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fpi: nominal initial prestressing 

fpu: ultimate tensile strength 

fr : concrete modulus of rupture 

fR: nominal flexure resistance 

freq: required effective stress 

fReval : available resistance to tension stress for evaluation 

ft: nominal design allowable tensile stress 

ftruck: excitation frequency of the truck  

Fy: yield stress 

Fyf : nominal flange yield stress 

g: limit state function 

GDF: girder distribution factor 

GDFm: multiple-lanes loaded girder distribution factor 

GDFplatoon: girder distribution factor for a platoon 

GDFs: single-lane loaded girder distribution factor 

H: platooning truck headway 

IM: impact factor  

IMdesired: desired impact factor for load rating 

IMHL-93: impact factor associated with AASHTO LRFD/R HL-93 load 

IMplatoon: impact factor applied to platoon static live load 

Kg: longitudinal stiffness parameter (in.4)  

Ladj: adjacent lane live load effect  

Lb: unbraced length 
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LL: total live load effect, or nominal static live load effect 

LLHL-93: HL-93 design live load effect  

LLplatoon: platoon nominal static live load effect  

Ln: nominal live load effect  

LPL: static platoon nominal load effect  

m: slope constant of the S-N curve 

My: Yield moment  

N: number of cycles to failure, or total number of data 

n: number of stress range cycles per truck passage in LRFD BDS Table 6.6.1.2.5-2 

ni: actual number of stress cycles experienced 

Ni: fatigue life corresponding to the ith stress-range bin Si 

Nm: number of maximum stress range caused by an individual truck passage 

Num: number of truck passages during the given time 

P: Permanent loads other than dead loads 

Pe: nominal effective prestress force after losses 

Peval: effective prestress force for the evaluation 

Pf: probability of failure  

Post-0.8-Gains: Post-2005 loss method, γL = 0.8, with elastic gain 

Post-0.8-No-gains: Post-2005 loss method, γL = 0.8, without elastic gain 

Post-1.0-Gains: Post-2005 loss method, γL = 1.0, with elastic gain 

Post2005: AASSHTO LRFD BDS 5.9.3.4 prestress loss method  

Pre-1.0-No-gains: Pre-2005 loss method, , γL = 1.0, without elastic gain 

Pre2005: Standard Specifications 9.16.2.1 prestress loss method 

Preq: required effective force 

Q: load 

R: resistance 

RF: Rating Factor 

Rh : hybrid factor shown in LRFD BDS Article 6.10.1.10.1 

Rn: nominal resistance 

Rn_Service: minimum required nominal moment resistance for Service II 
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Rn_Strength: minimum required nominal resistance for Strength I 

Scb: nominal composite section modulus for the bottom fiber 

SLT: nominal long-term composite section modulus 

Smax: the maximum stress range 

SNC: nominal noncomposite elastic section modulus 

Sncb: nominal noncomposite section modulus for the bottom fiber 

Sri: higher-order stress range 

Srp: maximum stress range 

SST: nominal short-term composite section modulus 

t: time it takes for each truck to pass the same point  

v: speed of the trucks  

vcritical: critical speeds that will cause resonance effects   

α: amplification factor  

β: reliability index  

βCracking: cracking reliability provided by code-compliant bridge designs 

βimplicit: target implicit reliability index that provided by code-compliant bridge designs 

βtarget: target reliability index  

γ: load factor 

γD: dead load factor 

γDC: dead load factor for components 

γDW: dead load factor for wearing surfaces 

γL: live load factor 

γLL: live load factor 

γP: load factor for permanent loads other than dead loads 

γplatoon: platoon live load factor 

Δf: live load stress range due to the fatigue truck in LRFD BDS Article 3.6.1.4 

ΔfpES: elastic shortening loss 

ΔfpGainDL: elastic gain from dead loads 

ΔfpGainLL: elastic gain from live loads 

Δfplatoon: live load stress range due to platoons 
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ΔfpLT : long-term prestress loss 

∆fs: nominal prestress losses 

Δfs (w/o LL gain): the prestress loss without accounting for elastic gains 

ΔfSeval: prestress loss for the evaluation 

(ΔF)n: nominal fatigue resistance provided in LRFD BDS Article 6.6.1.2.5 

κ: coefficient before 'cf (ksi) in the ft 

κdes: coefficient before 'cf (ksi) in the design ft 

κeva: coefficient before 'cf (ksi) in the evaluation ft 

λ: bias factor 

λGDF: girder distribution factor bias factor 

λmax: maximum mean live load effect bias for adjacent lane loading  

λplatoon: platoon live load bias factor 

μ: mean value 

μIM: mean dynamic amplification 

σ: standard deviation 

ϕ: resistance factor 

Φ: standard normal cumulative density function 
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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 (βImplicit) 

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 βImplicit 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 
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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 (βCracking) 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 
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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 β = 2.5 

specified by the Manual for Bridge Evaluation (MBE) (2018). Sajid et al. (2022) further 

parameterized bias and coefficient of variation (CoV) and determined that two-lane bridges can 

reliably accommodate platoons to achieve an inventory level reliability index β = 3.5 for 

strength. Yang et al. (2021) and Steelman et al. (2021) considered a range of CoVs for platoon 
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LL calibrations between 0 and 0.2 without explicitly aggregating LL uncertainties resulting from 

the truck weight, dynamic allowance (IM), 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, β, 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 β for service. Wassef et al. (2014) evaluated Service II 

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 I-80 WIM load data after extended road 

closures resulted in negative operational reliability indices for Service III, which indicated that 

prestressed concrete beams may crack in tension under service loads, despite Service III'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. 
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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. 
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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. 
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1.3 Research Scope 

The research considered: 

• one and two lanes loaded,  

• simple- and two-span continuous bridges,  

• span lengths ranging from 60 to 200 ft, 

• simple- and two-span continuous bridges,  

• steel and prestressed composite I-girders, 

• girder spacing ranging from 8 to 12 ft, 

• truck types: legal load trucks at 80 kips GVW, 

• headways ranging 5 – 50 ft,  

• 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, 

• 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). 
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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 CoV 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. 
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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 II 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, 

 

( , )g R Q R Q= −  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, Pf, 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 β can be 
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determined as shown in Equation 2.2,  

 

( )1
fPβ −= −Φ  2.2 

 

where -Φ-1 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, β, represents 

the number of standard deviations the mean value of g is from zero. At the strength level, design 

and inventory load ratings target β = 3.5, whereas operating load ratings relax the target β to 2.5. 

For service limit states, operating load rating or inventory load rating target β’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 β 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 
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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 A1. A1 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 (λmax) with respect to HL-93 loading, adjacent lane traffic CoV (CoVmax), and platoon 

total CoV 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 λmax in Table 2.1 is defined as the 

expected maximum adjacent lane LL divided by the HL-93 LL. The CoVmax 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) 

 
 

  
 
 

λmax CoVmax Total COV λmax CoVmax Total COV λmax CoVmax Total COV
100 1.060 0.041 0.147 0.965 0.039 0.146 0.953 0.038 0.146

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

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

10

100

Number of crossings per day ADTT
30 ft 60 ft 90 ft

λmax CoVmax Total COV λmax CoVmax Total COV λmax CoVmax Total COV
100 0.964 0.039 0.146 0.985 0.039 0.146 0.960 0.041 0.147
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
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

Number of crossings per day ADTT
120 ft 150 ft 200 ft

10

100
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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 β = 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 β = 

3.5 or 2.5. Table 2.2 reproduces calibrated LL factors for β = 2.5, with load factors for platoons 

calibrated using IMplatoon = 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 β = 2.5 (Steelman et al., 2021) 

 
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 + IMdesired).

COV LL  = 0 COV LL  = 0.05 COV LL  = 0.1 COV LL  = 0.15 COV LL  = 0.2
Live load factors by CoV  of total live load

Truck  Platoon Frequency Loading Condition DF ADTT                    
(One direction)

1.25

Single-trip Two identical platoons loaded on 
two lanes

Two or more lanes N/A 1.00 1.05

1.00

1.10 1.20 1.25

Single-trip No other vehicles on the bridge One lane     

1000 1.35 1.35 1.40

1.35 1.40

1.05 1.10

10 Crossings
Mixed with routine traffic in the 

adjacent lane One lane     

> 5000 1.35 1.35 1.40

1.35

1.35 1.60

1.35 1.45 1.45 1.55

Multiple Trucks in Platoon

1.40 1.45 1.50

1.20

< 100

1.45

1.45 1.55

1.50

1.45 1.50

< 100

N/A

1000 1.35 1.40 1.45 1.45 1.55
100 

Crossings
Mixed with routine traffic in the 

adjacent lane One lane     

> 5000

1.35
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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 β = 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 (α) 

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 α and CoV. Similarly, Figure 

2.2b is a 2D contour map of safe headways as a function of α and CoV. As shown in Figure 2.2, 

safe headways, α, 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.  

 

  
(a) 3D Surface Plot (b) Contour Plot 

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) 

 
Note: The α 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 8th 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 11th 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 'cf (ksi) or 0.3 ksi. Under no 

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 

 L (ft)
Amplification factor α             
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worse than moderate corrosion conditions, the allowable tensile stress is relaxed to be the smaller 

of 0.19 'cf  (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 III.  

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 'cf or 0.19 'cf  and based on existing bridges from Mlynarski et al. (2011). 

As shown in Table 2.4, the target β 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) 

 
 

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. 

 

   
(a) Reliability Indices for Bridges Designed 

with “Post2005” Loss Method (γL = 0.8) 
(b) Reliability Indices for Bridges Designed 

with “Post2005” Loss Method (γL = 1.0) 

Figure 2.3 Reliability Indices for Bridges at Maximum Allowable Tensile Stress Limit State 
(ADTT = 5,000, and 0.0948 't cf f= ). (Wassef et al., 2014) 

 

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

 

 

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.  

Component γLL

All other prestressed concrete componenets 0.8

1.0Prestressed concrete components designed using the refined estimates of time-dependent losses 
as specified in Article 5.9.5.4 in conjunction with taking advantage of the elastic gain
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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 I-80 

WIM data records, i.e., where I-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 I-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).  

 

 
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 CoV 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 II 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 II 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 II with a design LL factor equal to 1.30, and evaluated using 

multiple lanes loaded with I-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. 
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Figure 2.5 Service II Positive Moment Reliability vs Span Length (Optimized In-Service 

Bridges) (Barker et al., 2020) 

 

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 Article 6.6.1.2.2 provides the following load-induced steel stress check: 

 

( ) ( )nf Fγ ∆ ≤ ∆   2.3 

 

where γ is the load factor provided in LRFD BDS Table 3.4.1-1, Δf is the LL stress range due to 

the passage of the Fatigue Truck, and (ΔF)n 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 (ΔF)n 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, (ΔF)n  is defined in the LRFD BDS Equation 6.6.1.2.5-2 as, 

 

1
3

( )n
AF
N

 ∆ =  
 

  2.4 

(365)(75) ( )SLN n ADTT=   2.5 

 

where A 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, n is the number of stress range cycles per truck passage in LRFD 

BDS Table 6.6.1.2.5-2, and (ADTT)SL is the single-lane ADTT as specified in LRFD BDS Article 

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: 

 

1 2( ) ( ) ..... ( )m m mrir r
m

rp rp rp
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where m is the slope constant of the S-N curve; Nm is the number of maximum stress ranges 

caused by an individual truck passage; Sri is the higher-order stress range; and Srp 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: 
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where ni is the actual number of stress cycles experienced; Smax is the maximum stress range, 

which can be calculated as the algebraic difference between the maximum and minimum stress; 

Ni is the fatigue life corresponding to the ith stress-range bin Si; 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. 
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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 

(βimplicit) 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: 

• type of platoon truck, 

• headway between trucks,  

• weight of individual trucks, and  

• 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 live 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):  

• a platoon in a single bridge lane,  

• two identical platoons operating in adjacent lanes, and  

• a combination 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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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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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 I-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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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: 

• simple-span steel composite girders, 

• two equal-span continuous steel composite girders,  

• simple-span prestressed I-girders, and  
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• 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: 

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

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

• girder spacing of 10 ft. 

3.4 Reliability Analysis for Service III 

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: 

• Implicit reliability (index), βImplicit, is reliability provided by code-compliant bridge 

designs, i.e., β is inferred from designs produced from historical practice.  

• Cracking reliability, βCracking, is 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 β 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 β. The selected 

number of samples corresponded to a maximum perceptible reliability index of approximately β 
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= 4.75. 

This process was repeated to conduct reliability analyses for different design scenarios, 

identify an implicit β, 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 'cf (ksi)), and considering rupture moduli between 0.24 'cf

and 0.37 'cf (ksi) as specified in LRFD BDS C5.4.2.6. Cracking probability is discussed in 

Chapter 9. 

 
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 III: 
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R D D
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f fRF
f +

− γ
=

(γ
 

3.1 

 

where RF is the rating factor, γD the dead load factor for rating, and γL the rating LL factor. 

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 - 
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where:  

fR = nominal flexure resistance,  

fD = nominal tensile stress due to dead loads, 

fLL+IM  = nominal tensile stress due to LL including impact, 
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ft = nominal design allowable tensile stress, 

fpi = nominal initial prestressing,  

Pe = nominal effective prestress force after losses, 

∆fs = 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,  

Dgw = nominal girder dead load moment,  

Dnc = nominal noncomposite dead load moment,  

Dc = nominal composite dead load moment,  

Dw = 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),  

GDFm = nominal LRFD BDS moment Girder Distribution Factor (GDF) (LRFD bridges), 

or nominal GDF in Standard Specifications (LFD/ASD bridges), 

Sncb = nominal noncomposite section modulus for the bottom fiber, and  

Scb = 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,  

( ) ( ) (1 )D gw nce e nc D c w L m
t

g ncb ncb cb cb

D DP P e D D LL IM GDFf
A S S S S

γ + γ + γ +
+ + = + +  

3.6 

 

The design tension stress at the bottom of the girder, fdes, was calculated as the right side 

of Equation 3.6. For a given ft, 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 freq 

was then determined as follows, 
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3.10 

 

Based on calculated freq and corresponding Preq, for the initial iteration the required 

number of strands was calculated and used to determine Aps, enc, and ∆fs, 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 Pe equaled Preq in Equation 

3.3. This study aimed to investigate theoretically optimal reliability indices and implicit β’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: 

• 60-, 90-, 120-, and 150-ft spans, 

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

girders, 

• 3.5-ft overhangs, 

• 10-ft girder spacings, 

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

• 1-in. deck haunch, 

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

• Simple and equal continuous spans.  
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Four tension stress limit values (hereafter ft) were considered for service. The maximum  

considered design ft was the modulus of rupture (fr), 0.24 'cf (ksi), which is larger than the 0.6 

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

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

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

coefficient before 'cf (ksi) in the design ft is referred to herein as κ. 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 κ, ft, f 'c, and f 'ci included: 

• ft  = 'cfκ  ksi, where κ = 0, 0.0948, 0.19, and 0.24, 

• f 'c_girder = 8 ksi, 

• f 'ci_girder = 5 ksi, 

• f 'c_deck = 4 ksi, and 

• f 'ci_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 (fpi) was 75% of the ultimate tensile strength (fpu). 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. 

 
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, Sncb, and Scb). 

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 Scb. 

LRFD BDS Equation C5.4.2.4-2 was used to calculate the modulus of elasticity. Scb 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  

 

 

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 γD) for service is 1.0. However, design LL factors 

(design γL) 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 γL 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. 

Pre-1.0-No-gains Pre-2005 loss method 1.0 N Standard Specifications  9.16.2.1

Approx-0.8-Gains 0.8 Y LRFD Table 3.4.1-4: All other prestressed 
concrete components

Approx-0.8-No-gains 0.8 N LRFD Table 3.4.1-4: All other prestressed 
concrete components

Approximate loss method
(LRFD BDS 5.9.3.3)

Approximate loss method
(LRFD BDS 5.9.3.3)

Post-0.8-Gains 0.8 Y Same as Scenario Post-1.0-Gains  with a 
lower live load

Post-0.8-No-gains 0.8 N LRFD Table 3.4.1-4: All other prestressed 
concrete components

Post-2005 loss method
(LRFD BDS 5.9.3.4)

Post-2005 loss method
(LRFD BDS 5.9.3.4)

ID
Design Live Load 

Factor (γ L )
Elastic gains 

(Y/N)
Comment

Post-1.0-Gains 1.0 Y

LRFD Table 3.4.1-4: Prestressed concrete 
components designed using refined estimates 
for time-dependent losses in Article 5.9.3.4 in 

conjunction with elastic gains

Loss Computation

Post-2005 loss method
(LRFD BDS 5.9.3.4)
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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: 

• Prestress transfer: 1 day,  

• Deck placement: 30 days, 

• Final analysis time: 3650 days, and 

• 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, Dnc, Dc, 

and Dw). 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 IM of 0.33 was 

applied to truck and tandem loads in accordance with the LRFD BDS. The interior girder GDF 

for multiple lane loading (GDFm) in Equation 3.6 was determined using LRFD BDS Table 

4.6.2.2.2b-1. The longitudinal stiffness (Kg) term was calculated based on optimally designed 
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girder cross-sectional geometry when determining GDFm. 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 GDFm, 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. IM 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, Dnc, Dc, and Dw), live 

loads (LLHL-93, LLPlatoon), and selected variables affecting resistance (enc, ec, Aps, fpi, Δfs (w/o LL gain), 

ft (κ= 0, 0.095, and 0.19), and fr ) 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). Δfs (w/o LL 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 fr was from Holombo and Tadros (2010), who determined that the mean and CoV 

of the modulus of rupture were 7.02 'cf  (psi) and 0.24, respectively. The typical nominal 

modulus of rupture was 7.5 'cf (psi), and the bias for fr was the ratio of 7.02 to 7.5. The moduli 

of rupture for the 0.30 'cf and 0.37 'cf cracking limits were uncertain and assumed to have 

the same bias and CoV as 0.24 'cf . Allowable tension limits (ft) for κ 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, IM, 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 CoV bound of 0 

reflects the potential for IM, 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 CoV bounds for platoons. 
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Table 3.2 Statistical Parameters for Variables 

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

3.4.8 Limit State Function for Service III 

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, GDFm, 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. 

 

93( ) ( ) (1 )gw nceval eval nc c w HL m
t

g ncb ncb cb cb

D DP P e D D LL IM GDFg R Q f
A S S S S

−
  + + +

= − = + + − + +       
 3.11 

Variables Distribution Bias CoV References
D gw Normal 1.03 0.08 Kulicki et al. (2007)
D nc Normal 1.05 0.1 Kulicki et al. (2007)
D c Normal 1.05 0.1 Kulicki et al. (2007)
D w Normal 1 0.25 Kulicki et al. (2007)

LL HL-93 Normal 1.18 0.18 Kulicki et al. (2007)
LL Platoon Normal 1.00 0-0.20 Steelman et al. (2021)
e nc , e c Normal 1 0.04 Siriaksorn and Naaman (1980) 

A ps Normal 1.01176 0.0125 Siriaksorn and Naaman (1980)
f p i Normal 0.97 0.08 Wassef et al. (2014), and Gross and Burns (2000) 

Δf s (w/o LL gain ) Normal 1.05 0.1 Wassef et al. (2014) and Tadros et al. (2001)
f r Normal 0.936 0.24 Holombo and Tadros (2010)

f t  (κ= 0-0.19) Deterministic 1 0 Assumption
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where the Peval is the effective prestress force for the evaluation, ΔfSeval is the prestress loss for 

the evaluation, ΔfpES is the elastic shortening loss, ΔfpLT is the long-term prestress loss, ΔfpGainDL is 

the elastic gain from dead loads, and ΔfpGainLL is 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. fReval is 

the available resistance to tension stress for evaluation and can be determined using Equation 

3.13. 

3.5 Reliability Analysis for Service II 

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. β was calculated from nominal demands, 

live loads, and resistances with corresponding biases and uncertainties using MCS with N = 

1,000,000 samples. 

 
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: 

( ) ( ) ( )
( )( )

DC DW P

LL

C DC DW PRF
LL IM

γ γ
γ

− − − γ
=

+
 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. IM is dynamic 

impact amplification. γLL is the live load factor, γDC is the dead load factor for dead load effects 

from components, γDW is the dead load factor for wearing surfaces, and γP is 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: 

 

_
1.25 1.5 1.75 (1 )n m

n Strength
DC DW L IM GDFR

φ
+ + +

=  3.15 

 

where Rn_Strength is the minimum required nominal resistance (demand) for Strength I, φ 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, GDFm is the nominal 

moment GDF, and Ln 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: 

 

( )( ) ( )( )
)( )

R DC DC DW DW

LL LL IM

f f fRF
f +

− γ − γ
=

(γ
 

3.16 

 

where RF is the load rating factor, γDC, γDW and γLL 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: 

 

0.95 ( 0)R h yf lf R F f= =  3.17 

( ) ( )gw nc c
DC

NC LT

D D Df
S S
+

= +  3.18 

( )w
DW

LT

Df
S

=  3.19 

(1 ) m
LL IM

ST

LL IM GDFf
S+

+
=  3.20 

 

where:  

RF = rating factor,  

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

Rh = hybrid factor shown in LRFD BDS Article 6.10.1.10.1 (assumed to be 1),  

Fyf  = nominal flange yield stress,  

fDC = nominal stress due to dead loads from components, 
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fDW = nominal stress due to wearing surfaces, 

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

zero), 

fLL+IM  = nominal stress due to LL including impact, 

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

γDW = dead load factor for wearing surfaces, 

γLL = live dead load factor, 

Dgw = nominal girder dead load moment,  

Dnc = nominal noncomposite dead load moment,  

Dc = nominal composite dead load moment,  

Dw = nominal wearing dead load moment,  

LL = nominal HL-93 design loading,  

IM = nominal impact factor; LRFD BDS Article 3.6.2, 

GDFm = nominal moment GDF,  

SNC = nominal noncomposite elastic section modulus,   

SST = nominal short-term composite section modulus, and  

SLT = 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 SST, Barker and Puckett (2020) determined nominal optimal 

resistance for Service II using moments. According to Barker and Puckett (2020), the required 

nominal resistance to satisfy Service II is as follows: 
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_ 0.95 ( ) ( ) (1 )ST ST
n Service ST yf gw nc c w m

NC LT

S SR S F D D D D LL IM GDF
S S

= = + + + + +  3.21 

 

where Rn_Service is 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 II 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 

 
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:  

• 3.5-ft overhang length, 

• five girders, 

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

Web depth Increments: 2 in. Composite girder height: 
0.033L to 0.04L

In average: 0.035L

Flange thickness Minimum thickness: 0.75 in.
Increments: 0.125 in.

Minimum thickness: 0.75 in. 
Increments: 0.25 in. for 
thickness from 1 to 3 in.

                                                                      
Minimum thickness: 0.75 in.

Web thickness Two thickness designs needed 
(stiffened and unstiffened web )

Minimum thickness: 0.5 in. Minimum thickness: 0.4375 in.

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

Minimum width:15 in. Minimum width:16 in.
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• 10-ft girder spacings (results indicated insensitivity of β with 6-, 8-, 10-, and 12-ft 

spacing), 

• homogenous plate girders (Fy = 50 ksi), 

• steel modulus of 29000 ksi, 

• composite 8-in deck thickness with sacrificial 0.5-in and 2-in. asphalt wearing 

surfaces, 

• 2-in. deck haunch (from top of the girder to bottom of deck), 

• miscellaneous and cross frames of 0.015 klf, 

• 17-in. wide barrier, weight of 0.124 k/ft per girder, and 

• A girder unit weight of 0.49 kcf.  

Design resistance specifications used were: 

• For simple- and two-span positive moment regions: 

1. LRFD BDS Article 6.10.2 proportion limits, 

2. LRFD BDS Article 6.10.4.2.2 Service II limit, and 

3. LRFD BDS Article 6.10.7 Strength I limit. 

• For two-span negative moment region: 

1. LRFD BDS Article 6.10.2 proportion limits, 

2. LRFD BDS Article 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 Article 6.10.8 Strength I limit. 

Design assumptions included: 

• 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 fl = 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 Rh = 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 (Lb) to 25 ft, and the moment gradient modifier (Cb) 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 (My) 

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, SST  and SLT were the 

same for Service II and Strength I.  

 

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

 

 

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

 
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. 

Span (ft) D (in) tw(in) btf (in) ttf (in) bbf (in) tbf (in) SST/SNC SST/SLT

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

Span (ft) D (in) tw(in) btf (in) ttf (in) bbf (in) tbf (in) SST/SNC SST/SLT

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
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Table 3.6 Optimal Design Girder Sections for Two-span Negative Moment at the Interior 
Support 

 

 

3.5.4 Nominal Dead and Live Loads 

The four dead load components (Dgw, Dnc, Dc, and Dw) 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 GDFm for 

multiple lanes in Equation 3.20 was determined using LRFD BDS Table 4.6.2.2.2b-1. 

Longitudinal stiffness (Kg) was calculated based on girder cross-sectional geometry when 

determining GDFm.  

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, Dnc, Dc, and Dw), live loads (LLHL-93 

and LLPlatoon), 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 CoV was 0 to 0.20, as presented in Steelman et al. (2021), to 

Span (ft) D (in) tw(in) btf (in) ttf (in) bbf (in) tbf (in) SST/SNC SST/SLT

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 22.47 2.500 1.213 1.000
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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 

 

 

3.5.6 Limit State Function for Service II 

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 II was adopted from Barker and Puckett (2020) for simple- 

and two-span bridges designed based on LRFD BDS. 

 

930.95 ( ) ( ) (1 )ST ST
ST yf gw nc c w HL m

NC LT

S Sg R Q S F D D D D LL IM GDF
S S −= − = − + − + − +  3.22 

 

where SST/SLT 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. 

 

Variables Distribution Bias CoV References
D gw Normal 1.03 0.08 Kulicki et al. (2007)
D nc Normal 1.05 0.10 Kulicki et al. (2007)
D c Normal 1.05 0.10 Kulicki et al. (2007)
D w Normal 1.00 0.25 Kulicki et al. (2007)

LL HL-93 Normal 1.18 0.18 Kulicki et al. (2007)
LL Platoon Normal 1.00 0-0.20 Steelman et al. (2021)

R Lognormal 1.12 0.10 Kulicki et al. (2007)
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3.6 Monte Carlo Simulation 

MATLAB was used to perform MCS to calculate reliability indices, β, 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, α, to scale the platoon load effect to a maximum permissible 

limit conforming to targeted reliabilities, β. Bridges were initially evaluated using legal loads 

scaled by α = 0.6, and then α was increased incrementally until the target β was reached.   

The selection of the target β is a key point when calibrating LL factors. For Strength I, 

bridges are generally evaluated at the inventory or operating levels, with corresponding β targets 

of 3.5 and 2.5, respectively. In the LRFD BDS and MBE, such reliability indices for Service II 

and Service III have not yet been established, hindering platoon optimal use. This study proposes 

target implicit reliability (βImplicit) 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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Figure 3.7 Monte Carlo Simulation Flowchart 
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A flowchart of the MCS procedure is illustrated in Figure 3.7. There are three primary 

use cases:   

• Case I: single lane of platoon loading, 

• Case II: two identical platoons operating in adjacent lanes, and 

• Case III: one lane of platoon loading operating adjacent to routine traffic.  

The procedure for evaluating Service II 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 III) 

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) If initializing, set H = 5 ft. 

b) Otherwise, increase H by 1 ft to a maximum of H = 50 ft. 

7. Determine nominal platoon effects, LPL, for specific bridge and platoon configuration under 

consideration:   
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a) If scenario under consideration is Case I or Case III, use g = GDFs / 1.2, where GDFs 

is single lane LRFD BDS GDF with an embedded MPF. 

b) If scenario under consideration is Case II, use g = GDFm, where GDFm is multi-lane 

LRFD BDS GDF. 

8. Determine nominal adjacent lane routine truck effects, Ladj, for the specific bridge and 

platoon configuration under consideration: 

a) If scenario under consideration is Case I or Case II, Ladj = 0. 

b) If scenario under consideration is Case III, 

max * *
1.33 1.2

s
adj m n

GDFL g GDF Lλ     = = −    
    

 3.23 

where Ln is HL-93 design loading, with dynamic amplification, and λmax is the normalized 

mean of adjacent load (bias) from Tables 17-20 in Steelman et al. (2021). λmax is 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, LPL and Ladj, by (1 + μIM) = 1.1. 

10. Set platoon load effect bias and CoV:  

a) If initializing, set platoon load effect CoV = zero. 

b) Otherwise, increase CoV by 0.02. 

11. Specify platoon load effect amplification factor, α: 

a) If initializing, set α = 0.6.  

b) Otherwise, increase α 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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Ladj. Calculate standard deviation of adjacent lane load effect, where CoVadj 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 Ladj if considering Case III. 

16. a) If considering Case III, for all cases except negative moments for 90 to 200 ft two-span 

bridges, calculate corresponding value of Ladj1 (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 Ladj1 

and Ladj2 (an Extreme Type I random variable). 

17. For prestressed concrete girder bridges (Service III), calculate limit state functions for load 

cases as follows.  

a) Case I:  

( ) ( ) (1 )gw nceval eval nc c w PL s
t

g ncb ncb cb cb

D DP P e D D L IM GDFg f
A S S S S

  + + +
= + + − + +       

 3.24 

b) Case II: 

( ) ( ) (1 )gw nceval eval nc c w PL m
t

g ncb ncb cb cb

D DP P e D D L IM GDFg f
A S S S S

  + + +
= + + − + +       

  3.25 

c) Case III: 
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( ) ( ) (1 )gw nc adjeval eval nc c w PL s
t

g ncb ncb cb cb cb

D D LP P e D D L IM GDFg f
A S S S S S

  + + +
= + + − + + +       

 3.26 

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

a) Case I:  

0.95 ( ) ( ) (1 )ST ST
ST yf gw nc c w PL s

NC LT

S Sg S F D D D D L IM GDF
S S

= − + − + − +  3.27 

b) Case II: 

0.95 ( ) ( ) (1 )ST ST
ST yf gw nc c w PL m

NC LT

S Sg S F D D D D L IM GDF
S S

= − + − + − +  3.28 

c) Case III: 

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

calculate corresponding value of Ladj (extreme Type I random variable) 

0.95 ( ) ( ) (1 )ST ST
ST yf gw nc c w PL m adj

NC LT

S Sg S F D D D D L IM GDF L
S S

= − + − + − + −  3.29 

II. for negative moments for 90 to 200 ft two-span bridges, simulate two 

independent adjacent loads and calculate corresponding values of Ladj1 and 

Ladj2 (extreme Type I random variable) 

1 20.95 ( ) ( ) (1 )ST ST
ST yf gw nc c w PL m adj adj

NC LT

S Sg S F D D D D L IM GDF L L
S S

= − + − + − + − −  3.30 

19. Count the number of failure cases, F, for which gi < 0.  

20. Calculate probability of failure, Pf = F / N. 

21. Determine reliability index β according to β = − Φ-1(Pf). 

22. Compare calculated and target βImplicit. If calculated β > target βImplicit, return to Step 11. 
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Otherwise, store the critical value of α 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 

βImplicit , where βImplicit 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 βImplicit for Service II and Service 

III. After βImplicit 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 CoV 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 

III 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 

I-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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Figure 4.1 Loading Scenarios for Comparison of Nominal LL Moments 

 

  
(a) Simple-span bridges at midspan (b) Two-span bridges at 0.4L of end spans 

Figure 4.2 LL Moments for Platoons and HL-93 Loadings on Prestressed Girder Bridges 

 



 

74 

4.3 Service III 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 κ = 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. βImplicit  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 κ coefficient is represented as ft 

(κ) (e.g., 0.19 ' ( 0.19)c tf f κ= = ). “DET” indicates the use of a deterministic value for the 

allowable tension stress limit ft while “VAR” indicates the use of a probabilistically varying 

value for the modulus of rupture fr. 

4.3.1 Service III Optimal Design Results 

In this section, ft (κ = 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 fD values were the same for both 

design and evaluation. fLL+IM results for evaluation were all based on HL-93 loading with γL = 

1.0, while fLL+IM values for design varied. For bridges designed using the γL = 0.8 or pre-2005 

loss method, fLL+IM values for design were lower than those designed with Post-1.0-Gains.  

Figure 4.3b presents optimal Aps for ft (κ = 0.0948). For 60-ft bridges, the Aps value was 

similar for the different loss methods, but Aps varied more across design cases when span lengths 

increased. Aps 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, Aps values 

for 150-ft span bridges designed with approximate and post-2005 loss methods (γL = 0.8) were 

slightly larger than for Post-1.0-Gains. Generally, Pre-1.0-No-gains produced larger Aps values 

than other methods.
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(a) Tensile Stresses due to Factored 

Design and Evaluation Dead and Live 
Loads  

(b) Optimal Aps for Design and Evaluation (κ 
= 0.0948) 

Figure 4.3 Tensile Stresses Due to Factored Dead and Live Loads, and Optimal Aps for ft (κ = 
0.0948) for Various Design Scenarios 

 

Figure 4.4 presents prestress losses and elastic gains for design and evaluation. Post-0.8-

Gains generally predicted the lowest ΔfS, and Pre-1.0-No-gains the highest ΔfS for design as 

shown in Figure 4.4a. ΔfS 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. ΔfS 

generally increased with span length, with changes in girder section size potentially being 

responsible for slightly reduced ΔfS for the 120-ft bridges. When predicting ΔfS 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, ΔfSeval  and ΔfS  were the same for bridges 

designed with the Post-1.0-Gains method, and ΔfSeval for evaluation significantly reduced from 

ΔfS in designs for loss methods without elastic gains (Figure 4.4a and Figure 4.4b). Slight  

differences between ΔfS  and ΔfSeval 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 γL. Elastic gains for evaluation were practically the same for different designs 

(Figure 4.4d) and contributed to differences between ΔfS  and ΔfSeval  in Figure 4.4a and Figure 

4.4b. 
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(a) ΔfS for Design 

(κ = 0.0948) 
(b) ΔfSeval for Evaluation 

(κ = 0.0948) 

    
(c) ΔfGain for Design 

(κ = 0.0948) 
(d) ΔfGain for Evaluation 

(κ = 0.0948) 
Figure 4.4 Prestress Loss and Elastic Gains for Design and Evaluation at ft (κ = 0.0948) 

 

Based on Aps, fpi, ΔfS , and ΔfSeval, effective prestress loss for design and evaluation can be 

determined using Equations 3.3 and 3.12 

( ) ( ( ))
evaleval ps pi S ps pi pES pLT GainDL GainLLP A f f A f f f f f= −∆ = − ∆ + ∆ −∆ −∆  3.12 
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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 Pe for design. Pe for bridges 

for all other design scenarios was similar.  

As expected, Peval  tracks with Aps and was identical for Pe  and Peval 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). Peval values were 

similar for bridges designed using loss methods including gains and γL = 0.8, and were smaller 

than those using Post-1.0-Gains as shown in Figure 4.5b due to lower Aps provided from the 

design. Similarly, bridges designed with loss methods neglecting elastic gains and using γL = 0.8 

generally produced larger Peval values than Post-1.0-Gains. Figure 4.5c 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 Aps led to a 

larger fReval. Various influences from the selected loss method, LL factors, and use or neglect of 

elastic gains produced bridges with differing fReval 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 

of fReval. 
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(a) Pe for Design 

(κ = 0.0948) 
(b) Peval for Evaluation 

(κ = 0.0948) 

    
(c) fR for Design 

(κ = 0.0948)                   
(d) fReval for Evaluation 

(κ = 0.0948) 
Figure 4.5 Effective Prestress Force and Resistance for Design and Evaluation at ft (κ = 0.0948)     

 

4.3.2 Service III 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 III 

at ft (κeva = 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 III ft (κeva = 

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 ft (κeva = 0.0948) were expected to exceed the 

Service III limit state during their life, despite being optimally proportioned to satisfy Service III 

design criteria. 

 

   
(a) PDFs for R, Q, and g  (b) Zoomed PDF for g 

Figure 4.6 Probability Density Functions for Evaluating Service III at ft (κ = 0.0948) for 120-ft 
Simple-Span Bridges Designed by using Post-1.0-Gains 

 

Peval and fReval 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 βImplicit. Higher nominal fReval values lead to 

higher reliability indices, though ft and Peval uncertainties also contribute to reliability indices. 

βImplicit 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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1. Colors denote ft. βImplicit was 
consistently about -0.60 for bridges 
designed using Post-1.0-Gains, was 
not prominently sensitive to ft (κ), 
and was slightly sensitive to span 
length. Explanation: Referring to 
Figure 4.5, nominal resistance for 
design and evaluation are the same. 
Equation 3.11 leads to relatively 
close reliability indices for different 
span lengths and ft limits, and the 
slight difference was attributed to 
the uncertainties of ft and Peval. 

2. Figure 4.7b presents corresponding 
probabilities of exceeding tension 
limits. Probabilities were greater 
than 50% for all cases. Average 
probability was approximately 73%. 

3. Considering ft (κ = 0.0948), fReval 
for Post-1.0-Gains in Figure 4.5d 
can be used as a reference case 
since it provided consistent 
reliability indices for span lengths 
and ft. 

(a) β for Post-1.0-Gains  (b) Probability of Exceeding Tension 
Stress Limits for Post-1.0-Gains  

 

Figure 4.7 Reliability Index β and Corresponding Probabilities of Exceeding Tension Limits for Simple-span Bridges Designed using 
Post-1.0-Gains Method, Similar Design and Evaluation ft (κ) 



 

 

84 

  

 

 

1. Figure 4.8a presents βImplicit for 
bridges designed using Post-0.8-
No-gains.  

2. Figure 4.8a shows β = -0.42 for a 
120-ft bridge designed and 
evaluated with ft (κ = 0.0948); 
higher than ‑0.61 in Figure 4.7a. 
Explanation: fReval  for the 120-ft 
bridge designed with Post-0.8-No-
gains was slightly larger than that 
for Post-1.0-Gains. 

3. βImplicit increased with increasing 
span. Explanation: The difference 
between the fReval for Post-0.8-No-
gains and Post-1.0-gains generally 
increased as span lengths increased 
(Figure 4.5d) 

4. Span-by-span comparison between  
Figure 4.7a and Figure 4.8a reveals 
inconsistent differences between 
reliabilities including or neglecting 
elastic gains and using 1.0 or 0.8 
load factor. 

5. The average probability of 
exceeding tension limits was 
approximately 70% (Figure 4.8b). 

(a) β for Post-0.8-No-gains   (b) Probability of Exceeding Tension 
Stress Limits for Post-0.8-No-gains  

 

Figure 4.8 Reliability Index βImplicit and Corresponding Probabilities of Exceeding Tension Limits for Simple-span Bridges Designed 
using Post-0.8-No-gains Method, Similar Design and Evaluation ft (κ) 
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1. Figure 4.9a presents βImplicit for 
bridges designed using Approx-0.8-
No-gains. 

