 1.35 1.35 1.45 145 1.55

a. DF is the LRFD BDS approximate GDF. with the multiple presence factor (MPF=1.2) removed for one-lane GDFs.

b. To use with a different IM factor. scale tabulated values by 1.33 / (1 + IMuestred).
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Step 2 Detine platoon live load factors nssa

LIBRARY AASHTOWare Bridge Rating

LIBRARY

& Metal Box Culvert

563 Metal Pipe Culvert

& Corrugated Metsl Pipe
@ Spiral Rib Metal Pipe

Name:

Platoon (single lane loaded w/ adjac

The live load factors of single lane loaded platoon
Description: | With adjacent lane traffc (CoV’ of platoon = 0.2

Dy =d =8 » Click LRFR in the library
S coe » Copy the latest MBE specification and modify the
Manage
B st (o[ one oecioin LLFs for Strength and Service to obtain the two
B MZ::: Standard | 2003 AASHTO LRFR Specifications | 2003 AASHTO LRFR Specif nfnns‘ including 2005 Int... R . .
B Parapet Standard | 2008 AASHTO LRFR Specifications | 2008 AASHTO LRFR Specifications, including 2010 In... platoon load ratlng Speclﬁcatlons:
B R!‘l\ﬂg Standard | 2011 AASHTO LRFR Specifications 2011 AASHTO LRFR Specifications B .
onnectors Standard | 2013 Interims AASHTO LRFR Culv... | Includes only the culvert factors as approved by the T,
Tb ESBO\V Standard | 2011 (2013 Interim) AASHTO LRFR... | AASHTO Manual for Bridge Evalua(l:: 2nd Edi:or\, [ 1 - Platoon loaded Wlth ad_] ac ent traff—lc
MNail andar nterim! . anual for Bridge Evaluation, 2n ion, i.. . . .
| comes e o St | 2011 1St AASHTS P MSHTO N B i 2. Single-Lane Loaded Platoon without Adjacent
y - Standas 2011 (2016 Interim) AASHTO LRFR... SHTO Manual for Bridge Evaluation, 2nd Edition, i... r
o S | 2018 ASHTO NP Secfatons | AASHTO et fr B o3 Edin 2 Traffic or Two-Lane Loaded Platoon
Standard | 2018 (2020 Interim) AASHTO LRFR... | AASHTO Manual for Bridge Evaluation, 3rd Editios .
:);:zSDF:rp\i:uh\I\[t]y Rung;:“ Standard | 2018 (2022 Interim) AASHTO LRFR... | AASHTO Manual fer Bridge Evaluation, 3rd Edition, > Select the pemlt Checl{ bOX f()r Strength I a_nd
ubstructure Design hngs Agency... | Platoon (single lane, two lanes lo... | The live load factors of single lane loaded platoon wi . .
e g‘:""‘a:mm [ Agency.._ Piatoon single lane loaded w/ adj... | The live load factors of single lane loaded platoon w enter a llve load factor Of 1 60 for the Slngle lane
& Concrete . .
Bomstr loaded with adjacent traffic
& Reinfarcing Steel
& soil
7 Structural Steel
W ai.h.:b:. e Name: Platoon (single lane loaded w/ adjac
| gxﬂ“g sufece The live load factors of single lane loaded platoon

Description: | with adjacent lane traffic (CoV of platoon = 0.2)

2 Sorurs e e | Load factors | Legalloads | Permitloads | Concrete | Steel | Wood | Aluminum | Buried structures | Specifications |
B8 Prestress Shapes - = — : [eridge type: | Prestressed V| | Post-tension secondary effects: | 1.000
i Box Beams Load factors | Legal loads | Permit loads | Concrete | Steel | Wood | Alminum | Buried structures | Specifications
1 Beams - -
) Tee Beams Bridge type: | Prestressed v Post-tension secondary effects: | 1.000 Desdload | Design load | Vehicle
@ U Beams ; | inventory | Operating,| Legal | Permit Consider
Limit state !
3 Steel Shapes. S Design load Vehicle - M load | load
@ Angle Inventory | Operating | Legal | Permit Consider DC | Dw | L ‘ L [ Inv. |Op Legal | [Permit
@ Channel s e e 18 w |
& Rolled Beam oc [ ow | w W Ty | ™ |0 Leel | Pemit STRENGTHI | 1250 1500 1750 1350 Tble.| 1600 M (| ¥ ] &) |
e T T
‘Bm:j,mm STRENGTHI | 1250| 1500 1750 1350 Table..| 1600 ¥ | WI| M o] STRENGTHII | 1.250 | 1500 whe.| O (O O E
L. @ Rectangular STRENGTHI | 1250| 1500 Table...| ] B ) SERVICE | 1.000| 1,000 000 @ (B B i
E-E Vehicles SERVICE | 1000 1.000 1.000 ] (] &l SERVICE Il 1.000| 1.000| Table6... 1000, 1550 [¥] B = [
7 Non Standard Gage SERVICENI | 1000 1000 Table6... 1w00| 1550 F || 5]
@ Standard Gage

