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1. Background and Introduction

Bridges are critical components of tansporgtion infrastructure fadlitating unirterrupted flowof
goodsand srvices within communities.However, thegrowing occurrencend intensity of natural
hazards and extreme westher events are escdating the vulnerabilities ofbridge infastructure. In
recent yeas, Oklahama has faced an inaeasing frequency of extreme weaher events, including
tornadoes, rising tempratures, and flash floods.These threas pase significant chalenges for
bridge designand mainteance leading to safety andfunctionality concerns.

Increased frequency and severity of extreme weaher events dueto anthropogenic change in
weather patterns poses amajor threa to Oklahomas bridgeinfrastructures thatare alrealy in
vulnerable condition. In recent yeas, signficant progess tas been madein predicting future
wedher condtions through the e@velopment of advanced weaher malels. Also, theavailability
of high-quality data fas rapidly expanded our knowledge and ability to predict performarce of
infrastructure undr future weaherconditions.

The proposed studyaims to usethesedevelopments, spedfi cdly latest weaher models and dta
to estimateenvironmental load demands forOklahoma bridgs thatcan bereadily implemented
by ODOT and other entities. Thepredictedenvironmentl loads will becompaed with thedesign
load obtaired using histogd climate data. A risk analysiswill beconduwcted to gantify the effect
of future weatherconditionson bridgeperformance and srvice life.

2. Problem Statement

Changes in weaher patterns rave drawn significant attention agheir effeds have bemme

increasingy evident inrecent decades. Increasein atmospleric and ocean tempeatures, shfts in

precipitation pattens and sealevel rise have reached unpecedented levels. The growing

frequency, intensity and duration of natural hazardsand extreme events, such as floods, huricanes,

and heat waves are the consequences of these changes in westher patterns. According to the
National Centers for Environmental Information (NCEI), between 2017 and 2021,the Unied

States experienced 89 fiBillion-Dollard extreme weather events that resulted in more than $765
billion in lossesand 4,555fatalities. Oklahoma has keen experiencing awide range of extreme
wedher eventsdueto itslocation inthecentral U.S., wlere diverse climatic irfluences converge.

The stateis particularly known for its high frequency and intendty of tornadoes. In addition,

Oklahomafaces intense hea waves, dioughts, fesh floods,and ice storms.Also, results from

different climatemodels indicate signifi cant changes in OkBhomaweaher patterns in futue.

For example, Dixonet al. (2020)used sttisticdly downsded climate mod output from mutiple
individual ensemble memlers ofthree Coupled Mod@ Intercomparison Projed Phase5 (CMIP5)
to show aange of futuretemperature and precipitation conditons forOklahoma by mid and lae-
century. Annual-averagetempeaatures are projected to incease?2 to 6°Faaoss Okdhoma by mid
century and up to 24moredays per year of high temperatures geaer than 100°Fthan gen inthe
historic period (Dixon et a. 2020). The annua 1-day and 5-day maximum ainfall totas ae
projeded toincrease by 0.25-inch to0.5inch, particularly in eastan Oklahoma. An inceaseof 5-
20%in the 1-in-100-yea rainfal thresholdis expeded by md- century for the Oklahoma City
meto, with higher changes in southen and esstan Okahoma Dixonet al. (2020. These changes
in weaher patternscan be devastatingfor the lidge infrastructure and thecommunity it serves.



The stateand federa agencies are searching for ways to irtegrate the consideation of risks
assocated with the changing weaher patterns and extreme events into its danning, opeations,
policies, and maragement to promoteresilience It is widely recognized that incorporating
mitigation stetegies during the dsign and constriction pleses is more cog-effective than
responding tdheimpads dter an event has accurred.

Traditionally, bridge @sign sendards rely on extrapolating stationgy historica weather dita to
predict future environmental loads,disregarding the pogntial impacts of changes in weaher
patterns and extreme events. Statitical analysesare performed on these historicd datasets to
derive design \alues for various environmentl fadors, sich as wind speeds, tempratures,
precipitation, minfall intensity, and snow-related effects. The likelihood ofthese dsign eents
occurring is expresseas 1/n, where n representsthereturn period (Saad et al., 2024.