2. Comparing Figure 4.8a to Figure 
4.9a, a similar β trend existed as 
span length increased. Slight 
differences were attributed to 
Approx-0.8-No-gains producing 
relatively higher fReval than Post-
0.8-No-gains (Figure 4.5d).  

3. Like Figure 4.8b, probability of 
exceeding tension limits decreased 
as the span length increased (Figure 
4.9b). 

4. Average probability of exceeding 
tension limits was approximately 
67% (Figure 4.9b) 

 

(a) β for Approx-0.8-No-gains  (b) Probability of Exceeding Tension 
Stress Limits for Approx-0.8-No-gains  

 

Figure 4.9 Reliability Index βImplicit and Corresponding Probabilities of Exceeding Tension Limits for Simple-span Bridges Designed 
using Approx-0.8-No-gains Method, Similar Design and Evaluation ft (κ)
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Peval and fReval 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 βImplicit but lower values than methods presented 

in Figure 4.7 to Figure 4.9. Figure 4.10 presents βImplicit and corresponding probabilities of 

exceeding tension limits for two design methods with elastic gains and γL = 0.8. Figure 4.10a 

presents β for bridges designed using Post-0.8-Gains and indicates that β was approximately -

1.20 and largely insensitive to ft (κ) 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 β for bridges designed using Approx-0.8-Gains, with β 

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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(a) β for Post-0.8-Gains  (b) Probability of Exceeding Tension Stress 
Limits for Post-0.8-Gains  

  

 

 

(c) β for Approx-0.8-Gains  (d) Probability of Exceeding Tension Stress 
Limits for Approx-0.8-Gains  

Figure 4.10 Reliability Index βImplicit and Corresponding Probabilities of Exceeding Tension 
Limits for Simple-span Bridges Designed using Post-0.8-Gains and Approx-0.8-Gains Methods, 

Similar Design and Evaluation ft (κ) 

 

Generally, Pre-1.0-No-gains produced higher Peval and fReval values than the other design 

loss methods, except for some 60-ft bridge span cases (Figure 4.5b and Figure 4.5d). βImplicit for 

Pre-1.0-No-gains was generally higher than that for other methods. Figure 4.11a presents βImplicit 
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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. β’s varied as a function of span length and generally 

increased as span increased, and trends for Peval and fReval did not consistently match those 

observed using prestress loss methods from the LRFD BDS. Compared to β 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 β for 

considered spans (Figure 4.7a, Figure 4.10a, and Figure 4.10c). Bridges designed without 

considering elastic gain possessed higher β 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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(a) β for Pre-1.0-No-gains  (b) Probability of Exceeding Tension Stress 

Limits for Pre-1.0-No-gains  

Figure 4.11 Reliability Index β and Corresponding Probabilities of Exceeding Tension Limits for 
Simple-span Bridges Designed using Pre-1.0-No-gains, Similar Design and Evaluation ft (κ) 

 

In summary, average βImplicit for optimally designed Service III bridges was 

approximately: 

• -0.60 for bridges designed using Post-1.0-Gains, Post-0.8-No-gains, and Approx-0.8-No-

gains  

• -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 βImplicit value of -0.60 to evaluate 

bridges for platoons.  



 

90 

4.3.3 Effects of Parameter Uncertainty on Service III 

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 ft (κdes = 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 (ft  = 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, Q, 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 CoV may not significantly affect the reliability index. 



 

91 

  

(a) Normal Probably Plot for Terms in 
Service III Limit State Function 

(b) Normal Probably Plot for the Service 
III Limit State Function   

Figure 4.12 Normal Probably Plots for 120-ft Prestressed Concrete Bridges Designed by Post-
1.0-Gains with ft (κdes = 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 II 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 I. 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 II 

still governed.  

 

   
(a) Performance Ratios for Simple-span 

Positive Moment  
(b) Performance Ratios for Two-span Positive 

Moment  

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

 

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 II 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 II 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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(a) PDFs for R, Q, and g  (b) Zoomed PDF for g 

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 βimplicit value of 1.60 (Figure 4.16b).  
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(a) β for Simple- and Two-span Bridges (b) β for Simple- and Two-span Bridges 
Positive Moment Regions 

Figure 4.16 Reliability Index β for Simple-span and Two-span Bridges at Service II 

 

4.4.3 Effects of Parameter Uncertainty on Service II 

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, Q, 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). 

 

  

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

(b) Normal Probably Plot for the Service 
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 βImplicit  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: 

 

( )( ) )( )R D D L LL IMf f f +− γ = (γ  5.1 

 



 

98 

where fR , fD, and fLL+IM  are given in Equations 3.2  through 3.5. γD is the rating dead load factor 

(equal to 1.0 for Service III). γL 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:  

 

93 93(1 ) (1 )platoon platoon platoon platoon platoon L HL HL m

cb cb

LL IM GDF LL IM GDF
S S

γ λ α
− −

+ γ +
=  5.2 

 

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: 

 

93 93(1 )
(1 )

L HL HL m
platoon

platoon platoon platoon platoon

LL IM GDF
LL IM GDF

γ
λ α

− −γ +
=

+
  5.3 

 

where IMHL-93 and GDFm corresponded to the typical LRFR dynamic impact amplification factor 

and GDFm for multiple lanes-loaded, respectively. LL bias for platoons, λplatoon, was assumed to 

be 1.0 throughout this research, as was the case in Steelman et al. (2021). The critical 

amplification factor, α, was applied to the platoon nominal static load effect, LLplatoon, which was 

determined using MCS to satisfy a target βImplicit = -0.6 for Service III. GDFplatoon depended on 

the load case being considered (see Section 3.6 Step 17). IMplatoon 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.  



 

99 

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 ft (κ = 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 LLplatoon . When a larger headway was selected, 

LLplatoon decreased from its maximum value, but the MCS produced a correspondingly higher α 

so that μplatoon remained at the target β. Results in the following subsections include both α and 

γplatoon.  

5.3.1 Single-Lane Loaded Service III Results 

Table 5.1 shows α 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 ft 

(κdes = 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 βImplicit = -0.6 for all α 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, α  

  

 

Corresponding LL factors and maximum and average values for each CoV 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. 

 

0.00 0.04 0.08 0.12 0.16 0.20
60 1.9 1.9 1.9 2.0 2.0 2.0
90 1.6 1.6 1.6 1.6 1.6 1.6

120 1.4 1.4 1.4 1.4 1.4 1.4
150 1.3 1.3 1.3 1.3 1.3 1.3
Min 1.3 1.3 1.3 1.3 1.3 1.3
Avg 1.6 1.6 1.6 1.6 1.6 1.6

PS Concrete Bridges
  Span Length (ft)  

   CoV
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Table 5.2 Single-Lane Platoon (Without Adjacent Traffic) Positive Moment Calibrated LL 
Factors, γLL 

  

 

5.3.2 Platoon with Routine Traffic in Adjacent Lane Service III 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 α 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 ft (κdes = 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 III βImplicit. 

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 

0.00 0.04 0.08 0.12 0.16 0.20
60 0.84 0.84 0.84 0.80 0.80 0.80
90 0.83 0.83 0.83 0.83 0.83 0.83

120 0.84 0.84 0.84 0.84 0.84 0.84
150 0.82 0.82 0.82 0.82 0.82 0.82
Max 0.84 0.84 0.84 0.84 0.84 0.84
Avg 0.83 0.83 0.83 0.82 0.82 0.82

PS Concrete Bridges
  Span Length (ft)  

   CoV
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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 CoVs. 

 

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

  

 

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

  

 

5.4 Service II 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: 

0.00 0.04 0.08 0.12 0.16 0.20
60 1.2 1.2 1.2 1.2 1.3 1.3
90 1.0 1.0 1.0 1.0 1.0 1.0

120 0.8 0.8 0.8 0.8 0.9 0.9
150 0.7 0.7 0.7 0.7 0.8 0.8
Min 0.7 0.7 0.7 0.7 0.8 0.8
Avg 0.9 0.9 0.9 0.9 1.0 1.0

PS Concrete Bridges
  Span Length (ft)  

   CoV

0.00 0.04 0.08 0.12 0.16 0.20
60 1.33 1.33 1.33 1.33 1.23 1.23
90 1.33 1.33 1.33 1.33 1.33 1.33

120 1.46 1.46 1.46 1.46 1.30 1.30
150 1.53 1.53 1.53 1.53 1.34 1.34
Max 1.53 1.53 1.53 1.53 1.34 1.34
Avg 1.41 1.41 1.41 1.41 1.30 1.30

PS Concrete Bridges
  Span Length (ft)  

   CoV
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( )( ) )( )R D D L LL IMf f f +− γ = (γ  5.4 

 

fR, fD, and fLL+IM were given in Equations 3.17 through 3.20. γD is the dead load factor 

(equal to 1.0 for Service II), and γL is the rating LL factor (equal to 1.30 for inventory level 

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

 

93 93(1 ) (1 )platoon platoon platoon platoon platoon L HL HL m

ST ST

LL IM GDF LL IM GDF
S S

γ λ α
− −

+ γ +
=  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: 

 

93 93(1 )
(1 )

L HL HL m
platoon

platoon platoon platoon platoon

LL IM GDF
LL IM GDF

γ
λ α

− −γ +
=

+
 5.6 

 

IMHL-93, IMplatoon, GDFm, and λplatoon for Service II calibration were the same as for 

Service III. The critical amplification factor, α, was applied to the platoon nominal static load 

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

II. GDFplatoon 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 II Results 

Table 5.5 provides α 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 βImplicit 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, α 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, α  

 

 

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 CoV 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, γLL 

   

0.00 0.04 0.08 0.12 0.16 0.20
60 2.1 2.1 2.1 2.0 2.0 1.9
90 1.7 1.7 1.7 1.7 1.6 1.6
120 1.5 1.5 1.5 1.4 1.4 1.3
150 1.3 1.3 1.3 1.3 1.2 1.2
200 1.2 1.2 1.2 1.2 1.1 1.1
Min 1.2 1.2 1.2 1.2 1.1 1.1
Avg 1.6 1.6 1.6 1.5 1.5 1.4

Steel Bridges
  Span Length (ft)  

   CoV

0.00 0.04 0.08 0.12 0.16 0.20
60 0.99 0.99 0.99 1.04 1.04 1.09
90 1.02 1.02 1.02 1.02 1.08 1.08
120 1.01 1.01 1.01 1.08 1.08 1.17
150 1.07 1.07 1.07 1.07 1.16 1.16
200 1.11 1.11 1.11 1.11 1.21 1.21
Max 1.11 1.11 1.11 1.11 1.21 1.21
Avg 1.04 1.04 1.04 1.06 1.11 1.14

Steel Bridges
  Span Length (ft)  

   CoV
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5.5.2 Platoon with Routine Traffic in Adjacent Lane Service II Results 

Table 5.7 provides α 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, α 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 II βImplicit. 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 CoV 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, α  

 

 

0.00 0.04 0.08 0.12 0.16 0.20
60 1.5 1.5 1.4 1.4 1.4 1.3
90 1.1 1.1 1.1 1.1 1.1 1.1
120 0.9 0.9 0.9 0.9 0.9 0.9
150 0.8 0.8 0.8 0.8 0.8 0.8
200 0.7 0.7 0.7 0.7 0.7 0.7
Min 0.7 0.7 0.7 0.7 0.7 0.7
Avg 1.0 1.0 1.0 1.0 1.0 1.0

Steel Bridges
  Span Length (ft)  

   CoV
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Table 5.8 Single-Lane Platoon (With Adjacent Traffic) Positive Moment Calibrated LL Factors, 
γLL 

  

5.6 Proposed LRFR Factors  

Truck weight amplification factors, α, 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 βimplicit 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 II, 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 βImplicit of 1.6 for Service II at steel bridges under different loading scenarios 

0.00 0.04 0.08 0.12 0.16 0.20
60 1.39 1.39 1.48 1.48 1.48 1.60
90 1.57 1.57 1.57 1.57 1.57 1.57
120 1.69 1.69 1.69 1.69 1.69 1.69
150 1.73 1.73 1.73 1.73 1.73 1.73
200 1.90 1.90 1.90 1.90 1.90 1.90
Max 1.90 1.90 1.90 1.90 1.90 1.90
Avg 1.65 1.65 1.67 1.67 1.67 1.70

Steel Bridges
  Span Length (ft)  

   CoV
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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 III 

  

 

Table 5.10 Proposed Moment Calibrated LL Factors for Service II 

  
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 + IMdesired).  
 

  

Load factors by COV of total live load
COV LL  = 0 - 0.20

Truck  platoon Frequency Load conditions DF
ADTT                    

(one direction)

0.85

single-trip No other vehicles on the bridge One lane    N/A

1.55

Multiple trucks in 
platoon

100 Crossings Mixed with routine traffic in the 
adjacent lane

One lane    > 5000

0.85

single-trip Two identical platoons loaded on 
two lanes

Two or more lanes N/A

Load factors by COV  of total live load
COVLL = 0 - 0.20

Truck  platoon Frequency Load conditions DF
ADTT                    

(one direction)

1.15

single-trip No other vehicles on the bridge One lane    N/A

1.90

Multiple trucks in 
platoon

100 Crossings Mixed with routine traffic in the 
adjacent lane

One lane    > 5000

1.15

single-trip Two identical platoons loaded on 
two lanes

Two or more lanes N/A
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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 βImplicit = -0.6 for Service III and a target βImplicit = 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 (α = 1.0) platooning 

scenarios on steel and prestressed concrete LRFD-designed girder bridges.  

6.2 Prestressed Concrete Bridges Service III 

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 β = -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 CoV = 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 ft (κdes = 

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 (α = 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 (LpL), 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, α started at 0.6 and was increased by increments of 0.1 until β ≤ βImplicit. 

Then, headway tables for each α and CoV were determined based on the minimum headways that 

met β ≥ βImplicit. Initializing at α = 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.  
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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 (α = 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 

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

spacing tables, α started at 0.6 and was increased by increments of 0.1 until β ≤ βImplicit.  

 

 
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 α that satisfies the target 

βImplicit for all span lengths was 2.3. Maximum α 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 α 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 α = 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) 

 

 

  

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 Fail 38 44
2.9 Fail Fail Fail 46
3.0 Fail Fail Fail 49
3.1 Fail Fail Fail Fail

L (ft) Amplification factor α               
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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 (α = 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 (α = 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 α that satisfied target βImplicit 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). α 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) 

 

 

6.3 Steel Bridges Service II 

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 II for different platoon CoVs are provided in Appendix B. 

Results were conservatively based on the assumption that the platoon CoV equaled the CoV for 

HL-93 design loading. 

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

Service III, except using βImplicit = 1.6 as shown in Figure 4.16b. A four-truck platoon was used to 

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

Amplification factor α               L (ft) 
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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 α 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 α 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 α = 2.2 is the maximum that can 

acceptably operate on all simple-span bridge spans. With α = 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 α 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) 

 

 

  

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

Amplification factor α             L (ft)
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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 (α = 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 

(α = 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 α that provides target βImplicit 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), α must be limited to 0.7 (70% of the legal load weight limit).  

Similar to the case without adjacent traffic, maximum α for all spans, achievable by 

adjusting platoon headways, and acceptable for Service II 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) 

  

 

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 α = 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 III, at the target βImplicit = -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 II, at the target βImplicit = 1.6, a minimum 

headway of 5 ft is similarly acceptable for bridge spans between 60 and 200 ft (Figure 6.3b) 

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 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

Amplification factor α             
L (ft)
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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. 

 

  
(a) Legal load platoon headway restrictions 

for prestressed bridges 
(b) Legal load platoon headway restrictions 

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 α > 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). 

 

  
(a) Headway restrictions for prestressed 
concrete girder bridges (βImplicit = -0.6) 

(b) Headway restrictions for steel girder 
bridges (βImplicit = 1.6) 

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

 



 

125 

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 III, a single-lane platoon can operate at a constant headway of 5 ft on all 

simple spans up to an α 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 (α = 1.0) cannot 

traverse all the considered spans at a constant headway of 5 ft. The presence of adjacent lane 

loading lowers the acceptable α 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 (IM = 0.33), 

which correspond to βImplicit = -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 α 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 (α = 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 α 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 (IM = 

0.33), and which correspond to an implicit reliability index, βImplicit = 1.6. 

Guidance is provided for operational platooning weight limits accounting for Service III 

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 

CoVL_GDF+IM: 
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where μIM is the mean of the dynamic impact factor; CoVL is the CoV of static LL; CoVGDF is the 

CoV of GDF; and CoVIM is the CoV of impact factor. As shown in Equations 7.1  to 7.3, the total 

CoVL_GDF+IM  for a platoon would be dependent on CoVL , CoVIM  , μIM , and  CoVGDF . 

In this chapter, characterizations of CoVL , CoVIM  , μIM , and  CoVGDF  for different 

scenarios are discussed so that calibrated LL factors and headways can be determined based on 

CoVL_GDF+IM  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: 

• 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. 

• 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 II systems. Vehicle speed range to meet functional performance 

requirements is 10 to 80 mph. 

• 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 CoVL 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 a result, the CoVL was calculated as Std/Mean = 0.031. Accordingly, the upper bound CoVL 

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) 

 

 
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 CoVL for static truck weight equals 0.12 from 

Type I Type II Type III
Wheel Load ±25% ±20%
Axle Load ±20% ±30% ±15%

Axle-Group Load ±15% ±20% ±10%
Gross Vehicle Weight ±10% ±15% ±6%

Speed
Axle-Spacing and Wheelbase

±1 mph
±0.5 ft

Function Tolerance for 95% 
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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 CoVL according to Equation 7.4: 
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where σ is the standard deviation, xi is the data set, μ the mean, and N the number of available 

WIM data records. Figure 7.2 illustrates how CoVL 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, IM) 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 IMs, 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 CoVIM  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 T1 and T2, the distance between them as d, and vehicle speed 
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v. Assuming the bridge natural frequency is f1. 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, f1. Finally, critical speeds that may cause resonance are 

determined according to Equation 7.7. 

 

dt
v

=   7.5 

1truck
vf f
d

 = =  
  7.6 

( )1critical truckv f f d= =   7.7 

 

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

A general framework for determining CoVIM and μIM 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: 

 

0.93395.4f L−= ×   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: 

 

22
EIf

L m
π

=   7.9 

 

where f is the natural frequency and L is the span length, or conservatively the maximum span 

length for multi-span continuous bridges, EI is the bending stiffness, and m is the mass per unit 

length. 

In the absence of test data and corresponding calibrated analytical models, a CoVIM = 

0.80 and μIM = 0.10 can be directly adopted from Nowak (1999) and Kulicki et al. (2007). Figure 

7.4 illustrates how CoVIM and μIM 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 IM characterization for that single, narrow set of conditions. However, many such tests 

would be required to update IM 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 IM 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 (λGDF) can be obtained by dividing the field measured GDF values by the LRFD BDS GDF. 

Table 7.2 shows that λGDF 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 (CoVGDF) 

is 14%, with a range of 11% to 18%. Note the λGDF was assumed to be 1.0 for live load 

calibrations in this project. The rating factor can be modified based on calculated λGDF 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 CoVGDF = 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) 

 

 

Bridge type Statistic 1 lane 2 or more lanes 1 lane 2 or more lanes
Average 0.78 0.90 0.72 0.82

CoV 11% 14% 14% 18%
Average 0.78 0.90 0.77 0.88

CoV 12% 13% 11% 16%
Prestressed concrete I-girder 

λGDF =Field reults/AASHTO GDF
Moment Shear

Steel 
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It should be noted that CoVGDF 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 CoVGDF and λGDF 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 CoVGDF and λGDF. Option 1 is to directly adopt both CoVGDF and 

λGDF 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 λGDF directly, and to then adopt only CoVGDF from Table 

7.2. Future WIM technology might reduce the CoVGDF 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 CoVGDF = 0.08 

from Sivakumar et al. (2011) and Ghosn (2019). The CoVGDF 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 CoVGDF is determined based on the availability of 
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calibrated analytical models, field tests, and the future mobile WIM technology. The determined 

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

 

 
Figure 7.5 Girder Distribution Factor Uncertainty Framework 

 

7.6 Sensitivity Analysis for Platoon Uncertainty 

Table 7.3 presents results for various combinations of CoVL, CoVIM, μIM, and  CoVGDF  

used in Equations 7.1 through 7.3 to evaluate sensitivity of total platoon LL CoV. For the first 

scenario, μIM was assumed to be 0.10 and CoVIM = 0.80 without resonance based on Nowak 

(1999) and Kulicki et al. (2007), and CoVGDF = 0.12 from Kulicki et al. (2007). The A, B, and 

CoVL_GDF+IM   were then determined using Equations 7.1 through 7.3 For this scenario, the total 

CoVL_GDF+IM  = 0.19. CoVL, CoVIM and CoVGDF were then independently set to zero to investigate 

their effects on total CoVL_GDF+IM. For example, CoVL_GDF+IM would reduce to 0.17 if CoVIM was 

zero. However, if either CoVL or CoVGDF equaled zero, CoVL_GDF+IM  would reduce to 0.14, 

which indicated that CoVL and CoVGDF are more influential on total CoVL_GDF+IM  than CoVIM. 
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There was no discernable difference between effects of CoVL and CoVGDF on total CoVL_GDF+IM 

(Table 7.2). 

 

Table 7.3 Sensitivity Analysis for Different Terms in Determining Platoon Uncertainty 

 

 

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 CoV are appreciable and 

identical, while those associated with dynamic amplification are less influential on total platoon 

CoV.

μ IM CoVL CoVIM CoVGDF A B CoVL_GDF+IM

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
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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) 

 

 
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 (fpi) was assumed to be 0.75, the ultimate tensile strength (fpu) 

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 0.19 'cf (ksi). Participation of mild 

reinforcing steel in girder cross-sectional resistance was ignored.  

 

 
Figure 8.4 Bridge Girder Details for S080 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).  

 

 
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 (dv) 

per LRFD BDS Article 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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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 

β =2.5) were obtained from Table 2.2 (Steelman et al., 2021). Service III moment LL factors 

(target β = -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 

 
 

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 5N 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 

Inventory Operating
Strength I for Design and platoon load rating

Flexure (at midspan) 1.656 2.146
Shear at (5.87 ft to the centerline of support) 1.354 1.755

Shear at (8 ft to the centerline of support) 1.377 1.785
Service III

Flexure (at midspan) 1.427
Service I

Flexure (at midspan)

1.403

Limit state Design load rating Platoon load rating 
(Strength I β target  = 2.5 and Service III β target  = -0.6)

2.088

Stress ratio = 1.177

1.443

1.062
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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.  

 

 
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 (fpi) 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 0.19 'cf (ksi). 

Participation of mild reinforcing steel in girder cross-sectional resistance was ignored.  
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Figure 8.10 Bridge Girder Details for S080 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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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. 



 

154 

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. 

 

 

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 

 
 

8.4 Steel Simple-Span Bridge   

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 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 

Inventory Operating
Strength I for Design and platoon load rating

Flexure (at the 0.5L of the interior span) 2.562 3.321
Flexure (at interior supports) 1.922 2.491

Shear at (3.93 ft to the centerline of interior supports at the interior span side) 1.629 2.111
Shear at (18.33 ft to the centerline of interior supports at the interior span side) 1.500 1.944

Service III
Flexure (at midspan) 2.108

Service I
Flexure (at midspan)

2.271

2.171

Stress ratio = 1.774

2.156
2.429

Limit state Design load rating Platoon load rating 
(Strength I β target  = 2.5 and Service III β target  = -0.6)

4.474
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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. 

 

 
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. 

 

 
Figure 8.14 Bridge Plan View for S080 00526 (AASHTOWare™ BrR, 2023) 

 

 
Figure 8.15 Bridge Cross Section for S080 00526 (AASHTOWare™ BrR, 2023) 
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Figure 8.16 Bridge Girder Details for S080 00526 (AASHTOWare™ BrR, 2023)
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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. A 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 

 
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 

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
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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. 

 

 
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 β = 2.5) were based on Table 2.2 

reproduced from Steelman et al. (2021). The Service II moment load factors (target β = 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 (γ 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 l rating 
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factors were calculated based on capacity over demand. The capacity is the (ΔF)n in Equation 

2.3. The demand is the γ in Equation 2.3 times the LL stress range (Δfplatoon). 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 

 
 

Inventory Operating
Strength I for design and platoon load rating

Flexure (at midspan) 1.278 1.656
Shear (at end) 2.159 2.799
Shear (at 4 ft) 1.990 2.580

Service II
Flexure (at midspan) 1.842 2.395 1.558

Limit state Design load rating Platoon load rating 
(Strength I β target  = 2.5 and Service II β target  = 1.6)

1.728
2.386
2.242
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Table 8.5 Rating Factors for Fatigue Limit States for Welded Cross-frame Connection Plate 

 
 

Table 8.6 Rating Factors for Fatigue Limit States for Shear Stud 

 
 

8.5 Steel Continuous Span Bridge   

Bridge S080 40375 is a 220-ft (60’-100’-60’) three-span, steel rolled beam bridge at the 

I-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. 

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 ft)

Limit state AASHTO Fatigue Truck Four-truck Platoons 
(5-ft NRL 100 crossings per day)

Fatigue I shear stud 
Shear (at end) 1.773 0.819

Fatigue II shear stud  
Shear (at end) 1.034

Limit state AASHTO Fatigue Truck Four-truck Platoons 
(5-ft NRL 100 crossings per day)
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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 ft-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 

8.21. 

 

 
Figure 8.19 Bridge Plan View for S080 40375 (AASHTOWare™ BrR, 2023) 

 

 
Figure 8.20 Bridge Cross Section for S080 40375 (AASHTOWare™ BrR, 2023) 
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Figure 8.21 Bridge Girder Details for S080 40375 (AASHTOWare™ BrR, 2023)
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8.5.2 Vehicle Details  

HL-93 was used for Strength I and Service II 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 

 
Note: fatigue damage ratio (c/e) = 8.200; fatigue damage ratio (d/e) = 2.379; fatigue damage 
ratio (c/d) = 3.447.   

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
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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). 

 

 
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 II 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 II 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 

 
 

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

 

 

Inventory Operating
Strength I for design and platoon load rating

Flexure (at 0.4L of the end span) 3.191 4.137
Flexure (at 0.5L of the interior span) 2.062 2.672

Flexure (at the interior support) 1.507 1.953
Shear (at the interior support) 4.427 5.739

Shear (at the interior support of the interior span side) 3.436 4.454
Service II

Flexure (at 0.4L of the end span) 3.444 4.477
Flexure (at 0.5L of the interior span) 2.125 2.763

Flexure (at the interior support) 2.076 2.699

3.243
1.864

3.956

6.861
3.947

2.091
1.607

Limit state Design load rating Platoon load rating 
(Strength I β target  = 2.5 and Service II β target  = 1.6)

5.860

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

Limit state AASHTO Fatigue Truck
Four-truck Platoons 

(5-ft NRL 100 crossings 
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Table 8.10 Rating Factors for Fatigue Limit States for Shear Stud 

 

 

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. 

 

 

  

Fatigue I shear stud 
Shear (at the beam end support) 2.134 1.324

Fatigue II shear stud  
Shear (at the beam end support)

Limit state AASHTO Fatigue Truck Four-truck Platoons 
(5-ft NRL 100 crossings per day)
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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 (βimplicit) were determined in Section 4.3.2. When βimplicit 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, 

βCracking, against mechanical cracking limits provided by code-compliant bridge designs. βCracking 

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 fr (κeva = 0.24) for a 

120 ft simple-span bridge designed using Post-1.0-Gains. The bridge was assumed to be 

designed with ft (κ = 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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(a) PDFs for R, Q, and g  (b) PDF for g, failure region shaded 

Figure 9.1 Probability Density Functions for evaluating cracking at fr (κ = 0.24) for 120-ft 
Simple-Span Bridges Designed by using Post-1.0-Gains 

 

To further evaluate βCracking, bridges designed using a typical ft (κ = 0.0948) were 

evaluated over a range of fr (κ). Nominal moduli of rupture were assumed equal to 0.24 'cf ,

0.30 'cf , and 0.37 'cf 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 

βCracking values for simple-span bridges designed using different loss methods with ft (κ = 0.0948) 

and evaluated for fr (κ = 0.24). Consider a 60-ft simple-span bridge designed using Post-1.0-

Gains as an example. βCracking 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, 

βCracking decreased from 0.52 to -0.02 due to increasing dead-to-live ratios. However, for bridges 



 

173 

designed using Post-0.8-No-gains and Approx-0.8-No-gains, βCracking 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 fr (κ = 0.24) to fr (κ = 0.30) increased βCracking by about 0.30 on average (Figure 9.2a and 

Figure 9.2c), with cracking probabilities being reduced by about 11% (Figure 9.2b and Figure 

9.2d). Increasing nominal fr (κ = 0.30) to fr  (κ = 0.37), βCracking increased by about 0.32 on 

average (Figure 9.2c and Figure 9.2e). Changing nominal fr (κ = 0.24) to fr (κ = 0.37) increased 

reliability indices by an average of 0.62 and decreased cracking probabilities by an average of 

20%. 

Figure 9.3a shows βCracking values for simple-span bridges designed using Post-0.8-Gains 

and Approx-0.8-Gains with ft (κ = 0.0948) and evaluated using fr (κ = 0.24). βCracking 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 fr (κ = 0.24) to fr (κ = 0.37) increased 

reliability indices by an average of 0.68, with cracking probabilities decreasing by an average of 

26%.   

Figure 9.4a shows βCracking values for simple-span bridges designed using Pre-1.0-No-

gains with ft (κ = 0.0948) and evaluated using fr (κ = 0.24) to fr (κ = 0.37). βCracking was always 

positive in Figure 9.4a, and was generally higher than βCracking for the same nominal fr in Figure 

9.2 and Figure 9.3. The maximum βCracking 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 fr (κ = 0.24) to fr (κ = 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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(a) βCracking for fr (κ = 0.24) (b) Cracking Probability for fr (κ = 0.24) 

     
(c) βCracking for fr (κ = 0.30) (d) Cracking Probability for fr (κ = 0.30) 

     
(e) βCracking for fr (κ = 0.37) (f) Cracking Probability for fr (κ = 0.37) 

Figure 9.2 βCracking and Cracking Probability for Simple-span Bridges Designed using Post-1.0-
Gains, Post-0.8-No-gains, and Approx-0.8-No-gains Methods, Different fr (κ = 0.24, 0.30, and 

0.37) 
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(a) βCracking for fr (κ = 0.24) (b) Cracking Probability for fr (κ = 0.24) 

    
(c) βCracking for fr (κ = 0.30) (d) Cracking Probability for fr (κ = 0.30) 

     
(e) βCracking for fr (κ = 0.37) (f) Cracking Probability for fr (κ = 0.37) 

Figure 9.3 βCracking and Cracking Probability for Simple-span Bridges Designed using Post-0.8-
Gains and Approx-0.8-Gains Methods, Different fr (κ = 0.24, 0.30, and 0.37) 
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(a) βCracking for Different fr (a) Cracking Probability for Different fr 

Figure 9.4 βCracking and Cracking Probability for Simple-span Bridges Designed using Pre-1.0-No-
gains, Post-0.8-No-gains Method, and Approx-0.8-No-gains Methods, Different fr (κ = 0.24, 

0.30, and 0.37) 

 

Increasing nominal fr (κ = 0.24) to fr (κ = 0.30) increased βCracking 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 fr (κ = 0.24) to fr (κ = 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 βCracking 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 ft (κ = 0.0948) that were subjected to 

current design live loads had βCracking 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. βCracking 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, βCracking and cracking probabilities changed approximately 

linearly as a function of nominal moduli of rupture. Derived linear relationships can be 

preliminarily used to estimate the βCracking 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 I. Monte Carlo Simulations (MCS) were used to determine target implicit 

reliability indices (βImplicit) 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, α, relative to an 80-kip 

GVW baseline for parametric headway combinations and CoVs to determine critical (maximum) 

safe vehicle weights satisfying target βImplicit values. MCS was used to calibrate LL factors 

associated with target βImplicit for Service III and Service II limit states. Calibrated LL factors 

were then proposed that accounted for studied platoon-loading scenarios and LL CoVs.  

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 βCracking 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: 

• βImplicit 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 γL = 1.0 (Post-1.0-

Gains),  

o Post-2005 losses (LRFD BDS 5.9.3.4) without elastic gains using γL = 0.8 (Post-

0.8-No-gains), and  

o Approximate losses (LRFD BDS 5.9.3.3) without elastic gains using γL = 0.8 

(Approx-0.8-No-gains). 

• βImplicit 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 γL = 0.8 (Post-0.8-

Gains), and 

o Approximate losses (LRFD BDS 5.9.3.3) with elastic gains using γL = 0.8 

(Approx-0.8-Gains).  

• A target of βImplicit = -0.60 was recommended for platoons at Service III.  

• βImplicit of -0.60 and -1.20 implies 73% and 88% probability, respectively, of exceeding 

the Service III limit during a bridge’s service life. 

• Changes in total LL CoV 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 III βImplicit = -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 III βImplicit = -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.  

• βCracking and cracking probability change approximately linearly as a function of nominal 

moduli of rupture (between 0.24 'cf and 0.37 'cf (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: 

• βImplicit 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: Cb was assumed 

equal to 1 when proportioning optimal designs). 

• A target of βImplicit = 1.60 is recommended for platoons at Service II (Section 4.4.2). 

• 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. 

• Single-lane loaded legal-load platoons without adjacent traffic can acceptably traverse all 

examined steel bridge configurations at a target Service II βImplicit = 1.6 (Figure 6.3b). 

• Single-lane loaded legal-load platoons with adjacent traffic can acceptably traverse all 

examined steel bridge configurations at a target Service II βImplicit = 1.6 with headways of 

at least 23 ft (Figure 6.3b). 

• 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). 

• 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 6.4b). 

• 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 I β = 2.5 and Service II βImplicit = 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: 

• Investigating effects of heavy loads, such as those from platoons, on prestressed concrete 

girder cracking. 

• Re-examining service behavior and performance to investigate whether an alternate 

mechanistic format may be more appropriate for Service III evaluations. 

• Improving βImplicit estimates through calibration to represent WIM data. 

• Developing a calibrated LFR method that accounts for bias of LFR GDFs relative to 

LRFR GDFs for service limit states. 

• Calibrating platoon LL factors for Fatigue limit states. 

• 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. If a legal-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. 

4. 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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c. Input LL and bridge information into AASHTOWare™ Bridge Rating to 

directly calculate rating factors. 

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

e. 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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Figure 10.1 Potential Workflow Process for Permitting Platoons on Girder Bridges in Nebraska 
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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 II, there is a table for different platoon LL CoVs. For prestressed 

concrete bridges at Service III, 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  
 

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

• Bridge engineers can use Table A-1 to assess the load rating of steel bridges for Service II, considering the total CoV of 

platoons. 

• Table A-2 to Table A-5 present the Service III 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. 

• Note: Post-0.8-Gains represents prestress loss method (LRFD BDS 5.9.3.4) with γL = 0.8 and considering elastic gains. 

Approx-0.8-Gains represents prestress loss method (LRFD BDS 5.9.3.3) with γL = 0.8 and considering elastic gains. 

Post-0.8-No-gains represents prestress loss method (LRFD BDS 5.9.3.3) with γL = 0.8 and without considering elastic gains. 

Approx-0.8-No-gains represents prestress loss method (LRFD BDS 5.9.3.3) with γL = 0.8 and without considering elastic gains. 

 

 

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

 

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 + IMdesired).  

 

 

 

COV LL  = 0.00 COV LL   = 0.04 COV LL  = 0.08 COV LL  = 0.12 COV L L = 0.16 COV LL  = 0.20

Load factors by COV  of total live load

Multiple trucks in platoon

single-trip
No other vehicles on the 

bridge
One lane    N/A

single-trip
Two identical platoons loaded 

on two lanes
Two or more lanes N/A

Truck  platoon Frequency Load conditions DF
ADTT                    

(one direction)

1.15

1.15 1.15 1.15 1.251.15 1.25

100 Crossings
Mixed with routine traffic in the 

adjacent lane
One lane    > 5000 1.90

1.15 1.15 1.15 1.25 1.25

1.90 1.90 1.90 1.90 1.90
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Table A-2. Calibrated Service III Live Load Factors for Prestressed Concrete Bridges Using Post-0.8-Gains (βImplicit = -0.6) 

 

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 + IMdesired).  

 

 

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

 

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 + IMdesired).  

 

 

Load factors by COV of total live load

COV LL  = 0 - 0.20
Truck  platoon

Multiple trucks in 

platoon
single-trip

Two identical platoons loaded on 

two lanes
Two or more lanes 

Frequency Load conditions DF
ADTT                    

(one direction)

N/A

100 Crossings
Mixed with routine traffic in the 

adjacent lane
One lane    > 5000 1.75

single-trip No other vehicles on the bridge One lane    N/A 0.90

0.90

Load factors by COV of total live load

COV LL  = 0 - 0.20
Truck  platoon Frequency Load conditions DF

ADTT                    

(one direction)

Multiple trucks in 

platoon

single-trip No other vehicles on the bridge One lane    N/A 0.90

single-trip
Two identical platoons loaded on 

two lanes
Two or more lanes N/A 0.90

100 Crossings
Mixed with routine traffic in the 

adjacent lane
One lane    > 5000 1.65
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Table A-4. Calibrated Service III Live Load Factors for Prestressed Concrete Bridges Using Post-0.8-No-gains (βImplicit = -0.6) 

 

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 + IMdesired).  

 

 

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

 

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 + IMdesired).  

 

Load factors by COV of total live load

COV LL  = 0 - 0.20

0.75

Frequency Load conditions DF
ADTT                    

(one direction)
Truck  platoon

Multiple trucks in 

platoon

100 Crossings
Mixed with routine traffic in the 

adjacent lane
One lane    

single-trip No other vehicles on the bridge One lane    N/A

> 5000 1.20

single-trip
Two identical platoons loaded on 

two lanes
Two or more lanes N/A 0.75

Load factors by COV of total live load

COV LL  = 0 - 0.20
Truck  platoon Frequency Load conditions DF

ADTT                    

(one direction)

0.80

100 Crossings
Mixed with routine traffic in the 

adjacent lane
One lane    > 5000 1.30

Multiple trucks in 

platoon

single-trip No other vehicles on the bridge One lane    N/A 0.80

single-trip
Two identical platoons loaded on 

two lanes
Two or more lanes N/A
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Appendix B  

This appendix contains recommended safe headway spacing tables for different platoon 

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

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

• To evaluate steel bridges Service II, bridge engineers can use these tables to establish 

platoon headway operation headway guidance based on the total CoV of platoons. 