G-7




Step 2 Define platoon live load factors sk

From Phase 11 UNL/NDOT Research

Table 5.9 Proposed Moment Calibrated LL Factors for Service III

Load factors by COV of total live load

ADTT
Truck platoon | Frequency Load conditions DF (one direction) CoV, =0-020
single-trip No other vehicles on the bridge Onx lane N/A 0.85
Multiple trucks /o identi
e sm single-trip Two identical phatoons loaded on Two or more lanes N/A 0.85
platoon two lanes
e | kot Rl One lane > 5000 1.55
adjacent lane
Table 5.10 Proposed Moment Calibrated LL Factors for Service IT
. ADTT Load factors by COV of total live load
Truck platoon | Frequency Load conditions DF (one direction) COVy, =0-0.20
single-trip No other vehicles on the bridge One lane N/A 1.15
Multiple trucks 1 identi
iple s m single-trip Two identical platoons loaded on Two or more laes N/A 115
platoon two lanes
Mmxed with routme trafic m the Ore lane > 5000 1.90

100 Crossings

adjacent lane

des irea')-

a. DF is the LRFD BDS approximate GDF, with the multiple presence fa%g; (MPF=1.2) removed for one-lane GDFs.

b. To use with a different IM factor, scale tabulated values by 1.33 /(1 +

G-8



e e e E S S S L L SO S B L OO COCEEREatE)
Step 2 Define platoon live load factors sk

Lincoln”

Factors: LRFR: Platoon (single lane loaded w/ adjacent) x

Name: Platoon (single lane loaded w/ adjac

The live load factors of single lane loaded platoon
Description: | With adjacent lane traffic (CoV of platoon = 0.2)

Load factors ‘| nga\loads' Permit loads | Concrete ‘ Sieell Wood Alummum‘ Buried structures | Specifications

Bridge type: [ Prestressed o Post-tension secondary effects: | 1.000 . .
[po DSILM L » Select the permit check box for Service I1I and

Deadload | . .
Limit state: ‘Frwenmly‘ Operating L:g:\ I’E‘Or:‘u Consider enter a llve load factor Of 1'55 for SlIl le lane
oc | o o ‘ P
wo|ow | m m Inv p | Legal | Permit . .
STRENGTHI | 1.250| 1500 1750 1.350| Table.. | 1600] & |F| @ ] loaded Wlth adJ ac’ent traﬂ‘ic
STRENGTHII| 1250| 1500 Tble.| @ || B )
SERVICEI | 1000 1000 w0 @ @ B ]
SERVICEI | 1000 1000 Table 6. e s SN

» “Platoon Load Rating Specifications.brlx”
has been created with Strength 1, Service 11,
and Service 11 live load factors for load rating
platoons

Factors: LRFR: Platoon (single lane loaded w/ adjacent) X

Name: Platoon (single lane loaded w/ adjac

The live load factors of single lane loaded platoon
Description: | With adjacent lane traffic (CoV of platoon = 0.2)

| Load factors | Legalloads | Permitloads | Conerete | Steel | Wood | Aluminum | Buried structures | Specifications |

[esomvee |

Design load Vehicle
. Desdload Inventory | Operating | Legal [Permit Consider
Limit state load Joad -
| bC Dw LL LL w 0w Inv ‘ Op | Legal || Permit
STRENGTHI | 1250 1.500 1750 1350 Teble.. | 1600] W || M || ¥ |
STRENGTHII | 1250| 1500 Table..| [ | @ ¥
SERVICENl | 1000 1000 1300 1.000| 1300 ERIEINE]
FATIGUE 0000 0000 0800 F B @ 4l

G-9
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Step 3 Select bridge Nebizia

Step 3 Select bridge for platoon rating evaluation

Example prestressed concrete bridge:

BID ‘ Bridge ID ‘ Bridge Name District County Facility Location Route | Feature Intersected M“E/(fn".; Rt Owner Maintainer | Admin Area ‘ Le(r;tg)th Year Built
32 S08041653L 130" Simple Span PS NU1600 District 1 180 4S GREENWOOI 180 DEE CREEK 416.53 State Highway Agency State Highway Agency Unknown 130.000 2009




Step 4 Add additional points of interest Nk

Bridge Workspace - 5080 41653L

ANALYSIS
WORKSPACE TOOLS VIEW DESIGN/RATE

BeC =

Close Export Refresh Open

¥ B -

Duplicate Delete

Bridge Manage
Workspace ® x || Schemat xR u
Components
S Ms0s0 41653 “ | @ point of Interest
[ Components
[ Diaphragm Definitions. Side

o 130' NU1600
= impact/Dynamic Load Allowance

Hr Superstructure Loads
[ Concrete Stress Limits
[ Prestress Properties Inclination:
§ B Shear Reinforcement Definitions
E- (& MEMBERS Spacing:
Ic
B IG
l e Member Loads

Area:

A Supports
{E9 MEMBER ALTERNATIVES
& T Interior (E) ()
+ BT Default Materials
—} Impact/Dynamic Load Allowance
"B, Beam Details
{B Shrinkage Time
ih Effective Supports
B2 Mild Steel Layout
[ strand Layout
B Deck Profile
B Haunch Profile
- E23Shear Reinforcement Ranges
& Live Load Distribution

d Points of Interest |
= Span 1 - 5870000 - Left
@ Span 1 - 8000000 - Left

&k Losd Case Description Verticsl shear reinf.
- & Framing Plan Detail Materisk

£ Bracing Deterioration

BSC Bracing Spec Check Selection Bar size:

i Structure Typical Section #oflegs:

in"2

Degrees

Horiz shear reinf.