Other studies suggted that the statsticd distribution of loads usedfor determining design
paamegrs is clanging dueto the ongoing anthropogenichanges in weaher patterns and
potentially placing bridges outsde their built opeating conditions (Steenbergen et al., 2009;
Geurts & Bentum, 201Q. Despite the known \variance of historical climate, these atural hazards
and extreme weaher events will causea shift in themean and fifatten i naf the tails of the
distributionsof weaher variables(i.e., moreintenseand frequent exremeg, manyof which will
lie outsade of therangeobserved in the historicd reard. This inaease in nonstationaryweaher
conditions will resultin poor performance and reduced service lives for bridges designed using
historical data.

In recent years, ®vera studies lave been conducted to exaluatetherisk of extreme weaherevents
on bridges. For example, according to Nasr et al. (2019) theincreasein global temperature dueto
changes in weaher patternscan have majorimpads on bridges as it can create stresses othe same
magnitudess traffic loads.Palu and Mehmoud(2019)reported that mosbf themain loadcarying
girders in kridgescould pdentialy reach their ultimatecapadty when subgded to ervice loads
coupledwith extrathermal stessescaused by changes in weaher patterns.

Khelifa et al. (2013)assessed theraobability of bridgefailuredueto scaur based on ditafromthe
2009 U.S. Nittional Bridgelnventory. Theanalysis shoved arangeof potential bidgefailuresand
the correspondingeconorric losses acoss theUnited Sates that could becaused by changes in
wedher patterns. Guest etal. (2010) foundthat the liespan of reinforced concrete bridge decks
may be reduced dueto heighterd exposureto envionmené factors.

Ghosn (210) investigtedwind load effects on bridgediability, developing afailure model that
demonstated adedinein reliability as wind speds ircreased. Additionally, Bastidas-Arteaga et
al. (2014) eported that the mcrease in tempeature could accelerate stuctural failure and
signficantly reduce service life of bridges. In another study, Saad et al. (2024) developed a
methodologyto evaluatetheeffed of changes inthermal loads inconcrete box girars. Theresuls
show that thehanges in weather patterns could lea to a signifcant increasein the magitudeof
thermal loads on bidges. Thesefindingsindicate that the shift in wether patternsis introducing
unforeseen environmental load éémandson strictures, compromising safety andfunctionality.

Therefore, it is esential for bridge design standards to be updted toaccommodate theevolving
demands impeed by changes inweaher patterns and extremeweatherevents. Severa challenges
must be addressed tadievethis gal, including a &d of expertise anong bridgeenginesrs in
assessng changes in weaher patterns, the urmvailability of high-resoluion future climate data
necessry for such evaluations, thecomplexity of selecting from numerousclimate modelsand



scenarios, and theabsence of critical climatevariablesrequired for comprehensiveanalysis. The
proposed gudy will addressthe eminent chellenges and estmateenvironmental load éémands for
Oklahoma lridges including cosideration of changing weaher patterns and weaher extremes,
and fiwhat if &cenarios.

The proposed study will address two US DOT Stategic Goas, nanel y  miate land

Sustairability cand fiEconomic Strength andGlobal Competivenes s Improving duability of

bridgeinfrastructureis amajor facus ofIBT/ABC-UTC and the poposed study diedly addresses
that neead. Also, this studyaligns with hevision of Southen Plains Transporégtion Center(SPTC),

aregional UTC serving Southen USincluding Okiehoma.

3. Objectives and Research Approach

The overall approach of this projastto evaluatethe effed of changes in weather patterns and
extremeweaher eventson theenvironmental loaddemandrelated to tempeatureand wind sgel
for bridges in OkBhoma.Theuseof advanced climatic mods to predictfuture changes in weaher
patterns and est mateenvironmental loaddemandwill be explored.

Theprimary objedives of this esearch are:

ATo understand Glokal ClimateModels (GCMs) and select themostrelevant model(s) for
predicting futureweaher patterns in OkbBhoma. The selected malel(s) will beused for
prediction offuture weather patterns and est mationof environmental loaddemand.

A To estimate changes lridge design loadsusinghistoricd climate data for Oklahoma
from the Livneh dataset amdmpare with GCMs outputs.

A To conduwt a risk analysis to evauate the impat of weaher variables, ramely
temperatures, preipitation and wind on Okéhoma bridges with a previous
understanding of historical climate patterns related to bridge deterioration

A To develop recommendations to incaporate changes in weaher patterns and extreme
eventsin bridgedesign.

A o @onduwct impactful workshopsand webinars focused on ths topc.