• ‘‘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. 

• 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 

 

 

 

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 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 Fail

2.5 Fail Fail Fail Fail Fail Fail

Amplification factor α             
CoV
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

Amplification factor α             
CoV



 
 

B-3 

 

Table B-3. Positive Moment (+M) Safe Headways, Single-Lane Platoons, 90-ft Steel Bridges 

 

 

 

 

 

 

 

 

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 Fail Fail

2.8 Fail Fail Fail Fail Fail Fail

Amplification factor α             
CoV
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 11

1.4 11 11 11 12 13 14

1.5 14 14 14 15 15 17

1.6 16 17 17 18 19 21

1.7 20 20 21 22 25 28

1.8 26 26 28 33 0 Fail

1.9 Fail Fail Fail Fail Fail Fail

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

 

 

 

 

 

 

 

 

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

Amplification factor α             
CoV
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Table B-6. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent Routine 

Traffic (100 Crossings, ADTT = 5000), 120-ft Steel Bridges 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 10 11 12 12 13

1.2 14 14 15 15 16 17

1.3 18 18 18 19 20 21

1.4 21 21 21 22 23 24

1.5 24 24 25 25 26 27

1.6 27 27 28 28 29 30

1.7 30 30 31 32 33 35

1.8 34 34 35 37 39 44

1.9 41 42 44 Fail Fail Fail

2.0 Fail Fail Fail Fail Fail Fail

Amplification factor α             
CoV
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Table B-7. Positive Moment (+M) Safe Headways, Single-Lane Platoons,150-ft Steel Bridges 

 

 

 

 

 

 

 

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 6 7

1.4 6 7 7 8 9 10

1.5 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 48 48 50 Fail Fail Fail

3.1 Fail Fail Fail Fail Fail Fail

Amplification factor α             
CoV
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

1.4 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

Amplification factor α             
CoV



 
 

B-9 

 

Table B-9. Positive Moment (+M) Safe Headways, Single-Lane Platoons,200-ft Steel Bridges 

 

 

 

 

 

 

 

 

 

 

 

 

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 6 7

1.3 8 8 8 9 10 12

1.4 12 12 13 14 15 16

1.5 16 16 17 17 19 20

1.6 19 19 20 21 22 23

1.7 22 23 23 24 26 28

1.8 26 27 28 29 31 33

1.9 31 31 32 33 35 37

2.0 35 36 36 38 39 41

2.1 39 39 40 41 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

Amplification factor α             
CoV
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Table B-10. Positive Moment (+M) Safe Headways, Single-Lane Platoons with Adjacent 

Routine Traffic (100 Crossings, ADTT = 5000), 200-ft Steel Bridges 

 

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

1.1 28 28 28 29 30 32

1.2 35 35 36 36 38 39

1.3 41 41 42 43 44 45

1.4 47 47 47 48 49 50

1.5 Fail Fail Fail Fail Fail Fail

Amplification factor α             
CoV
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Appendix C  

This appendix contains detailed calculations related to the example prestressed concrete 

simple-span bridge described in Section 8.2.



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 
4S 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 III. 

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 ≔f'cd 4 ksi

Initial strength for deck ≔f'cdi 4 ksi

Strength of girder concrete at time of transfer ≔f'ci 7.5 ksi

Ultimate strength of girder concrete ≔f'c 9.5 ksi

Unit weight of concrete for determining 
dead loads

≔wc 155 pcf

Unit weight of concrete for determining 
deck modulus of elasticity 

≔wcd_modulus 155 pcf

Unit weight of concrete for determining 
girder modulus of elasticity 

≔wcg_modulus 150 pcf
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Modulus of elasticity of concrete girder at time of transfer

≔Eci =⋅⋅⋅120000
⎛
⎜
⎝
――――
wcg_modulus

⋅pcf 1000

⎞
⎟
⎠

2.0 ⎛
⎜
⎝
――
f'ci
ksi

⎞
⎟
⎠

0.33

ksi 5249.694 ksi

Modulus of elasticity of concrete girder at ultimate strength

≔Ec =⋅⋅⋅120000
⎛
⎜
⎝
――――
wcg_modulus

⋅pcf 1000

⎞
⎟
⎠

2.0 ⎛
⎜
⎝
――
f'c
ksi

⎞
⎟
⎠

0.33

ksi 5675.61 ksi

Modulus of elasticity of deck at final time

≔Ecd =⋅⋅⋅33000
⎛
⎜
⎝
――――
wcd_modulus

⋅pcf 1000

⎞
⎟
⎠

1.5 ⎛
⎜
⎝
――
f'cd
ksi

⎞
⎟
⎠

0.5

ksi 4027.555 ksi

Modulus of elasticity of deck at initial

≔Ecdi =⋅⋅⋅33000
⎛
⎜
⎝
――――
wcd_modulus

⋅pcf 1000

⎞
⎟
⎠

1.5 ⎛
⎜
⎝
――
f'cdi
ksi

⎞
⎟
⎠

0.5

ksi 4027.555 ksi

Vertical shear reinforcement information
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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.

Compression steel

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

Other information

1.
2.

Skew: 10 degrees.
ADT: 49240.

Prestress steel information
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Prestress steel information

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

0.6", low-relaxation strand ≔db 0.6 in

Area of prestress per strands ≔Astrand 0.217 in 2

Ultimate strength of prestressed strands ≔fpu 270 ksi

Yield stress of prestressed strands ≔fpy 243 ksi

Prestressed strands stress prior to transfer ≔fpi =⋅0.75 fpu 202.5 ksi

Modulus of elasticity of prestress ≔Ep 28500 ksi

Modulus of ratio for deck to girder concrete ≔npd =――
Ecd

Ec

0.71

2. Bridge Cross Section
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2. Bridge Cross Section

Girder spacing (S) ≔S 11 ft

Number of girders ≔N_girder 6

Overhang ≔overhang 3.833 ft

Barrier length ≔Lbarrier 0.333 ft

Total bridge width ≔Wbridge =(( +⋅overhang 2 ⋅S (( -N_girder 1)))) 751.992 in

Effective width for deck (for interior girders) ≔beff =S 132 in

3. Interior Girder Details
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3. Interior Girder Details

Girder gross section area ≔Ag 812 in 2

Beam height ≔hnc 63 in

Top girder width ≔btop 48.25 in

Moment of inertia precast girder ≔Inc 458893 in 4

Girder centroid to the bottom of fiber ≔yncb 28.42 in

Girder centroid to the top of fiber ≔ynct =-hnc yncb 34.58 in

Non-composite section modulus top ≔Stop_nc =―――
Inc
-hnc yncb

13270.474 in 3

Non-composite section modulus bottom ≔Sbot_nc =――
Inc
yncb

16146.833 in 3

Thickness of deck (loads calculations) ≔ts 8 in

Thickness of deck (effective) ≔hd 7.5 in

Section property calculations
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Section property calculations

Transformed width of deck 
(deck concrete to girder concrete)

≔bd_tr =⋅beff npd 93.671 in

Cross-section area of deck ≔Ad_tr =⋅bd_tr hd 702.529 in 2

Deck moment of inertia of deck about it 
centroid

≔Id_tr =―――
⋅hd

3 bd_tr
12

3293.104 in 4

Height of haunch ≔hh 1 in

Transformed width of haunch ≔bh_tr =⋅btop npd 34.239 in

Area of haunch ≔Ah_tr =⋅bh_tr hh 34.239 in 2

Haunch moment of inertia of haunch about it centroid ≔Ih_tr =―――
⋅hh

3 bh_tr
12

2.853 in 4

Total height of composite beam ≔hc =++hh hnc hd 71.5 in

Transformed section area 
(including deck and haunch) 

≔Ac =++Ag Ad_tr Ah_tr 1548.768 in 2

Center of deck to the bottom of fiber ≔hd_center =
⎛
⎜
⎝

++hnc hh ―
hd
2

⎞
⎟
⎠

67.75 in

Center of haunch to the bottom of fiber ≔hh_center =
⎛
⎜
⎝

+hnc ―
hh
2

⎞
⎟
⎠

63.5 in

Center to the bottom of fiber (composite)

≔ycb =―――――――――――――
++⋅Ag yncb ⋅Ad_tr hd_center ⋅Ah_tr hh_center

Ac

47.036 in

Moment of inertia  (composite)

≔Ic =

+
 ↲+⎛⎝ +Inc ⋅Ag ⎛⎝ -yncb ycb⎞⎠

2 ⎞⎠ ⎛⎝ +Id_tr ⋅Ad_tr ⎛⎝ -hd_center ycb⎞⎠
2 ⎞⎠

⎛⎝ +Ih_tr ⋅Ah_tr ⎛⎝ -hh_center ycb⎞⎠
2 ⎞⎠

1054306.916 in 4

≔Stop_c =―――
Ic
-hnc ycb

66041.996 in 3
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Composite section modulus top beam ≔Stop_c =―――
Ic
-hnc ycb

66041.996 in 3

Composite section modulus bottom beam ≔Sbot_c =――
Ic
ycb

22414.983 in 3

Dead load moment calculations (BrR line-girder analysis)

Non-composite Dead Load DC1 Moment at the mid span ≔MDC1 ⋅4357.7 kip ft

Composite Dead Load DC2 Moment at the mid span ≔MDC2 ⋅310.5 kip ft

Wearing surface load moment at the mid span ≔MDW ⋅0 kip ft

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

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

Modular ratio for AASHTO GDFs ≔nGDF =――
Ec

Ecd

1.409

term for AASHTO GDF equationseg ≔eg_GDF =++ynct hh ―
hd
2

39.33 in

term for AASHTO GDF equationsKg ≔Kg =⋅nGDF
⎛⎝ +Inc ⋅Ag eg_GDF

2 ⎞⎠ 2416676.725 in 4

Single lane AASHTO moment GDF for interior girders 

≔gm1 =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
―
S
L

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

―――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ―
L
ft

⎛
⎜
⎝
―
hd
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.553

Multiple lanes AASHTO moment GDF for interior girders 
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Multiple lanes AASHTO moment GDF for interior girders 

≔gm2 =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
―
S
L

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

―――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ―
L
ft

⎛
⎜
⎝
―
hd
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.834

Single lane AASHTO shear GDF for 
interior girders 

≔gv1 =+0.36 ――
S

25 ft
0.8

Multiple lanes AASHTO shear GDF 
for interior girders 

≔gv2 =-+0.20 ――
S

12 ft

⎛
⎜
⎝
――
S

35 ft

⎞
⎟
⎠

2

1.018

Distributed live load moment at the midspan
(including IM = 0.33 for truck and )gm2

≔HL_93_Mdist ⋅3412.1 kip ft

Note: The HL-93 loading load effects are directly extracted from BrR.

4. Compute Nominal Flexural Resistance at the Mid Span
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4. Compute Nominal Flexural Resistance at the Mid Span

Center of PS strands to the bottom girder ≔ybar 4.23 in

Distance from extreme compression fiber to the 
centroid of the prestressing strands

≔dp =-++hnc hh hd ybar 67.27 in

Number of strands ≔Nps 52

Area of total prestress ≔Aps =⋅Astrand Nps 11.284 in 2

≔α1 0.85

Stress factor of compression block ≔β1 0.85

0.28 for low-relaxation ≔k 0.28

Distance from neutral axis to the compressive 
face

≔c =―――――――――
⋅Aps fpu

+⋅⋅⋅α1 f'cd β1 beff ⋅⋅k Aps ――
fpu
dp

7.73 in

Depth of the equivalent stress block ≔a =⋅β1 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
⎛
⎜
⎝

-1 ⋅k ―
c
dp

⎞
⎟
⎠

261.313 ksi

Nominal flexural resistance at the mid span ≔Mn =⋅⋅Aps fps
⎛
⎜
⎝

-dp ―
a
2

⎞
⎟
⎠

15722.487 ⋅kip ft

5. Check the Maximum Reinforcement 
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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 ≔εc 0.003

Net tensile strain ≔εt =⋅―
εc
c

⎛⎝ -dp c⎞⎠ 0.023

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

Strength Reduction Factor ≔ϕ 1.0

Factored required moment 

≔Mu =++⋅1.25 ⎛⎝ +MDC1 MDC2⎞⎠ ⋅1.50 MDW ⋅1.75 ⎛⎝HL_93_Mdist⎞⎠ 11806 ⋅kip ft

Demand/capacity ratio for the mid span ≔DCRmid =―――
Mu

⋅ϕ Mn

0.751

6. Compute Prestress Loss according to LRFD BDS Article 5.9.3.4  (Gross Section)
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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 ≔enc =-yncb ybar 24.19 in

Eccentricity (composite at final) ≔ec =-+enc ycb yncb 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) ≔ti 1

Age of girder concrete at time of deck placement ≔td 30

Age of girder concrete at time at final time ≔tf 3650

Permanent load moments at midspan acting 
on non-composite section (beam) ≔Mg ⋅1846.8 kip ft

Losses due to elastic shortening ≔ΔfpES =――――――――――――
-⋅⋅Aps fpi ⎛⎝ +Inc ⋅enc

2 Ag
⎞⎠ ⋅⋅enc Mg Ag

+⋅Aps
⎛⎝ +Inc ⋅enc

2 Ag
⎞⎠ ――――

⋅⋅Ag Inc Eci

Ep

21.458 ksi

Stress in strand after elastic shortening ≔fpt1 =-fpi ΔfpES 181.042 ksi

Concrete stress at the center of 
strands due to the prestressing force 
at transfer and the self weight of the 
member

≔fcgp =-+―――
⋅fpt1 Aps

Ag
―――――

⋅⋅fpt1 Aps enc
2

Inc
―――

⋅Mg enc
Inc

3.953 ksi

term calculationks ≔ks =max (( ,1 (( -1.45 ⋅0.13 V_S_Girder)))) 1.05

Humidity factor for shrinkage ≔khs =-2 ⋅0.014 H 1.09

Concrete strength factor ≔kf =――――
5 ksi

+1 ksi f'ci
0.588
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Time development factor 

Time development factor (initial to deck) ≔ktdd =――――――――――
⎛⎝ -td ti⎞⎠

+⋅12
⎛
⎜
⎝
―――――

-100 ksi ⋅4 f'ci
+f'ci 20 ksi

⎞
⎟
⎠

⎛⎝ -td ti⎞⎠

0.487

Shrinkage strain (initial to deck placement) ≔εbid =⋅⋅⋅⋅⋅ks khs kf ktdd 0.48 10-3 0

Transformed section coefficient

Humidity factor for creep ≔khc =-1.56 ⋅0.008 H 1.04

Time development factor (initial to final) ≔ktdf =――――――――――
⎛⎝ -tf ti⎞⎠

+⋅12
⎛
⎜
⎝
―――――

-100 ksi ⋅4 f'ci
+f'ci 20 ksi

⎞
⎟
⎠

⎛⎝ -tf ti⎞⎠

0.992

Creep coefficients and shrinkage strains (girder)

Creep coefficients  (initial to deck placement) ≔ψtd_ti =⋅⋅⋅⋅1.9 ks khc kf ktdd ⎛⎝ti⎞⎠
-0.118 0.594

Creep coefficients  (initial to final) ≔ψtf_ti =⋅⋅⋅⋅1.9 ks khc kf ktdf ⎛⎝ti⎞⎠
-0.118 1.21

Transformed section coefficients (initial to deck )
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Transformed section coefficients (initial to deck )

≔Kid =――――――――――――――
1

+1 ⋅⋅⋅――
Ep

Eci
――
Aps

Ag

⎛
⎜
⎜⎝

+1 ―――
⋅Ag enc

2

Inc

⎞
⎟
⎟⎠

⎛⎝ +1 ⋅0.7 ψtf_ti⎞⎠

0.779

Long-term losses prior to deck placement (between transfer and deck placement)

Loss due to girder shrinkage
(initial to deck)

≔ΔfpSR =⋅⋅εbid Ep Kid 3.494 ksi

Creep coefficients and shrinkage strains (girder):

Loss due to girder Creep 
(initial to deck)

≔ΔfpCR =⋅⋅⋅――
Ep

Eci

fcgp ψtd_ti Kid 9.936 ksi

Loss due to relaxation ≔ΔfpR1 1.2 ksi

Total loss before deck placement ≔ΔfpLTid =++ΔfpSR ΔfpCR ΔfpR1 14.63 ksi

Long -term losses after deck placement 

Shrinkage strain (initial to final) ≔εbif =⋅⋅⋅⋅⋅ks khs kf ktdf 0.48 10-3 0

The girder concrete shrinkage 
strain between deck placement 
and final time is: shrinkage strain 
(deck to final)

≔εbdf =-εbif εbid 0

Transformed section coefficients (deck to final)

≔Kdf =―――――――――――――
1

+1 ⋅⋅⋅――
Ep

Eci
――
Aps

Ac

⎛
⎜
⎜⎝

+1 ―――
⋅Ac ec

2

Ic

⎞
⎟
⎟⎠

⎛⎝ +1 ⋅0.7 ψtf_ti⎞⎠

0.788
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≔Kdf =―――――――――――――
1

+1 ⋅⋅⋅――
Ep

Eci
――
Aps

Ac

⎛
⎜
⎜⎝

+1 ―――
⋅Ac ec

2

Ic

⎞
⎟
⎟⎠

⎛⎝ +1 ⋅0.7 ψtf_ti⎞⎠

0.788

The prestress loss due to 
shrinkage of concrete between 
deck placement and final time 
is: Shrinkage (deck to final)

≔ΔfpSD =⋅⋅εbdf Ep Kdf 3.661 ksi

Loss due to girder Creep (after deck placement)

Time development factor (deck to final) ≔ktdf_d =――――――――――
⎛⎝ -tf td⎞⎠

+⋅12
⎛
⎜
⎝
―――――

-100 ksi ⋅4 f'ci
+f'ci 20 ksi

⎞
⎟
⎠

⎛⎝ -tf td⎞⎠

0.992

Creep coefficients (deck to final) ≔ψtf_td =⋅⋅⋅⋅1.9 ks khc kf ktdf_d ⎛⎝td⎞⎠
-0.118 0.81

Permanent load moments at midspan acting 
on non-composite section (except beam at 
transfer) [Haunch + deck]

≔Mdnc ⋅2510.9 kip ft

Permanent load moments at midspan acting 
on composite section [barrier and wearing)

≔Mdc ⋅310.54 kip ft

Loss in the strands ≔PΔ =⋅Aps ΔfpLTid 165.089 kip

Change in concrete stress at centroid of strands due to long-term losses between transfer and 
deck placement

≔Δfcd =-
⎛
⎜
⎜⎝

+++――
PΔ

Ag
―――

⋅PΔ enc
2

Inc
―――

⋅Mdnc enc
Inc

―――
⋅Mdc ec

Ic

⎞
⎟
⎟⎠

-2.153 ksi

Losses due to creep between deck placement and final time

≔ΔfpCD =+⋅⋅⋅――
Ep

Eci

fcgp ⎛⎝ -ψtf_ti ψtd_ti⎞⎠ Kdf ⋅⋅⋅―
Ep

Ec

Δfcd ψtf_td Kdf 3.51 ksi

Loss due to relaxation ≔ΔfpR2 =ΔfpR1 1.2 ksi

Deck material coefficients
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≔ΔfpR2 =ΔfpR1 1.2 ksi

Deck material coefficients
It is also necessary to determine some material properties for the deck concrete. Humidity 
factors ( and ) are the same as for the beam.khs khc

Shape factor for deck estimated (V/S) ≔VSd =―――――
⋅hd beff

⋅⋅⎛⎝ +hd beff⎞⎠ 2 in
3.548

for deckkvs ≔ksd =max ⎛⎝ ,1 ⎛⎝ -1.45 ⋅0.13 VSd⎞⎠⎞⎠ 1

Concrete strength factor ≔kfd =――――
5 ksi

+1 ksi f'cdi
1

Time development factor (end of moist to final) 

≔ktdf_dd =――――――――――
⎛⎝ -tf td⎞⎠

+⋅12
⎛
⎜
⎝
――――――

-100 ksi ⋅4 f'cdi
+f'cdi 20 ksi

⎞
⎟
⎠

⎛⎝ -tf td⎞⎠

0.989

Shrinkage strain (deck to final) ≔εddf =⋅⋅⋅⋅⋅ksd khs kfd ktdf_d 0.48 10-3 0.001

Creep coefficients  (deck to final) ≔ψd_tf_td =⋅⋅⋅⋅1.9 ksd khc kfd ktdf_d ⎛⎝ti⎞⎠
-0.118 1.959

Eccentricity of deck with respect to gross composite section ≔ed =-⎛⎝ -hc ycb⎞⎠ ―
hd
2

20.714 in

Area of deck concrete ≔Ad =⋅beff hd 990 in 2

Change in concrete stress due to deck 
shrinkage

≔Δfcdf =⋅――――――
⎛⎝ ⋅⋅εddf Ad Ecd⎞⎠

⎛⎝ +1 ⋅0.7 ψd_tf_td⎞⎠

⎛
⎜
⎝

-―
1
Ac

――
⋅ec ed
Ic

⎞
⎟
⎠

-0.17 ksi

Losses due to shrinkage of deck ≔ΔfpSS =⋅⋅⋅―
Ep

Ec

⎛⎝-Δfcdf⎞⎠ Kdf ⎛⎝ +1 ⋅0.7 ψtf_td⎞⎠ 1.056 ksi

Total loss after deck placement ≔ΔfpLTdf =-++ΔfpSD ΔfpCD ΔfpR2 ΔfpSS 7.314 ksi

Total long-term loss based on refined method ≔ΔfpLT =+ΔfpLTid ΔfpLTdf 21.945 ksi

Total loss based on refined method
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≔ΔfpLT =+ΔfpLTid ΔfpLTdf 21.945 ksi

Total loss based on refined method

≔ΔfpLT_without_elastic_gain =++ΔfpES ΔfpLTid ΔfpLTdf 43.403 ksi

The elastic gain due to deck weight, superimposed dead load, and live load (Service III) 

≔elastic_gain_dead =⋅
⎛
⎜
⎝

+―――
⋅Mdnc enc

Inc
―――

⋅Mdc ec
Ic

⎞
⎟
⎠

―
Ep

Ec

8.735 ksi

≔elastic_gain_live =⋅⋅1.0
⎛
⎜
⎝
――――――

⋅ec HL_93_Mdist

Ic

⎞
⎟
⎠

―
Ep

Ec

8.348 ksi

Total loss with elastic gain (dead loads)

≔Δfp_total_dead_elastic_gain =-++ΔfpES ΔfpLTid ΔfpLTdf elastic_gain_dead 34.667 ksi

Total loss with elastic gain (live loads)

≔Δfp_total_live_elastic_gain =-++ΔfpES ΔfpLTid ΔfpLTdf elastic_gain_live 35.055 ksi

Total loss with elastic gain (dead and live loads)

≔Δfps =--++ΔfpES ΔfpLTid ΔfpLTdf 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 ≔fe =-fpi Δfps 176.18 ksi

Effective force after loss ≔Pe =⋅Aps fe 1988.02 kip

Compressive stress due to 
effective prestress

≔fpb =+―
Pe

Ag
―――

⋅Pe enc
Sbot_nc

5.427 ksi

7. Check the Minimum Reinforcement according to LRFD BDS Article 5.6.3.3
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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, , equal to the lesser of:Mr

Design Flexural Strength ≔Mr =⋅ϕ Mn 15722.487 ⋅kip ft

1.33 Factored moment required ≔Mu_factored =⋅1.33 Mu 15702.545 ⋅kip ft

Modulus of rupture (assume = 1.0)λ
(LRFD BDS 5.4.2.6)

≔fr =⋅⋅0.24
‾‾‾‾
――
f'c
ksi

ksi 0.74 ksi

Cracking moment ≔γ1 1.6 ≔γ2 1.1 ≔γ3 1.0

≔Mcr =⋅γ3
⎛
⎜
⎝

-⋅⎛⎝ +⋅γ1 fr ⋅γ2 fpb⎞⎠ Sbot_c ⋅MDC1

⎛
⎜
⎝

-―――
Sbot_c

Sbot_nc

1
⎞
⎟
⎠

⎞
⎟
⎠

11669.245 ⋅kip ft

≔check_min_reinforcement =if ⎛⎝ ,,>Mr min ⎛⎝ ,1.33 Mu Mcr⎞⎠ “OK” “NG”⎞⎠ “OK”

Note: Therefore, the minimum reinforcement check is good.

8. Compute Nominal Shear Resistance at First Critical Section 
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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 definition in LRFD BDS 5.7.2.8 is given below.dv

Note: According to BrR file for this bridge, there are 10 harped prestress strands. 

Number of harped strands ≔Nharped 10

C.G. of PS straight strands to the bottom girder

≔ybar_straight =⋅――――――――
+++⋅16 2 ⋅16 4 ⋅8 6 ⋅2 8

42
in 3.81 in

Distance from extreme compression fiber to 
the centroid of the prestressing tendons

≔dp_straight =-++hnc hh hd ybar_straight 67.69 in

Number of straight strands ≔Nps_straight 42

Area of total straight strands ≔Aps_straight =⋅Astrand Nps_straight 9.114 in 2

Some of the strands are harped, the effective depth, , varies from point-to-point. However, de
must be calculated at the critical section in shear which is not yet determined; therefore, for de

the first iteration, is calculated based on the center of gravity of the straight strand group at de
the end of the beam, .ybar_straight Non-Commercial Use Only
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≔Aps_straight =⋅Astrand Nps_straight 9.114 in 2

Some of the strands are harped, the effective depth, , varies from point-to-point. However, de
must be calculated at the critical section in shear which is not yet determined; therefore, for de

the first iteration, is calculated based on the center of gravity of the straight strand group at de
the end of the beam, .ybar_straight

The corresponding effective depth from the extreme 
compression fiber to the centroid of the tensile force 
in the tensile reinforcement ( )de

≔de =-hc ybar_straight 67.69 in

Effective shear depth dv ≔dv =max
⎛
⎜
⎝

,,-dp_straight ―
a
2

⋅0.9 de ⋅0.72 hc
⎞
⎟
⎠

64.405 in

Critical shear location from centerline of bearing
(distance from the face of support to centerline of bearing is 6")

≔dcritical =+dv 6 in 5.87 ft

Note: The effective depth, , and the position of the critical section in shear may be refined de
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 IM = 0.33 for HL-93 truck) 

≔Vdistributed_critical 124.7 kip

DC shears (Dnc (non-composite dead loads + Dc (composite dead loads))

≔Vnc_critical 122 kip ≔Vc_critical 8.7 kip

≔VDC_critical =+Vnc_critical Vc_critical 130.7 kip

DW shears (DW) ≔VDW_critical 0 kip

Compute nominal shear resistance
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Compute nominal shear resistance

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. 

Minimum transverse reinforcement (LRFD BDS 5.7.2.5)
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Minimum transverse reinforcement (LRFD BDS 5.7.2.5)

Effective web width, bv ≔bv 5.9375 in

Shear reinforcement spacings, sshear ≔sshear 4 in

Shear reinforcement yield strength, fy_shear ≔fy_shear 70 ksi

≔Av =⋅⋅⋅⋅0.0316 ((1.0))
‾‾‾‾
――
f'c
ksi

ksi ―――
⋅bv sshear

fy_shear
0.033 in 2

Area provided for the critical section ≔Aprovided =⋅1.8 0.2 in 2 0.36 in 2

≔check_min_transverse_reinforcement =if ⎛⎝ ,,>Aprovided Av “OK” “NG”⎞⎠ “OK”

Determine the Vp 
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Determine the Vp 

Prestress force per strand without live load gains

≔Pwo_LG_strand =⋅⎛⎝ -fpi Δfp_total_dead_elastic_gain⎞⎠ Astrand 36.42 kip

Top layer of harped strand distance to the top of precast beam

≔dharped1 =-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.

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:

≔dharped_top =⋅――――――――――――――
++++⋅1.85 2 ⋅3.85 2 ⋅5.85 2 ⋅7.85 2 ⋅9.85 2

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:

≔dharped_bot =⋅―――――――――
++++⋅2 2 ⋅4 2 ⋅6 2 ⋅8 2 ⋅10 2

10
in 6 in

≔ψ =atan
⎛
⎜
⎝
―――――――――

--hnc dharped_top dharped_bot
52.4 ft

⎞
⎟
⎠

4.651 deg

Component of prestressing force in the direction of the shear force (10 strands harped for 
this case)

≔Vp =⋅⋅⎛⎝Pwo_LG_strand⎞⎠ ⎛⎝Nharped⎞⎠ sin ((ψ)) 29.528 kip

≔Vn_equ_1 =+⋅⋅⋅0.25 f'c bv dv Vp 937.745 kipThe nominal shear determined by LRFD BDS 
Equation 5.7.3.3-2
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≔Vp =⋅⋅⎛⎝Pwo_LG_strand⎞⎠ ⎛⎝Nharped⎞⎠ sin ((ψ)) 29.528 kip

The nominal shear determined by LRFD BDS 
Equation 5.7.3.3-2

≔Vn_equ_1 =+⋅⋅⋅0.25 f'c bv dv Vp 937.745 kip

Simplified approach

Assumed and based on MBE C6A.5.8θsim βsim ≔θsim 45 deg ≔βsim 2.0

Concrete shear strength ≔Vc =⋅⋅⋅⋅⋅0.0316 βsim ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv 74.491 kip

Steel shear strength ≔Vs =――――――――――
⋅⋅⋅Aprovided fy_shear dv cot ⎛⎝θsim⎞⎠

sshear
405.754 kip

The nominal shear determined 
by LRFD BDS Equation 
5.7.3.3-1

≔Vn_equ_2 =++Vc Vs Vp 509.774 kip

The nominal shear determined by LRFD Equation 5.7.3.3

≔Vn_simp =min ⎛⎝ ,Vn_equ_1 Vn_equ_2⎞⎠ 509.774 kip

≔ϕps_shear 0.9

Factored shear resistance =⋅ϕps_shear Vn_simp 458.796 kip

Maximum shear at the critical section (HL-93 inventory loading)
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Maximum shear at the critical section (HL-93 inventory loading)

Factored shear demand

≔Vu =++⋅1.25 VDC_critical ⋅1.5 VDW_critical ⋅1.75 Vdistributed_critical 381.6 kip

≔check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕps_shear Vn_simp Vu “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for shear ≔DCR =――――――
Vu

⋅ϕps_shear Vn_simp

0.832

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 and IM = 0.33 for HL-93 truck)  gm2

Total distributed moment ≔Mdistributed_critical ⋅608.4 kip ft

DC moment  (Dnc (non-composite dead load + Dc (composite dead load ))

≔Mnc_critical ⋅751.5 kip ft ≔Mc_critical ⋅53.6 kip ft

≔MDC_critical =+Mnc_critical Mc_critical 805.1 ⋅kip ft

DW moment (DW) ≔MDW_critical ⋅0 kip ft

Maximum moment at the critical section (HL-93 inventory loading)
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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 Mdistributed_critical 2071.075 ⋅kip ft

The net force is zero ≔Nu 0 kip

The is zeroAs ≔As 0 in 2

The for non-prestressing longitudinal steelEs ≔Es 29000 ksi

The can be taken as fpo 0.7 fpu ≔fpo =⋅0.7 fpu 189 ksi

Calculate minimum required tensile capacity

≔Vs_req =min
⎛
⎜
⎝

,Vs ―――
Vu

ϕps_shear

⎞
⎟
⎠

405.754 kip

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

=++―――――
abs ⎛⎝Mu_critical⎞⎠

⋅dv ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req

⎞
⎟
⎠

cot ⎛⎝θsim⎞⎠ 620.353 kip

≔lt =⋅60 db 36 in

≔ld =⋅⋅1.6

⎛
⎜
⎜
⎜⎝
――――

-fps ―
2
3

fe

ksi

⎞
⎟
⎟
⎟⎠
db 138.105 in
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≔ld =⋅⋅1.6

⎛
⎜
⎜
⎜⎝
――――

-fps ―
2
3

fe

ksi

⎞
⎟
⎟
⎟⎠
db 138.105 in

≔lpx =dv 64.405 in

≔fpx =+fe ⋅
⎛
⎜
⎝
――――

-lpx 60 db
-ld ⋅60 db

⎞
⎟
⎠

⎛⎝ -fps fe⎞⎠ 199.864 ksi

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, , in these strands. The 10 harped fpx
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_straight fpx 1821.562 kip

≔check =if
⎛
⎜
⎜
⎜
⎜
⎝

,,>Af

+

 ↲+―――――
abs ⎛⎝Mu_critical⎞⎠

⋅dv ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req

⎞
⎟
⎠

cot ⎛⎝θsim⎞⎠

“OK” “NG”
⎞
⎟
⎟
⎟
⎟
⎠

“OK”

For this first critical location, the longitudinal reinforcement check is good.

10. Compute Nominal Shear Resistance at Vertical Shear Reinforcement Change 
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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.

≔x1 8.5 ft

Harped strands distance to the bottom of beam

≔dharp_x1 =-⎛⎝ -hnc dharped_top⎞⎠ ⋅――――――――――
-⎛⎝ -hnc dharped_top⎞⎠ ⎛⎝dharped_bot⎞⎠

52.4 ft
x1 48.853 in

The distance between the center of gravity of the strands and the bottom of beam at this 
location is:
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The distance between the center of gravity of the strands and the bottom of beam at this 
location is:

≔ybar_x1 =⋅――――――――――――

++++⋅―――
dharp_x1

in
10 ⋅2 16 ⋅4 16 ⋅6 8 ⋅8 2

52
in 12.472 in

The corresponding effective depth from the extreme 
compression fiber to the centroid of the tensile force 
in the tensile reinforcement ( )de_x1

≔de_x1 =-hc ybar_x1 59.028 in

Effective shear depth dv_x1 ≔dv_x1 =max
⎛
⎜
⎝

,,-de_x1 ―
a
2

⋅0.9 de_x1 ⋅0.72 hc
⎞
⎟
⎠

55.743 in

Note: The effective depth, , and the position of the critical section in shear are refined de_x1
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.

≔x1_centerline =-x1 0.5 ft 8 ft

Calculated shear at the 8 ft from the bearing centerline

Total distributed shear (including and IM = 0.33 for HL-93 truck)  gv2

≔Vdistributed_critical_x1 121.8 kip

DC shears (DC1 + DC2) ≔Vnc_critical_x1 117.6 kip ≔Vc_critical_x1 8.4 kip

≔VDC_critical_x1 =+Vnc_critical_x1 Vc_critical_x1 126 kip

DW shears (DW) ≔VDW_critical_x1 0 kip

Shear reinforcement spacings, sshear_x1 ≔sshear_x1 8 in

≔Av_x1 =⋅⋅⋅⋅0.0316 ((1.0))
‾‾‾‾
――
f'c
ksi

ksi ――――
⋅bv sshear_x1
fy_shear

0.066 in 2

Area provided for the critical section ≔Aprovided_x1 =⋅1.8 0.20 in 2 0.36 in 2

≔check_min_transverse_reinforcement_x =if ⎛⎝ ,,>Aprovided_x1 Av_x1 “OK” “NG”⎞⎠ “OK”

Simplified approach
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≔check_min_transverse_reinforcement_x =if ⎛⎝ ,,>Aprovided_x1 Av_x1 “OK” “NG”⎞⎠ “OK”

Simplified approach

The nominal shear determined by LRFD 
BDS Equation 5.7.3.3-2

≔Vn_equ_1_x1 =+⋅⋅⋅0.25 f'c bv dv_x1 Vp 815.595 kip

Concrete shear strength ≔Vc_x1 =⋅⋅⋅⋅⋅0.0316 βsim ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv_x1 64.473 kip

Steel shear strength ≔Vs_x1 =―――――――――――
⋅⋅⋅Aprovided_x1 fy_shear dv_x1 cot ⎛⎝θsim⎞⎠

sshear_x1
175.591 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1

≔Vn_equ_2_x1 =++Vc_x1 Vs_x1 Vp 269.592 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3

≔Vn_simp_x1 =min ⎛⎝ ,Vn_equ_1_x1 Vn_equ_2_x1⎞⎠ 269.592 kip

Factored shear resistance =⋅ϕps_shear Vn_simp_x1 242.633 kip

Maximum factored shear at this section

≔Vu_x1 =++⋅1.25 VDC_critical_x1 ⋅1.5 VDW_critical_x1 ⋅1.75 Vdistributed_critical_x1 370.65 kip

≔check_shear_at_the_critical_x =if ⎛⎝ ,,>⋅ϕps_shear Vn_simp_x1 Vu_x1 “OK” “NG”⎞⎠ “NG”

Note: The simplified approach is not good. Therefore, the general MCFT method is checked.