inh2

Degrees

Computation method: G

Sic
Beta:
Theta:

[ Lateral Bracing Definitions Distance fro or Span 1 v Fraction: | 0.045154
r Span: raction: | 0/ ® Left () Right
HFF LRFD Multiple Presence Factors leftmost support:
EC Environmental Conditions ss limi tigut ear capacity itive flexural capaci -
Shear | Stress limit | Fatigue | Shear Bositive flexural ity | Megative flexural capacity | Engine
I Design Parametes |_ | St fatigue | S/ [ & P g E |
B SUPERSTRUCTURE DEFINITIONS [[] Override schedule % Shear: % Shear distance: in

» Optional: Add
additional points of
interest
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Step 5 Assign live load factors Nebiza

Workspace 2 x || Schematic
- ﬂg&ﬂ‘ﬂﬁﬂl ~ Dy Member Alternative Description - o X
2 Dasvag befitions

ive: | |
B Lateral Bracing Definitions Member alternative: | Interior

MPF LRFD Multiple Presence Factors
EC Environmental Conditions

| Facbors] Engine‘] Import ] Control options. \|

Description

©OF Design Parameters Analysis method - . .
&) SUPERSTRUCTURE DEFINITIONS ‘ e ‘ Analysis module | Selection type J Spec version Factors
B
b 130" NU1600 ASD ‘ AASHTO ASD - | System Default = | B 2i,Std 17th - | N/A

-~ Impact/Dynamic Load Allowance

&4 Load Case Description LFD ‘ AASHTO LFD - | System Default ~ | ME 17th 2002 AASHTO Std
- & Framing Plan Detail B N
2 Bracing Deterioration L ‘ AASHTO LRFD ~ | System Defauit ~ ISR : - o
- BSCBracing Spec Check Selection X LRFR ‘ AASHTO LRFR - MBE 3rd 2022i, LRFD 9th ~ -
{77 Structure Typical Section
+r Superstructure Loads
2 Concrete Stress Limits
. a Prestress Properties B
2 Shear Reinforcement Definitions A Copy from Library X
- &2 MEMBERS
b I G | Name | Description | Library |
3 I G2 » 2018 (2022 Interim) AASHTO LRFR... AASHTO Manual for Bridge Evalua... ‘Standard
~ 4k Member Loads Platoon (single lane loaded w ad)... | The live load factors of single lane... | Agency De...
@ Supports Platoon (single lane, two lanes lo... | The live load factors of single lane... | Agency De...

MEMBER ALTERNATIVES
| é I Interior (€} (C) |
o' Default Materials
= Impact/Dynamic Load Allowance
~ 2, Beam Details
- & Shrinkage Time
v Effective Supports
- 2 Mild Steel Layout
a Strand Layout
B Deck Profile
- B Haunch Profile
= Shear Reinforcement Ranges
* g Live Load Distribution
&3 Points of Interest
@ Span 1 - 5.870000 - Left
@ Span 1 - 8.000000 - Left

» Change “system default” to “override”

» Select appropriate platoon loading case
(single-lane / two-lanes loaded platoon or
single-lane loaded with platoons)

[ ox [Ccomn ] ooy ] [ Coneel ]
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Step 5 Assign live load factors Nebicga,

D Member Alternative Description - o X

Member alternative: | Interior

Description ] Specs “ Factors ] Engine 1 Import ] Control options |

Analysis method

o ‘ Analysis module [ Selection type ‘ Spec version [ Factors
ASD AASHTO ASD - | System Default ~
LFD AASHTOLFD - | System Default ~ | MEBE 2022i, Std 17t -
. - LRFD AASHTO LRFD = | System Default ~ 9t 0 AA ; ecificat
} For thlS example’ SeleCt a Slngle » LRFR AASHTO LRFR = | Override ~ | MBE 3rd 2022i, LRFD 9th ~ I Platoon (single lane loaded w/ adjacent) 'I

lane loaded platoon with
adjacent routine traffic

[ [oc ][ ey ]| conce

G-13



Step 6 Analysis details settings

Workspace

Companents

xx

1| M Member Alterative Description

5080 416530
- B Components
22 Diaphragm Definitions
[ Lateral Bracing Definitions
HHF LRFD Multiple Presence Factors
£¢ Environmental Conditions
oF Design Parameters
= 3 SUPERSTRUCTURE DEFINITIONS
& bprf 130 NUT60D
=} Impact/Dynamic Load Allowance
ik Load Case Description
& Framing Plan Detail
2 Bracing Deterioration
B5C Bracing Spec Check Selection
7 Structure Typical Section
2 Superstructure Loads
7 Concrete Stress Limits.
9 Prestress Properties
z 7 Shear Reinforcement Definitions

) MEMBERS
= IG
g IG2
Hr Member Loads

@

Supports
- 3 MEMBER ALTERNATIVES

3
8! Default Materials
Y Impact/Dynamic Load Allowance
T Beam Details
(& shrinkage Time
43t Effective Supports
@ B Mild Steel Layout
[ strand Layout
B Deck Profile
£= Haunch Profile
£ Shear Reinforcement Ranges
&, Live Load Distribution
3 Points of Interest
@ Span 1 - 5.870000 - Left
@ Span 1 - 8.000000 - Left
I G362