Try MCFT General approach (LRFD BDS 5.7.3.4.2)
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Try MCFT General approach (LRFD BDS 5.7.3.4.2)

Shear stress on the concrete ≔v =――――――
-Vu_x1 ⋅ϕps_shear Vp

⋅⋅ϕps_shear bv dv_x1
1.155 ksi

≔check_using_APPENDIXB5 =if
⎛
⎜
⎝

,,<―
v
f'c

0.25 “OK” “NG”
⎞
⎟
⎠

“OK”

Note: 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 the moment at 8 ft to the support centerline

Total distributed moment (including and IM = 0.33 for HL-93 truck)  gm2

≔Mdistributed_critical_x1 ⋅814.1 kip ft

DC moments (DC1 + DC2) ≔Mnc_critical_x1 ⋅1006.6 kip ft ≔Mc_critical_x1 ⋅71.7 kip ft

≔MDC_critical_x1 =+Mnc_critical_x1 Mc_critical_x1 1078.3 ⋅kip ft

DW moment (DW) ≔MDW_critical_x1 ⋅0 kip ft

Maximum moment at this section (HL-93 inventory loading)

≔Mu_critical_x1 =
+

 ↲+⋅1.25 MDC_critical_x1 ⋅1.5 MDW_critical_x1

⋅1.75 Mdistributed_critical_x1

2772.55 ⋅kip ft

≔εs =――――――――――――――――――――

⎛
⎜
⎝

-++――――――
abs ⎛⎝Mu_critical_x1⎞⎠

dv_x1
0.5 Nu abs ⎛⎝ -Vu_x1 Vp⎞⎠ ⋅Aps_straight fpo

⎞
⎟
⎠

+⋅Es As ⋅Ep Aps_straight

-0.003

Note: is less than zero. Use = 0εs εs ≔εs 0

Assume the section contains at least the minimum amount of transverse reinforcement:

≔βequ =――――
4.8

⎛⎝ +1 ⋅750 εs⎞⎠
4.8

Angle of diagonal compressive stresses is:
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Angle of diagonal compressive stresses is:

≔θequ =⎛⎝ +29 ⋅3500 εs⎞⎠ deg 0.506

Concrete shear strength ≔Vc_MCFT_x1 =⋅⋅⋅⋅⋅0.0316 βequ ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv_x1 154.734 kip

Steel shear strength ≔Vs_MCFT_x1 =―――――――――――
⋅⋅⋅Aprovided_x1 fy_shear dv_x1 cot ⎛⎝θequ⎞⎠

sshear_x1
316.775 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1

≔Vn_MCFT_x1 =++Vc_MCFT_x1 Vs_MCFT_x1 Vp 501.037 kip

The nominal shear determined 
by LRFD BDS Equation 5.7.3.3

≔Vn_MCFT_x1 =min ⎛⎝ ,Vn_equ_1_x1 Vn_MCFT_x1⎞⎠ 501.037 kip

Factored shear resistance =⋅ϕps_shear Vn_MCFT_x1 450.934 kip

≔check_shear_MCFT =if ⎛⎝ ,,>⋅ϕps_shear Vn_MCFT_x1 Vu_x1 “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio ≔DCRx1 =―――――――
Vu_x1

⋅ϕps_shear Vn_MCFT_x1

0.822

Check the longitudinal reinforcement requirement

Calculate minimum required tensile capacity

≔Vs_req_x1 =min
⎛
⎜
⎝

,Vs_MCFT_x1 ―――
Vu_x1

ϕps_shear

⎞
⎟
⎠

316.775 kip

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

=++――――――
abs ⎛⎝Mu_critical_x1⎞⎠

⋅dv_x1 ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu_x1

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req_x1

⎞
⎟
⎠

cot ⎛⎝θequ⎞⎠ 1067.129 kip

Determine the based on LRFD BDS 5.9.4.3.2: fpx
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Determine the based on LRFD BDS 5.9.4.3.2: fpx

≔ld =⋅⋅1.6

⎛
⎜
⎜
⎜⎝
――――

-fps ―
2
3

fe

ksi

⎞
⎟
⎟
⎟⎠
db 138.105 in ≔lpx =dv_x1 55.743 in

≔fpx =+fe ⋅
⎛
⎜
⎝
――――

-lpx 60 db
-ld ⋅60 db

⎞
⎟
⎠

⎛⎝ -fps fe⎞⎠ 192.642 ksi

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, , in these strands. The center of fpx
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_straight 9.114 in 2 ≔Afx =⋅Aps_straight fpx 1755.738 kip

≔Check =if
⎛
⎜
⎜
⎜
⎜
⎝

,,>Afx

+

 ↲+――――――
abs ⎛⎝Mu_critical_x1⎞⎠

⋅dv_x1 ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu_x1

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req_x1

⎞
⎟
⎠

cot ⎛⎝θequ⎞⎠

“OK” “NG”
⎞
⎟
⎟
⎟
⎟
⎠

“OK”

Note: The longitudinal reinforcement check for this section is good.

11. Load Effects and Resistance Summary
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11. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary

Resistance Summary

12. Load Rating: Design Load Rating for Moment and Shear 
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12. Load Rating: Design Load Rating for Moment and Shear 

Parameter information for the equation below.

=Mn 15722.487 ⋅kip ft =gm2 0.834

=MDC1 4357.7 ⋅kip ft =MDC2 310.5 ⋅kip ft

=MDW 0 ⋅kip ft

Distributed HL-93 moment 
(including IM = 0.33 for truck and )gm2

≔HL_93_Mdist ⋅3412.1 kip ft

Inventory level rating factor

≔RFinv =―――――――――――――――
-⋅((1.0)) Mn ⎛⎝ +⋅1.25 ⎛⎝ +MDC1 MDC2⎞⎠ ⋅1.50 MDW⎞⎠

⋅1.75 ⎛⎝HL_93_Mdist⎞⎠
1.656

Operating level rating factor

≔RFope =⋅RFinv ――
1.75
1.35

2.146
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Shear load rating at first critical location (5.87 ft to the centerline of the support)

Parameter information for the equation below.

=Vn_simp 509.774 kip =gv2 1.018

=Vnc_critical 122 kip =Vc_critical 8.7 kip

=VDW_critical 0 kip

Distributed HL-93 shear 
(including IM =0.33 for truck and )gv2

=Vdistributed_critical 124.7 kip

Inventory level rating factor

≔RFV =――――――――――――――――――――
-⋅((0.9)) Vn_simp ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical Vc_critical⎞⎠ ⋅1.50 VDW_critical⎞⎠

⋅1.75 ⎛⎝Vdistributed_critical⎞⎠
1.354

Operating level rating factor

≔RFope =⋅RFV ――
1.75
1.35

1.755

Shear load rating at location (8 ft to the centerline of the support)
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Shear load rating at location (8 ft to the centerline of the support)

Parameter information for the equation below.

=Vn_MCFT_x1 501.037 kip =gv2 1.018

=Vnc_critical_x1 117.6 kip =Vc_critical_x1 8.4 kip

=VDW_critical_x1 0 kip

Distributed HL-93 shear 
(including IM =0.33 for truck and )gv2 =Vdistributed_critical_x1 121.8 kip

Inventory level rating factor

≔RFVx =―――――――――――――――――――――――
-⋅((0.9)) Vn_MCFT_x1 ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical_x1 Vc_critical_x1⎞⎠ ⋅1.50 VDW_critical_x1⎞⎠

⋅1.75 ⎛⎝Vdistributed_critical_x1⎞⎠
1.377

Operating level rating factor

≔RFope =⋅RFVx ――
1.75
1.35

1.785

13. Load Rating for Service III Limit State (Inventory Level)
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13. Load Rating for Service III Limit State (Inventory Level)

Allowable tensile stress, ksi ≔ft =⋅⋅0.19
‾‾‾‾
――
f'c
ksi

ksi 0.586 ksi

Resistance stress ≔fR =+fpb ft 6.012 ksi

Determine dead load stress at midspan ≔fDC =+―――
⎛⎝MDC1⎞⎠
Sbot_nc

―――
⎛⎝MDC2⎞⎠
Sbot_c

3.405 ksi

Determine wearing dead load stress at mid 
span 

≔fDW =―――
⎛⎝MDW⎞⎠
Sbot_c

0 ksi

Total dead load stress at midspan ≔fD =+fDC fDW 3.405 ksi

Live load stress at midspan ≔fLL =―――――
⎛⎝HL_93_Mdist⎞⎠

Sbot_c

1.827 ksi

Rating factor for Service III 
(Post-1.0-Gains)

≔RFServiceIIIinv =―――
-fR fD
⋅1.0 fLL

1.427

14. Load Rating for Strength I Limit State Platoon (target beta = 2.5)
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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 β = 2.5 (Steelman et al., 2021) (Table 2)

Platoon weight divided by 80 kips
(amplification factor alpha)

≔Wplatoon 1.0

Assumed IM = 0.33 (same as MBE permit load rating) ≔IMsurface %33

5 ft headway 4-truck platoon moment at the mid span from the above load effect table: 
(with IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence factor)gm1

≔LLplatoon ⋅2959.0 kip ft

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha)

≔LLplatoon_dis =⋅Wplatoon LLplatoon 2959 ⋅kip ft

Platoon calibrated live load factor (the value 
in the red box as shown above Table) ≔γplatoon_strength 1.60

Parameter information for the equation below.

=Mn 15722.487 ⋅kip ft =MDC2 310.5 ⋅kip ft

=MDC1 4357.7 ⋅kip ft =MDW 0 ⋅kip ft

≔RFPlatoon_flexure =―――――――――――――――
-⋅((1.0)) Mn ⎛⎝ +⋅1.25 ⎛⎝ +MDC1 MDC2⎞⎠ ⋅1.50 MDW⎞⎠

⋅γplatoon_strength ⎛⎝LLplatoon_dis⎞⎠
2.088

Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon 
mixed with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)
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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 first critical location (5.87 ft to the centerline of the support)

Parameter information for the equation below.

=Vn_simp 509.774 kip =gv1 0.8

=Vnc_critical 122 kip =Vc_critical 8.7 kip

=VDW_critical 0 kip

5 ft headway 4-truck platoon shear at 5.87 ft to the end from the above load effect table: 
(with IM = 0.33 and single lane shear GDF ( ) and removed 1.2 multiple presence factor)gv1

≔Vcritical_platoon 131.6 kip

5 ft headway 4-truck platoon shear at 5.87 ft to the centerline of support  (with amplification 
factor alpha)

≔Vcritical_platoon_dis =⋅Wplatoon Vcritical_platoon 131.6 kip

≔RFV =―――――――――――――――――――――
-⋅((0.9)) ⎛⎝Vn_simp⎞⎠ ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical Vc_critical⎞⎠ ⋅1.50 ⎛⎝VDW_critical⎞⎠⎞⎠

⋅γplatoon_strength ⎛⎝Vcritical_platoon_dis⎞⎠
1.403

Shear load rating at the location (8 ft to the centerline of the support)

Non-Commercial Use Only

C-40



Shear load rating at the location (8 ft to the centerline of the support)

Parameter information for the equation below.

=Vn_MCFT_x1 501.037 kip =gv1 0.8

=Vnc_critical_x1 117.6 kip =Vc_critical_x1 8.4 kip

=VDW_critical_x1 0 kip

5 ft headway 4-truck platoon shear at 8 ft to the end from the above load effect table: 
(with IM = 0.33 and single lane shear GDF ( ) and removed 1.2 multiple presence factor)gv1

≔Vcritical_platoon_x1 127.1 kip

5 ft headway 4-truck platoon shear at 8 ft to the end (with amplification factor alpha)

≔Vcritical_platoon_dis_x1 =⋅Wplatoon Vcritical_platoon_x1 127.1 kip

≔RFVx =―――――――――――――――――――――――
-⋅((0.9)) Vn_MCFT_x1 ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical_x1 Vc_critical_x1⎞⎠ ⋅1.50 VDW_critical_x1⎞⎠

⋅γplatoon_strength ⎛⎝Vcritical_platoon_dis_x1⎞⎠
1.443
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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 β = -0.6 (Table 21)

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_service 1.55

Live load stress due to 5 ft headway 4-truck platoon at the mid span (with amplification factor
alpha)

≔fplatoon =――――
LLplatoon_dis

Sbot_c

1.584 ksi

Parameter information for the equation below.

=fR 6.012 ksi =fD 3.405 ksi =Sbot_c 22414.983 in 3

Rating factor for Service III ≔RFServiceIIIplatoon =―――――――
-fR fD

⋅γplatoon_service fplatoon
1.062

16. Load Rating for Service I Limit State Platoon
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16. Load Rating for Service I Limit State Platoon

5 ft headway 4-truck platoon moment at the mid span (with IM = 0.33 and multiple lanes 
moment GDF ( ) )gm2

≔LLplatoon_m =⋅―――
LLplatoon

――
gm1

1.20

gm2 5354.595 ⋅kip ft

Note: includes the as shown before.LLplatoon ――
gm1

1.20

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha )

≔LLplatoon_dis_m =⋅Wplatoon LLplatoon_m 5354.595 ⋅kip ft

Parameter information for the equation below.

=Mn 15722.487 ⋅kip ft =MDC2 310.5 ⋅kip ft =MDC1 4357.7 ⋅kip ft

=MDW 0 ⋅kip ft

75% of moment resistance ≔Mn75 =⋅0.75 Mn 11791.865 ⋅kip ft

Moment ratio ≔Mratio =――――――――――――
Mn75

+++MDC1 MDC2 MDW LLplatoon_dis_m

1.177

17. Load Rating Summary
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17. Load Rating Summary

Load rating summary table is given below.

Load Rating Summary
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D-0 

Appendix D  

This appendix contains detailed calculations related to the example prestressed concrete 

continuous span bridge described in Section 8.3.



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 III 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 ≔Lend 42.5 ft

Mid span length ≔Lmid 85 ft

Year  built 2009

Concrete information
Ultimate strength for deck ≔f'cd 4 ksi

Initial strength for deck ≔f'cdi 4 ksi

Strength of girder concrete at time of transfer ≔f'ci 7 ksi

Ultimate strength of girder concrete ≔f'c 9 ksi

Unit weight of concrete for determining 
dead loads

≔wc 155 pcf

Unit weight of concrete for determining 
deck modulus of elasticity 

≔wcd_modulus 155 pcf

Unit weight of concrete for determining 
girder modulus of elasticity 

≔wcg_modulus 150 pcf
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Modulus of elasticity of concrete girder at time of transfer

≔Eci =⋅⋅⋅120000
⎛
⎜
⎝
――――
wcg_modulus

⋅pcf 1000

⎞
⎟
⎠

2.0 ⎛
⎜
⎝
――
f'ci
ksi

⎞
⎟
⎠

0.33

ksi 5131.521 ksi

Modulus of elasticity of concrete girder at ultimate strength

≔Ec =⋅⋅⋅120000
⎛
⎜
⎝
――――
wcg_modulus

⋅pcf 1000

⎞
⎟
⎠

2.0 ⎛
⎜
⎝
――
f'c
ksi

⎞
⎟
⎠

0.33

ksi 5575.243 ksi

Modulus of elasticity of deck at final time

≔Ecd =⋅⋅⋅33000
⎛
⎜
⎝
――――
wcd_modulus

⋅pcf 1000

⎞
⎟
⎠

1.5 ⎛
⎜
⎝
――
f'cd
ksi

⎞
⎟
⎠

0.5

ksi 4027.555 ksi

Modulus of elasticity of deck at initial

≔Ecdi =⋅⋅⋅33000
⎛
⎜
⎝
――――
wcd_modulus

⋅pcf 1000

⎞
⎟
⎠

1.5 ⎛
⎜
⎝
――
f'cdi
ksi

⎞
⎟
⎠

0.5

ksi 4027.555 ksi

Compression steel

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

Other information

1.
2.

Skew: 0 degrees.
ADT: 49240.

Vertical shear reinforcement information
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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

Span 2 vertical shear reinforcement information

Prestress steel information
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Prestress steel information
Span strand layouts are given below for span 1 and 2. Span 3 has the same layout as for span 1.
Span 1 strand layout information

Span 2 strand layout information

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 ≔db 0.6 in

Area of prestress per strands ≔Astrand 0.217 in 2

Ultimate strength of prestressed strands ≔fpu 270 ksi

Yield stress of prestressed strands ≔fpy 243 ksi

Prestressed strands stress prior to transfer ≔fpi =⋅0.75 fpu 202.5 ksi

Modulus of elasticity of prestress ≔Ep 28500 ksi

Modulus of ratio for deck to girder concrete ≔npd =――
Ecd

Ec

0.722

2. Bridge Cross Section

Girder spacing (S) ≔S 11 ft

Number of girders ≔N_girder 6

Overhang ≔overhang 3.833 ft

Barrier length ≔Lbarrier 0.333 ft

Total bridge width ≔Wbridge =(( +⋅overhang 2 ⋅S (( -N_girder 1)))) 751.992 in

Effective width for deck (for interior girders) ≔beff =S 132 in

3. Interior Girder Details
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3. Interior Girder Details

Girder gross section area ≔Ag 648.3 in 2

Beam height ≔hnc 35.4 in

Top girder width ≔btop 48.25 in

Moment of inertia precast girder ≔Inc 110017.7 in 4

Girder centroid to the bottom of fiber ≔yncb 16.1 in

Girder centroid to the top of fiber ≔ynct =-hnc yncb 19.3 in

Non-composite section modulus top ≔Stop_nc =―――
Inc
-hnc yncb

5700.399 in 3

Non-composite section modulus bottom ≔Sbot_nc =――
Inc
yncb

6833.398 in 3

Thickness of deck (loads calculations) ≔ts 8 in

Thickness of deck (effective) ≔hd 7.5 in

Section property calculations
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Section property calculations

Transformed width of deck 
(deck concrete to girder concrete)

≔bd_tr =⋅beff npd 95.357 in

Cross-section area of deck ≔Ad_tr =⋅bd_tr hd 715.176 in 2

Deck moment of inertia of deck about it centroid ≔Id_tr =―――
⋅hd

3 bd_tr
12

3352.387 in 4

Height of haunch ≔hh 1 in

Transformed width of haunch ≔bh_tr =⋅btop npd 34.856 in

Area of haunch ≔Ah_tr =⋅bh_tr hh 34.856 in 2

Haunch moment of inertia of haunch about it centroid ≔Ih_tr =―――
⋅hh

3 bh_tr
12

2.905 in 4

Total height of composite beam ≔hc =++hh hnc hd 43.9 in

Transformed section area 
(including deck and haunch) 

≔Ac =++Ag Ad_tr Ah_tr 1398.332 in 2

Center of deck to the bottom of fiber ≔hd_center =
⎛
⎜
⎝

++hnc hh ―
hd
2

⎞
⎟
⎠

40.15 in

Center of haunch to the bottom of fiber ≔hh_center =
⎛
⎜
⎝

+hnc ―
hh
2

⎞
⎟
⎠

35.9 in

Center to the bottom of fiber (composite)

≔ycb =―――――――――――――
++⋅Ag yncb ⋅Ad_tr hd_center ⋅Ah_tr hh_center

Ac

28.894 in

Moment of inertia  (composite)

≔Ic =

+
 ↲+⎛⎝ +Inc ⋅Ag ⎛⎝ -yncb ycb⎞⎠

2 ⎞⎠ ⎛⎝ +Id_tr ⋅Ad_tr ⎛⎝ -hd_center ycb⎞⎠
2 ⎞⎠

⎛⎝ +Ih_tr ⋅Ah_tr ⎛⎝ -hh_center ycb⎞⎠
2 ⎞⎠

311812.799 in 4

≔Stop_c =―――
Ic
-hnc ycb

47926.273 in 3
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Composite section modulus top beam ≔Stop_c =―――
Ic
-hnc ycb

47926.273 in 3

Composite section modulus bottom beam ≔Sbot_c =――
Ic
ycb

10791.645 in 3

Composite section modulus for extreme top fiber 
of the structural deck slab

≔Stop_slab_c =――
1
npd

―――
Ic
-hc ycb

28763.955 in 3

Dead and live load moments from BrR (interior girders)

Non-composite Dead Load DC1 Moment at 
the 0.5L of the interior span 

≔MDC1_mid ⋅1637.5 kip ft

Composite Dead Load DC2 Moment at the 
0.5L of the interior span 

≔MDC2_mid ⋅127.6 kip ft

Wearing surface load moment at the 0.5L of the 
interior span 

≔MDW_mid ⋅0 kip ft

HL-93 loading moment at the 0.5L of the interior span 
(with multiple lanes loaded GDF and IM = 0.33)

≔HL_93_Mdist_mid ⋅1034 kip ft

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)

Modular ratio for AASHTO GDFs ≔nGDF =――
Ec

Ecd

1.38427479

term for AASHTO GDF equationseg ≔eg_GDF =++-hnc yncb hh ―
ts
2

24.3 in

term for AASHTO GDF equationsKg ≔Kg =⋅nGDF
⎛⎝ +Inc ⋅Ag eg_GDF

2 ⎞⎠ 682215 in 4
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Single lane AASHTO moment GDF for interior girders (0.5L of the interior span) 

≔gm1_mid =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
――
S

Lmid

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Lmid

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.565

Multiple lanes AASHTO moment GDF for interior girders (0.5L of the interior span) 

≔gm2_mid =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
――
S

Lmid

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Lmid

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.82

GDF for negative moment region at the interior supports (interior girders)

Single lane AASHTO moment GDF for interior girders (interior support) 

≔Linter =――――
+Lend Lmid

2
63.75 ft

≔gm1_inter =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
――
S

Linter

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Linter

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.627

Multiple lanes AASHTO moment GDF for interior girders (interior support) 
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Multiple lanes AASHTO moment GDF for interior girders (interior support) 

≔gm2_inter =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
――
S

Linter

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Linter

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.887

Single lane AASHTO shear GDF for interior girders 

≔gv1 =+0.36 ――
S

25 ft
0.8

Multiple lanes AASHTO shear GDF for interior girders 

≔gv2 =-+0.20 ――
S

12 ft

⎛
⎜
⎝
――
S

35 ft

⎞
⎟
⎠

2

1.018

4. Compute Nominal Flexural Resistance at 0.5L of the Interior Span
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4. Compute Nominal Flexural Resistance at 0.5L of the Interior Span

Center of PS strands to the bottom girder ≔ybar 3.16 in

Distance from extreme compression fiber to the 
centroid of the prestressing strands

≔dp =-++hnc hh hd ybar 40.74 in

Number of strands ≔Nps 38

Area of total prestress ≔Aps =⋅Astrand Nps 8.246 in 2

≔α1 0.85

Stress factor of compression block ≔β1 0.85

0.28 for low-relaxation ≔k 0.28

Distance from neutral axis to the compressive 
face

≔c =―――――――――
⋅Aps fpu

+⋅⋅⋅α1 f'cd β1 beff ⋅⋅k Aps ――
fpu
dp

5.611 in

Depth of the equivalent stress block ≔a =⋅β1 c 4.77 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 ―
c
dp

⎞
⎟
⎠

259.587 ksi

Nominal flexural resistance at the interior span ≔Mn =⋅⋅Aps fps
⎛
⎜
⎝

-dp ―
a
2

⎞
⎟
⎠

6841.803 ⋅kip ft

5. Check the Maximum Reinforcement 
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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 ≔εc 0.003

Net tensile strain ≔εt =⋅―
εc
c

⎛⎝ -dp c⎞⎠ 0.019

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

Strength Reduction Factor ≔ϕ 1.0

Factored required moment 

≔Mu_mid =
+

 ↲+⋅1.25 ⎛⎝ +MDC1_mid MDC2_mid⎞⎠ ⋅1.50 MDW_mid

⋅1.75 ⎛⎝HL_93_Mdist_mid⎞⎠

4016 ⋅kip ft

Demand/capacity ratio for the 
0.5L of the interior span

≔DCRmid =―――
Mu_mid

⋅ϕ Mn

0.587

6. Compute Prestress Loss according to LRFD BDS Article 5.9.3.4  (Gross Section)
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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 ≔enc =-yncb ybar 12.94 in

Eccentricity (composite at final) ≔ec =-+enc ycb yncb 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) ≔ti 1

Age of girder concrete at time of deck placement ≔td 30

Age of girder concrete at time at final time ≔tf 3650

Permanent load moments at midspan acting 
on non-composite section (beam)

≔Mg ⋅605.7 kip ft

Losses due to elastic shortening ≔ΔfpES =――――――――――――
-⋅⋅Aps fpi ⎛⎝ +Inc ⋅enc

2 Ag
⎞⎠ ⋅⋅enc Mg Ag

+⋅Aps
⎛⎝ +Inc ⋅enc

2 Ag
⎞⎠ ――――

⋅⋅Ag Inc Eci

Ep

20.759 ksi

Stress in strand after elastic shortening ≔fpt1 =-fpi ΔfpES 181.741 ksi

Concrete stress at the center of 
strands due to the prestressing force 
at transfer and the self weight of the 
member

≔fcgp =-+―――
⋅fpt1 Aps

Ag
―――――

⋅⋅fpt1 Aps enc
2

Inc
―――

⋅Mg enc
Inc

3.738 ksi

term calculationks ≔ks =max (( ,1 (( -1.45 ⋅0.13 V_S_Girder)))) 1.046

Humidity factor for shrinkage ≔khs =-2 ⋅0.014 H 1.09

Concrete strength factor ≔kf =――――
5 ksi

+1 ksi f'ci
0.625
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Time development factor 

Time development factor (initial to deck) ≔ktdd =――――――――――
⎛⎝ -td ti⎞⎠

+⋅12
⎛
⎜
⎝
―――――

-100 ksi ⋅4 f'ci
+f'ci 20 ksi

⎞
⎟
⎠

⎛⎝ -td ti⎞⎠

0.475

Shrinkage strain (initial to deck placement) ≔εbid =⋅⋅⋅⋅⋅ks khs kf ktdd 0.48 10-3 0

Transformed section coefficient

Humidity factor for creep ≔khc =-1.56 ⋅0.008 H 1.04

Time development factor (initial to final) ≔ktdf =――――――――――
⎛⎝ -tf ti⎞⎠

+⋅12
⎛
⎜
⎝
―――――

-100 ksi ⋅4 f'ci
+f'ci 20 ksi

⎞
⎟
⎠

⎛⎝ -tf ti⎞⎠

0.991

Creep coefficients and shrinkage strains (girder)

Creep coefficients  (initial to deck placement) ≔ψtd_ti =⋅⋅⋅⋅1.9 ks khc kf ktdd ⎛⎝ti⎞⎠
-0.118 0.614

Creep coefficients  (initial to final) ≔ψtf_ti =⋅⋅⋅⋅1.9 ks khc kf ktdf ⎛⎝ti⎞⎠
-0.118 1.281

Transformed section coefficients (initial to deck )
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Transformed section coefficients (initial to deck )

≔Kid =――――――――――――――
1

+1 ⋅⋅⋅――
Ep

Eci
――
Aps

Ag

⎛
⎜
⎜⎝

+1 ―――
⋅Ag enc

2

Inc

⎞
⎟
⎟⎠

⎛⎝ +1 ⋅0.7 ψtf_ti⎞⎠

0.79

Long-term losses prior to deck placement (between transfer and deck placement)

Loss due to girder shrinkage
(initial to deck)

≔ΔfpSR =⋅⋅εbid Ep Kid 3.661 ksi

Creep coefficients and shrinkage strains (girder):

Loss due to girder Creep 
(initial to deck)

≔ΔfpCR =⋅⋅⋅――
Ep

Eci

fcgp ψtd_ti Kid 10.072 ksi

Loss due to relaxation ≔ΔfpR1 1.2 ksi

Total loss before deck placement ≔ΔfpLTid =++ΔfpSR ΔfpCR ΔfpR1 14.933 ksi

Long -term losses after deck placement 

Shrinkage strain (initial to final) ≔εbif =⋅⋅⋅⋅⋅ks khs kf ktdf 0.48 10-3 0

The girder concrete shrinkage 
strain between deck placement 
and final time is: shrinkage strain 
(deck to final)

≔εbdf =-εbif εbid 0

Transformed section coefficients (deck to final)

≔Kdf =―――――――――――――
1

+1 ⋅⋅⋅――
Ep

Eci
――
Aps

Ac

⎛
⎜
⎜⎝

+1 ―――
⋅Ac ec

2

Ic

⎞
⎟
⎟⎠

⎛⎝ +1 ⋅0.7 ψtf_ti⎞⎠

0.802
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≔Kdf =―――――――――――――
1

+1 ⋅⋅⋅――
Ep

Eci
――
Aps

Ac

⎛
⎜
⎜⎝

+1 ―――
⋅Ac ec

2

Ic

⎞
⎟
⎟⎠

⎛⎝ +1 ⋅0.7 ψtf_ti⎞⎠

0.802

The prestress loss due to 
shrinkage of concrete between 
deck placement and final time 
is: Shrinkage (deck to final)

≔ΔfpSD =⋅⋅εbdf Ep Kdf 4.035 ksi

Loss due to girder Creep (after deck placement)

Time development factor (deck to final) ≔ktdf_d =――――――――――
⎛⎝ -tf td⎞⎠

+⋅12
⎛
⎜
⎝
―――――

-100 ksi ⋅4 f'ci
+f'ci 20 ksi

⎞
⎟
⎠

⎛⎝ -tf td⎞⎠

0.991

Creep coefficients  (deck to final) ≔ψtf_td =⋅⋅⋅⋅1.9 ks khc kf ktdf_d ⎛⎝td⎞⎠
-0.118 0.857

Permanent load moments at midspan acting 
on non-composite section (except beam at 
transfer) [Haunch + deck]

≔Mdnc ⋅1031.8 kip ft

Permanent load moments at midspan acting 
on composite section [barrier and wearing)

≔Mdc =MDC2_mid 127.6 ⋅kip ft

Loss in the strands ≔PΔ =⋅Aps ΔfpLTid 123.136 kip

Change in concrete stress at centroid of strands due to long-term losses between transfer 
and deck placement

≔Δfcd =-
⎛
⎜
⎜⎝

+++――
PΔ

Ag
―――

⋅PΔ enc
2

Inc
―――

⋅Mdnc enc
Inc

―――
⋅Mdc ec

Ic

⎞
⎟
⎟⎠

-1.96 ksi

Losses due to creep between deck placement and final time

≔ΔfpCD =+⋅⋅⋅――
Ep

Eci

fcgp ⎛⎝ -ψtf_ti ψtd_ti⎞⎠ Kdf ⋅⋅⋅―
Ep

Ec

Δfcd ψtf_td Kdf 4.209 ksi

Loss due to relaxation ≔ΔfpR2 =ΔfpR1 1.2 ksi

Deck material coefficients
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Deck material coefficients

It is also necessary to determine some material properties for the deck concrete. Humidity 
factors ( and ) will be the same as for the beam.khs khc

Shape factor for deck estimated (V/S) ≔VSd =―――――
⋅hd beff

⋅⋅⎛⎝ +hd beff⎞⎠ 2 in
3.548

for deckkvs ≔ksd =max ⎛⎝ ,1 ⎛⎝ -1.45 ⋅0.13 VSd⎞⎠⎞⎠ 1

Concrete strength factor ≔kfd =――――
5 ksi

+1 ksi f'cdi
1

Time development factor (end of moist to final) 

≔ktdf_dd =――――――――――
⎛⎝ -tf td⎞⎠

+⋅12
⎛
⎜
⎝
――――――

-100 ksi ⋅4 f'cdi
+f'cdi 20 ksi

⎞
⎟
⎠

⎛⎝ -tf td⎞⎠

0.989

Shrinkage strain (deck to final) ≔εddf =⋅⋅⋅⋅⋅ksd khs kfd ktdf_d 0.48 10-3 0.001

Creep coefficients  (deck to final) ≔ψd_tf_td =⋅⋅⋅⋅1.9 ksd khc kfd ktdf_d ⎛⎝ti⎞⎠
-0.118 1.959

Eccentricity of deck with respect to gross composite section ≔ed =-⎛⎝ -hc ycb⎞⎠ ―
hd
2

11.256 in

Area of deck concrete ≔Ad =⋅beff hd 990 in 2

Change in concrete stress due to deck 
shrinkage

≔Δfcdf =⋅――――――
⎛⎝ ⋅⋅εddf Ad Ecd⎞⎠

⎛⎝ +1 ⋅0.7 ψd_tf_td⎞⎠

⎛
⎜
⎝

-―
1
Ac

――
⋅ec ed
Ic

⎞
⎟
⎠

-0.186 ksi

Losses due to shrinkage of deck ≔ΔfpSS =⋅⋅⋅―
Ep

Ec

⎛⎝-Δfcdf⎞⎠ Kdf ⎛⎝ +1 ⋅0.7 ψtf_td⎞⎠ 1.224 ksi

Total loss after deck placement ≔ΔfpLTdf =-++ΔfpSD ΔfpCD ΔfpR2 ΔfpSS 8.221 ksi

Total long-term loss based on refined method ≔ΔfpLT =+ΔfpLTid ΔfpLTdf 23.154 ksi

Total loss ≔ΔfpLT_without_elastic_gain =++ΔfpES ΔfpLTid ΔfpLTdf 43.913 ksi

The elastic gain due to deck weight, superimposed dead load, and live load (Service III) 
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≔ΔfpLT_without_elastic_gain =++ΔfpES ΔfpLTid ΔfpLTdf 43.913 ksi

The elastic gain due to deck weight, superimposed dead load, and live load (Service III) 

≔elastic_gain_dead =⋅
⎛
⎜
⎝

+―――
⋅Mdnc enc

Inc
―――

⋅Mdc ec
Ic

⎞
⎟
⎠

―
Ep

Ec

8.09 ksi

≔elastic_gain_live =⋅⋅1.0
⎛
⎜
⎝
―――――――

⋅ec HL_93_Mdist_mid

Ic

⎞
⎟
⎠

―
Ep

Ec

5.235 ksi

Total loss with elastic gain (dead loads)

≔Δfp_total_dead_elastic_gain =-++ΔfpES ΔfpLTid ΔfpLTdf elastic_gain_dead 35.822 ksi

Total loss with elastic gain (live loads)

≔Δfp_total_live_elastic_gain =-++ΔfpES ΔfpLTid ΔfpLTdf elastic_gain_live 38.678 ksi

Total loss with elastic gain (dead and live loads)

≔Δfps =--++ΔfpES ΔfpLTid ΔfpLTdf 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 ≔fe =-fpi Δfps 171.913 ksi

Effective force after loss ≔Pe =⋅Aps fe 1417.591 kip

Compressive stress due to 
effective prestress

≔fpb =+―
Pe

Ag
―――

⋅Pe enc
Sbot_nc

4.871 ksi

7. Check the Minimum Reinforcement according to LRFD BDS Article 5.6.3.3
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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, , equal to the lesser of:Mr

Design Flexural Strength ≔Mr =⋅ϕ Mn 6841.803 ⋅kip ft

1.33 Factored moment required ≔Mu_factored =⋅1.33 Mu_mid 5341.114 ⋅kip ft

Modulus of rupture (assume = 1.0)λ
(LRFD BDS 5.4.2.6)

≔fr =⋅⋅0.24
‾‾‾‾
――
f'c
ksi

ksi 0.72 ksi

Cracking moment ≔γ1 1.6 ≔γ2 1.1 ≔γ3 1.0

≔Mcr =⋅γ3
⎛
⎜
⎝

-⋅⎛⎝ +⋅γ1 fr ⋅γ2 fpb⎞⎠ Sbot_c ⋅MDC1_mid

⎛
⎜
⎝

-―――
Sbot_c

Sbot_nc

1
⎞
⎟
⎠

⎞
⎟
⎠

4906.07 ⋅kip ft

≔check_min_reinforcement =if ⎛⎝ ,,>Mr min ⎛⎝ ,1.33 Mu_mid Mcr⎞⎠ “OK” “NG”⎞⎠ “OK”

Note: Therefore, the minimum reinforcement check is good.

Negative moment region Strength I 
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Negative moment region Strength I 

Note: is determined firstly for the negative moment region. For this simple made Mu

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 
the interior support

≔MDC1_inter ⋅0 kip ft

Composite Dead Load DC2 Moment at the 
interior support

≔MDC2_inter ⋅-74.7 kip ft

Wearing surface load moment at the interior 
support

≔MDW_inter ⋅0 kip ft

HL-93 loading moment at the interior support
(with multiple lanes GDF and IM = 0.33 for truck)

≔HL_93_Mdist_inter ⋅-1006.1 kip ft

Non-prestressing flexural reinforcement 
information at the interior support (in BrR)

Centroid of non-prestressed reinforcement to the bottom of beam

≔dinter =―――――――――――
+⋅8.8 in 2 41.4 in ⋅12.1 in 2 37.4 in

+8.69 in 2 12.1 in 2
39.291 in

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. ϕ
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The compression face is the bottom 
flange of the beam 

≔bbot 38.375 in

Total non-prestressed flexure 
reinforcement

≔As =+12.1 in 2 8.69 in 2 20.79 in 2

Non-prestressed flexure yield stress ≔fy 60 ksi

Depth of the equivalent stress block ≔ainter =――――
⋅As fy

⋅0.85 bbot f'c
4.249 in

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)

≔Mn_inter =⋅⋅-As fy
⎛
⎜
⎝

-dinter ――
ainter

2

⎞
⎟
⎠

-3863.454 ⋅kip ft

Factor for nonprestressed section ϕ ≔ϕnonps 0.9

=⋅ϕnonps Mn_inter -3477.108 ⋅kip ft

Factored required moment 

≔Mu_inter =
+

 ↲+⋅1.25 ⎛⎝ +MDC1_inter MDC2_inter⎞⎠ ⋅1.50 MDW_inter

⋅1.75 ⎛⎝HL_93_Mdist_inter⎞⎠

-1854 ⋅kip ft

Demand/capacity ratio ≔DCRmid =―――――
Mu_inter

⋅ϕnonps Mn_inter

0.533

Negative moment region minimum reinforcement check (LRFD BDS Article 5.6.3.3)
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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.

Design Flexural Strength ≔Mr_inter =⋅ϕnonps Mn_inter -3477.108 ⋅kip ft

1.33 Factored moment required ≔Mu_factored_inter =⋅1.33 Mu_inter -2465.887 ⋅kip ft

Modulus of rupture based on the deck  
(assume = 1.0) (LRFD BDS 5.4.2.6)λ

≔fr_inter =⋅⋅0.24
‾‾‾‾
――
f'cd
ksi

ksi 0.48 ksi

Cracking moment ≔γ1 1.6 ≔γ2 1.1 ≔γ3 0.67

Composite section modulus for extreme top fiber 
of the structural deck slab

=Stop_slab_c 28763.955 in 3

Cracking moment (apply negative sign here) (Note:  For reinforced concrete members = Sc

, and without )Snc fcpe

≔Mcr_inter =⋅-γ3 ⎛⎝ ⋅⋅γ1 fr_inter Stop_slab_c⎞⎠ -1233.398 ⋅kip ft

≔check =if ⎛⎝ ,,>abs ⎛⎝Mr_inter⎞⎠ abs ⎛⎝min ⎛⎝ ,1.33 Mu_inter Mcr_inter⎞⎠⎞⎠ “OK” “NG”⎞⎠ “OK”

Note: Therefore, the minimum reinforcement check is satisfied.

8. Compute Nominal Shear Resistance at First Critical Section 
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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.

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 
in the tensile reinforcement ( )de_inter

≔de_inter =dinter 39.291 in

Effective shear depth dv ≔dv =max
⎛
⎜
⎝

,,-de_inter ――
ainter

2
⋅0.9 de_inter ⋅0.72 hc

⎞
⎟
⎠

37.166 in

Critical shear location from centerline of bearing
(distance from the face of support to centerline of bearing is 10")

≔dcritical =+dv 10 in 3.93 ft
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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_critical 72.8 kip ≔Vc_critical 5.7 kip

DW shears (DW) ≔VDW_critical 0 kip

Total distributed moment (HL-93 loading with multiple lanes GDF and IM =0.33)

≔Mdistributed_critical ⋅-729.7 kip ft

DC moment (Dnc (non-composite dead load + Dc (barrier loads))

≔Mnc_critical ⋅234.4 kip ft ≔Mc_critical ⋅-51.3 kip ft

DW moment (DW) ≔MDW_critical ⋅0 kip ft

Compute nominal shear resistance
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≔MDW_critical ⋅0 kip ft

Compute nominal shear resistance

Based on the beam shear reinforcement layout below, the transverse reinforcement provided at 
3.93 ft from the bearing centerline is D18 shear reinforcement at 4-in. spacing. 