T maiEm

Member al ve: | Interior

LRFD
&1 Paints of interest
[V/] Generate at tenth points except supports
|V Generate at support points
[V Generate at support face & critical shear points
[V Generate at section change points
|V Generate at user-defined points
&1 Shear computation method
Ignore
® General procedure
General procedure - Appendix BS
Simplified procedure
Simplified procedure - Vi, Viow

&3 Loss & stress calculations

LFD
EPoints of interest
[V Generate at tenth points except supports
|V Generate at support points
|V Generate at support face & critical shear points
[V/] Generate at section change points
|V Generate at user-defined points
1231 Shear computation method
Ignore
Use AASHTO 1979 interim code

®) Use current AASHTO
123 Distribution factor application method
By axle

| Description | Specs | Factors | Engine | Import | [Control aptions |

B Points of interest A
[¥] Generate at tenth points except supports
|| Generate at support points
] Generate at support face & critical shear points
(] Generate at section change points
(] Generate at user-defined points
Eshear computation method
Ignore
General procedure
_) General procedure - Appendix BS
® Simplified procedure
) Simplified procedure - Vci, Vew
ass & stress calculations

®) Use gross section properties
Use transformed section properties
EIMulti-span analysis
@ Continuous
Continuous and simple
[ Ignore design & legal load shear
g ign & leg
[ Ignare permit load shear
(V] Consider legal load tensile concrete stress
[[] Consider splitting resistance article
(V] Ignore tensile rating in top of beam
[] Consider deck reinf. development length
g’
[T Consider permit load tensile steel stress
P

[V Ignore long. reinf. in rating

Distribution factor application method
By axle

[ ox ][ Ay || Cancel

Nebiiaska,
Lincoln

» Modify analysis

settings, such as the
shear load rating
method, if necessary




Step 7 LRFR analysis settings

WORKSPACE ToOoLs VIEW

Analysis Engine
Events Outputs
Analysis Results

Workspace

Components |

ANALYSIS

DESIGN/RATE

Bridge Workspace - S080 416531

=

5080 41653L
[E? Components
[ Diaphragm Definitions
[ Lateral Bracing Definitions
HIF LRFD Multiple Presence Factors.
E¢ Environmental Condiitions
©F Design Parameters
[ SUPERSTRUCTURE DEFINITIONS
brrf 130° NU1600
A Impact/Dynamic Load Allowance.
2 Load Case Deseription
&F Framing Plan Detail
[ Bracing Deterioration
BSC Bracing Spec Check Selection
T Structure Typical Section
e Superstructure Loads.
& B2 Concrete Stress Limits
[ Prestress Properties
& [ Shear Reinforcement Definitions
& 2 MemseRs
Ia
- I G2
e Member Loads
“A Supports
& MEMBER ALTERNATIVES
5 T Interior (E) (€)
7 Default Materials

B, Beam Details

{§ Shrinkage Time

s Effective Supports

2 Mild Steel Layout

2 Strand Layout

5 Deck Profile

Haunch Profile

=2 Shear Reinforcement Ranges

&k Live Load Distribution

(&2 Points of Interest
Gz Span 1 - 5.870000 - Left
£ Span 1- 8.000000 - Left

&

I G3(62)
I G462
I G5(G2)

T remn

—} Impact/Dynamic Load Allowance

A Analysis Settings - o
0 . Rating method: LRFR |
Analysis type: Line Girder
Lane / Impact loading type: Apply preference setting: | None

Vehicles | Output | Engine | Description

Traffic direction: | Both directians - [ Refresh | [ Temporary vehicles | [ Advenced

Vehicle selection Vehicle summary

= Vehicles ~ & Rating vehicles
Standard L LRFR
Ev2 i-Design load rating
V3 Inventory
H15-44 Cperating
H 2024 Fatigue
HL-93 (51) Addto =i Legal load rating
HL-93 {US) Routine
HS 1544 =2 Specialized hauling
HS 20 (1) Permit load rating
1S 20-44
Lane-Type Legal Load
LRFD Fatigue Truck (S1)
LRFD Fatigue Truck (US) Remove from
NRL
sua
sus
U6
su7
Type 3
Type 3-3
Type 352
Agency
2-Class 9 Platoon (5 ft)
2-Class 9 Platoon (5 to 50 f
2-Class 9 Platoon (50 )
2-NJTAType3s2 Platoon (5 ft)
2-NJTAType3s2 Platoon (5 to 50 ft)
2-NITAType3S2 Platoon (50 #t )
2-NRL Platoon (5 ft headways)
2-NRL Platoon (5 to 50 ft headways)
2-NRL Platoon (50 # headhways)
2-Type3-3 Platoon (5 ft headways)
2-Type3-3 Platoon (5 to 50 ft headways)
2-Type3-3 Platocn (50 ft headways)
3-Class 9 Platoon (5 ft)
3-Class 9 Platoon (5 to 50 f) ©
Reset Clear | [ Cpentemplate | [ | ok | [ aepty | [ concel

Nebiaska,

Lincoln”

» Click “Analysis settings”

» Select LRFR rating method




Step 7 LRFR analysis settings

Rating method:

Analysis type: Line Girder ~

Lane / Impact loading type: Apply preference

Vehicles | Output | Engine | Description |

Traffic direction: | Both directions
Vehicle selection
2-Class 9 Platoon (5 to 50 ft) ~
2-Class 9 Platoon (50 f)
2-NJTAType3s2 Platoen (5 ft)
2-NITAType352 Platoen (5 to 50 ft)
2-NITAType3s2 Platoon (50 )
2-NRL Platoon {5 ft headways)
2-NRL Plataen (5 to 30 ft headways) Addto
2-NAL Platoon (50 ft headways)
2-Type3-3 Platoon (5 ft headways)
2-Type3-3 Platoon (5 to 50 ft headways)
2-Type3-3 Platoon (50 ft headways)
3-Class 9 Platoon (5 1)
3-Class 9 Platoon {5 to 50 i)
3-Class 9 Platoon (504)
3-NJTAType3s2 Platoen (5 ft)
3-NJTAType3S2 Platon (5 ta 50 ft)

Platoon (50 ft )

LRFR v

setting: | None v

Refresh

e | (|

& Rating vehicles
EALRFR

Vehicle summary

&) Design load ratin
Inventary
'-HL-93 (Us)

e

erating
HL-92 (US)

Fat

atgue
- Legal load rating
| Routine

(5 ftheadways)

| Adjacent vehicle

& 4-Type3-3 Plstoon (5 ft headways
' Ad

cent vehicle

@, Vehicle Propertis

Legal Permit

s Loading
Vehicl Impact | lane Override | live load | Frequency "3 | Override | live load
train | |factor ey P o conditi e
+ HL-93 (US) weo | Single... ~ -
4-NRL Platoon (5 ft headways) 1.000 Single.. - | Esc
4-Type3-3 Platocn (5 f headwa... 1000 v Single.. - | Escs
“ i »

Permit lane load: kip/ft Adjacent vehicle live load factor

Exclude permit lane load from permit vehicle location

Temporary v

Reset | [ Clear Opentemglate | [ Save template

Nebiaska,

Lincoln’
» Optional: Include design loads for comparison.

» Click the “Advanced” button to change scale factor, impact,
load condition, and frequency.

» Note that “Impact" is a scale factor for /M. The default is 0.33.
There is no need to enter a value. If the desired /M is 0.2, then
the impact should be changed to 0.2/0.33 = 0.606.

» Scale Factor is the amplification factor (a) used to amplify the
total weight of the platoon (here o= 1.0).

» Select "Single lane loaded with escort on adjacent lane" for both
single lane loaded platoon with / without adjacent lane cases.
Calibrated live load factors implicitly account for the effects of
adjacent traffic, if applicable.

» Click OK and apply
» Run the analysis

&= g

8
8—
=

Analysi§ Analyze Pnalysis Engine
Setting Events Outputs
Analysis Results
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Step 8 LRFR analysis results Nebila

ANALYSIS Bridge Workspace - S080 41653L
WORKSPACE ~ TOOLS  VIEW | DESIGN/RATE
* o | .
& ¢ D load her load
Analysis Analyze Analysis | Tabular Specification Engine |Results | Save l eslgn Oa Or Ot er Oa S
Settings Events | Results Check Detail Outputs| Graph
Analysis Results O Resubsgraph can be added for

Workspace 7 x ) 5
B O | & comparison

Print

Components

D 5080 41653L A
#- 2 Components
{2 Diaphragm Definitions
(29 Lateral Bracing Definitions
HF LRFD Multiple Presence Factors
£ Environmental Conditions 2000
of Design Parameters
(& SUPERSTRUCTURE DEFINITIONS
S v 130 NU1600
=3 Impact/Dynamic Load Allowance
&k Load Case Description
& Framing Plan Detail
{2 Bracing Deterioration
BSC Bracing Spec Check Selection
7 Structure Typical Section
2Hr Superstructure Loads 0
2 Concrete Stress Limits
{2 Prestress Properties 0
£ Shear Reinforcement Definitions
&3 MEMBERS
IG
Ia
e Member Loads
@ Supports
£ MEMBER ALTERNATIVES
& T Interior (§
& D“a(“*)‘ :‘2“""'5 sl 4NRL Pltoon (51 | 47 s e
3} Impact/Dynamic Load Allowance » [] Dead Load Span Location Distance headways)- (sy:h,,dmy;,.
"B, Beam Details + ] Live Load Axle Load Axle Load
;(}.\ Shrinkage Time & 000 (] 000 000 000 000 ~
i Effuctive Supports 4[] Composite short ermy Dlage3) 250 25 23939 152356 26652 000
g:‘"" 3‘:’ Ly 543.05 34052 60836 000
EPE A 800 8 72264 44897 81409 000

B2 Deck Profile 4 [m] Ade Load
R Haunch Profile 13.00 13 1,116.80 684.60 126563 0.00

Moment [kip-ft]

20 40 60 80 100 120

g

Distance [ft]

— MLL(+)-s3-4-NRL Platoon (5 ft headways)-Axle Load — MLL(+)-s3-4-Type3-3 Platoon (5 ft headways)-Axe Load — MLL(+)-s3-HL-93 (US)-Truck + Lane — MLL(-)-s3-HL-93 (US)-Truck + Lane

MLL(+)-s3- MLL(-)-s3-
HL-93 (US)- HL-93 (US)-
Truck + Lane Truck + Lane

iy

4 [m] 4-NRL Platoon (5 ft headways)

w
&
2
&
5

/| Positive

» The “Results Graph” can be used to plot the effects of dead and live loads




Step 8 LRFR analysis results

[T ORICIeoNodl WORKSPACE  TOOLS  VIEW | DESIGN/RATE
3* r = ~
& o iEHEE|vyxB

Nebiaska,

Lincoln”

Analysis Analyze Analysis | Tabular| Engine Results Save
Settings Events | Results| Check Detail | Outputs Graph Results
Analysis Results | @y Specification Checks for Interior - 26 of 892
P
Workspace Articles
ﬂ Components @ P Al articles v
2 5020 416531 Properties Generate  Format
& Components Bullet list v
[ Diaphragm Definitions Specification Report
89 Lateral Bracing Definitions 4| Superstructure Companent | Specification reference Limit State Flex. Sense Pass/Fail |
¥ LRFD Multiple Presence Factors . B P 7 SAZ1G For— Y P—
£ Enviranmental Conditions | Prestress Calculations. ‘ompressive Streng a5t
o Design Parameters b I Stage 1 54.2.5 Poisson's Ratio N/A General Comp.
&3 SUPERSTRUCTURE DEFINITIONS » I Stage 2 54.2.6 Modulus of Rupture N/A General Camp.
B i 130 NUT600 < %age 3 54.2.8 Concrete Density Modification Factor N/A General Camp.
:“x_'mnadt’l?vmm Load Allowance 4 |interior NA 5.5.3.2 Reinforcing Bars and Welded Wire Reinforcement N/A Not Required
g‘:mrfafsl"“:”ﬂl‘“" IZ1Span 1-0.00 ft. 5.5.4.2 PS Strength Limit State - Resistance Factors N/A General Comp.
raming Plan Detail [Span 1- 250 ft st
2 Brocing Deterioration e 5.6.2.2 Rectangular Stress Distribution NA General Comp.
BSC Bracing Spec Check Selection (8] Span - 361 ' 5632 PS Flexural Resistance (Prestressed Cancrete) N/A Passed
T Structure Typical Section uzp” : = :’g;:‘ + 563.3 Minimum Reinforcement N/A Passed
24 Superstructure Loads (i Span 1 -  5.7.2.5 Minimum Transverse Reinforcement N/A Passed
t‘[ B2 Concrete Stress Limits :—':’”” : - ;3 : / 57.2.6 Maximum Spacing of Transversa Reinforcement N/A Passed
i g:t“’: p"‘“’em&s . |js)m | ) tocos | | ¥ 3733 Nominal Shear Resistance N/A Passed
it it an 1 - 39 L
i - MEG:;BEHI; oreement Betinfions & s:‘n seon 5.7.34 Procedures for Determining Shear Resistance N/A General Comp.
16 ispan1-52004, | | ¥ 3733 Longitudinal Reinforcement N/A Passed
IG SiSpan1-6500f | | ¥ 374 Interface Shear Transfer N/A Passed
e Member Loads | Span 1 - 78.00 ft. + 5742 Minimum Area of Interface Shear Reinforcement N/A Passed
E :;-;:::; J—— Zispan1- 78107, | | + 592323 Compressive Stresses N/A Passed
h - Span1-9100% | | 59232 Tensile Stresses N/A Passed
& T interior (B) (Q s
g
LT Defoult Materials (i1 Span 1 - 104,00 ft. 59.43.2 Bonded Strand N/A General Comp.
= Impact/Dynarmic Load |aSpan 1- 117004 | | v 6A4.2.1 Design Load Rating Prestress Service il Tensile Stress N/A Passed
B, Beam Details (Z45pan 1-12439f | | « 6A42.1 General Load Rating Equation - Cancrete Flexure N/A Passed
{0 shrinkage Time [=Span 1-127.50f. | | o 6A42.1 General Load Rating Equation - Concrete Shear N/A Passed
o Effective Supports | Span 1 - 130,00 ft. Computation of Vp N/A General Comp.
T g;""” :‘E*‘ Layout Cracked_Moment_of Inertia Section Property Calculations NA General Comp.
trand Layout
= Deck pm:h PS_Basic_Properties Calculation N/A General Comp.
B Haunch Profile PS_Gross_Composite_Section_Properties PS Gross Composite Section N/A General Comp.
53 Shear Reinforcement
&, Live Load Distrib
: —

» "Specification Check Detail" provides detailed calculations for the platoon load rating
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Step 8 LRFR analysis results Nebizgia

ANALYSIS Bridge Workspace - 5080 41653L
WORKSPACE | TOOLS | VIEW | DESIGN/RATE

> & | A A

Multimedia _ General | Report
Attachments Preferenced Tool PS Design Tool

Bridge

‘ 5020 41653L - Report Tool - o X

leport type : | LRFR analysi Advanced | || Begin each topic on a new page when printed