Minimum transverse reinforcement (LRFD BDS 5.7.2.5)
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Minimum transverse reinforcement (LRFD BDS 5.7.2.5)

Effective web width, bv ≔bv 5.9375 in

Shear reinforcement spacings, sshear ≔sshear 4 in

Shear reinforcement yield strength, fy_shear ≔fy_shear 70 ksi

≔Av =⋅⋅⋅⋅0.0316 ((1.0))
‾‾‾‾
――
f'c
ksi

ksi ―――
⋅bv sshear

fy_shear
0.032 in 2

Area provided for the critical section ≔Aprovided =⋅1.8 0.2 in 2 0.36 in 2

≔check_min_transverse_reinforcement =if ⎛⎝ ,,>Aprovided Av “OK” “NG”⎞⎠ “OK”

Determine the Vp 

≔Nharped 6Number of harped strands
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Number of harped strands ≔Nharped 6

Harped strands point location to the bearing ≔Lharped 33.73 ft

Prestress force per strand without live load gains

≔Pwo_LG_strand =⋅⎛⎝ -fpi Δfp_total_dead_elastic_gain⎞⎠ Astrand 36.169 kip

Top layer of harped strand distance to the bottom of precast beam ≔hharp_bot1 33.5 in

Top layer of harped strand distance to the top of beam (33.5" to the bottom of beam in BrR)

≔dharped1 =-hnc hharp_bot1 1.9 in

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.

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:

≔dharped_top =⋅―――――――
++⋅1.9 2 ⋅3.9 2 ⋅5.9 2

6
in 3.9 in

The distance between the center of gravity of the 6 harped stands at the harp point and the 
bottom fiber of the beam is:

≔dharped_bot =⋅―――――
++⋅2 2 ⋅4 2 ⋅6 2

6
in 4 in

≔ψ =atan
⎛
⎜
⎝
―――――――――

--hnc dharped_top dharped_bot
Lharped

⎞
⎟
⎠

3.887 deg

Component of prestressing force in the direction of the shear force (6 strands harped )
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Component of prestressing force in the direction of the shear force (6 strands harped )

≔Vp =⋅⋅⎛⎝Pwo_LG_strand⎞⎠ ⎛⎝Nharped⎞⎠ sin ((ψ)) 14.71 kip

The nominal shear determined by LRFD 
Equation 5.7.3.3-2

≔Vn_equ_1 =+⋅⋅⋅0.25 f'c bv dv Vp 511.231 kip

Simplified approach

Concrete and θsim βsim ≔θsim 45 deg ≔βsim 2.0

Concrete shear strength ≔Vc =⋅⋅⋅⋅⋅0.0316 βsim ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv 41.84 kip

Steel shear strength ≔Vs =――――――――――
⋅⋅⋅Aprovided fy_shear dv cot ⎛⎝θsim⎞⎠

sshear
234.149 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1

≔Vn_equ_2 =++Vc Vs Vp 290.699 kip

The nominal shear determined by LRFD BDS Equation 5.7.3.3

≔Vn_simp =min ⎛⎝ ,Vn_equ_1 Vn_equ_2⎞⎠ 290.699 kip

≔ϕps_shear 0.9

Factored shear resistance =⋅ϕps_shear Vn_simp 261.629 kip

Strength I load factors 

Non-Commercial Use Only

D-28



=⋅ϕps_shear Vn_simp 261.629 kip

Strength I load factors 

Maximum shear at the critical section (HL-93 inventory loading)

≔Vu_critical =
+

 ↲+⋅1.25 ⎛⎝ +Vnc_critical Vnc_critical⎞⎠ ⋅1.5 VDW_critical

⋅1.75 Vdistributed_critical

377.3 kip

≔Check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕps_shear Vn_simp Vu_critical “OK” “NG”⎞⎠ “NG”

Note: The check was not good for the simplified shear resistance approach. Therefore, the 
MCFT approach to determine the shear resistance for this critical location was used.

Try MCFT General approach (LRFD BDS 5.7.3.4.2)

Shear stress on the concrete ≔v =―――――――
-Vu_critical ⋅ϕps_shear Vp

⋅⋅ϕps_shear bv dv
1.833 ksi

≔check_using_APPENDIXB5 =if
⎛
⎜
⎝

,,<―
v
f'c

0.25 “OK” “NG”
⎞
⎟
⎠

“OK”

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 ≔Nu 0 kip

The is provided beforeAs =As 20.79 in 2

The for non-prestressing longitudinal steelEs ≔Es 29000 ksi

The can be taken as fpo 0.7 fpu ≔fpo =⋅0.7 fpu 189 ksi

Note: area of prestressing strands on the flexural tension side of the member. For this Aps

case, the harped strand area was used.
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Note: area of prestressing strands on the flexural tension side of the member. For this Aps

case, the harped strand area was used.

≔Aps_harped =⋅Nharped Astrand 1.302 in 2

Maximum moment at this section (HL-93 inventory loading)

≔Mu_critical =
+

 ↲+⋅1.25 ⎛⎝ +Mnc_critical Mc_critical⎞⎠ ⋅1.5 MDW_critical

⋅1.75 Mdistributed_critical

-1048.1 ⋅kip ft

≔εs =――――――――――――――――――――

⎛
⎜
⎝

-++―――――
abs ⎛⎝Mu_critical⎞⎠

dv
0.5 Nu abs ⎛⎝ -Vu_critical Vp⎞⎠ ⋅Aps_harped fpo

⎞
⎟
⎠

+⋅Es As ⋅Ep Aps_harped

⋅7.108 10-4

Assume the section contains at least the minimum amount of transverse reinforcement:

≔βequ =――――
4.8

⎛⎝ +1 ⋅750 εs⎞⎠
3.131

Angle of diagonal compressive stresses is:

≔θequ =⎛⎝ +29 ⋅3500 εs⎞⎠ deg 0.55 =cot ⎛⎝θequ⎞⎠ 1.633

Concrete shear strength ≔Vc_MCFT =⋅⋅⋅⋅⋅0.0316 βequ ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv 65.499 kip

Steel shear strength ≔Vs_MCFT =――――――――――
⋅⋅⋅Aprovided fy_shear dv cot ⎛⎝θequ⎞⎠

sshear
382.28 kip

≔Vn_MCFT =++Vc_MCFT Vs_MCFT Vp 462.489 kipThe nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1
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The nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1

≔Vn_MCFT =++Vc_MCFT Vs_MCFT Vp 462.489 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3

≔Vn_MCFT =min ⎛⎝ ,Vn_equ_1 Vn_MCFT⎞⎠ 462.489 kip

Factored shear resistance =⋅ϕps_shear Vn_MCFT 416.24 kip

≔check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕps_shear Vn_MCFT Vu_critical “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio ≔DCRx2 =――――――
Vu_critical

⋅ϕps_shear Vn_MCFT

0.906

9. Check the Longitudinal Reinforcement according to LRFD BDS 5.7.3.5
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9. Check the Longitudinal Reinforcement according to LRFD BDS 5.7.3.5

Calculate minimum required tensile capacity

≔Vs_req =min
⎛
⎜
⎝

,Vs ―――
Vu_critical

ϕps_shear

⎞
⎟
⎠

234.149 kip

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

=++―――――
abs ⎛⎝Mu_critical⎞⎠

⋅dv ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu_critical

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req

⎞
⎟
⎠

cot ⎛⎝θsim⎞⎠ 663.44 kip

≔lt =⋅60 db 36 in

≔ld =⋅⋅1.6

⎛
⎜
⎜
⎜⎝
――――

-fps ―
2
3

fe

ksi

⎞
⎟
⎟
⎟⎠
db 139.18 in
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≔lpx =dv 37.166 in

≔fpx =+fe ⋅
⎛
⎜
⎝
――――

-lpx 60 db
-ld ⋅60 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, , in these strands. The 6 harped fpx
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:

=⋅Aps_harped fpx 225.121 kip

≔check =if
⎛
⎜
⎜
⎜
⎜
⎝

,,>
+

 ↲⋅Aps_harped fpx
⋅As fy

+

 ↲+―――――
abs ⎛⎝Mu_critical⎞⎠

⋅dv ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu_critical

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req

⎞
⎟
⎠

cot ⎛⎝θsim⎞⎠

“Y” “N”
⎞
⎟
⎟
⎟
⎟
⎠

“Y”

Note: For this first critical location, the longitudinal reinforcement check is good.

9. Compute Nominal Shear Resistance at Vertical Shear Reinforcement Change 
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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 (18.33’ to 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 to that for checking 
shear at the 18.33’ to the interior support end in this example.

≔x1 18.83 ft

Harped strands distance to the bottom of beam

≔dharp_x1 =-⎛⎝ -hnc dharped_top⎞⎠ ⋅――――――――――
-⎛⎝ -hnc dharped_top⎞⎠ ⎛⎝dharped_bot⎞⎠

33.73 ft
x1 16.148 in

The distance between the center of gravity of the strands and the bottom of beam at this 
location is:
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The distance between the center of gravity of the strands and the bottom of beam at this 
location is:

≔ybar_x1 =⋅――――――――

++⋅―――
dharp_x1

in
6 ⋅2 16 ⋅4 16

38
in 5.076 in

The corresponding effective depth from the extreme 
compression fiber to the centroid of the tensile force 
in the tensile reinforcement ( )de_x1

≔de_x1 =-hc ybar_x1 38.824 in

Effective shear depth dv_x1 ≔dv_x1 =max
⎛
⎜
⎝

,,-de_x1 ―
a
2

⋅0.9 de_x1 ⋅0.72 hc
⎞
⎟
⎠

36.439 in

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.

≔x1_centerline =-x1 6 in 18.33 ft

Calculated shear at the 18.33  ft from the bearing centerline.

Total distributed shear (including and IM = 0.33 for HL-93 truck)  gv2

≔Vdistributed_critical_x1 86.4 kip

DC shears (DC1 + DC2) ≔Vnc_critical_x1 45.6 kip ≔Vc_critical_x1 3.55 kip

≔VDC_critical_x1 =+Vnc_critical_x1 Vc_critical_x1 49.15 kip

DW shears (DW) ≔VDW_critical_x1 0 kip

Shear reinforcement spacings, sshear_x1 ≔sshear_x1 8 in

≔Av_x1 =⋅⋅⋅⋅0.0316 ((1.0))
‾‾‾‾
――
f'c
ksi

ksi ――――
⋅bv sshear_x1
fy_shear

0.064 in 2

Area provided for the critical section ≔Aprovided_x1 =⋅1.8 0.20 in 2 0.36 in 2

≔check_min_transverse_reinforcement_x =if ⎛⎝ ,,>Aprovided_x1 Av_x1 “OK” “NG”⎞⎠ “OK”

Simplified approach
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Simplified approach

The nominal shear determined by LRFD 
BDS Equation 5.7.3.3-2

≔Vn_equ_1_x1 =+⋅⋅⋅0.25 f'c bv dv_x1 Vp 501.516 kip

Concrete shear strength ≔Vc_x1 =⋅⋅⋅⋅⋅0.0316 βsim ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv_x1 41.021 kip

Steel shear strength ≔Vs_x1 =―――――――――――
⋅⋅⋅Aprovided_x1 fy_shear dv_x1 cot ⎛⎝θsim⎞⎠

sshear_x1
114.784 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1

≔Vn_equ_2_x1 =++Vc_x1 Vs_x1 Vp 170.516 kip

The nominal shear determined 
by LRFD BDS Equation 5.7.3.3

≔Vn_simp_x1 =min ⎛⎝ ,Vn_equ_1_x1 Vn_equ_2_x1⎞⎠ 170.516 kip

Factored shear resistance =⋅ϕps_shear Vn_simp_x1 153.464 kip

Maximum shear at this section (HL-93 inventory loading)

≔Vu_x1 =++⋅1.25 VDC_critical_x1 ⋅1.5 VDW_critical_x1 ⋅1.75 Vdistributed_critical_x1 212.638 kip

≔check_shear_at_the_critical_x =if ⎛⎝ ,,>⋅ϕps_shear Vn_simp_x1 Vu_x1 “OK” “NG”⎞⎠ “NG”

Note: The simplified approach is not good. Therefore, the general MCFT method is checked.

Try MCFT General approach (LRFD BDS 5.7.3.4.2)
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Try MCFT General approach (LRFD BDS 5.7.3.4.2)

Shear stress on the concrete ≔v =――――――
-Vu_x1 ⋅ϕps_shear Vp

⋅⋅ϕps_shear bv dv_x1
1.024 ksi

≔check_using_APPENDIXB5 =if
⎛
⎜
⎝

,,<―
v
f'c

0.25 “OK” “NG”
⎞
⎟
⎠

“OK”

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 and IM = 0.33 for HL-93 truck)  gm2

≔Mdistributed_critical_x1 ⋅495.5 kip ft

DC moments (DC1 + DC2) ≔Mnc_critical_x1 ⋅1086.5 kip ft ≔Mc_critical_x1 ⋅15.1 kip ft

≔MDC_critical_x1 =+Mnc_critical_x1 Mc_critical_x1 1101.6 ⋅kip ft

DW moment (DW) ≔MDW_critical_x1 ⋅0 kip ft

Maximum moment at this section (HL-93 inventory loading)

≔Mu_critical_x1 =
+

 ↲+⋅1.25 MDC_critical_x1 ⋅1.5 MDW_critical_x1

⋅1.75 Mdistributed_critical_x1

2244.125 ⋅kip ft

Note: Total was used to calculate because the distance between the center of gravity ofAps εs
the strands and the bottom of the beam is on the tension side.

≔εs =――――――――――――――――――

⎛
⎜
⎝

-++――――――
abs ⎛⎝Mu_critical_x1⎞⎠

dv_x1
0.5 Nu abs ⎛⎝ -Vu_x1 Vp⎞⎠ ⋅Aps fpo

⎞
⎟
⎠

+⋅Es As ⋅Ep Aps

⋅-7.418 10-4

Note: is less than zero. Use = 0εs εs ≔εs 0

Assume the section contains at least the minimum amount of transverse reinforcement:
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≔εs 0

Assume the section contains at least the minimum amount of transverse reinforcement:

≔βequ =――――
4.8

⎛⎝ +1 ⋅750 εs⎞⎠
4.8

Angle of diagonal compressive stresses is:

≔θequ =⎛⎝ +29 ⋅3500 εs⎞⎠ deg 0.506

Concrete shear strength ≔Vc_MCFT_x1 =⋅⋅⋅⋅⋅0.0316 βequ ((1.0))
‾‾‾‾
――
f'c
ksi

ksi bv dv_x1 98.452 kip

Steel shear strength ≔Vs_MCFT_x1 =―――――――――――
⋅⋅⋅Aprovided_x1 fy_shear dv_x1 cot ⎛⎝θequ⎞⎠

sshear_x1
207.075 kip

The nominal shear determined by 
LRFD BDS Equation 5.7.3.3-1

≔Vn_MCFT_x1 =++Vc_MCFT_x1 Vs_MCFT_x1 Vp 320.237 kip

The nominal shear determined 
by LRFD BDS Equation 5.7.3.3

≔Vn_MCFT_x1 =min ⎛⎝ ,Vn_equ_1_x1 Vn_MCFT_x1⎞⎠ 320.237 kip

Factored shear resistance =⋅ϕps_shear Vn_MCFT_x1 288.213 kip

≔check_shear_MCFT =if ⎛⎝ ,,>⋅ϕps_shear Vn_MCFT_x1 Vu_x1 “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio ≔DCRx1 =―――――――
Vu_x1

⋅ϕps_shear Vn_MCFT_x1

0.738

Check the longitudinal reinforcement requirement
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Check the longitudinal reinforcement requirement

Calculate minimum required tensile capacity

≔Vs_req_x1 =min
⎛
⎜
⎝

,Vs_MCFT_x1 ―――
Vu_x1

ϕps_shear

⎞
⎟
⎠

207.075 kip

The right side of LRFD BDS Equation 5.7.3.5-1 yields:

=++――――――
abs ⎛⎝Mu_critical_x1⎞⎠

⋅dv_x1 ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu_x1

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req_x1

⎞
⎟
⎠

cot ⎛⎝θequ⎞⎠ 1034.045 kip

≔ld =⋅⋅1.6

⎛
⎜
⎜
⎜⎝
――――

-fps ―
2
3

fe

ksi

⎞
⎟
⎟
⎟⎠
db 139.18 in ≔lpx =dv_x1 36.439 in

≔fpx =+fe ⋅
⎛
⎜
⎝
――――

-lpx 60 db
-ld ⋅60 db

⎞
⎟
⎠

⎛⎝ -fps fe⎞⎠ 172.286 ksi

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, , in these strands. The center of gravity of 6 fpx
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:

≔Afx =⋅Aps fpx 1420.669 kip

≔Check =if
⎛
⎜
⎜
⎜
⎜
⎝

,,>Afx

+

 ↲+――――――
abs ⎛⎝Mu_critical_x1⎞⎠

⋅dv_x1 ϕps_shear
―――

⋅0.5 Nu

ϕps_shear

⋅
⎛
⎜
⎝

-abs
⎛
⎜
⎝

-―――
Vu_x1

ϕps_shear

Vp

⎞
⎟
⎠

0.5 Vs_req_x1

⎞
⎟
⎠

cot ⎛⎝θequ⎞⎠

“OK” “NG”
⎞
⎟
⎟
⎟
⎟
⎠

“OK”

The longitudinal reinforcement check for this section is good.

10. Load Effects and Resistance Summary
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10. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary

Resistance Summary

11. Load Rating: Design Load Rating for Moment and Shear 
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11. Load Rating: Design Load Rating for Moment and Shear 

Moment load rating at the 0.5L of the mid span

Parameter information for the equation below.

=Mn 6841.803 ⋅kip ft =gm2_mid 0.82

=MDC1_mid 1637.5 ⋅kip ft =MDC2_mid 127.6 ⋅kip ft

=MDW_mid 0 ⋅kip ft

Distributed HL-93 moment 
(including IM =0.33 for truck and )gm2_mid

=HL_93_Mdist_mid 1034 ⋅kip ft

Inventory level rating factor

≔RFinv =――――――――――――――――――
-⋅((1.0)) Mn ⎛⎝ +⋅1.25 ⎛⎝ +MDC1_mid MDC2_mid⎞⎠ ⋅1.50 MDW_mid⎞⎠

⋅1.75 ⎛⎝HL_93_Mdist_mid⎞⎠
2.562

Operating level rating factor

≔RFope =⋅RFinv ――
1.75
1.35

3.321

Moment load rating at the interior supports
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Moment load rating at the interior supports

Parameter information for the equation below.

=Mn_inter -3863.454 ⋅kip ft =gm2_inter 0.887

=MDC1_inter 0 ⋅kip ft =MDC2_inter -74.7 ⋅kip ft

=MDW_inter 0 ⋅kip ft

Distributed HL-93 moment 
(including IM =0.33 for truck and )gm2_inter

=HL_93_Mdist_inter -1006.1 ⋅kip ft

Inventory level rating factor

≔RFinv =―――――――――――――――――――――――
-⋅((0.9)) abs ⎛⎝Mn_inter⎞⎠ abs ⎛⎝ +⋅1.25 ⎛⎝ +MDC1_inter MDC2_inter⎞⎠ ⋅1.50 MDW_inter⎞⎠

⋅1.75 abs ⎛⎝HL_93_Mdist_inter⎞⎠
1.922

Operating level rating factor

≔RFope =⋅RFinv ――
1.75
1.35

2.491

Shear load rating at first critical location (3.93 ft to the centerline of the support)
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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.

=Vn_MCFT 462.489 kip =gv2 1.018

=Vnc_critical 72.8 kip =Vc_critical 5.7 kip

=VDW_critical 0 kip

Distributed HL-93 shear 
(including IM =0.33 for truck and )gv2

=Vdistributed_critical 111.6 kip

Inventory level rating factor

≔RFV =――――――――――――――――――――
-⋅((0.9)) Vn_MCFT ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical Vc_critical⎞⎠ ⋅1.50 VDW_critical⎞⎠

⋅1.75 ⎛⎝Vdistributed_critical⎞⎠
1.629

Operating level rating factor ≔RFope =⋅RFV ――
1.75
1.35

2.111

Shear load rating at location (18.33 ft to the centerline of the support)

Parameter information for the equation below.

=Vn_MCFT_x1 320.237 kip =gv2 1.018

=Vnc_critical_x1 45.6 kip =Vc_critical_x1 3.55 kip

=VDW_critical_x1 0 kip

Distributed HL-93 shear 
(including IM =0.33 for truck and )gv2 =Vdistributed_critical_x1 86.4 kip

Inventory level rating factor

≔RFVx =―――――――――――――――――――――――
-⋅((0.9)) Vn_MCFT_x1 ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical_x1 Vc_critical_x1⎞⎠ ⋅1.50 VDW_critical_x1⎞⎠

⋅1.75 ⎛⎝Vdistributed_critical_x1⎞⎠
1.5

Operating level rating factor ≔RFope =⋅RFVx ――
1.75
1.35

1.944

12. Load Rating for Service III Limit State (Inventory Level)
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12. Load Rating for Service III Limit State (Inventory Level)

Allowable tensile stress, ksi ≔ft =⋅⋅0.19
‾‾‾‾
――
f'c
ksi

ksi 0.57 ksi

Resistance stress ≔fR =+fpb ft 5.441 ksi

Determine dead load stress at 0.5L of midspan ≔fDC =+――――
⎛⎝MDC1_mid⎞⎠

Sbot_nc
――――
⎛⎝MDC2_mid⎞⎠

Sbot_c

3.017 ksi

Determine wearing dead load stress at 0.5L of 
mid span 

≔fDW =――――
⎛⎝MDW_mid⎞⎠

Sbot_c

0 ksi

Total dead load stress at 0.5L of  midspan ≔fD =+fDC fDW 3.017 ksi

Live load stress at 0.5L of  midspan ≔fLL =――――――
⎛⎝HL_93_Mdist_mid⎞⎠

Sbot_c

1.15 ksi

Rating factor for Service III 
(Post-1.0-Gains)

≔RFServiceIIIinv =―――
-fR fD
⋅1.0 fLL

2.108

13. Load Rating for Strength I Limit State Platoon (target beta = 2.5)
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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 β = 2.5 (Steelman et al., 2021) (Table 2)

Platoon weight divided by 80 kips
(amplification factor alpha)

≔Wplatoon 1.0

Assumed IM = 0.33 (same as MBE permit load rating) ≔IMsurface %33

5 ft headway 4-truck platoon moment at the 0.5L of the interior span from the above load effect
table: (IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence gm1_mid

factor)
≔LLplatoon ⋅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 =⋅Wplatoon LLplatoon 647.6 ⋅kip ft

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_strength 1.60

Parameter information for the equation below.

=Mn 6841.803 ⋅kip ft =MDC2_mid 127.6 ⋅kip ft

=MDC1_mid 1637.5 ⋅kip ft =MDW_mid 0 ⋅kip ft

Rating Factor

≔RFPlatoon_flexure =――――――――――――――――――
-⋅((1.0)) Mn ⎛⎝ +⋅1.25 ⎛⎝ +MDC1_mid MDC2_mid⎞⎠ ⋅1.50 MDW_mid⎞⎠

⋅γplatoon_strength ⎛⎝LLplatoon_dis⎞⎠
4.474

Moment load rating at the interior supports
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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 IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence gm1_inter

factor)
≔LLplatoon_inter ⋅-870.6 kip ft

5 ft headway 4-truck platoon moment at the interior support (with amplification factor alpha)

≔LLplatoon_inter_dis =⋅Wplatoon LLplatoon_inter -870.6 ⋅kip ft

Parameter information for the equation below.

=Mn_inter -3863.454 ⋅kip ft =MDC2_inter -74.7 ⋅kip ft

=MDC1_inter 0 ⋅kip ft =MDW_inter 0 ⋅kip ft

Rating Factor

≔RFPl_i =―――――――――――――――――――――――
-⋅((0.9)) abs ⎛⎝Mn_inter⎞⎠ abs ⎛⎝ +⋅1.25 ⎛⎝ +MDC1_inter MDC2_inter⎞⎠ ⋅1.50 MDW_inter⎞⎠

⋅γplatoon_strength abs ⎛⎝LLplatoon_inter_dis⎞⎠
2.429

Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon 
mixed with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)
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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 first critical location (3.93 ft to the centerline of the support)

Parameter information for the equation below.

=Vn_MCFT 462.489 kip =gv1 0.8

=Vnc_critical 72.8 kip =Vc_critical 5.7 kip

=VDW_critical 0 kip

5 ft headway 4-truck platoon shear at 3.93 ft to the interior support from the above load effect 
table:  (with IM = 0.33 and single lane shear GDF ( ) and removed 1.2 multiple presence gv1
factor)

≔Vcritical_platoon 92.2 kip

5 ft headway 4-truck platoon shear at 3.93 ft to the interior support  (with amplification factor
alpha)

≔Vcritical_platoon_dis =⋅Wplatoon Vcritical_platoon 92.2 kip

Rating Factor

≔RFV =―――――――――――――――――――――
-⋅((0.9)) ⎛⎝Vn_MCFT⎞⎠ ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical Vc_critical⎞⎠ ⋅1.50 ⎛⎝VDW_critical⎞⎠⎞⎠

⋅γplatoon_strength ⎛⎝Vcritical_platoon_dis⎞⎠
2.156

Shear load rating at the location (18.33 ft to the centerline of the support)
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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.

=Vn_MCFT_x1 320.237 kip =gv1 0.8

=Vnc_critical_x1 45.6 kip =Vc_critical_x1 3.55 kip

=VDW_critical_x1 0 kip

5 ft headway 4-truck platoon shear at 18.33 ft to the end from the above load effect table: 
(with IM = 0.33 and single lane shear GDF ( ) and removed 1.2 multiple presence factor)gv1

≔Vcritical_platoon_x1 62.4 kip

5 ft headway 4-truck platoon shear at 18.33 ft to the end (with amplification factor alpha)

≔Vcritical_platoon_dis_x1 =⋅Wplatoon Vcritical_platoon_x1 62.4 kip

Rating Factor

≔RFVx =―――――――――――――――――――――――
-⋅((0.9)) Vn_MCFT_x1 ⎛⎝ +⋅1.25 ⎛⎝ +Vnc_critical_x1 Vc_critical_x1⎞⎠ ⋅1.50 VDW_critical_x1⎞⎠

⋅γplatoon_strength ⎛⎝Vcritical_platoon_dis_x1⎞⎠
2.271

14. Load Rating for Service III Limit State Platoon (target beta = -0.60)
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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 = 0.20 (100 crossings, ADTT = 5000)

Proposed Service III Calibrated LL Factors for the Target β = -0.6 (Table 21)

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_service 1.55

Live load stress due to 5 ft headway 4-truck platoon at the 0.5L of the interior span (with 
amplification factor alpha)

≔fplatoon =――――
LLplatoon_dis

Sbot_c

0.72 ksi

Parameter information for the equation below.

=fR 5.441 ksi =fD 3.017 ksi =Sbot_c 10791.645 in 3

Rating factor for Service III ≔RFServiceIIIplatoon =―――――――
-fR fD

⋅γplatoon_service fplatoon
2.171

15. Load Rating for Service I Limit State Platoon
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15. Load Rating for Service I Limit State Platoon

5 ft headway 4-truck platoon moment at the 0.5L of the interior span (with IM = 0.33 and 
multiple lanes moment GDF ( ) )gm2

≔LLplatoon_m =⋅―――
LLplatoon

―――
gm1_mid

1.20

gm2_mid 1127.935 ⋅kip ft

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha )

≔LLplatoon_dis_m =⋅Wplatoon LLplatoon_m 1127.935 ⋅kip ft

Parameter information for the equation below.

=Mn 6841.803 ⋅kip ft =MDC2_mid 127.6 ⋅kip ft =MDC1_mid 1637.5 ⋅kip ft

=MDW_mid 0 ⋅kip ft

75% of moment resistance ≔Mn75 =⋅0.75 Mn 5131.352 ⋅kip ft

Moment ratio ≔Mratio =―――――――――――――――
Mn75

+++MDC1_mid MDC2_mid MDW_mid LLplatoon_dis_m

1.774

16. Load Rating Summary
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16. Load Rating Summary

Load rating summary table is given below.
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E-0 

Appendix E  

This appendix contains detailed calculations related to the example steel simple-span 

bridge described in Section 8.4.



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 GDFs 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 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. 

1. Bridge Data

Span length ≔L 100 ft

Year built 1970

Material  Steel yield stress (homogenous section)

≔Fy 36 ksi ≔Fyc 36 ksi ≔Fyf 36 ksi ≔Fyt 36 ksi ≔Fyw 36 ksi

: girder yield stress, : compression flange yield stress, : flange yield stress, : Fy Fyc Fyf Fyt

tension flange yield stress, and is the web yield stressFyw

Other information

1.
2.

Skew: 0 degrees.
ADT: 8115.

Concrete information
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Concrete information

Unit weight of concrete for determining 
dead loads

≔wc 155 pcf

Unit weight of concrete for determining 
deck modulus of elasticity 

≔wcd_modulus 155 pcf

Unit weight of concrete for determining 
girder modulus of elasticity 

≔wcg_modulus 150 pcf

Ultimate strength for deck ≔f'cd 4 ksi

Modulus of elasticity of deck at final time

≔Ecd =⋅⋅⋅33000
⎛
⎜
⎝
――――
wcd_modulus

⋅pcf 1000

⎞
⎟
⎠

1.5 ⎛
⎜
⎝
――
f'cd
ksi

⎞
⎟
⎠

0.5

ksi 4027.56 ksi

2. Bridge Cross Section
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2. Bridge Cross Section

Steel modulus of elasticity ≔E 29000 ksi

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 ≔Wbridge =(( +⋅overhang 2 ⋅S (( -N_girder 1)))) 560 in

for deck (for interior girders)beff ≔beff_int =S 98 in

Thickness of deck (loads calculations) ≔ts 7.5 in

Thickness of deck (effective) ≔hd 7.0 in

Haunch thickness (shown in the BrR analysis) ≔hh 1 in

Modulus of ratio for the steel to deck ≔n =――
E
Ecd

7.2

3. Girder Section 
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3. Girder Section 

Girder dimensions at the mid span

Web thickness ≔tw =―
3
8

in 0.375 in

Top flange width ≔btf 12 in

Bottom flange width ≔bbf 14 in

Compression flange (top flange) thickness ≔ttf 1.125 in

Tension flange (bottom flange) thickness ≔tbf 2.25 in

Web Depth ≔D 60 in

Total height of the composite section ≔Dt =++++ttf D tbf hh ts 71.875 in

Total height of the non-composite section ≔Dgirder =++ttf D tbf 63.375 in

Section property calculations
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Section property calculations

Top flange section area ≔Atf =⋅btf ttf 13.5 in 2

Web section area ≔Aweb =⋅tw D 22.5 in 2

Bot flange section area ≔Abf =⋅bbf tbf 31.5 in 2

Girder section area ≔Agirder =++Atf Aweb Abf 67.5 in 2

Top flange center to the datum ≔ytf =++tbf D ―
ttf
2

62.813 in

Web center to the datum ≔yweb =+tbf ―
D
2

32.25 in

Bot flange center to the datum ≔ybf =―
tbf
2

1.125 in

Ay for the tension flange ≔Ay_tf =⋅Atf ytf 847.969 in 3

Ay for the web ≔Ay_web =⋅Aweb yweb 725.625 in 3

Ay for the bottom flange ≔Ay_bf =⋅Abf ybf 35.438 in 3

Ay for the girder ≔Ay_girder =++Ay_tf Ay_web Ay_bf 1609.031 in 3

centroid to the datumyb ≔ygirder_b =―――
Ay_girder

Agirder

23.838 in

Moment of inertia for the top flange ≔Io_tf =―――
⋅btf ttf

3

12
1.42 in 4

Moment of inertia for the web ≔Io_web =―――
⋅tw D3

12
6750 in 4

Moment of inertia for the bottom flange ≔Io_bf =―――
⋅bbf tbf

3

12
13.29 in 4

Moment of inertia  (girder only)

≔Igirder =

+
 ↲++++Io_tf ⋅Atf ⎛⎝ -ytf ygirder_b⎞⎠

2 Io_bf ⋅Abf ⎛⎝ -ybf ygirder_b⎞⎠
2 Io_web

⋅Aweb ⎛⎝ -yweb ygirder_b⎞⎠
2

45113.74 in 4

Short term section properties (n)
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Short term section properties (n)

Area of slab ≔Aslab_st =―――
⋅beff_int ts

n
102.078 in 2

Center of slab to the datum ≔yslab =++Dgirder hh ―
ts
2

68.125 in

Moment of inertia for the slab
(short term) 

≔Io_slab_st =――――

⋅―――
beff_int

n
ts

3

12
478.49 in 4

for the slab (short term) Ay ≔Ay_slab_st =⋅Aslab_st yslab 6954.042 in 3

centroid to the datumyb_st ≔yb_st =――――――
+Ay_girder Ay_slab_st

+Agirder Aslab_st

50.496 in

Moment of inertia  (short term)

≔Ist =+++Igirder ⋅Agirder ⎛⎝ -ygirder_b yb_st⎞⎠
2 Io_slab_st ⋅Aslab_st ⎛⎝ -yslab yb_st⎞⎠

2 125286.71 in 4

Long term section properties (3n)

Area of slab ≔Aslab_lt =―――
⋅beff_int ts

3 n
34.026 in 2

Moment of inertia for the slab
(long term) 

≔Io_slab_lt =――――

⋅―――
beff_int

3 n
ts

3

12
159.5 in 4

for the slab (long term) Ay ≔Ay_slab_lt =⋅Aslab_lt yslab 2318.014 in 3

centroid to the datumyb_lt ≔yb_lt =――――――
+Ay_girder Ay_slab_lt

+Agirder Aslab_lt

38.68 in

Moment of inertia  (long term)

≔Ilt =+++Igirder ⋅Agirder ⎛⎝ -ygirder_b yb_lt⎞⎠
2 Io_slab_lt ⋅Aslab_lt ⎛⎝ -yslab yb_lt⎞⎠

2 89644.2 in 4

Summary of section properties 

Non-Commercial Use Only

E-6



Summary of section properties 

Section modulus for the bottom of the girder (Steel only) ≔Sbx =―――
Igirder
ygirder_b

1892.553 in 3

Section modulus for the top of the girder (Steel only) ≔Stx =―――――
Igirder

-Dgirder ygirder_b
1141.037 in 3

Section modulus for the bottom of the girder (short term) ≔Sb_st =――
Ist
yb_st

2481.099 in 3

Section modulus for the top of the girder (short term) ≔St_st =―――――
Ist

-Dgirder yb_st
9728.335 in 3

Section modulus for the bottom of the girder (long term) ≔Sb_lt =――
Ilt
yb_lt

2317.571 in 3

Section modulus for the top of the girder (long term) ≔St_lt =――――
Ilt

-Dgirder yb_lt
3630.089 in 3

Dead load moment and shear calculations

Non-Commercial Use Only

E-7



Dead load moment and shear calculations

Unfactored DC1 moment at the mid span ≔Mdc1 ⋅1324.6 kip ft

Unfactored DC2 moment at the mid span ≔Mdc2 ⋅268.8 kip ft

Unfactored DW moment at the mid span ≔Mdw ⋅332.3 kip ft

Unfactored DC1 shear at the beam end ≔Vdc1 52.2 kip

Unfactored DC2 shear at the beam end ≔Vdc2 10.8 kip

Unfactored DW shear at the beam end ≔Vdw 13.3 kip

Live load demand calculation (GDF and HL-93 nominal loadings)
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Live load demand calculation (GDF and HL-93 nominal loadings)

Modular ratio for AASHTO GDFs ≔nGDF =――
E
Ecd

7.20039821

term for AASHTO GDF equationseg ≔eg_GDF =++-Dgirder ygirder_b hh ―
hd
2

44.0375 in

term for AASHTO GDF equationsKg ≔Kg =⋅nGDF
⎛⎝ +Igirder ⋅Agirder eg_GDF

2 ⎞⎠ 1267390 in 4

Single lane AASHTO moment GDF for interior girders 

≔gm1 =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
―
S
L

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

―――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ―
L
ft

⎛
⎜
⎝
―
hd
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.485

Multiple lanes AASHTO moment GDF for interior girders 

≔gm2 =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
―
S
L

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

―――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ―
L
ft

⎛
⎜
⎝
―
hd
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.694

Single lane AASHTO shear GDF for 
interior girders 

≔gv1 =+0.36 ――
S

25 ft
0.687

≔gv2 =-+0.20 ――
S

12 ft

⎛
⎜
⎝
――
S

35 ft

⎞
⎟
⎠

2

0.826
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Multiple lanes AASHTO shear GDF 
for interior girders 

≔gv2 =-+0.20 ――
S

12 ft

⎛
⎜
⎝
――
S

35 ft

⎞
⎟
⎠

2

0.826

HL-93 loading moment with multiple lanes 
GDF and IM = 0.33 at the mid span

≔HL_93_Mdist ⋅1958.8 kip ft

HL-93 loading shear with multiple lanes 
GDF and IM = 0.33 at the beam end

≔HL_93_Vdist 98.2 kip

4. Article 6.10.2 Proportional Limits Check
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4. Article 6.10.2 Proportional Limits Check

Web check (6.10.2.1.1-1) ≔check =if
⎛
⎜
⎝

,,≤―
D
tw

150 “OK” “No”
⎞
⎟
⎠

“No”

Bottom Flange check (6.10.2.2-1) ≔check =if
⎛
⎜
⎝

,,≤――
bbf

2 tbf
12 “OK” “No”

⎞
⎟
⎠

“OK”

Top Flange check (6.10.2.2-1) ≔check =if
⎛
⎜
⎝

,,≤――
btf

2 ttf
12 “OK” “No”

⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-2) ≔check =if
⎛
⎜
⎝

,,≥bbf ―
D
6

“OK” “No”
⎞
⎟
⎠

“OK”

Top Flange check (6.10.2.2-2) ≔check =if
⎛
⎜
⎝

,,≥btf ―
D
6

“OK” “No”
⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-3) ≔check =if ⎛⎝ ,,≥tbf ⋅1.1 tw “OK” “No”⎞⎠ “OK”

Top Flange check (6.10.2.2-3) ≔check =if ⎛⎝ ,,≥ttf ⋅1.1 tw “OK” “No”⎞⎠ “OK”

Moment of inertia of the compression 
flange about the vehicle axis (6.10.2.2-4)

≔Iyc =―――
⋅ttf btf

3

12
162 in 4

Moment of inertia of the tension flange 
about the vehicle axis (6.10.2.2-4)

≔Iyt =―――
⋅tbf bbf

3

12
514.5 in 4

Flange check (6.10.2.2-4) ≔check =if
⎛
⎜
⎝

,,≤≤0.1 ――
Iyc
Iyt

10 “OK” “No”
⎞
⎟
⎠

“OK”

Note: For this case, D/tw is 160. Therefore, the webs without longitudinal stiffeners failed the 
check in 6.10.2.1.1. That is because the bridge was not designed by LRFD.