Components

S 5080416531 | T Report
& B Components
{22 Diaphragm Definitions
9 Lateral Bracing Definitions
1T LRED Multiple Presence Factors Overalikreitey
€6 Enviranmental Conditions
oF Design Parameters
5 & SUPERSTRUCTURE DEFINITIONS /| Moment summary
S 4t 130' NU1600 /' Shear summary
=) i ] Detailed rating results e st i i
a AT DepRon /| Disphragm forces i g Heows
&5 Framing Plan Detail Interior
2 Bracing Deterioration 4-NRL Platoon (5 ft headways)
B5C Bracing Spec Check Selection
T3 Structure Typical Section Axle Load
2 Supersinuciure Loads Impact: As Requested
B Concrete Stress Limits Lane: As Requested
i B2 Prestress Properties
§# {2 Shear Reinforcement Definitions. Span 1
& 3 MEMBERS
Ia . N
e Permit Permit
‘%&Memcer Loads Location Rating  Load Rating
Supports <
8 8 ';EMB[R ALTERNATIVES (ft) Percent '?rc";:: Units Capacity DL + Adj-LL* LL Factor (Ton)
& T Interior (8) () )
37 Defauit Materials 0.00 0.0 Flexure kip-ft 1554.05 0.00 0.00 99.000 15840.00
=} Impact/Dynamic Load Allow Concrete
B Beam Details 0.00 0.0
{§ Shrinkage Time Stresses
i Effective Supports 2.50 1.9 Flexure kip-ft 8885.58 35219 239.39 22.049 3527.84
g gmwa Steel Layout ) Concréts . B
trand Layout 250 19 ksi 4.65 0.26 013 22.104 3536.69
&= Deck Profile Stresses
51 Haunch Profile
£ Shear Reinforcement Range
& Live Load Distribution
& & Points of Interest

/| Reactions » _ —
Report by Action: [/ Flexure ¥ Concrete Stresses [ Shear [¥I Critical

ksi 125 0.00 0.00 99.000 15840.00

i

[Cselectan | [ clearan_| Close

» "Report Tool" provides a summary and detailed platoon load rating results (click the generate button)
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Current Limitations: the following email was provided by an expert in AASHTOWare Bridge Task Force

With that said, | think | understand what you're trying to do here with the Analysis Settings and General Preferences. Unfortunately, the General Preferences cant be used currently to change the spec version or
factors, just the analysis module. You asked in Figure 6 about changing the LRFR methods. The Analysis Module is not selecting the LRFR method, but instead, the analysis engine. Currently, this is what you would use

to select a different engine if there was another one available (such as BRASS LRFR).
@ Member Alternative Description

Member alternative: | Plate Girder

Description | Specs | Factors | Engine | Import | Control options |

@oabysia pathod Analysis module Selection type Spec version Factors
ASD AASHTO ASD - | System Default ~
LFD AASHTO LFD - | System Default ~
LRFD AASHTO LRFD ~ | System D
LRFR AASHTO L - | MBE 3rd 2020i, LRFD 9th ~ Iplatoon

2018 (2020 Interim) AASHTO LRFR Spec.
platoon

-- Copy from library --

» Unfortunately, for now, NDOT bridge load rating engineers may have to copy the BrR bridge files and place them
in a separate folder to avoid confusion with load ratings for other permitted vehicles.

* This is not good practice, but may be the best available option until AASHTOware BrR is modified for platoon load
rating in the future
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| AASHTOWare Bridge Rating
BRIDGE FOLDER RATE TOOLS VIEW
(5 5= =
Rating Manage Analysis | Open
Results Euents Route
Rate | BrM Results Routing Rating Tool
14 Favorites Folder " o Mile/Km Post - = Length =
& Recent ridges L Bridge ID - Bridge Nome Distict | County | Facly Location | Route | Feature Inersected 1175 POt Owner Mointsiner | Adminarea | “93% | veor ik
P ?A“ Bridges 36 5080 00526L 100.0 ft simple span welded PL girder District 5 180 3W Bushnell Int: 80 Stream 526 State Highway Agency State Highway Agency Unknown 100.000 1970
5 @ Sample Bridges 345080 140338 3 simple spans prestressed Type 3 144 ft District 6 180 SWPaxoninte 80 South Platte R.Cana 14033 State Highway Agency  State Highway Agency Unknown 124000 1968
[ WSILRFD Example Bridges 38 5080 18181R 299 ft 3 span continuous welded plate steel bridge District6 111 Suffolk |80 3ENorth Platte 80 Tri County Canal 18181 State Highway Agency State Highway Agency Unknown 200000 1964
2 Concrete Example Bridges g
o L 5 gl = 37 5080 28566 4 span steel welded plate girder continuous District 4 L10C GIBBON GIBBON INTRCH 180 State Highway Agency State Highway Agency Unknown 252.000 1963
ridges operating platoons
& St Eﬂ;’:;k dg:f i 35 5080 31446L 11-70-0 $pans S Concrete Girder Bridge District 4 180 AWGRANDISL/ 180§ CH PLATTE RIVER 31446 State Highway Ageney  State Highway Agency  Unknown 770000 1965
2 Timber Example Bridges 33 5080414650 170 3-Span Cantinuous PS NUS0O District 1 180 SNWAVERLY IN 180 CAMP CREEK 41465 State Highway Agency State Highway Agency Unknown 170000 2009
# Deleted Bridges 32 508041653L 130 Simple Span PS NU1600 District 1 180 4SGREENWOO! 180 DEE CREEK 41653 State Highway Agency State Highway Agency Unknown 130000 2009

Click “Rate” to change analysis settings
* No need to modify the original BrR files (best practice)

* BrR will permit to have difterent load rating events, for: Standard permits, platoons, other
types. This will require changes by programming. (Automatic if MBE, service units if not)

Click the “Ok” to run analysis for a route of bridges

* Automate similar to Superioad (option)
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| AASHTOWare Bridge Rating

BRIDGE EXPLORER BRIDGE FOLDER RATE TOOLS VIEW
& & Import !
] % » \J

New Osatch - | L,
Bridge Manage
E ;‘:Vc‘:::’;n:’;‘:' IJ 8D i Bridge ID Al Bridge Name Distict | County | Faciity | Location | Route |Feature ntersected M""("(““‘; Post| Owner | Meintsiner | AdminArea | "’(f"g"' | Year Bt | I
7 ? All Bridges 36 5080 00526L 100.0 ft simple span welded PL girder District 5 180 3W Bushnell Int 80 Stream 5.26 State Highway Agency State Highway Agency Unknown 100.000 1970
- @ Sample Bridges 34 5080 14033R 3 simple spans prestressed Type 3 144 ft District 6 180 SWPaxtonInte 80 South Platte R. Cana 14033 State Highway Agency State Highway Agency Unknown 144000 1968
9 AISI LRFD Example Bridges 38 5080 18181R 200t 3 span continuous welded plate steel bridge District6 111 Suffolk 180 3ENorth Platte 80 Tri County Canal 181,81 State Highway Agency State Highway Agency Unknown 200000 1964
B9 Concrete Emmple Brkiges 37 508028566 4 span steel welded plate girder continuous District 4 L10C GIBBON GIBBON INTRCH 180 State Highway Agency State Highway Agency Unknown 252000 1963
D Siccl Caampie Bndges 35 5080 31446L 11-70'-0 Spans PS Concrete Girder Bridge District 4 180 4WGRANDISLZ 180 S CH PLATTERIVER 31446 State Highway Agency State Highway Agency Unknown 770000 1965
@ Timber Eample Bridges 33 5080 41465L 170° 3-Span Continuous PS NU00 District 1 180 SNWAVERLY IN 180 CAMP CREEK 41465 State Highway Agency State Highway Agency Unknown 170000 2009
9 Deleted Bridges 32 508041653 130' Simple Span PS NU1600 District 1 180 4SGREENWOOI 180 DEE CREEK 41653 State Highway Agency State Highway Agency Unknown 130000 2009

Place Routes in folder using /inks to not duplicate the base bridge definitions
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PN * Example route rating report

w3 e
© G6(Go)
4 @ 5080 00526L
4 @ STRUCTURES

4 @ 2018 Exist Cond [2018 Including Rehab] [ Bridge Rating Results - o x
“ @ GIRDER-SYSTEM MEMBERS
@ G1[2018 0d Inside Girder A] System of units Lane/impact loading type Display format:

© 622018 0d Interior Girder B] ® US customary () S1/ metric | | (®) As requested ) Detailed | | Mulfiple rating levels per row |~

@ G3[2018 0ld Interior Girder B] - Loeation - 171.8750 (ft)
- Location - 173.8750 (ft) Bridge ID | vehicte| ™entory | Openating |Legal operating | Legal | Permit inventory | Permit operating |  Permit Inventory Operating | Legal ope(
& G4[2018 0id Interior Girder B] - Location - 180.8750 (ft) ridge D | Vehicle | - ing factor | rating factor | rating factor | rating factor | rating factor | rating factor |rating factor| rating method | rating method | rating me|
@ 6512018 0ld Interior Girder B] - Location - 185.8750 (ft) ANR. 1382
& - Location - 196. 875u () =
@ G6 [2018 New Ext Girder ) - NR 2619
4 @ 508028566 - 50 ({) -
“Loestion- 2078020 () 080 T... | 4-NR... 3314
4 © STRUCTURES - Location - 209.8750 (ft) 5080 3... | 4-NR... 3183
4 @ Superstructure 1 [4 span steel welded p - Location - zu.B::_r,o(g} $0800... | 4-NR., 3.870
- Location - 217.3750 (ft)
4 @ GIRDER-SYSTEM MEMBERS “Location - 2188623 () S080 2... | 4-NR... 2308
© G [exterior 1] - Location - 222.8750 (ft) 080 1... | 4-NR. 1411
N - Location - 227.8500 (ft)
52 [interior] 5
© G2 linterior] - Location - 236.8375 (ft)
@ G3 [interior] - Location - 238.8750 [g]
AU - Location - 235.8250 ()
© G4 [exterior 1] " Location - 2458750 (8)
@ Superstructure Afternative not assigned - Location - 254.8125 (&) 4 I | r
. - Location - 2! Booo
(g;;u)su 18181R N 638 (Et)' /| Show up-to-date results only
4 @ STRUCTURES - ., o (ft)
Vi struct its S ll Ch
4 @ 2018 Exist Cond [2018 Exist Cond] N :ﬁ({g} =S Il
4 @ GIRDER-SYSTEM MEMBERS Completed Specification Check.
@ 612018 Exist Widening] Info - LRFR analysis suceessfully completed!
. Info - Populating dead load results for non- composite (stage 1)..
@ G2 [2018 Exist Int Orig] Info - Populating dead load results for composite (long term) (stage 2)..
@ G3 [2018 Exist Int Orig] Info - Populating live load results for composite (short term) (stage 3)..

Info - Populating LRFR rating summary..

@ G4 (2018 Exist Int Orig) Info - Analysis completed!

(@) G5 [2018 Exist Int Orig] v

< > * All load rating results can be obtained directly without

Finished processing 7 of 7 bricges: [ R . . . . .
having to manually modify the analysis specifications
and run analysis for each BrR file in the future
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