5. Service II Checks (LRFBD BDS Article 6.10.4.2.2)
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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 ( ) is ignored. fl

Hybrid factor Rh ≔Rh 1.0

Lateral flange stress (assume to be 0) ≔fl 0

Flange stress upper limit for the Service II ≔fServiceII =⋅⋅0.95 Rh Fyf 34.2 ksi

Check the top steel flange stress due to the Service II loads (6.10.4.2.1)

Top flange stress due to Service II loads without the consideration of lateral flange 
bending (ksi) (Service II load factors) (Compression)

≔ftf =++―――
1.0 Mdc1

Stx
――――――
1.0 ⎛⎝ +Mdc2 Mdw⎞⎠

St_lt
――――――
1.3 HL_93_Mdist

St_st

19.059 ksi

≔check =if ⎛⎝ ,,≤ftf fServiceII “OK” “No”⎞⎠ “OK”
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Check the bottom steel flange stress due to the Service II loads (6.10.4.2.1)

Bottom flange stress due to Service II loads without the consideration of lateral 
flange bending (ksi) (Service II load factors) (Tension)

≔fbf =++―――
1.0 Mdc1

Sbx
――――――
1.0 ⎛⎝ +Mdc2 Mdw⎞⎠

Sb_lt
――――――
1.3 HL_93_Mdist

Sb_st

23.83 ksi

≔check =if ⎛⎝ ,,≤fbf fServiceII “OK” “No”⎞⎠ “OK”

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.

Non-Commercial Use Only

E-13



Depth of web in compression 
(top flange in compression) ≔Dc =-⋅

⎛
⎜
⎝
―――

ftf
+ftf fbf

⎞
⎟
⎠
Dgirder ttf 27.039 in

Bend-buckling coefficient ≔k =―――
9

⎛
⎜
⎝
―
Dc

D

⎞
⎟
⎠

2
44.316

Nominal bend-buckling resistance for webs 
(LRFD BDS Equation 6.10.1.9.1-2)

≔Fcrw_equ =―――
⋅⋅0.9 E k

⎛
⎜
⎝
―
D
tw

⎞
⎟
⎠

2
45.182 ksi

Nominal bend-buckling resistance for webs ≔Fcrw =min
⎛
⎜
⎝

,,Fcrw_equ ⋅Rh Fyc ――
Fyw

0.7

⎞
⎟
⎠

36 ksi

≔check =if ⎛⎝ ,,≤ftf Fcrw “OK” “No”⎞⎠ “OK”

6. Moment Strength I Checks (LRFD BDS Article 6.10.7)
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6. Moment Strength I Checks (LRFD BDS Article 6.10.7)

First, use LRFD BDS Table D6.1-1 to determine the for this positive bending case. The Mp

reinforcements are not considered. Therefore, only three cases of PNA are considered in 
the slab, top flange, and web.

Compression flange thickness used in equations ≔tc ttf

Tension flange thickness used in equations ≔tt tbf

Plastic force in the web used to compute Mp ≔Pw =⋅⋅Fyw D tw 810 kip

Plastic force in the compression flange used to compute Mp ≔Pc =⋅⋅Fyc btf ttf 486 kip

Plastic force in the tension flange used to compute Mp ≔Pt =⋅⋅Fyt bbf tbf 1134 kip

Plastic force in the concrete deck used to compute Mp ≔Ps =⋅⋅⋅0.85 f'cd beff_int ts 2499 kip
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Check the PNA is in the web, top flange or concrete deck

≔Case =‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
||

if

also if

else

≥+Pt Pw +Pc Ps
‖
‖ return 1

≥++Pt Pw Pc Ps
‖
‖ return 2

‖
‖ 3

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.

in the above figure for the specific caseYbar

≔Ybar =|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

⋅―
D
2

⎛
⎜
⎝

+―――――
⎛⎝ --Pt Pc Ps⎞⎠

Pw

1
⎞
⎟
⎠

＝Case 2
‖
‖
‖‖

⋅―
tc
2

⎛
⎜
⎝

+―――――
⎛⎝ -+Pw Pt Ps⎞⎠

Pc

1
⎞
⎟
⎠

‖
‖
‖‖

⋅ts ―――――
⎛⎝ ++Pc Pw Pt⎞⎠

Ps

7.293 in

is the distance from PNA to the center of the tension flange dt

≔dt =|
|
|
|
|
|
|
|
|
|
|
|
|
|

if

also if

else

＝Case 1
‖
‖
‖‖

-+―
tt
2

D Ybar

＝Case 2
‖
‖
‖‖

-++―
tt
2

D tc Ybar

‖
‖
‖‖

-++++ts hh tt D ―
tc
2

Ybar

64.02 in
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is the distance from PNA to the center of the compression flange dc

≔dc =|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

+Ybar ―
tc
2

＝Case 2
‖
‖ 0 in

‖
‖
‖‖

-++ts hh ―
tc
2

Ybar

1.77 in

is the distance from PNA to the center of the webdw

≔dw =|
|
|
|
|
|
|
|
|
|
|
|

if

also if

else

＝Case 1
‖
‖ 0 in

＝Case 2
‖
‖
‖‖

-+―
D
2

tc Ybar

‖
‖
‖‖

-+++ts hh tc ―
D
2

Ybar

32.332 in

is the distance from PNA to the center of the concrete slabds

≔ds =|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

+++―
ts
2

hh tc Ybar

＝Case 2
‖
‖
‖‖

++―
ts
2

hh Ybar

‖
‖ 0 in

0 in
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is the distance from PNA to the top of the concrete slabDp

≔Dp =|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖ +++ts hh tc Ybar

＝Case 2
‖
‖ ++ts hh Ybar

‖
‖Ybar

7.293 in

is the distance of the web in the compression according to the PNADcp

≔Dcp =|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖Ybar

＝Case 2
‖
‖ 0 in

‖
‖ 0 in

0 in

is the plastic momentMp

≔Mp =|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

+――
Pw

2 D
⎛⎝ +Ybar

2 ⎛⎝ -D Ybar⎞⎠
2 ⎞⎠ ⎛⎝ ++⋅Ps ds ⋅Pc dc ⋅Pt dt⎞⎠

＝Case 2
‖
‖
‖‖

+――
Pw

2 tc
⎛⎝ +Ybar

2 ⎛⎝ -tc Ybar⎞⎠
2 ⎞⎠ ⎛⎝ ++⋅Ps ds ⋅Pw dw ⋅Pt dt⎞⎠

‖
‖
‖
‖

+―――
Ybar

2 Ps

2 ts
⎛⎝ ++⋅Pc dc ⋅Pw dw ⋅Pt dt⎞⎠

9042.342 ⋅kip ft

Calculate the yield moment of the composite section using the equations provided in My

LRFD BDS Appendix D6 (Article D6.2.2). Essentially, is taken as the sum of the factored My

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.
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Calculate the yield moment of the composite section using the equations provided in My

LRFD BDS Appendix D6 (Article D6.2.2). Essentially, is taken as the sum of the factored My

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.

, , and are the factored moments at the strength limit state applied separately to MD1 MD2 MAD

the steel, long-term, and short-term composite sections. is taken as the value calculated for My

the tension (bottom) flange (control for simple-span positive moment case).

≔MD1 =1.25 Mdc1 1655.75 ⋅kip ft

≔MD2 =+1.25 Mdc2 1.50 Mdw 834.45 ⋅kip ft

≔MAD =--⋅Fy Sb_st

⎛
⎜
⎝
――
Sb_st

Sbx

⎞
⎟
⎠
MD1

⎛
⎜
⎝
――
Sb_st

Sb_lt

⎞
⎟
⎠
MD2 4379.313 ⋅kip ft

≔My =++MD1 MD2 MAD 6869.513 ⋅kip ft

Nominal Flexural Resistance
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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.

Check ductility according to LRFD BDS Equation 6.10.7.3-1

≔check =if ⎛⎝ ,,≤Dp 0.42 Dt “OK” “NO”⎞⎠ “OK”
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Slenderness ratio for web ≔λ =――
⋅2 Dc

tw
144.208

Ratio for the compression flangeawc ≔awc =―――
⋅⋅2 Dc tw

⋅bbf tbf
0.644

Slenderness ratio limit for non-compact web

≔λrw =max
⎛
⎜
⎜⎝

,⋅4.6
‾‾‾‾
――
E
Fyc

min
⎛
⎜
⎜⎝

,⋅
⎛
⎜
⎝

+3.1 ――
5
awc

⎞
⎟
⎠

‾‾‾‾
――
E
Fyc

⋅5.7
‾‾‾‾
――
E
Fyc

⎞
⎟
⎟⎠

⎞
⎟
⎟⎠

161.779

≔check =if
⎛
⎜
⎝

,,≤――
⋅2 Dc

tw
λrw “OK” “NO”

⎞
⎟
⎠

“OK”

Web load-shedding factor ≔Rb 1
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≔Rb 1

Nominal compression flange flexure strength ≔Fnc =⋅⋅Rb Rh Fyc 36 ksi

Nominal tension flange flexure strength ≔Fnt =⋅Rh Fyf 36 ksi

Factored moment (Strength I)

≔Mu =++⋅1.25 ⎛⎝ +Mdc1 Mdc2⎞⎠ 1.50 Mdw ⋅1.75 HL_93_Mdist 5918.1 ⋅kip ft

The bottom flange stress (tension)

≔fbot_bu =++――――
⋅1.25 Mdc1

Sbx
―――――――

+⋅1.25 Mdc2 1.50 Mdw

Sb_lt
――――――

⋅1.75 HL_93_Mdist

Sb_st

31.398 ksi
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≔check =if ⎛⎝ ,,≤fbot_bu Fnt “OK” “NO”⎞⎠ “OK”

The top flange stress (Compression )

≔ftop_bu =++――――
⋅1.25 Mdc1

Stx
―――――――

+⋅1.25 Mdc2 1.50 Mdw

St_lt
――――――

⋅1.75 HL_93_Mdist

St_st

24.4 ksi

≔check =if ⎛⎝ ,,≤ftop_bu Fnc “OK” “NO”⎞⎠ “OK”

Summary of performance ratios

Performance ratio for the top flange (Service II) ≔PRServiceII_top =―――
ftf

fServiceII
0.557

Performance ratio for the bottom flange (Service II) ≔PRServiceII_bottom =―――
fbf

fServiceII
0.697

Performance ratio for the top flange (Strength I) ≔PRStrengthI_top =――
ftop_bu
Fnc

0.678

Performance ratio for the bottom flange (Strength I) ≔PRStrengthI_bottom =――
fbot_bu
Fnt

0.872

7. Shear Strength I Check at the Beam End and Maximum Stiffener Spacing Location 
(LRFD BDS Article 6.10.9)
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7. Shear Strength I Check at the Beam End and Maximum Stiffener Spacing Location 
(LRFD BDS Article 6.10.9)

Beam end location 
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Beam end location 

Web Panel: End Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.) ≔do 9 in

Girder dimensions at the beam end

Web thickness ≔tw =―
3
8

in 0.375 in

Top flange width ≔btf 12 in

Bottom flange width ≔bbf 14 in

Compression flange (top flange) thickness ≔ttf 0.75 in

Tension flange (bottom flange) thickness ≔tbf 1.625 in

Web Depth ≔D 60 in

Non-Commercial Use Only

E-25



≔check =if ⎛⎝ ,,≤do 1.5 D “Stiffened” “Unstiffened”⎞⎠ “Stiffened”
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Shear-buckling coefficient ≔k =+5 ―――
5

⎛
⎜
⎝
―
do
D

⎞
⎟
⎠

2
227.222

ratio―
D
tw

=―
D
tw

160
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Ratio of the shear-buckling 
resistance to the shear yield strength

≔C =
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

≤―
D
tw

⋅1.12
‾‾‾‾
――

⋅E k
Fyw

‖
‖ 1

≤≤⋅1.12
‾‾‾‾
――

⋅E k
Fyw

―
D
tw

⋅1.40
‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅――
1.12

―
D
tw

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖

⋅―――
1.57

⎛
⎜
⎝
―
D
tw

⎞
⎟
⎠

2
――

⋅E k
Fyw

1

Plastic shear force ≔Vp =⋅⋅⋅0.58 Fyw D tw 469.8 kip

Nominal shear resistance for the web panel ≔Vn ⋅C Vp

Phi factor for steel bridge shear ≔ϕ 1.0

Factored  shear resistance =⋅ϕ Vn 469.8 kip

≔Vu =++⋅1.25 ⎛⎝ +Vdc1 Vdc2⎞⎠ ⋅1.5 Vdw ⋅1.75 HL_93_Vdist 270.55 kip

≔check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕ Vn Vu “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for shear ≔DCR =――
Vu

⋅ϕ Vn

0.576

The maximum transverse stiffener spacing location 
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The maximum transverse stiffener spacing location 

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".

Web Panel: Interior Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.) ≔do 48 in

≔check =if ⎛⎝ ,,≤do 3 D “Stiffened” “Unstiffened”⎞⎠ “Stiffened”
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Shear-buckling coefficient ≔k =+5 ―――
5

⎛
⎜
⎝
―
do
D

⎞
⎟
⎠

2
12.813

ratio―
D
tw

=―
D
tw

160

≔C =
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

≤―
D
tw

⋅1.12
‾‾‾‾
――

⋅E k
Fyw

‖
‖ 1

≤≤⋅1.12
‾‾‾‾
――

⋅E k
Fyw

―
D
tw

⋅1.40
‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅――
1.12

―
D
tw

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖

⋅―――
1.57

⎛
⎜
⎝
―
D
tw

⎞
⎟
⎠

2
――

⋅E k
Fyw

0.633

Ratio of the shear-buckling 
resistance to the shear yield strength
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Check LRFD BDS Equation 6.10.9.3.2-1 =――――――
⋅2 D tw

⎛⎝ +⋅bbf tbf ⋅btf ttf⎞⎠
1.417

≔check =if
⎛
⎜
⎝

,,≤――――――
⋅2 D tw

⎛⎝ +⋅bbf tbf ⋅btf ttf⎞⎠
2.5 “OK” “NO”

⎞
⎟
⎠

“OK”

Plastic shear force ≔Vp@4ft =⋅⋅⋅0.58 Fyw D tw 469.8 kip

Nominal shear resistance for the web panel ≔Vn@4ft =⋅Vp@4ft
⎛
⎜
⎜
⎜⎝

+C ―――――
⋅0.87 (( -1 C))

‾‾‾‾‾‾‾‾
+1

⎛
⎜
⎝
―
do
D

⎞
⎟
⎠

2

⎞
⎟
⎟
⎟⎠

414.512 kip

factor for steel bridge shearϕ ≔ϕ 1.0

Factored shear resistance =⋅ϕ Vn@4ft 414.512 kip

Shear loads at the 4 ft to the end of the beam

≔Vdc1@4ft 48.2 kip ≔Vdc2@4ft 9.9 kip ≔Vdw@4ft 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_Vdist@4ft 92.9 kip

Factored shear demand at 4 ft to the end of beam

≔Vu@4ft =++⋅1.25 ⎛⎝ +Vdc1@4ft Vdc2@4ft⎞⎠ ⋅1.5 Vdw@4ft ⋅1.75 HL_93_Vdist@4ft 253.5 kip

≔check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕ Vn@4ft Vu@4ft “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for shear ≔DCR =―――
Vu@4ft

⋅ϕ Vn@4ft

0.612

8. Load Effects and Resistance Summary
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8. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary

Resistance Summary

Note: The bending (flexural) resistances are written in terms of stress because the section is 
not compact.

9. Load Rating: Design Load Rating for Moment and Shear 

Non-Commercial Use Only

E-32



9. Load Rating: Design Load Rating for Moment and Shear 

Moment load rating at the mid (inventory and operating level)

Parameter information for the equation below.

=Fnt 36 ksi =gm2 0.694

=Mdc1 1324.6 ⋅kip ft =Mdc2 268.8 ⋅kip ft

=Mdw 332.3 ⋅kip ft =HL_93_Mdist 1958.8 ⋅kip ft

=Sbx 1892.553 in 3 =Sb_st 2481.099 in 3 =Sb_lt 2317.571 in 3

RF for the 
inventory level

≔RFinv =―――――――――――――――

-⋅((1.0)) Fnt

⎛
⎜
⎝

+⋅1.25
⎛
⎜
⎝

+――
Mdc1

Sbx
――
Mdc2

Sb_lt

⎞
⎟
⎠

⋅1.50 ――
Mdw

Sb_lt

⎞
⎟
⎠

⋅1.75
⎛
⎜
⎝
―――――
HL_93_Mdist

Sb_st

⎞
⎟
⎠

1.278

RF for the operating level ≔RFope =⋅RFinv ――
1.75
1.35

1.656

Shear load rating at the beam end (inventory and operating level)
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Shear load rating at the beam end (inventory and operating level)

Parameter information for the equation below.

=Vn 469.8 kip =gv2 0.826

=Vdc1 52.2 kip =Vdc2 10.8 kip

=Vdw 13.3 kip =HL_93_Vdist 98.2 kip

RF for the inventory level

≔RFinvV =――――――――――――――
-⋅((1.0)) Vn ⎛⎝ +⋅1.25 ⎛⎝ +Vdc1 Vdc2⎞⎠ ⋅1.50 Vdw⎞⎠

⋅1.75 ⎛⎝HL_93_Vdist⎞⎠
2.159

RF for the operating level

≔RFopeV =⋅RFinvV ――
1.75
1.35

2.799

Shear load rating at the 4 ft from the support (inventory and operating level)

Parameter information for the equation below.

=Vn@4ft 414.512 kip =gv2 0.826

=Vdc1@4ft 48.2 kip =Vdc2@4ft 9.9 kip

=Vdw@4ft 12.2 kip =HL_93_Vdist@4ft 92.9 kip

RF for the inventory level

≔RFinvV@4ft =――――――――――――――――――
-⋅((1.0)) Vn@4ft ⎛⎝ +⋅1.25 ⎛⎝ +Vdc1@4ft Vdc2@4ft⎞⎠ ⋅1.50 Vdw@4ft⎞⎠

⋅1.75 ⎛⎝HL_93_Vdist@4ft⎞⎠
1.99

RF for the operating level

≔RFopeV@4ft =⋅RFinvV@4ft ――
1.75
1.35

2.58

10. Load Rating for Service II Limit State 
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10. Load Rating for Service II Limit State 

Resistance stress ≔fR =⋅⋅0.95 Rh Fyf 34.2 ksi

Determine dead load stress at midspan ≔fDC =+――
Mdc1

Sbx
――
Mdc2

Sb_lt

9.791 ksi

Determine wearing dead load stress at mid 
span 

≔fDW =――
Mdw

Sb_lt

1.721 ksi

Total dead load stress at midspan ≔fD =+fDC fDW 11.511 ksi

Live load stress at midspan ≔fLL =―――――
⎛⎝HL_93_Mdist⎞⎠

Sb_st

9.474 ksi

Rating factor for Service II  
(inventory level)

≔RFServiceIIinv =―――
-fR fD

⋅1.30 fLL
1.842

Rating factor for Service II 
(operating level)

≔RFServiceIIopr =―――
-fR fD

⋅1.00 fLL
2.395

11. Load Rating for Strength I Limit State Platoon (target beta = 2.5)
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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 = 0.20 (100 crossings, ADTT = 5000)

Proposed Strength Calibrated LL Factors for the Target β = 2.5 (Steelman et al., 2021) (Table 2)

Platoon weight divided by 80 kips
(amplification factor alpha)

≔Wplatoon 1.0

Assumed IM = 0.33 (same as MBE permit load rating) ≔IMsurface %33

5 ft headway 4-truck platoon moment at the mid span from the above load effect table: 
(with IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence factor)gm1

≔LLplatoon ⋅1584.4 kip ft

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha)

≔LLplatoon_dis =⋅Wplatoon LLplatoon 1584.4 ⋅kip ft

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_strength 1.60

Parameter information for the equation below.
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Parameter information for the equation below.

=Fnt 36 ksi =gm1 0.485

=Mdc1 1324.6 ⋅kip ft =Mdc2 268.8 ⋅kip ft

=Mdw 332.3 ⋅kip ft

=Sbx 1892.553 in 3 =Sb_st 2481.099 in 3 =Sb_lt 2317.571 in 3

≔RFPlatoon_flexure =―――――――――――――――

-⋅((1.0)) Fnt

⎛
⎜
⎝

+⋅1.25
⎛
⎜
⎝

+――
Mdc1

Sbx
――
Mdc2

Sb_lt

⎞
⎟
⎠

⋅1.50 ――
Mdw

Sb_lt

⎞
⎟
⎠

―――――――――
⋅γplatoon_strength ⎛⎝LLplatoon_dis⎞⎠

Sb_st

1.728

Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed 
with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)
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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.

=Vn 469.8 kip =gv1 0.687

=Vdc1 52.2 kip =Vdw 13.3 kip =Vdc2 10.8 kip

Shear of platoon loads at the beam end ≔VPL_end 125.4 kip

5 ft headway 4-truck platoon shear at the end beam from the above load effect table: 
(with IM = 0.33 and single lane shear GDF ( ) and removed 1.2 multiple presence factor)gv1

≔VPL_end 97.2 kip

5 ft headway 4-truck platoon shear at the end beam (with amplification factor alpha)

≔VPL_end_dis =⋅Wplatoon VPL_end 97.2 kip

≔RFPlLV@beam_end =――――――――――――――
-⋅((1.0)) Vn ⎛⎝ +⋅1.25 ⎛⎝ +Vdc1 Vdc2⎞⎠ ⋅1.50 Vdw⎞⎠

⋅γplatoon_strength ⎛⎝VPL_end_dis⎞⎠
2.386

Shear load rating at the 4 ft to the support

Parameter information for the equation below.
=Vn@4ft 414.512 kip =Vdc1@4ft 48.2 kip =Vdw@4ft 12.2 kip =Vdc2@4ft 9.9 kip

5 ft headway 4-truck platoon shear at the 4 ft to the support from the above load effect table: 
(with IM = 0.33 and single lane shear GDF ( ) and removed 1.2 multiple presence factor)gv1

≔VPL@4ft 90.2 kip

5 ft headway 4-truck platoon shear at the 4 ft to the support (with amplification factor alpha)

≔VPL@4ft_dis =⋅Wplatoon VPL@4ft 90.2 kip

≔RFPlLV@4ft =―――――――――――――――――――――
-⋅⋅⋅((1.0)) ((1.0)) ((1.0)) Vn@4ft ⎛⎝ +⋅1.25 ⎛⎝ +Vdc1@4ft Vdc2@4ft⎞⎠ ⋅1.50 Vdw@4ft⎞⎠

⋅γplatoon_strength ⎛⎝VPL@4ft_dis⎞⎠
2.242

12. Load Rating for Service II Limit State Platoon (target beta = 1.60)
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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 = 0.20 (100 crossings, ADTT = 5000)

Proposed Service II Calibrated LL Factors for the Target β = 1.6 (Table 22)

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_service 1.90

Live load stress at midspan ≔fplatoon =―――――
⎛⎝LLplatoon_dis⎞⎠

Sb_st

7.663 ksi

Parameter information for the equation below.

=fR 34.2 ksi =fD 11.511 ksi =Sb_st 2481.099 in 3

Rating factor for Service II ≔RFServiceIIplatoon_Inv =―――――――
-fR fD

⋅γplatoon_service fplatoon
1.558
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13. Load Rating Summary

Load rating summary table is given below.
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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 ≔Ptruck %60

ADTT ≔ADTT =⋅ADT Ptruck 4869

Multiple presence factor for two design lanes 
(AASHTO LRFD BDS Table 3.6.1.4.2-1)

≔mp 0.85

ADTT (single lane) ≔ADTTSL =⋅ADTT mp 4139
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ADTT (single lane threshold) ≔ADTTth 975

≔check =if ⎛⎝ ,,>ADTTSL ADTTth “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.

Constant amplitude fatigue thresholds for C' ≔ΔFn_fatigueI 12 ksi

centroid to the datumyb_st =yb_st 50.496 in

bottom flange thickness ≔tbf_mid 2.25 in

Determine the connection plate to the 
short-term NA

≔dconnection_plate =-yb_st tbf_mid 48.246 in

Moment of inertia (short-term) =Ist 125286.706 in 4
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Also, the NA and appropriate dimensions are shown below.

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)

≔MAASHTO_Fat ⋅596.4 kip ft
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≔MAASHTO_Fat ⋅596.4 kip ft

Load factor for Fatigue I ≔γfatigueI 1.75

Live load stress range based on AASHTO fatigue truck including IM = 0.15 

≔Δffatigue =――――――――――
⋅⎛⎝MAASHTO_Fat⎞⎠ dconnection_plate
Ist

2.756 ksi

≔check_fatigueI =if ⎛⎝ ,,≤⋅γfatigueI Δffatigue ΔFn_fatigueI “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for fatigue ≔DCR =――――――
⋅γfatigueI Δffatigue

ΔFn_fatigueI

0.402

Rating factors (inverse of the DCR) ≔RF =――
1

DCR
2.488

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.
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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) 

≔Mplatoon_5ft =⋅⋅1522.7 kip ft ――――
(( +1 0.15))
(( +1 0.33))

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 IM = 0.15 (assume IM = 0.15 same as 
for AASHTO fatigue load)

≔Δfplatoon_5ft =―――――――――
⋅⎛⎝Mplatoon_5ft⎞⎠ dconnection_plate
Ist

6.084 ksi

Platoon load factor for Fatigue I (assume 
the same as for AASHTO fatigue load)

≔γfatigueI_platoon 1.75

≔check_fatigueI_PL =if ⎛⎝ ,,≤⋅γfatigueI_platoon Δfplatoon_5ft ΔFn_fatigueI “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for platoon fatigue I ≔DCR =―――――――――
⋅γfatigueI_platoon Δfplatoon_5ft

ΔFn_fatigueI

0.887

Rating factors (inverse of the DCR) ≔RF =――
1

DCR
1.127

Note: The Fatigue I check for a four-truck platoon with 5 ft headway passes.
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Fatigue I and Fatigue II welded cross-frame connection plate check summary

Note: The Fatigue I and Fatigue II l 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

Constant A for C' case ≔A ⋅44 108

number of stress range cycles per 4 NRL platoon with 
5 ft headways (refer to the bottom figure)

≔ENSCplatoon_5ft 1

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.

`

Assume platoon 100 crossings per day 
(single lane loaded without routine traffic)

≔NumSL_platoon_5ft 100

Available N (number of crossings) for 
this platoon truck

≔Nplatoon_5ft =―――――
A

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3
19536456

Accumulative fatigue damage for 75 
year platoon with 5 ft headways

≔CFDplatoon_5ft =――――――――――――――――――

⋅⋅⋅⋅NumSL_platoon_5ft ENSCplatoon_5ft

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3

365 75

A
0.14
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≔CFDplatoon_5ft =――――――――――――――――――

⋅⋅⋅⋅NumSL_platoon_5ft ENSCplatoon_5ft

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3

365 75

A
0.14

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) 

≔Mplatoon_50ft =⋅⋅906.1 kip ft ――――
(( +1 0.15))
(( +1 0.33))

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 IM = 0.15 (assume IM = 0.15 same as for 
AASHTO fatigue load)

≔Δfplatoon_50ft =―――――――――
⋅⎛⎝Mplatoon_50ft⎞⎠ dconnection_plate
Ist

3.62 ksi

Number of stress range cycles per 4 NRL platoon with 50 ft headways (refer to the below figure)
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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.

≔ENSCplatoon_50ft =+1 ⋅
⎛
⎜
⎝

⋅(( +1 0.15)) ――
gm1

1.2

⎛
⎜
⎝
―――――――――

-⋅1684 kip ft ⋅795 kip ft
⋅1684 kip ft

⎞
⎟
⎠

⎞
⎟
⎠

3

3 1.044

Assume platoon 100 crossings per day 
(single lane loaded without routine traffic)

≔NumSL_platoon_50ft 100

Available N (number of crossings) for 
this platoon truck

≔Nplatoon_50ft =――――――
A

⎛
⎜
⎝
――――
Δfplatoon_50ft

ksi

⎞
⎟
⎠

3
92717227

Accumulative fatigue damage for 75 year platoon with 50 ft headways

≔CFDplatoon_50ft =―――――――――――――――――――

⋅⋅⋅⋅NumSL_platoon_50ft ENSCplatoon_50ft

⎛
⎜
⎝
――――
Δfplatoon_50ft

ksi

⎞
⎟
⎠

3

365 75

A
0.031

Fatigue damage ratios for AASHTO fatigue truck and platoons
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Fatigue damage ratios for AASHTO fatigue truck and platoons

≔ENSCfatigue 1

Fatigue damage for one crossing for AASHTO fatigue truck

≔FDfatigue =―――――――――

⋅⋅1 ENSCfatigue

⎛
⎜
⎝
―――
Δffatigue

ksi

⎞
⎟
⎠

3

A
⋅4.758 10-9

Fatigue damage for a crossing for a 4-truck platoon with 5 ft headways

≔FDplatoon_5ft =―――――――――――

⋅⋅1 ENSCplatoon_5ft

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3

A
⋅5.119 10-8

Fatigue damage for a crossing for a 4-truck platoon with 50 ft headways

≔FDplatoon_50ft =――――――――――――

⋅⋅1 ENSCplatoon_50ft

⎛
⎜
⎝
――――
Δfplatoon_50ft

ksi

⎞
⎟
⎠

3

A
⋅1.126 10-8

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to the 
AASHTO fatigue truck

≔FDratio_platoon_5ft_fatigue =――――
FDplatoon_5ft

FDfatigue

10.759

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 50 ft headway 
to the AASHTO fatigue truck

≔FDratio_platoon_50ft_fatigue =―――――
FDplatoon_50ft

FDfatigue

2.368

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to 
the 50 ft headway truck platoon 

≔FDratio_platoon_5ft_50ft =―――――
FDplatoon_5ft

FDplatoon_50ft

4.544
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Cumulative fatigue damage assessment summary

Fatigue damage ratios:

1.
2.
3.

fatigue damage ratio (c/e) = 10.759 ; 
fatigue damage ratio (d/e) = 2.368; 
fatigue damage ratio (c/d) = 4.544.  

17. Fatigue Check for Shear Studs
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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.

≔nstuds 3Number of studs per row ( )nstuds
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Number of studs per row ( )nstuds ≔nstuds 3

Pitch length (inch) ≔p 12 in

Shear stud diameter (inch) ≔d ―
7
8

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.

ADTT (single lane threshold 6.10.10.2) ≔ADTTth_stud 1090

≔check =if ⎛⎝ ,,>ADTTSL ADTTth_stud “Fatigue I” “Fatigue II”⎞⎠ “Fatigue I”

Fatigue I Shear Stud Check 
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Fatigue I Shear Stud Check 

Fatigue shear resistance per stud ≔Zr =⋅⋅5.5
⎛
⎜
⎝
―
d
in

⎞
⎟
⎠

2

kip 4.211 kip

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 ≔tw =―
3
8

in 0.375 in

Top flange width ≔btf 12 in

Bottom flange width ≔bbf 14 in

Compression flange (top flange) thickness ≔ttf 0.75 in

Tension flange (bottom flange) thickness ≔tbf 1.625 in

Web Depth ≔D 60 in

Total height of the composite section ≔Dt =++++ttf D tbf hh ts 71.875 in

Total height of the non-composite section ≔Dgirder =++ttf D tbf 62.375 in

Section property calculations

Top flange section area ≔Atf =⋅btf ttf 9 in 2

Web section area ≔Aweb =⋅tw D 22.5 in 2

Bot flange section area ≔Abf =⋅bbf tbf 22.75 in 2

Girder section area ≔Agirder =++Atf Aweb Abf 54.25 in 2

Top flange center to the datum ≔ytf =++tbf D ―
ttf
2

62 in

Web center to the datum ≔yweb =+tbf ―
D
2

31.625 in

Bot flange center to the datum ≔ybf =―
tbf
2

0.813 in

Ay for the tension flange ≔Ay_tf =⋅Atf ytf 558 in 3

Ay for the web ≔Ay_web =⋅Aweb yweb 711.563 in 3

≔Ay_bf =⋅Abf ybf 18.484 in 3Ay for the bottom flange
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≔Ay_web =⋅Aweb yweb 711.563 in 3

Ay for the bottom flange ≔Ay_bf =⋅Abf ybf 18.484 in 3

Ay for the girder ≔Ay_girder =++Ay_tf Ay_web Ay_bf 1288.047 in 3

centroid to the datumyb ≔ygirder_b =―――
Ay_girder

Agirder

23.743 in

Moment of inertia for the top flange ≔Io_tf =―――
⋅btf ttf

3

12
0.42 in 4

Moment of inertia for the web ≔Io_web =―――
⋅tw D3

12
6750 in 4

Moment of inertia for the bottom flange ≔Io_bf =―――
⋅bbf tbf

3

12
5.01 in 4

Moment of inertia  (girder only)

≔Igirder =

+
 ↲++++Io_tf ⋅Atf ⎛⎝ -ytf ygirder_b⎞⎠

2 Io_bf ⋅Abf ⎛⎝ -ybf ygirder_b⎞⎠
2 Io_web

⋅Aweb ⎛⎝ -yweb ygirder_b⎞⎠
2

33287.77 in 4

Short term section properties (n)

Area of slab ≔Aslab_st =―――
⋅beff_int ts

n
102.078 in 2

Center of slab to the datum ≔yslab =++Dgirder hh ―
ts
2

67.125 in

Moment of inertia for the slab
(short term) 

≔Io_slab_st =――――

⋅―――
beff_int

n
ts

3

12
478.49 in 4

Ay for the slab (short term) ≔Ay_slab_st =⋅Aslab_st yslab 6851.965 in 3

centroid to the datumyb_st ≔yb_st =――――――
+Ay_girder Ay_slab_st

+Agirder Aslab_st

52.07 in

Moment of inertia  (short term)

≔Ist =+++Igirder ⋅Agirder ⎛⎝ -ygirder_b yb_st⎞⎠
2 Io_slab_st ⋅Aslab_st ⎛⎝ -yslab yb_st⎞⎠

2 100434.32 in 4

First moment of the transformed short-term 
area of the concrete deck about the neutral 
axis of short-term section (in^3) 
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First moment of the transformed short-term 
area of the concrete deck about the neutral 
axis of short-term section (in^3) 

≔Q =⋅Aslab_st ⎛⎝ -yslab yb_st⎞⎠ 1536.761 in 3

Shear Stud Fatigue Check for AASHTO Fatigue Truck

Shear force at the end of girder including IM = 0.15 and GDF = (AASHTO Fatigue Truck)――
gv1
1.2

≔Vfatigue 38.8 kip

AASHTO Fatigue Truck Vf including IM = 0.15 and GDF = ――
gv1
1.2

≔Vf =Vfatigue 38.8 kip

Longitudinal fatigue shear range per 
unit length (kip/in.)

≔Vfat =――
⋅Vf Q

Ist
0.594 ――

kip
in

Horizontal fatigue shear range per unit length 
(kip/in.) (without F_fat for this case)

≔Vsr =Vfat 0.594 ――
kip
in

Pitch requirement (Equation 6.10.10.1.2-1) ≔preq =―――
⋅nstuds Zr

Vsr

21.279 in

≔check =if ⎛⎝ ,,>preq 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 
truck (w.r.t spacing)

≔RFstud_fatigue =――
preq
p

1.773

Shear Stud Fatigue Check for Platoon with 5 ft Headways
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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 IM = 0.15 and 
GDFs/1.2) 

≔Vplatoon =⋅97.2 kip ――――
(( +1 0.15))
(( +1 0.33))

84.045 kip

Note the platoon was calculated with IM = 0.33 in the BrR for this rating example

4 NRL platoon including IM = 0.15 and GDFs/1.2Vf

≔Vf =Vplatoon 84.045 kip

Longitudinal fatigue shear range per 
unit length (kip/in.)

≔Vfat =――
⋅Vf Q

Ist
1.286 ――

kip
in

Horizontal fatigue shear range per unit length 
(kip/in.) (without for this case)Ffat

≔Vsr =Vfat 1.286 ――
kip
in

Pitch requirement (Equation 6.10.10.1.2-1) ≔preq =―――
⋅nstuds Zr

Vsr

9.823 in

≔check =if ⎛⎝ ,,>preq p “OK” “NO”⎞⎠ “NO”

Fatigue I shear stud load rating for platoons 
(w.r.t spacing)

≔RFstud_platoon =――
preq
p

0.819

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 II shear stud check for this platoon case 
is given.

Fatigue II Shear Stud Check 
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Fatigue II Shear Stud Check 

Assume platoon (4 NRL with 5 ft headways) 
100 crossings per day  (single lane loaded)

≔ADTTsl_platoon_5ft 100

N (number of crossings) for 
this platoon truck

≔N =⋅⋅⋅365 75 ENSCplatoon_5ft ADTTsl_platoon_5ft 2737500

≔αstud =-34.5 4.28 log ((N)) 6.948

Fatigue II shear resistance per stud ≔Zr =⋅⋅αstud
⎛
⎜
⎝
―
d
in

⎞
⎟
⎠

2

kip 5.32 kip

Pitch requirement (Equation 6.10.10.1.2-1) ≔preq =―――
⋅nstuds Zr

Vsr

12.41 in

≔check =if ⎛⎝ ,,>preq p “OK” “NO”⎞⎠ “OK”

Fatigue II shear stud load rating for platoons 
(w.r.t spacing)

≔RFstud_platoon =――
preq
p

1.034

The Fatigue II shear stud check for this platoon case is good.

18. Shear Stud Fatigue Load Rating Summary

Non-Commercial Use Only

E-59



18. Shear Stud Fatigue Load Rating Summary

Shear stud fatigue load rating summary table is given below.

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. 



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 
I-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 II. As 
a result, the section modulus would be a steel section only for Service II.

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.

1. Bridge Data

End span length ≔Lend 60 ft

Middle span length ≔Lmid 100 ft

Material  Steel yield stress (homogenous section)

≔Fy 50 ksi ≔Fyc 50 ksi ≔Fyf 50 ksi ≔Fyt 50 ksi ≔Fyw 50 ksi

: girder yield stress, : compression flange yield stress, : flange yield stress, : Fy Fyc Fyf Fyt

tension flange yield stress, and is the web yield stressFyw

Other information

1.
2.

Skew: 15 degrees.
ADT: 48,015.

Concrete information
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Concrete information

Unit weight of concrete for determining 
dead loads

≔wc 155 pcf

Unit weight of concrete for determining 
deck modulus of elasticity 

≔wcd_modulus 155 pcf

Unit weight of concrete for determining 
girder modulus of elasticity 

≔wcg_modulus 150 pcf

Ultimate strength for deck ≔f'cd 3.5 ksi

Modulus of elasticity of deck at final time

≔Ecd =⋅⋅⋅33000
⎛
⎜
⎝
――――
wcd_modulus

⋅pcf 1000

⎞
⎟
⎠

1.5 ⎛
⎜
⎝
――
f'cd
ksi

⎞
⎟
⎠

0.5

ksi 3767.43 ksi

2. Bridge Cross Section
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2. Bridge Cross Section

Steel modulus of elasticity ≔E 29000 ksi

Girder spacing (S) ≔S =118 in 9.833 ft

Number of girders ≔N_girder 7

Left overhang ≔overhangL =32 in 2.667 ft

Right overhang ≔overhangR =30 in 2.5 ft

Total bridge width ≔Wbridge =⎛⎝ ++overhangL overhangR ⋅S (( -N_girder 1))⎞⎠ 770 in

for deck (for interior girders)beff ≔beff_int =S 118 in

Thickness of deck (effective) ≔ts 7.5 in

Haunch thickness ≔hh 0 in

Modulus of ratio for the steel to deck ≔n =――
E
Ecd

7.6975

3. Girder Section 
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3. Girder Section 

Girder dimensions W 36x230

Web thickness ≔tw 0.76 in

Top flange width ≔btf 16.47 in

Bottom flange width ≔bbf 16.47 in

Top flange thickness ≔ttf 1.26 in

Bottom flange thickness ≔tbf 1.26 in

Web Depth ≔D 33.38 in

Total height of the composite section ≔Dt =++++ttf D tbf hh ts 43.4 in

Total height of the non-composite section ≔Dgirder =++ttf D tbf 35.9 in

Section property calculations

centroid to the datumyb ≔ygirder_b 17.95 in

Moment of inertia  (girder only) ≔Igirder 15000 in 4

Section modulus for the bottom of the girder (Steel only) ≔Sbx 837 in 3

Section modulus for the top of the girder (Steel only) ≔Stx 837 in 3

Girder section area ≔Agirder 67.6 in 2

for the girderAy ≔Ay_girder =⋅Agirder ygirder_b 1213.42 in 3

Positive Flexure 
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Positive Flexure 

Short term section properties (n)

Area of slab ≔Aslab_st =―――
⋅beff_int ts

n
114.972 in 2

Center of slab to the datum ≔yslab =++Dgirder hh ―
ts
2

39.65 in

Moment of inertia for the slab
(short term) 

≔Io_slab_st =――――

⋅―――
beff_int

n
ts

3

12
538.93 in 4

for the slab (short term) Ay ≔Ay_slab_st =⋅Aslab_st yslab 4558.626 in 3

centroid to the datumyb_st ≔yb_st =――――――
+Ay_girder Ay_slab_st

+Agirder Aslab_st

31.615 in

Moment of inertia  (short term)

≔Ist =+++Igirder ⋅Agirder ⎛⎝ -ygirder_b yb_st⎞⎠
2 Io_slab_st ⋅Aslab_st ⎛⎝ -yslab yb_st⎞⎠

2 35584.74 in 4

Section modulus for the bottom of the girder (short term) ≔Sb_st =――
Ist
yb_st

1125.557 in 3

Section modulus for the top of the girder (short term) ≔St_st =―――――
Ist

-Dgirder yb_st
8304.949 in 3

Long term section properties (3n)
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Long term section properties (3n)

Area of slab ≔Aslab_lt =―――
⋅beff_int ts

3 n
38.324 in 2

Moment of inertia for the slab
(long term) 

≔Io_slab_lt =――――

⋅―――
beff_int

3 n
ts

3

12
179.64 in 4

for the slab (long term) Ay ≔Ay_slab_lt =⋅Aslab_lt yslab 1519.542 in 3

centroid to the datumyb_lt ≔yb_lt =――――――
+Ay_girder Ay_slab_lt

+Agirder Aslab_lt

25.801 in

Moment of inertia  (long term)

≔Ilt =+++Igirder ⋅Agirder ⎛⎝ -ygirder_b yb_lt⎞⎠
2 Io_slab_lt ⋅Aslab_lt ⎛⎝ -yslab yb_lt⎞⎠

2 26696.71 in 4

Section modulus for the bottom of the girder (long term) ≔Sb_lt =――
Ilt
yb_lt

1034.708 in 3

Section modulus for the top of the girder (long term) ≔St_lt =――――
Ilt

-Dgirder yb_lt
2643.549 in 3

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 I.

Girder dimensions W 36x245
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Girder dimensions W 36x245

Haunch thickness ≔hh2 hh

Thickness of deck (effective) ≔ts2 ts

Effective slab width ≔beff_int2 118 in

Web thickness ≔tw2 0.80 in

Top flange width ≔btf2 16.51 in

Bottom flange width ≔bbf2 16.51 in

Top flange thickness ≔ttf2 1.35 in

Bottom flange thickness ≔tbf2 1.35 in

Web Depth ≔D2 33.38 in

Total height of the composite section ≔Dt2 =++++ttf2 D2 tbf2 hh2 ts2 43.58 in

Total height of the non-composite section ≔Dgirder2 =++ttf2 D2 tbf2 36.08 in

Section property calculations

centroid to the datumyb ≔ygirder_b2 18.04 in

Moment of inertia  (girder only) ≔Igirder2 16100 in 4

Section modulus for the bottom of the girder (Steel only) ≔Sbx2 895 in 3

Section modulus for the top of the girder (Steel only) ≔Stx2 895 in 3

Girder section area ≔Agirder2 72.1 in 2

for the girderAy ≔Ay_girder2 =⋅Agirder2 ygirder_b2 1300.684 in 3

Positive Flexure 
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Positive Flexure 

Short term section properties (n)

Area of slab ≔Aslab_st2 =――――
⋅beff_int2 ts2

n
114.972 in 2

Center of slab to the datum ≔yslab2 =++Dgirder2 hh2 ―
ts2
2

39.83 in

Moment of inertia for the slab
(short term) 

≔Io_slab_st2 =―――――

⋅―――
beff_int2

n
ts2

3

12
538.93 in 4

for the slab (short term) Ay ≔Ay_slab_st2 =⋅Aslab_st2 yslab2 4579.321 in 3

centroid to the datumyb_st ≔yb_st2 =―――――――
+Ay_girder2 Ay_slab_st2

+Agirder2 Aslab_st2

31.432 in

Moment of inertia  (short term)

≔Ist2 =+++Igirder2 ⋅Agirder2 ⎛⎝ -ygirder_b2 yb_st2⎞⎠
2 Io_slab_st2 ⋅Aslab_st2 ⎛⎝ -yslab2 yb_st2⎞⎠

2 37678.29 in 4

Section modulus for the bottom of the girder (short term) ≔Sb_st2 =――
Ist2
yb_st2

1198.73 in 3

Section modulus for the top of the girder (short term) ≔St_st2 =―――――
Ist

-Dgirder2 yb_st2
7655.65 in 3

Long term section properties (3n)

Non-Commercial Use Only

F-8



Long term section properties (3n)

Area of slab ≔Aslab_lt2 =――――
⋅beff_int2 ts2

3 n
38.324 in 2

Moment of inertia for the slab
(long term) 

≔Io_slab_lt2 =―――――

⋅―――
beff_int2

3 n
ts2

3

12
179.64 in 4

for the slab (long term) Ay ≔Ay_slab_lt2 =⋅Aslab_lt2 yslab2 1526.44 in 3

centroid to the datumyb_lt ≔yb_lt2 =―――――――
+Ay_girder2 Ay_slab_lt2

+Agirder2 Aslab_lt2

25.602 in

Moment of inertia  (long term)

≔Ilt2 =+++Igirder2 ⋅Agirder2 ⎛⎝ -ygirder_b2 yb_lt2⎞⎠
2 Io_slab_lt2 ⋅Aslab_lt2 ⎛⎝ -yslab2 yb_lt2⎞⎠

2 28160.73 in 4

Section modulus for the bottom of the girder (long term) ≔Sb_lt2 =――
Ilt2
yb_lt2

1099.922 in 3

Section modulus for the top of the girder (long term) ≔St_lt2 =―――――
Ilt2

-Dgirder2 yb_lt2
2687.726 in 3

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 I.

Dead load moment and shear effects from BrR file (interior girder)
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Dead load moment and shear effects from BrR file (interior girder)

Unfactored DC1 moment at the end span 0.4L ≔Mdc1_end ⋅175.8 kip ft

Unfactored DC2 moment at the end span 0.4L ≔Mdc2_end ⋅13.6 kip ft

Unfactored DW moment at the end span 0.4L ≔Mdw_end ⋅0 kip ft

Unfactored DC1 moment at the interior span 0.5L ≔Mdc1_mid ⋅648.9 kip ft

Unfactored DC2 moment at the interior span 0.5L ≔Mdc2_mid ⋅47.4 kip ft

Unfactored DW moment at the interior span 0.5L ≔Mdw_mid ⋅0 kip ft

Unfactored DC1 moment at the interior support ≔Mdc1_inter ⋅-933.7 kip ft

Unfactored DC2 moment at the interior support ≔Mdc2_inter ⋅-50.8 kip ft

Unfactored DW moment at the interior support ≔Mdw_inter ⋅0 kip ft

Unfactored DC1 shear at the interior support ≔Vdc1_inter 63.4 kip

Unfactored DC2 shear at the interior support ≔Vdc2_inter 3.9 kip

Unfactored DW shear at the interior support ≔Vdw_inter 0 kip

Unfactored DC1 shear at the end support ≔Vdc1_end 22.4 kip

Unfactored DC2 shear at the end  support ≔Vdc2_end 1.5 kip

Unfactored DW shear at the end  support ≔Vdw_end 0 kip

GDF calculations for positive moment regions (W 36x230) (interior girder)
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GDF calculations for positive moment regions (W 36x230) (interior girder)

Modular ratio for AASHTO GDFs ≔nGDF =――
E
Ecd

7.69754947

term for AASHTO GDF equationseg ≔eg_GDF =++-Dgirder ygirder_b hh ―
ts
2

21.7 in

term for AASHTO GDF equationsKg ≔Kg =⋅nGDF
⎛⎝ +Igirder ⋅Agirder eg_GDF

2 ⎞⎠ 360493 in 4

Single lane AASHTO moment GDF for interior girders (0.4L of the end span) 

≔gm1_end =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
――
S

Lend

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Lend

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.573

Multiple lanes AASHTO moment GDF for interior girders (0.4L of the end span) 

≔gm2_end =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
――
S

Lend

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Lend

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.798

Single lane AASHTO moment GDF for interior girders (0.5L of the interior span) 
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Single lane AASHTO moment GDF for interior girders (0.5L of the interior span) 

≔gm1_mid =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
――
S

Lmid

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Lmid

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.478

Multiple lanes AASHTO moment GDF for interior girders (0.5L of the interior span) 

≔gm2_mid =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
――
S

Lmid

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg

in 4

⎛
⎜
⎝

⋅⋅12 ――
Lmid

ft

⎛
⎜
⎝
―
ts
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.696

GDF calculations for negative moment region (W 36x245) (interior girder)

term for AASHTO GDF equationseg ≔eg_GDF2 =++-Dgirder2 ygirder_b2 hh2 ―
ts2
2

21.79 in

term for AASHTO GDFKg ≔Kg2 =⋅nGDF
⎛⎝ +Igirder2 ⋅Agirder2 eg_GDF2

2 ⎞⎠ 387444 in 4

Single lane AASHTO moment GDF for interior girders (interior support) 

≔Linter =――――
+Lend Lmid

2
80 ft

≔gm1_inter =+0.06 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft
14

⎞
⎟
⎟
⎟⎠

0.4

⎛
⎜
⎝
――
S

Linter

⎞
⎟
⎠

0.3

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg2

in 4

⎛
⎜
⎝

⋅⋅12 ――
Linter

ft

⎛
⎜
⎝
―
ts2
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.521

Multiple lanes AASHTO moment GDF for interior girders (interior support) 

≔gm2_inter =+0.075 ⋅⋅

⎛
⎜
⎜
⎜⎝
――
―
S
ft

9.5

⎞
⎟
⎟
⎟⎠

0.6

⎛
⎜
⎝
――
S

Linter

⎞
⎟
⎠

0.2

⎛
⎜
⎜
⎜
⎜
⎜⎝

――――――

――
Kg2

in 4

⎛
⎜
⎝

⋅⋅12 ――
Linter

ft

⎛
⎜
⎝
―
ts2
in

⎞
⎟
⎠

3 ⎞
⎟
⎠

⎞
⎟
⎟
⎟
⎟
⎟⎠

0.1

0.743
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GDF calculations for shear (interior girder)

Single lane AASHTO shear GDF for 
interior girders 

≔gv1 =+0.36 ――
S

25 ft
0.753

Multiple lanes AASHTO shear GDF 
for interior girders 

≔gv2 =-+0.20 ――
S

12 ft

⎛
⎜
⎝
――
S

35 ft

⎞
⎟
⎠

2

0.941

HL-93 positive moment at the end span 
(at 0.4L) (including IM=0.33 and 
AASHTO GDF for multiple lanes) 

≔HL_93_Mdist_end ⋅939.11 kip ft

HL-93 positive moment at the 
interior span (at 0.5L)(including 
IM=0.33 and AASHTO GDF for 
multiple lanes) 

≔HL_93_Mdist_mid ⋅1278 kip ft

HL-93 negative moment at the 
interior support (including 
IM=0.33 and AASHTO GDF 
for multiple lanes) 

≔HL_93_Mdist_inter ⋅-947.7 kip ft

HL-93 shear at the mid span side 
of piers (including IM=0.33 and 
AASHTO GDF for multiple 
lanes) 

≔HL_93_Vdist_inter 114.8 kip

HL-93 shear at the end beam 
support (including IM=0.33 and 
AASHTO GDF for multiple lanes) 

≔HL_93_Vdist_end 91.1 kip

4. Article 6.10.2 Proportional Limits Check
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4. Article 6.10.2 Proportional Limits Check

Article 6.10.2 check for W 36x230

Web check (6.10.2.1.1-1) ≔check =if
⎛
⎜
⎝

,,≤―
D
tw

150 “OK” “No”
⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-1) ≔check =if
⎛
⎜
⎝

,,≤――
bbf

2 tbf
12 “OK” “No”

⎞
⎟
⎠

“OK”

Top Flange check (6.10.2.2-1) ≔check =if
⎛
⎜
⎝

,,≤――
btf

2 ttf
12 “OK” “No”

⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-2) ≔check =if
⎛
⎜
⎝

,,≥bbf ―
D
6

“OK” “No”
⎞
⎟
⎠

“OK”

Top Flange check (6.10.2.2-2) ≔check =if
⎛
⎜
⎝

,,≥btf ―
D
6

“OK” “No”
⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-3) ≔check =if ⎛⎝ ,,≥tbf ⋅1.1 tw “OK” “No”⎞⎠ “OK”

Top Flange check (6.10.2.2-3) ≔check =if ⎛⎝ ,,≥ttf ⋅1.1 tw “OK” “No”⎞⎠ “OK”

Moment of inertia of the compression 
flange about the vehicle axis (6.10.2.2-4)

≔Iyc =―――
⋅ttf btf

3

12
469.105 in 4

Moment of inertia of the tension flange 
about the vehicle axis (6.10.2.2-4)

≔Iyt =―――
⋅tbf bbf

3

12
469.105 in 4

Flange check (6.10.2.2-4) ≔check =if
⎛
⎜
⎝

,,≤≤0.1 ――
Iyc
Iyt

10 “OK” “No”
⎞
⎟
⎠

“OK”

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
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Article 6.10.2 check for W 36x245

Web check (6.10.2.1.1-1) ≔check =if
⎛
⎜
⎝

,,≤――
D2

tw2
150 “OK” “No”

⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-1) ≔check =if
⎛
⎜
⎝

,,≤――
bbf2

2 tbf2
12 “OK” “No”

⎞
⎟
⎠

“OK”

Top Flange check (6.10.2.2-1) ≔check =if
⎛
⎜
⎝

,,≤――
btf

2 ttf2
12 “OK” “No”

⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-2) ≔check =if
⎛
⎜
⎝

,,≥bbf2 ――
D2

6
“OK” “No”

⎞
⎟
⎠

“OK”

Top Flange check (6.10.2.2-2) ≔check =if
⎛
⎜
⎝

,,≥btf2 ―
D
6

“OK” “No”
⎞
⎟
⎠

“OK”

Bottom Flange check (6.10.2.2-3) ≔check =if ⎛⎝ ,,≥tbf2 ⋅1.1 tw2 “OK” “No”⎞⎠ “OK”

Top Flange check (6.10.2.2-3) ≔check =if ⎛⎝ ,,≥ttf2 ⋅1.1 tw2 “OK” “No”⎞⎠ “OK”

Moment of inertia of the compression 
flange about the vehicle axis (6.10.2.2-4)

≔Iyc =―――
⋅ttf2 btf2

3

12
506.283 in 4

Moment of inertia of the tension flange 
about the vehicle axis (6.10.2.2-4)

≔Iyt =――――
⋅tbf2 bbf2

3

12
506.283 in 4

Flange check (6.10.2.2-4) ≔check =if
⎛
⎜
⎝

,,≤≤0.1 ――
Iyc
Iyt

10 “OK” “No”
⎞
⎟
⎠

“OK”

Note: The Article 6.10.2 check for W 36x245 is good.

5. Service II Checks (Article 6.10.4.2.2)
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5. Service II Checks (Article 6.10.4.2.2)

Note: This Service II 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 II check at the end span (at 0.4L) 

Note: The lateral flange stress ( ) is ignored. The beam section is W36x230 at this location.fl

Hybrid factor Rh ≔Rh 1.0

Lateral flange stress (assume to be 0) ≔fl 0

Flange stress upper limit for the Service II ≔fServiceII =⋅⋅0.95 Rh Fyf 47.5 ksi

Check the top steel flange stress due to the Service II loads (6.10.4.2.1)

Top flange stress due to Service II loads without the consideration of lateral 
flange bending (ksi) (Service II load factors) (compression)

≔ftf =++――――
1.0 Mdc1_end

Stx
――――――――
1.0 ⎛⎝ +Mdc2_end Mdw_end⎞⎠

St_lt
―――――――
1.3 HL_93_Mdist_end

St_st

4.346 ksi

≔check =if ⎛⎝ ,,≤ftf fServiceII “OK” “No”⎞⎠ “OK”

Check the bottom steel flange stress due to the Service II loads (6.10.4.2.1)
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Check the bottom steel flange stress due to the Service II loads (6.10.4.2.1)

Bottom flange stress due to Service II loads without the consideration of lateral 
flange bending (ksi) (Service II load factors) (tension)

≔fbf =++――――
1.0 Mdc1_end

Sbx
――――――――
1.0 ⎛⎝ +Mdc2_end Mdw_end⎞⎠

Sb_lt
―――――――
1.3 HL_93_Mdist_end

Sb_st

15.69 ksi

≔check =if ⎛⎝ ,,≤fbf fServiceII “OK” “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) ≔PRServiceII_top =―――
ftf

fServiceII
0.091

Performance ratio for the bottom flange (Service II) ≔PRServiceII_bottom =―――
fbf

fServiceII
0.33

Service II check at the interior span (at 0.5L) 
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Service II 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)

≔ftf =++――――
1.0 Mdc1_mid

Stx
――――――――
1.0 ⎛⎝ +Mdc2_mid Mdw_mid⎞⎠

St_lt
―――――――
1.3 HL_93_Mdist_mid

St_st

11.919 ksi

≔check =if ⎛⎝ ,,≤ftf fServiceII “OK” “No”⎞⎠ “OK”

Bottom flange stress due to Service II loads without the consideration of lateral flange 
bending (ksi) (Service II load factors) (tension)

≔fbf =++――――
1.0 Mdc1_mid

Sbx
――――――――
1.0 ⎛⎝ +Mdc2_mid Mdw_mid⎞⎠

Sb_lt
―――――――
1.3 HL_93_Mdist_mid

Sb_st

27.57 ksi

≔check =if ⎛⎝ ,,≤fbf fServiceII “OK” “No”⎞⎠ “OK”

Performance ratio for the top flange (Service II) ≔PRServiceII_top =―――
ftf

fServiceII
0.251

Performance ratio for the bottom flange (Service II) ≔PRServiceII_bottom =―――
fbf

fServiceII
0.58

Service II check at the interior support
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Service II 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)

≔ftf =-1
⎛
⎜
⎝

++―――――
1.0 Mdc1_inter

Stx2
―――――――――
1.0 ⎛⎝ +Mdc2_inter Mdw_inter⎞⎠

Stx2
―――――――
1.3 HL_93_Mdist_inter

Stx2

⎞
⎟
⎠

29.72 ksi

Note: To make the stress positive, applied the negative sign

≔check =if ⎛⎝ ,,≤abs ⎛⎝ftf⎞⎠ fServiceII “OK” “No”⎞⎠ “OK”

Bottom flange stress due to Service II loads without the consideration of lateral flange 
bending (ksi) (Service II load factors) (compression)

≔fbf =-1
⎛
⎜
⎝

++―――――
1.0 Mdc1_inter

Sbx2
―――――――――
1.0 ⎛⎝ +Mdc2_inter Mdw_inter⎞⎠

Sbx2
―――――――
1.3 HL_93_Mdist_inter

Sbx2

⎞
⎟
⎠

29.72 ksi

Note: To make the stress positive, applied the negative sign

≔check =if ⎛⎝ ,,≤abs ⎛⎝fbf⎞⎠ fServiceII “OK” “No”⎞⎠ “OK”

Performance ratio for the top flange (Service II) ≔PRServiceII_top =―――
abs ⎛⎝ftf⎞⎠
fServiceII

0.626

Performance ratio for the bottom flange (Service II) ≔PRServiceII_bottom =―――
abs ⎛⎝fbf⎞⎠
fServiceII

0.626

Note: The compression flange for the composite negative region should also pass the following 
Equation 6.10.4.2.2-4 check.
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Note: The compression flange for the composite negative region should also pass the following 
Equation 6.10.4.2.2-4 check.

Depth of web in compression 
(top flange in tension)

≔Dc2 =-⋅
⎛
⎜
⎝
―――

fbf
+ftf fbf

⎞
⎟
⎠
Dgirder2 ttf2 16.69 in

Bend-buckling coefficient ≔k =―――
9

⎛
⎜
⎝
――
Dc2

D

⎞
⎟
⎠

2
36

Nominal bend-buckling resistance for 
webs (LRFD BDS 6.10.1.9.1-2)

≔Fcrw_equ =―――
⋅⋅0.9 E k

⎛
⎜
⎝
――
D2

tw2

⎞
⎟
⎠

2
539.697 ksi

Nominal bend-buckling resistance for webs ≔Fcrw =min
⎛
⎜
⎝

,,Fcrw_equ ⋅Rh Fyc ――
Fyw

0.7

⎞
⎟
⎠

50 ksi

≔check =if ⎛⎝ ,,≤abs ⎛⎝fbf⎞⎠ Fcrw “OK” “No”⎞⎠ “OK”

6. Moment Strength I Checks (LRFD BDS Article 6.10.7)
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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.

Compression flange thickness used in equations ≔tc ttf

Tension flange thickness used in equations ≔tt tbf

Plastic force in the web ≔Pw =⋅⋅Fyw D tw 1268.44 kip

Plastic force in the compression flange ≔Pc =⋅⋅Fyc btf ttf 1037.61 kip

Plastic force in the tension flange ≔Pt =⋅⋅Fyt bbf tbf 1037.61 kip

Plastic force in the concrete deck ≔Ps =⋅⋅⋅0.85 f'cd beff_int ts 2632.875 kip

Check the PNA is in the web, top flange or concrete deck
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≔Ps =⋅⋅⋅0.85 f'cd beff_int ts 2632.875 kip

Check the PNA is in the web, top flange or concrete deck

≔Case =‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
||

if

also if

else

≥+Pt Pw +Pc Ps
‖
‖ return 1

≥++Pt Pw Pc Ps
‖
‖ return 2

‖
‖ 3

2

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.

in the above figure for the specific caseYbar

≔Ybar =|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

⋅―
D
2

⎛
⎜
⎝

+―――――
⎛⎝ --Pt Pc Ps⎞⎠

Pw

1
⎞
⎟
⎠

＝Case 2
‖
‖
‖‖

⋅―
tc
2

⎛
⎜
⎝

+―――――
⎛⎝ -+Pw Pt Ps⎞⎠

Pc

1
⎞
⎟
⎠

‖
‖
‖‖

⋅ts ―――――
⎛⎝ ++Pc Pw Pt⎞⎠

Ps

0.432 in

is the distance from PNA to the center of the tension flange dt

≔dt =|
|
|
|
|
|
|
|
|
|
|
|
|
|

if

also if

else

＝Case 1
‖
‖
‖‖

-+―
tt
2

D Ybar

＝Case 2
‖
‖
‖‖

-++―
tt
2

D tc Ybar

‖
‖
‖‖

-++++ts hh tt D ―
tc
2

Ybar

34.838 in

is the distance from PNA to the center of the compression flange dc
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is the distance from PNA to the center of the compression flange dc

≔dc =|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

+Ybar ―
tc
2

＝Case 2
‖
‖ 0 in

‖
‖
‖‖

-++ts hh ―
tc
2

Ybar

0 in

is the distance from PNA to the center of the webdw

≔dw =|
|
|
|
|
|
|
|
|
|
|
|

if

also if

else

＝Case 1
‖
‖ 0 in

＝Case 2
‖
‖
‖‖

-+―
D
2

tc Ybar

‖
‖
‖‖

-+++ts hh tc ―
D
2

Ybar

17.518 in

is the distance from PNA to the center of the concrete slabds

≔ds =|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

+++―
ts
2

hh tc Ybar

＝Case 2
‖
‖
‖‖

++―
ts
2

hh Ybar

‖
‖ 0 in

4.182 in

is the distance from PNA to the top of the concrete slabDp
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is the distance from PNA to the top of the concrete slabDp

≔Dp =|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖ +++ts hh tc Ybar

＝Case 2
‖
‖ ++ts hh Ybar

‖
‖Ybar

7.932 in

is the distance of the web in the compression according to the PNADcp

≔Dcp =|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖Ybar

＝Case 2
‖
‖ 0 in

‖
‖ 0 in

0 in

is the plastic momentMp

≔Mp =|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

＝Case 1
‖
‖
‖‖

+――
Pw

2 D
⎛⎝ +Ybar

2 ⎛⎝ -D Ybar⎞⎠
2 ⎞⎠ ⎛⎝ ++⋅Ps ds ⋅Pc dc ⋅Pt dt⎞⎠

＝Case 2
‖
‖
‖‖

+――
Pw

2 tc
⎛⎝ +Ybar

2 ⎛⎝ -tc Ybar⎞⎠
2 ⎞⎠ ⎛⎝ ++⋅Ps ds ⋅Pw dw ⋅Pt dt⎞⎠

‖
‖
‖
‖

+―――
Ybar

2 Ps

2 ts
⎛⎝ ++⋅Pc dc ⋅Pw dw ⋅Pt dt⎞⎠

5818.211 ⋅kip ft

Calculate the yield moment of the composite section using the equations provided in My

Appendix D6 (Article D6.2.2). Flange lateral bending is to be disregarded in the calculation. 
The Strength I load factors are used here.
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Calculate the yield moment of the composite section using the equations provided in My

Appendix D6 (Article D6.2.2). Flange lateral bending is to be disregarded in the calculation. 
The Strength I load factors are used here.

, , and are the factored moments at the strength limit state applied separately to MD1 MD2 MAD

the steel, long-term, and short-term composite sections. is taken as the value calculated for My

the tension (bottom) flange for the positive moment region.

≔MD1_end =1.25 Mdc1_end 219.75 ⋅kip ft

≔MD2_end =+1.25 Mdc2_end 1.50 Mdw_end 17 ⋅kip ft

≔MAD_end =--⋅Fy Sb_st

⎛
⎜
⎝
――
Sb_st

Sbx

⎞
⎟
⎠
MD1_end

⎛
⎜
⎝
――
Sb_st

Sb_lt

⎞
⎟
⎠
MD2_end 4375.818 ⋅kip ft

≔My_end =++MD1_end MD2_end MAD_end 4612.568 ⋅kip ft

Nominal Flexural Resistance
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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 is 50 Fy

ksi and the web satisfies LRFD BDS Article 6.10.2.1.1 as mentioned before. Therefore, only 
need to check the third requirement :

≔check =if
⎛
⎜
⎜⎝

,,≤――
2 Dcp

tw
3.76

‾‾‾‾
――
E
Fyc

“Compact” “Non-compact”
⎞
⎟
⎟⎠

“Compact”

Check ductility according to LRFD BDS 6.10.7.3-1

≔check =if ⎛⎝ ,,≤Dp 0.42 Dt “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:
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≔Mn =‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
||

|
|
|
|
|
|
|
||

if

else

≤Dp 0.1 Dt
‖
‖Mp

‖
‖
‖‖

⋅Mp

⎛
⎜
⎝

-1.07 ⋅0.7 ――
Dp

Dt

⎞
⎟
⎠

65774.05 ⋅kip in

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.
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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.

≔Mn_end =min ⎛⎝ ,Mn ⋅1.3 Rh My_end⎞⎠ 5481.171 ⋅kip ft

Then determine the . Note the is 0 and is 1.0. Mu fl ϕf

Factored moment (Strength I)

≔Mu_end =++⋅1.25 ⎛⎝ +Mdc1_end Mdc2_end⎞⎠ 1.50 Mdw_end ⋅1.75 HL_93_Mdist_end 1880.193 ⋅kip ft

≔check =if ⎛⎝ ,,≤Mu_end 1.0 Mn_end “OK” “NO”⎞⎠ “OK”

Performance ratio for the bottom flange (Strength I) ≔PRStrengthI =――――
Mu_end

1.0 Mn_end

0.343

Strength I check at the interior span (at 0.5L) 
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Strength I check at the interior span (at 0.5L) 

The girder section is also W36x230. Therefore, the is the same as for the end span at 0.4L MP

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.

, , and are the factored moments at the strength limit state applied separately to MD1 MD2 MAD

the steel, long-term, and short-term composite sections. is taken as the value calculated for My

the tension (bottom) flange for the positive moment region.

≔MD1_mid =1.25 Mdc1_mid 811.125 ⋅kip ft

≔MD2_mid =+1.25 Mdc2_mid 1.50 Mdw_mid 59.25 ⋅kip ft

≔MAD_mid =--⋅Fy Sb_st

⎛
⎜
⎝
――
Sb_st

Sbx

⎞
⎟
⎠
MD1_mid

⎛
⎜
⎝
――
Sb_st

Sb_lt

⎞
⎟
⎠
MD2_mid 3534.606 ⋅kip ft

≔My_mid =++MD1_mid MD2_mid MAD_mid 4404.981 ⋅kip ft

Nominal Flexural Resistance
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Nominal Flexural Resistance

As mentioned before, the W36x230 section is compact according to LRFD BDS Article 
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:

≔Mn =‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
||

|
|
|
|
|
|
|
||

if

else

≤Dp 0.1 Dt
‖
‖Mp

‖
‖
‖‖

⋅Mp

⎛
⎜
⎝

-1.07 ⋅0.7 ――
Dp

Dt

⎞
⎟
⎠

65774.05 ⋅kip in

The nominal flexural resistance of the section also considered the LRFD BDS Equation 
6.10.7.1.2-3 as above. 

≔Mn_mid =min ⎛⎝ ,Mn ⋅1.3 Rh My_mid⎞⎠ 5481.171 ⋅kip ft

Then determine the . Note the is 0 and is 1.0. Mu fl ϕf
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≔Mn_mid =min ⎛⎝ ,Mn ⋅1.3 Rh My_mid⎞⎠ 5481.171 ⋅kip ft

Then determine the . Note the is 0 and is 1.0. Mu fl ϕf

Factored moment (Strength I)

≔Mu_mid =++⋅1.25 ⎛⎝ +Mdc1_mid Mdc2_mid⎞⎠ 1.50 Mdw_mid ⋅1.75 HL_93_Mdist_mid 3106.88 ⋅kip ft

≔check =if ⎛⎝ ,,≤Mu_mid 1.0 Mn_mid “OK” “NO”⎞⎠ “OK”

Performance ratio for the bottom flange (Strength I) ≔PRStrengthI =――――
Mu_mid

1.0 Mn_mid

0.567

Strength I check at the interior support
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Strength I check at the interior support

Use Table D6.1-2 to determine the and for this negative flexure case. The negative Ybar Mp

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.

Plastic force in the web used to compute the Mp ≔Pw =⋅⋅Fyw D2 tw2 1335.2 kip

Plastic force in the compression flange used to 
compute Mp

≔Pc =⋅⋅Fyc bbf2 tbf2 1114.425 kip

Plastic force in the tension flange used to compute Mp ≔Pt =⋅⋅Fyt btf2 ttf2 1114.425 kip

Plastic force in the top layer reinforcement ≔Prt 0 kip

Plastic force in the bottom layer reinforcement ≔Prb 0 kip

Cover for the bottom layer reinforcement ≔Coverbot 0 in

Cover for the top layer reinforcement ≔Covertop 0 in

Check the PNA is in the web or top flange 
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≔Covertop 0 in

Check the PNA is in the web or top flange 

≔Case =‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|

|
|
|
|
|
||

if

else

≥+Pc Pw ++Pt Prb Prt
‖
‖ return 1

‖
‖ return 2

1

Note:  Case 1 for PNA in the web and Case 2 for PNA in the top flange.

in the above figure for the specific caseYbar

≔Ybar =|
|
|
|
|
|
|
|
||

if

else

＝Case 1
‖
‖
‖‖

⋅――
D2

2

⎛
⎜
⎝

+――――――
⎛⎝ ---Pc Pt Prb Prt⎞⎠

Pw

1
⎞
⎟
⎠

‖
‖
‖‖

⋅――
ttf2
2

⎛
⎜
⎝

+―――――――
⎛⎝ --+Pc Pw Prb Prt⎞⎠

Pt

1
⎞
⎟
⎠

16.69 in

is the distance from PNA to the center of the tension flange dt

≔dt =|
|
|
|
|
|
||

if

else

＝Case 1
‖
‖
‖‖

+――
ttf2
2

Ybar

‖
‖ 0 in

17.365 in

is the distance from PNA to the center of the compression flange dc

≔dc =|
|
|
|
|
|
|
|
||

if

else

＝Case 1
‖
‖
‖‖

+-D2 Ybar ――
tbf2

2

‖
‖
‖‖

++-ttf2 Ybar D2 ――
tbf2

2

17.365 in

is the distance from PNA to the center of the webdw
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is the distance from PNA to the center of the webdw

≔dw =|
|
|
|
|
|
||

if

else

＝Case 1
‖
‖ 0 in

‖
‖
‖‖

+-ttf2 Ybar ――
D2

2

0 in

is the distance from the PNA to the center of the bottom layer reinforcement drb

≔drb =|
|
|
|
|
||

if

else

＝Case 1
‖
‖ +++ttf2 hh2 Ybar Coverbot

‖
‖ ++hh2 Ybar Coverbot

18.04 in

is the distance from the PNA to the center of the top layer reinforcement drt

≔drt =|
|
|
|
|
||

if

else

＝Case 1
‖
‖ -+++ttf2 hh2 Ybar ts2 Covertop

‖
‖ -++hh2 Ybar ts2 Covertop

25.54 in

is the distance of the web in the compression according to the PNADcp

≔Dcp2 =|
|
|
|
|
||

if

else

＝Case 1
‖
‖ -D2 Ybar

‖
‖D2

16.69 in

is the plastic momentMp

≔Mp2 =|
|
|
|
|
|
|
|
||

if

else

＝Case 1
‖
‖
‖‖

+――
Pw

2 D2

⎛⎝ +Ybar
2 ⎛⎝ -D2 Ybar⎞⎠

2 ⎞⎠ ⎛⎝ +++⋅Prt drt ⋅Prb drb ⋅Pc dc ⋅Pt dt⎞⎠

‖
‖
‖‖

+――
Pt

2 D2

⎛⎝ +Ybar
2 ⎛⎝ -ttf2 Ybar⎞⎠

2 ⎞⎠ ⎛⎝ +++⋅Prt drt ⋅Prb drb ⋅Pc dc ⋅Pw dw⎞⎠

4153.85 ⋅kip ft

The plastic moment (include the negative sign) ≔Mp2 =⋅-1 Mp2 -4153.852 ⋅kip ft

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 for bottom flange and top flange is the same for this case.My
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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 for bottom flange and top flange is the same for this case.My

Yield moment for the bottom of the steel My_bot

≔MD1_inter =1.25 Mdc1_inter -1167.125 ⋅kip ft

≔MD2_inter =+1.25 Mdc2_inter 1.50 Mdw_inter -63.5 ⋅kip ft

≔MAD_bot_inter =--⋅Fy Sbx2

⎛
⎜
⎝
――
Sbx2

Sbx2

⎞
⎟
⎠
MD1_inter

⎛
⎜
⎝
――
Sbx2

Sbx2

⎞
⎟
⎠
MD2_inter 4959.792 ⋅kip ft

≔My_bot_inter =++MD1_inter MD2_inter MAD_bot_inter 3729.167 ⋅kip ft

Nominal Flexural Resistance 
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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 is 50 ksi, therefore, only check the other two requirements as below. This load rating Fy

example cannot use the Appendix A6 since the diaphragms are not parallel to supports. 

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.

Slenderness ratio for the compression flange ≔λf =――
bbf2

2 tbf2
6.115

Limiting slenderness ratio for a compact flange ≔λpf =⋅0.38
‾‾‾‾
――
E
Fyc

9.152

≔check =if ⎛⎝ ,,≤λf λpf “Compact flange” “Non-compact flange”⎞⎠ “Compact flange”
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≔check =if ⎛⎝ ,,≤λf λpf “Compact flange” “Non-compact flange”⎞⎠ “Compact flange”

Determine the according to Article 6.10.1.10.2 which is used to calculate FLB resistance.Rb

Slenderness ratio for web ≔λ =――
⋅2 Dc2

tw
43.921

Ratio for the compression flangeawc ≔awc =――――
⋅⋅2 Dc2 tw2

⋅bbf2 tbf2
1.198

Slenderness ratio limit for non-compact web

≔λrw =max
⎛
⎜
⎜⎝

,⋅4.6
‾‾‾‾
――
E
Fyc

min
⎛
⎜
⎜⎝

,⋅
⎛
⎜
⎝

+3.1 ――
5
awc

⎞
⎟
⎠

‾‾‾‾
――
E
Fyc

⋅5.7
‾‾‾‾
――
E
Fyc

⎞
⎟
⎟⎠

⎞
⎟
⎟⎠

137.274

Web check (6.10.6.2.3-1)

≔check =if ⎛⎝ ,,≤λ λrw “OK” “NO”⎞⎠ “OK”

Non-Commercial Use Only

F-37



Web load-shedding 
factor

≔Rb 1

Local buckling resistance (compact flange) ≔Fnc_FLB =⋅⋅Rb Rh Fyc 50 ksi

Lateral flange buckling check
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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. 

Effective radius of gyration for LTB (in.) ≔rt =―――――――
bbf2

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
12

⎛
⎜
⎝

+1 ―
1
3

―――
⋅Dc2 tw2
⋅bbf2 tbf2

⎞
⎟
⎠

4.351 in

Unbraced length (based on the BrR file) ≔Lb 157.2 in

Limiting braced length to achieve the 
nominal flexure resistance ⋅⋅Rb Rh Fyc

under uniform bending (in.)
≔Lp =⋅⋅1.0 rt

‾‾‾‾
――
E
Fyc

104.794 in
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Compression flange stress at the onset of 
nominal yielding within the cross-
section

≔Fyr =max ⎛⎝ ,0.5 Fyc min ⎛⎝ ,0.7 Fyc Fyw⎞⎠⎞⎠ 35 ksi

Limiting braced length to achieve the onset of 
nominal yielding considering the compression 
flange residual stress effects (in.)

≔Lr =⋅⋅π rt
‾‾‾‾
――
E
Fyr

393.494 in

≔Compactness =|
|
|
|
|
|
|
|
||

if

also if

else

≤Lb Lp
‖
‖ return “Compact unbraced ”

≤≤Lp Lb Lr
‖
‖ return “Non-compact unbraced”

‖
‖ return “ Slender unbraced”

“Non-compact unbraced”

This design moment gradient modifier is 1.896 based on the BrR file.Cb

Moment gradient modifier ≔Cb 1.896

Lateral torsional resistance (non-compact unbraced length)
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Lateral torsional resistance (non-compact unbraced length)

≔Fnc_LTB =min
⎛
⎜
⎝

,⋅⋅⋅⋅Cb

⎛
⎜
⎝

-1 ⋅
⎛
⎜
⎝

-1 ―――
Fyr

⋅Rh Fyc

⎞
⎟
⎠

⎛
⎜
⎝
―――

-Lb Lp

-Lr Lp

⎞
⎟
⎠

⎞
⎟
⎠
Rb Rh Fyc ⋅⋅Rb Rh Fyc

⎞
⎟
⎠

50 ksi

The smaller value of the calculated FLB and LTB resistances will be considered as the nominal 
compression flange flexure resistance as shown below. 

≔Fnc =min ⎛⎝ ,Fnc_FLB Fnc_LTB⎞⎠ 50 ksi

The strength I bottom flange stress (compression).

≔fbu_b =-1
⎛
⎜
⎜
⎜
⎜
⎝
+

 ↲+―――――
⋅1.25 Mdc1_inter

Sbx2
――――――――――

+⋅1.25 Mdc2_inter 1.50 Mdw_inter

Sbx2

――――――――
⋅1.75 HL_93_Mdist_inter

Sbx2

⎞
⎟
⎟
⎟
⎟
⎠

38.74 ksi

Note: To make the stress positive, applied the negative sign

≔check =if ⎛⎝ ,,≤abs ⎛⎝fbu_b⎞⎠ Fnc “OK” “NO”⎞⎠ “OK”

Strength I bottom flange performance ratio ≔PRStrengthI_bottom =――――
abs ⎛⎝fbu_b⎞⎠

Fnc

0.775

The continuously braced for the tension flange, and check the strength for the tension flange.
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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)

≔Fnt =⋅Rh Fyf 50 ksi

≔fbu_t =-1
⎛
⎜
⎜
⎜
⎜
⎝
+

 ↲+―――――
⋅1.25 Mdc1_inter

Stx2
――――――――――

+⋅1.25 Mdc2_inter 1.50 Mdw_inter

Stx2

――――――――
⋅1.75 HL_93_Mdist_inter

Stx2

⎞
⎟
⎟
⎟
⎟
⎠

38.74 ksi

Note: To make the stress positive, applied the negative sign

≔check =if ⎛⎝ ,,≤fbu_t Fnt “OK” “NO”⎞⎠ “OK”

Strength I top flange performance ratio ≔PRStrengthI_top =――――
abs ⎛⎝fbu_t⎞⎠

Fnt

0.775

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)
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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)

End beam support location
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End beam support location

Web Panel: End Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.) ≔do 172.8 in

≔check =if ⎛⎝ ,,≤do 1.5 D “Stiffened” “Unstiffened”⎞⎠ “Unstiffened”
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Shear-buckling coefficient ≔k =+5 ―――
5

⎛
⎜
⎝
―
do
D

⎞
⎟
⎠

2
5.187

ratio―
D
tw

=―
D
tw

43.921
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Ratio of the shear-buckling 
resistance to the shear yield strength

≔C =
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

≤―
D
tw

⋅1.12
‾‾‾‾
――

⋅E k
Fyw

‖
‖ 1

≤≤⋅1.12
‾‾‾‾
――

⋅E k
Fyw

―
D
tw

⋅1.40
‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅――
1.12

―
D
tw

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖

⋅―――
1.57

⎛
⎜
⎝
―
D
tw

⎞
⎟
⎠

2
――

⋅E k
Fyw

1

Plastic shear force ≔Vp =⋅⋅⋅0.58 Fyw D tw 735.695 kip

Nominal shear resistance for the web panel ≔Vn_end ⋅C Vp

Phi factor for steel bridge shear ≔ϕ 1.0

Factored  shear resistance =⋅ϕ Vn_end 735.7 kip

≔Vu_end =++⋅1.25 ⎛⎝ +Vdc1_end Vdc2_end⎞⎠ ⋅1.5 Vdw_end ⋅1.75 HL_93_Vdist_end 189.3 kip

≔check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕ Vn_end Vu_end “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for shear ≔DCR =―――
Vu_end

⋅ϕ Vn_end

0.257

Interior support location 

Non-Commercial Use Only

F-46



Interior support location 

Web Panel: Interior Panel; Transversely Stiffened: Yes; Longitudinally Stiffened : No

Transverse stiffener spacing (in.) ≔do 157.2 in

≔check =if ⎛⎝ ,,≤do 3 D “Stiffened” “Unstiffened”⎞⎠ “Unstiffened”
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Shear-buckling coefficient 
(C.6.10.9.2 for unstiffened web)

≔k 5

ratio―
D
tw

=――
D2

tw2
41.725

Ratio of the shear-buckling 
resistance to the shear yield strength

≔C =
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

≤――
D2

tw2
⋅1.12

‾‾‾‾
――

⋅E k
Fyw

‖
‖ 1

≤≤⋅1.12
‾‾‾‾
――

⋅E k
Fyw

――
D2

tw2
⋅1.40

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅――
1.12

――
D2

tw2

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅―――
1.57

⎛
⎜
⎝
――
D2

tw2

⎞
⎟
⎠

2
――

⋅E k
Fyw

1
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≔C =
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

also if

else

≤――
D2

tw2
⋅1.12

‾‾‾‾
――

⋅E k
Fyw

‖
‖ 1

≤≤⋅1.12
‾‾‾‾
――

⋅E k
Fyw

――
D2

tw2
⋅1.40

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅――
1.12

――
D2

tw2

‾‾‾‾
――

⋅E k
Fyw

‖
‖
‖
‖
‖‖

⋅―――
1.57

⎛
⎜
⎝
――
D2

tw2

⎞
⎟
⎠

2
――

⋅E k
Fyw

1

Plastic shear force ≔Vp_inter =⋅⋅⋅0.58 Fyw D tw2 774.4 kip

Nominal shear resistance ≔Vn_inter =⋅C Vp_inter 774.4 kip

Phi factor for steel bridge shear ≔ϕ 1.0

Factored shear resistance =⋅ϕ Vn_inter 774.42 kip

Factored shear demand at the interior support on the mid span side

≔Vu_inter =++⋅1.25 ⎛⎝ +Vdc1_inter Vdc2_inter⎞⎠ ⋅1.5 Vdw_inter ⋅1.75 HL_93_Vdist_inter 285.025 kip

≔check_shear_at_the_critical =if ⎛⎝ ,,>⋅ϕ Vn_inter Vu_inter “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for shear ≔DCR =――――
Vu_inter

⋅ϕ Vn_inter

0.368

8. Load Effects and Resistance Summary
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8. Load Effects and Resistance Summary

Here is the summary for load effects and bridge resistances.

Load Effects Summary

Resistance Summary

9. Load Rating: Design Load Rating for Moment and Shear 
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9. Load Rating: Design Load Rating for Moment and Shear 

Moment load rating at the 0.4L of end span (inventory and operating level)

Parameter information for the equation below.

=Mn_end 5481.171 ⋅kip ft =gm2_end 0.798

=Mdc1_end 175.8 ⋅kip ft =Mdc2_end 13.6 ⋅kip ft

=Mdw_end 0 ⋅kip ft
=HL_93_Mdist_end 939.1 ⋅kip ft

Rating factor at the inventory level

≔RFinv_end =――――――――――――――――――
--⋅((1.0)) Mn_end ⋅1.25 ⎛⎝ +Mdc1_end Mdc2_end⎞⎠ ⋅1.50 Mdw_end

⋅1.75 ⎛⎝HL_93_Mdist_end⎞⎠
3.191

Rating factor at the operating level

≔RFope_end =⋅RFinv_end ――
1.75
1.35

4.137

Moment load rating at the 0.5L of the interior span (inventory and operating level)
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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.

=Mn_mid 5481.171 ⋅kip ft =gm2_mid 0.696

=Mdc1_mid 648.9 ⋅kip ft =Mdc2_mid 47.4 ⋅kip ft

=Mdw_mid 0 ⋅kip ft
=HL_93_Mdist_mid 1278 ⋅kip ft

Rating factor at the inventory level

≔RFinv_mid =――――――――――――――――――
--⋅((1.0)) Mn_mid ⋅1.25 ⎛⎝ +Mdc1_mid Mdc2_mid⎞⎠ ⋅1.50 Mdw_mid

⋅1.75 ⎛⎝HL_93_Mdist_mid⎞⎠
2.062

Rating factor at the operating level

≔RFope_mid =⋅RFinv_mid ――
1.75
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. 

=Fnc 50 ksi =gm2_inter 0.743

=Mdc1_inter -933.7 ⋅kip ft =Mdc2_inter -50.8 ⋅kip ft

=Mdw_inter 0 ⋅kip ft
=HL_93_Mdist_inter -947.7 ⋅kip ft

=Sbx2 895 in 3

Rating factor at the inventory level

≔RFinv_inter =―――――――――――――――

-

 ↲-⋅((1.0)) Fnc ⋅1.25 abs
⎛
⎜
⎝

+―――
Mdc1_inter

Sbx2
―――
Mdc2_inter

Sbx2

⎞
⎟
⎠

⋅1.50 abs
⎛
⎜
⎝
―――
Mdw_inter

Sbx2

⎞
⎟
⎠

⋅1.75 abs
⎛
⎜
⎝
――――――
HL_93_Mdist_inter

Sbx2

⎞
⎟
⎠

1.507

Rating factor at the operating level ≔RFope_inter =⋅RFinv_inter ――
1.75
1.35

1.953

Shear load rating at the beam end support (inventory and operating level)
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Shear load rating at the beam end support (inventory and operating level)

Parameter information for the equation below.

=Vn_end 735.695 kip =gv2 0.941

=Vdc1_end 22.4 kip =Vdc2_end 1.5 kip

=Vdw_end 0 kip
=HL_93_Vdist_end 91.1 kip

Rating factor at the inventory level

≔RFinvV =―――――――――――――――――
--⋅((1.0)) Vn_end ⋅1.25 ⎛⎝ +Vdc1_end Vdc2_end⎞⎠ ⋅1.50 Vdw_end

⋅1.75 ⎛⎝HL_93_Vdist_end⎞⎠
4.427

Rating factor at the operating level

≔RFopeV =⋅RFinvV ――
1.75
1.35

5.739

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 kip =gv2 0.941

=Vdc1_inter 63.4 kip =Vdc2_inter 3.9 kip

=Vdw_inter 0 kip
=HL_93_Vdist_inter 114.8 kip

Rating factor at the inventory level

≔RFinvV =――――――――――――――――――
--⋅((1.0)) Vn_inter ⋅1.25 ⎛⎝ +Vdc1_inter Vdc2_inter⎞⎠ ⋅1.50 Vdw_inter

⋅1.75 ⎛⎝HL_93_Vdist_inter⎞⎠
3.436

Rating factor at the operating level

≔RFopeV =⋅RFinvV ――
1.75
1.35

4.454

10. Load Rating for Service II Limit State 
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10. Load Rating for Service II Limit State 

Service II moment rating  at the 0.4L of end span (inventory and operating level)

Resistance stress ≔fR =⋅⋅0.95 Rh Fyf 47.5 ksi

Determine dead load stress at 0.4L of end span ≔fDC =+―――
Mdc1_end

Sbx
―――
Mdc2_end

Sb_lt

2.678 ksi

Determine wearing dead load stress at 0.4L of end span ≔fDW =―――
Mdw_end

Sb_lt

0 ksi

Total dead load stress at 0.4L of end span ≔fD =+fDC fDW 2.678 ksi

Live load stress at 0.4L of end span ≔fLL =――――――
⎛⎝HL_93_Mdist_end⎞⎠

Sb_st

10.012 ksi

Rating factor for Service II  
(inventory level)

≔RFServiceIIinv =―――
-fR fD

⋅1.30 fLL
3.444

Rating factor for Service II 
(operating level)

≔RFServiceIIopr =―――
-fR fD

⋅1.00 fLL
4.477

Service II moment rating at the 0.5L of mid span (inventory and operating level)
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Service II moment rating at the 0.5L of mid span (inventory and operating level)

Resistance stress ≔fR =⋅⋅0.95 Rh Fyf 47.5 ksi

Determine dead load stress at 0.5L of the interior 
span

≔fDC =+―――
Mdc1_mid

Sbx
―――
Mdc2_mid

Sb_lt

9.853 ksi

Determine wearing dead load stress at 0.5L of the 
interior span

≔fDW =―――
Mdw_mid

Sb_lt

0 ksi

Total dead load stress at 0.5L of the interior 
span

≔fD =+fDC fDW 9.853 ksi

Live load stress at 0.5L of the interior span ≔fLL =――――――
⎛⎝HL_93_Mdist_mid⎞⎠

Sb_st

13.625 ksi

Rating factor for Service II  
(inventory level)

≔RFServiceIIinv =―――
-fR fD

⋅1.30 fLL
2.125

Rating factor for Service II 
(operating level)

≔RFServiceIIopr =―――
-fR fD

⋅1.00 fLL
2.763

Service II moment rating at the interior support (inventory and operating level)
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Service II moment rating at the interior support (inventory and operating level)

Resistance stress ≔fR =⋅⋅0.95 Rh Fyf 47.5 ksi

Determine dead load stress at the interior support ≔fDC =+―――
Mdc1_inter

Sbx2
―――
Mdc2_inter

Sbx2

-13.2 ksi

Determine wearing dead load stress at the interior 
support

≔fDW =―――
Mdw_inter

Sbx2

0 ksi

Total dead load stress at the interior support ≔fD =+fDC fDW -13.2 ksi

Live load stress at the interior support ≔fLL =―――――――
⎛⎝HL_93_Mdist_inter⎞⎠

Sbx2

-12.707 ksi

Rating factor for Service II  
(inventory level)

≔RFServiceIIinv =―――――
-fR abs ⎛⎝fD⎞⎠

⋅1.30 abs ⎛⎝fLL⎞⎠
2.076

Rating factor for Service II 
(operating level)

≔RFServiceIIopr =―――――
-fR abs ⎛⎝fD⎞⎠

⋅1.00 abs ⎛⎝fLL⎞⎠
2.699

11. Load Rating for Strength I Limit State Platoon (target beta = 2.5)
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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 = 0.20 (100 crossings, ADTT = 5000)

Proposed Strength Calibrated LL Factors for the Target β = 2.5 (Steelman et al., 2021) (Table 2)

Moment load rating at the 0.4L of end span 

Platoon weight divided by 80 kips
(amplification factor alpha)

≔Wplatoon 1.0

Assumed IM = 0.33 (same as MBE permit load rating) ≔IMsurface %33

5 ft headway 4-truck platoon moment at the 0.4L of end span from the above load effect table: 
(with IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence factor)gm1

≔LLplatoon_legal_end ⋅559.3 kip ft

5 ft headway 4-truck platoon moment at the 0.4L of end span (with amplification factor alpha)

≔LLplatoon_legal_end =⋅Wplatoon LLplatoon_legal_end 559.3 ⋅kip ft

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_strength 1.60

Parameter information for the equation below.
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Parameter information for the equation below.

=Mn_end 5481.171 ⋅kip ft =gm1_end 0.573

=Mdc1_end 175.8 ⋅kip ft =Mdc2_end 13.6 ⋅kip ft

=Mdw_end 0 ⋅kip ft =LLplatoon_legal_end 559.3 ⋅kip ft

≔RFPL_end =――――――――――――――――――
--⋅((1.0)) Mn_end ⋅1.25 ⎛⎝ +Mdc1_end Mdc2_end⎞⎠ ⋅1.50 Mdw_end

⋅γplatoon_strength ⎛⎝LLplatoon_legal_end⎞⎠
5.86

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 IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence gm1

factor)
≔LLplatoon_legal_mid ⋅888.7 kip ft

5 ft headway 4-truck platoon moment at the mid span (with amplification factor alpha)

≔LLplatoon_legal_mid =⋅Wplatoon LLplatoon_legal_mid 888.7 ⋅kip ft

Parameter information for the equation below.

=Mn_mid 5481.171 ⋅kip ft =gm1_mid 0.478

=Mdc1_mid 648.9 ⋅kip ft =Mdc2_mid 47.4 ⋅kip ft

=Mdw_mid 0 ⋅kip ft =LLplatoon_legal_mid 888.7 ⋅kip ft

≔RFPL_mid =――――――――――――――――――
--⋅((1.0)) Mn_mid ⋅1.25 ⎛⎝ +Mdc1_mid Mdc2_mid⎞⎠ ⋅1.50 Mdw_mid

⋅γplatoon_strength ⎛⎝LLplatoon_legal_mid⎞⎠
3.243

Moment load rating at the interior support
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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 IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence factor)gm1

≔LLplatoon_legal_inter ⋅-837.9 kip ft

5 ft headway 4-truck platoon moment at the interior support (with amplification factor alpha)

≔LLplatoon_legal_inter =⋅Wplatoon LLplatoon_legal_inter -837.9 ⋅kip ft

Parameter information for the equation below. The bottom flange is rated here. 

=Fnc 50 ksi =gm2_inter 0.743

=Mdc1_inter -933.7 ⋅kip ft =Mdc2_inter -50.8 ⋅kip ft

=Mdw_inter 0 ⋅kip ft =LLplatoon_legal_inter -837.9 ⋅kip ft

=Sbx2 895 in 3

≔RFPL_inter =―――――――――――――――――――――

--⋅((1.0)) Fnc ⋅1.25 abs
⎛
⎜
⎝

+―――
Mdc1_inter

Sbx2
―――
Mdc2_inter

Sbx2

⎞
⎟
⎠

⋅1.50 abs
⎛
⎜
⎝
―――
Mdw_inter

Sbx2

⎞
⎟
⎠

⋅γplatoon_strength abs
⎛
⎜
⎝
――――――
LLplatoon_legal_inter

Sbx2

⎞
⎟
⎠

1.864

Shear Rating for 4-truck Platoons (NRL with 5 ft headways): single lane platoon mixed 
with traffic, CoV = 0.20 (100 crossings, ADTT = 5000)
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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)

5 ft headway 4-truck platoon shear at the beam end support from the above load effect table: 
(with IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence factor)gv1

≔VPL_legal_end 64.3 kip

5 ft headway 4-truck platoon shear at the beam end support (with amplification factor alpha)

≔VPL_legal_end =⋅Wplatoon VPL_legal_end 64.3 kip

Shear load rating for the beam end support 

Parameter information for the equation below.

=Vn_end 735.695 kip =gv1 0.753

=Vdc1_end 22.4 kip =Vdw_end 0 kip =Vdc2_end 1.5 kip

≔RFPLv =―――――――――――――――――
--⋅((1.0)) Vn_end ⋅1.25 ⎛⎝ +Vdc1_end Vdc2_end⎞⎠ ⋅1.50 Vdw_end

⋅γplatoon_strength ⎛⎝VPL_legal_end⎞⎠
6.861

5 ft headway 4-truck platoon shear at the interior support from the above load effect table: 
(with IM = 0.33 and single lane moment GDF ( ) and removed 1.2 multiple presence factor)gv1

≔VPL_legal_inter 109.3 kip

5 ft headway 4-truck platoon shear at the interior support (with amplification factor alpha)

≔VPL_legal_inter =⋅Wplatoon VPL_legal_inter 109.3 kip

Shear load rating for the interior support

Parameter information for the equation below.
=Vn_inter 774.416 kip =gv1 0.753

=Vdc1_inter 63.4 kip =Vdw_inter 0 kip =Vdc2_inter 3.9 kip

≔RFPLv =――――――――――――――――――
--⋅((1.0)) Vn_inter ⋅1.25 ⎛⎝ +Vdc1_inter Vdc2_inter⎞⎠ ⋅1.50 Vdw_inter

⋅γplatoon_strength ⎛⎝VPL_legal_inter⎞⎠
3.947

12. Load Rating for Service II Limit State Platoon (target beta = 1.60)

Non-Commercial Use Only

F-60



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 = 0.20 (100 crossings, ADTT = 5000)

Proposed Service II Calibrated LL Factors for the Target β = 1.6 (Table 22)

Platoon calibrated live load factor (the value 
in the red box as shown above Table)

≔γplatoon_service 1.90

Service II moment load rating at the 0.4L of end span

Live load stress at the 0.4L of the end span for the platoon 

≔fplatoon_end =――――――
⎛⎝LLplatoon_legal_end⎞⎠

Sb_st

5.963 ksi

Parameter information for the equation below.

≔fDC =+―――
Mdc1_end

Sbx
―――
Mdc2_end

Sb_lt

2.678 ksi ≔fDW =―――
Mdw_end

Sb_lt

0 ksi ≔fD =+fDC fDW 2.678 ksi

=fR 47.5 ksi

Rating factor for Service II 

≔RFPL_SVII_end =―――――――――――
-fR fD

⋅γplatoon_service ――――――
⎛⎝LLplatoon_legal_end⎞⎠

Sb_st

3.956

Service II moment load rating at the 0.5L of the interior span
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Service II 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

≔fplatoon_mid =――――――
⎛⎝LLplatoon_legal_mid⎞⎠

Sb_st

9.475 ksi

Parameter information for the equation below.

≔fDC =+―――
Mdc1_mid

Sbx
―――
Mdc2_mid

Sb_lt

9.853 ksi ≔fDW =―――
Mdw_mid

Sb_lt

0 ksi ≔fD =+fDC fDW 9.853 ksi

=fR 47.5 ksi

Rating factor for Service II 

≔RFPL_SVII_mid =―――――――――――
-fR fD

⋅γplatoon_service ――――――
⎛⎝LLplatoon_legal_mid⎞⎠

Sb_st

2.091

Service II 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

≔fplatoon_inter =――――――
⎛⎝LLplatoon_legal_inter⎞⎠

Sbx2

-11.234 ksi

Parameter information for the equation below.

≔fDC =+―――
Mdc1_inter

Sbx2
―――
Mdc2_inter

Sbx2

-13.2 ksi ≔fDW =―――
Mdw_inter

Sbx2

0 ksi

≔fD =+fDC fDW -13.2 ksi =fR 47.5 ksi

Rating factor for Service II 

≔RFPL_SVII_inter =――――――――――――
-fR abs ⎛⎝fD⎞⎠

⋅γplatoon_service ――――――――
abs ⎛⎝LLplatoon_legal_inter⎞⎠

Sbx2

1.607

13. Load Rating Summary
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13. Load Rating Summary

Load rating summary table is given below.

14. Fatigue Check for AASHTO Fatigue Truck
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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 ≔Ptruck %17

ADTT ≔ADTT =⋅ADT Ptruck 8162.55

Multiple presence factor for three design lanes 
(AASHTO Table 3.6.1.4.2-1)

≔mp 0.80

ADTT (single lane) ≔ADTTSL =⋅ADTT mp 6530

≔ADTTth 975ADTT (single lane threshold) 
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ADTT (single lane threshold) ≔ADTTth 975

≔check =if ⎛⎝ ,,>ADTTSL ADTTth “Infinite” “Finite”⎞⎠ “Infinite”

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.

Constant amplitude fatigue thresholds for C' ≔ΔFn_fatigueI 12 ksi

centroid to the datumyb_st =yb_st 31.615 in

bottom flange thickness =tbf 1.26 in

Determine the connection plate to the 
short-term NA

≔dplate =-yb_st tbf 30.355 in

Moment of inertia (short-term) =Ist 35584.739 in 4

Also, the NA and appropriate dimensions are shown below.
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Also, the NA and appropriate dimensions are shown below.

Therefore, the stress range at the top of the bottom flange is found as follows:

Moment from live load analysis (AASHTO Fatigue truck at 52.6 ft cross-frame location 

with GDF = and including IM = 0.15)―――
gm1_mid

1.2
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Moment from live load analysis (AASHTO Fatigue truck at 52.6 ft cross-frame location 

with GDF = and including IM = 0.15)―――
gm1_mid

1.2

≔MAASHTO_Fat ⋅380.2 kip ft

Negative Moment from live load analysis (AASHTO Fatigue truck at 52.6 ft cross-frame 

location with GDF= and including IM = 0.15)―――
gm1_mid

1.2

≔MAASHTO_Fat_neg ⋅-33.8 kip ft

Load factor for Fatigue I from LRFD Table 3.4.1-1 ≔γfatigueI 1.75

Live load stress range for AASHTO fatigue truck including IM = 0.15 

≔Δffatigue =――――――――――――――
⋅⎛⎝ +MAASHTO_Fat abs ⎛⎝MAASHTO_Fat_neg⎞⎠⎞⎠ dplate

Ist
4.238 ksi

≔check_fatigueI =if ⎛⎝ ,,≤⋅γfatigueI Δffatigue ΔFn_fatigueI “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for fatigue ≔DCR =――――――
⋅γfatigueI Δffatigue

ΔFn_fatigueI

0.618

Rating factor for fatigue ≔RF =――
1

DCR
1.618

Note: The Fatigue I check for AASHTO fatigue truck check passes.

15. Fatigue Check for Platoons with 5 ft and 50 ft headways
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15. Fatigue Check for Platoons with 5 ft and 50 ft headways

For this example, evaluate the fatigue for a 4 NRL platoon with 5 ft and 50 ft headway spacing.

Fatigue Check for Platoons with 5 ft 
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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= and assumed the IM = 0.15 as the same for AASHTO Fatigue Truck)―――
gm1_mid

1.2

≔Mplatoon_5ft_pos =⋅⋅889.4 kip ft ――――
(( +1 0.15))
(( +1 0.33))

769.03 ⋅kip ft

Negative Moment from live load analysis 

(4 NRL platoon with 5ft at 52.6 ft cross-frame location with GDF= and assumed the ―――
gm1_mid

1.2
IM = 0.15 as the same for AASHTO Fatigue Truck)

≔Mplatoon_5ft_neg =⋅⋅-76.1 kip ft ――――
(( +1 0.15))
(( +1 0.33))

-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 IM = 0.15 (assume IM = 0.15 same as for 
AASHTO fatigue load)

≔Δfplatoon_5ft =――――――――――――――
⋅⎛⎝ +Mplatoon_5ft_pos abs ⎛⎝Mplatoon_5ft_neg⎞⎠⎞⎠ dplate

Ist
8.5 ksi

Platoon load factor for Fatigue I from LRFD Table 
3.4.1-1 (assume the same as for AASHTO fatigue load)

≔γfatigueI_platoon 1.75

≔check_fatigueI_PL =if ⎛⎝ ,,≤⋅γfatigueI_platoon Δfplatoon_5ft ΔFn_fatigueI “OK” “NG”⎞⎠ “NG”

Demand/capacity ratio for platoon fatigue I ≔DCR =―――――――――
⋅γfatigueI_platoon Δfplatoon_5ft

ΔFn_fatigueI

1.246

Rating factor for fatigue ≔RF =――
1

DCR
0.802

Note: The Fatigue I check for a four-truck platoon with 5 ft headway fails.

Fatigue II Check for Platoons with 5 ft headways
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Fatigue II Check for Platoons with 5 ft headways

Constant A for C' case ≔A ⋅44 108

number of stress range cycles per 4 NRL platoon with 5 ft 
headways  (refer to the bottom figure)

≔ENSCplatoon_5ft 1

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.

Assume platoon (4 NRL with 5 ft headways) 
100 crossings per day  (single lane loaded)

≔ADTTsl_platoon_5ft 100

≔N =⋅⋅⋅365 75 ENSCplatoon_5ft ADTTsl_platoon_5ft 2737500N (number of crossings) for 
this platoon truck
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N (number of crossings) for 
this platoon truck

≔N =⋅⋅⋅365 75 ENSCplatoon_5ft ADTTsl_platoon_5ft 2737500

Fatigue II strength ≔ΔFn_fatigueII =⋅
⎛
⎜
⎝
―
A
N

⎞
⎟
⎠

―
1

3

ksi 11.714 ksi

Platoon load factor for Fatigue II from 
LRFD Table 3.4.1-1 (assume the same as 
for AASHTO fatigue load)

≔γfatigueII_platoon 0.8

≔check_fatigueI_PL =if ⎛⎝ ,,≤⋅γfatigueII_platoon Δfplatoon_5ft ΔFn_fatigueI “OK” “NG”⎞⎠ “OK”

Demand/capacity ratio for platoon 
fatigue II

≔DCR =―――――――――
⋅γfatigueII_platoon Δfplatoon_5ft

ΔFn_fatigueII

0.584

Rating factor for fatigue ≔RF =――
1

DCR
1.713

Note: The Fatigue II check for a four-truck platoon with 5 ft headway passes.

Fatigue I and Fatigue II welded cross-frame connection plate check summary

Note: The Fatigue I and Fatigue II l rating factors were calculated based on capacity 
over demand in terms of the stress.

16. Fatigue Damage Assessment for 5 ft and 50 ft Platoons and AASHTO Fatigue Truck
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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

Assume platoon 100 crossings per day 
(single lane loaded without routine traffic)

≔NumSL_platoon_5ft 100

Available N (number of crossings) for 
this platoon truck

≔Nplatoon_5ft =―――――
A

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3
7050241

Accumulative fatigue damage for 75 
year platoon with 5 ft headways

≔CFDplatoon_5ft =――――――――――――――――――

⋅⋅⋅⋅NumSL_platoon_5ft ENSCplatoon_5ft

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3

365 75

A
0.388

Fatigue damage for platoons with 50  ft headway
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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) 

≔Mplatoon_50ft_pos =⋅⋅572.2 kip ft ――――
(( +1 0.15))
(( +1 0.33))

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) 

≔Mplatoon_50ft_neg =⋅⋅-59.3 kip ft ――――
(( +1 0.15))
(( +1 0.33))

-51.274 ⋅kip ft

Live load stress range for the platoon including IM = 0.15 (assume IM = 0.15 same as for 
AASHTO fatigue load)

≔Δfplatoon_50ft =―――――――――――――
⋅⎛⎝ -Mplatoon_50ft_pos Mplatoon_50ft_neg⎞⎠ dplate

Ist
5.589 ksi

Number of stress range cycles per 4 NRL platoon with 50 ft headways (refer to the below 
figure)

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.
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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 were effects were plotted without IM and with GDF = 
1.0. For the analysis below, GDF/1.2 and IM =0.15 were assumed.

≔ENSCplatoon_50ft =

+

 ↲+1 ⋅
⎛
⎜
⎝

⋅(( +1 0.15)) ―――
gm1_mid

1.2
―――――――――

-⋅800 kip ft ⋅317 kip ft
-⋅928 kip ft (( ⋅-130 kip ft))

⎞
⎟
⎠

3

2

⋅
⎛
⎜
⎝

⋅(( +1 0.15)) ―――
gm1_mid

1.2
―――――――――

-⋅928 kip ft ⋅317 kip ft
-⋅928 kip ft (( ⋅-130 kip ft))

⎞
⎟
⎠

3

1

1.037

Assume platoon 100 crossings per day 
(single lane loaded without routine traffic)

≔NumSL_platoon_50ft 100

Available N (number of crossings) for 
this platoon truck

≔Nplatoon_50ft =――――――
A

⎛
⎜
⎝
――――
Δfplatoon_50ft

ksi

⎞
⎟
⎠

3
25196531

Accumulative fatigue damage for 75 year platoon with 50 ft headways

≔CFDplatoon_50ft =―――――――――――――――――――

⋅⋅⋅⋅NumSL_platoon_50ft ENSCplatoon_50ft

⎛
⎜
⎝
――――
Δfplatoon_50ft

ksi

⎞
⎟
⎠

3

365 75

A
0.113

Fatigue damage ratios for AASHTO fatigue truck and platoons
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Fatigue damage ratios for AASHTO fatigue truck and platoons

≔ENSCfatigue 1

Fatigue damage for one crossing for AASHTO fatigue truck

≔FDfatigue =―――――――――

⋅⋅1 ENSCfatigue

⎛
⎜
⎝
―――
Δffatigue

ksi

⎞
⎟
⎠

3

A
⋅1.73 10-8

Fatigue damage for a crossing for a 4-truck platoon with 5 ft headways

≔FDplatoon_5ft =―――――――――――

⋅⋅1 ENSCplatoon_5ft

⎛
⎜
⎝
――――
Δfplatoon_5ft

ksi

⎞
⎟
⎠

3

A
⋅1.418 10-7

Fatigue damage for a crossing for a 4-truck platoon with 50 ft headways

≔FDplatoon_50ft =――――――――――――

⋅⋅1 ENSCplatoon_50ft

⎛
⎜
⎝
――――
Δfplatoon_50ft

ksi

⎞
⎟
⎠

3

A
⋅4.115 10-8

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to the 
AASHTO fatigue truck

≔FDratio_platoon_5ft_fatigue =――――
FDplatoon_5ft

FDfatigue

8.2

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 50 ft headway 
to the AASHTO fatigue truck

≔FDratio_platoon_50ft_fatigue =―――――
FDplatoon_50ft

FDfatigue

2.379

Fatigue Damage Ratio for a single crossing for a 4 Truck Platoon with a 5 ft headway to 
the 50 ft headway truck platoon 

≔FDratio_platoon_5ft_50ft =―――――
FDplatoon_5ft

FDplatoon_50ft

3.447
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Cumulative fatigue damage assessment summary

Fatigue damage ratios:

1.
2.
3.

fatigue damage ratio (c/e) = 8.199; 
fatigue damage ratio (d/e) = 2.379; 
fatigue damage ratio (c/d) = 3.446.  

17. Fatigue Check for Shear Studs
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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.
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Number of studs per row ( )nstuds ≔nstuds 3

Pitch length (inch) ≔p 7 in

Shear stud diameter (inch) ≔d ―
7
8

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.

≔ADTTth_stud 1090ADTT (single lane threshold 6.10.10.2) 
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ADTT (single lane threshold 6.10.10.2) ≔ADTTth_stud 1090

≔check =if ⎛⎝ ,,>ADTTSL ADTTth_stud “Fatigue I” “Fatigue II”⎞⎠ “Fatigue I”

Fatigue I Shear Stud Check 

Fatigue shear resistance per stud ≔Zr =⋅⋅5.5
⎛
⎜
⎝
―
d
in

⎞
⎟
⎠

2

kip 4.211 kip

First moment of the transformed short-term 
area of the concrete deck about the neutral 
axis of short-term section (in^3) 

≔Q =⋅Aslab_st ⎛⎝ -yslab yb_st⎞⎠ 923.77 in 3

Shear Stud Fatigue Check for AASHTO Fatigue Truck

Shear force at the interior support (AASHTO Fatigue Truck) with GDF = and IM = 0.15――
gv1
1.2

≔Vfatigue 34.5 kip

AASHTO Fatigue Truck including IM = 0.15 and GDFVf

≔Vf =Vfatigue 34.5 kip

Longitudinal fatigue shear range per 
unit length (kip/in.)

≔Vfat =――
⋅Vf Q

Ist2
0.846 ――

kip
in

Horizontal fatigue shear range per unit length 
(kip/in.) (without for this case)Ffat

≔Vsr =Vfat 0.846 ――
kip
in

Pitch requirement (Equation 6.10.10.1.2-1) ≔preq =―――
⋅nstuds Zr

Vsr

14.935 in

≔check =if ⎛⎝ ,,>preq p “OK” “NO”⎞⎠ “OK”

Fatigue I shear stud load rating for 
AASHTO fatigue truck (w.r.t spacing)

≔RFstud_fatigue =――
preq
p

2.134

The shear stud fatigue check for AASHTO fatigue truck is good.

Shear Stud Fatigue Check for Platoon with 5 ft Headways
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Shear Stud Fatigue Check for Platoon with 5 ft Headways

Shear force at the interior support (platoon with 5 ft headways) with GDF = and IM = 0.15――
gv1
1.2

≔Vpl@5ft =⋅VPL_legal_end ――――
(( +1 0.15))
(( +1 0.33))

55.598 kip

Platoon with 5 ft headways including IM = 0.15 and GDF = Vf ――
gv1
1.2

≔Vf =Vpl@5ft 55.598 kip

Longitudinal fatigue shear range per 
unit length (kip/in.)

≔Vpl@5ft =――
⋅Vf Q

Ist2
1.363 ――

kip
in

Horizontal fatigue shear range per unit length 
(kip/in.) (without for this case)Ffat

≔Vsr =Vpl@5ft 1.363 ――
kip
in

Pitch requirement (Equation 6.10.10.1.2-1) ≔preq =―――
⋅nstuds Zr

Vsr

9.268 in

≔check =if ⎛⎝ ,,>preq p “OK” “NO”⎞⎠ “OK”

Fatigue I shear stud load rating for platoons 
(w.r.t spacing)

≔RFstud_platoon =――
preq
p

1.324

The shear stud fatigue I check for platoon with 5 ft headways is good.

18. Shear Stud Fatigue Load Rating Summary
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18. Shear Stud Fatigue Load Rating Summary

Shear stud fatigue load rating summary table is given below.

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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G-0 

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  

 

• The load rating example below is based on the simple-span prestressed concrete bridge (S080 41653). 

• This appendix includes both the current and future BrR platoon load rating implementations. 
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