4. Description of Research Project Tasks
The following isadescription of tasks carried out to date.
Task 17 Document Current Practices

Working closely with ODOT and through liteature review, theteam will docunent the current

practices onbridgedesign. This wil include lkridge design strategies, consiceration ofthe typeof

extremeeventsand likelihoodin thebridgedesign, and bridgerisk assessment process. The models
and data ued by ODOT for determiningthe bridgedesignloads orreturn periodsof extremeevents

will be documened. Also, the sk assessmentnodels ued for evaluating the vulneabilities of
bridgesto dfferent exremeevents will be examined.

Contemporary guidance increasingly recognizes clirsatssitive hazards within performance
based design. The AASHTO LRFD Bridge Design Specifications (10th ed., 2024) formalize
Extreme Event Limit States and encourage integration of uptgtirdlogicalinformation (e.g.,
revised IDF curves), FHWA hydraulic guidance (including HECfor scour), and riskargeted



checks in planning and design. Materials provisions highlight durability under corrosionj freeze
thaw, and alkaiisilica reactionsconcerns amplified by altered temperature and moisture regimes.

ASCE/SEI 7 remains the primary reference for determining wind loads, including basic wind
speed maps, exposure categories, topographic-sge@ad directionality factors. For Oklahoma

where convective storms and strong pressure gradients yield elevated wind climebolsigient

use of ASCE 7 procedures, coupled with updated regional wind speed data and exposure
characterization, is essential to establish reliable reference pressures and assess serviceability and
ultimate limit state4ASCE, 2017)

Description of work performed up to this period: A literature reviewis beingconductedor

Task 1 focumg on the AASHTO LRFD Bridge Design Specifications,also incorporats

scientific literature addressing the impacts of clvagpgveathepatternsspecifically variations in
precipitation, temperature, and wind bridge vulnerabilityFinally, a review oimethodologies
for integrating historical and projected climate data using NASA's EXOP-CMIP6, LOCA-

02 and MACAdatasetsvas performedThe reviewalso includs the consideration dbcal data
on historical flood events and environmental hazards in Oklahoma to suppespestic
vulnerability assessments.

A review of design methodologies and integration of risk, reliability, and climate data in design
is provided in the following section

AASHTO LRFD Bridge Design Specifications AASHTO 2024), general overview:

AASHTO LRFD Bridge Design Specificationsgourguidelines, stream migration, and extreme
hydraulic events, such as the 5@¢ar scour check flood. #isoincorporated scientific literature
addressing the impacts of climate charspecifically variations in precipitation, temperature, and
wind on bridge vulnerability

- Section 3 (Loads and Load Factors) of ##¢h Edition expanded the LRFD approach to
include Extreme Event Limit StateBELS), addressing hazards like floods, high winds,
and seismic activityDesigners should identify climatelated loads (e.g., increased
precipitation, temperature) and verify adequacy under EELS crifeniaDklahométate
this may include hydrologic extremevents(e.g. intense storms, flash flooding) and
velocity changes due to warmer climates

- Service LifeandDurability Design despitea typical 75year design lifeand according to
the incidence ofmany elementsthis design period can hetended to exceed 100 years
whenconsidering environmental degradation.

- Referencefrom Coastaland Flood Guidane: AASHTO guides on coastal storms,
hydrology, and extreme precipitaticanprovide valuable methodologies transferable to
inland flooding scenarigdike the ones present in Oklahoma State.

- Factors in Hydrologic and Hydraulic Updatd?ASHTO guides encouraghe integration
of updated IDF (intensitgurationfrequency) curves, flood risk data, arkekderal
Highway Administration FHWA) Hydraulic Designintend to assessclimatedriven
changes in hydrolog

- Adopt RiskTargeted DesigandStandardizationThe 10th edition standardizes methods
across agencies, encouraging use of Representative Concentration Pathways (RCPs) and



risk-based thresholdg@\ligning with Oklahoma Department of Transportation (OD®@)
achieveconsistent climate vulnerability assessments

- The detail onMaterials design strategiesshould also be considerddr increasing
corrosion, freezghaw, and alkailsilica reactions de to changes iprecipitation and
temperature patterns

Site Characterization and Foundation Profile

Current eviewof geotechnical investigation standards,-stilicture interaction, and sigpecific
risk, includes:

- AASHTO LRFD Sections 10 & 11 (Foundations and Abutments)
- ODOT Geotechnical Engineering Man2021)
- FHWA NHI-16-0721 Soils and Foundations Reference Mar(@élL5)

These documents focus oails rock classification and groundwater consideratjonwkich are
fundamental for bridge design. Most guidelines and standards recommend borehole spacing ranges
to obtain accurate information of the soil profile. Nevertheless, there is not-afthiemb for
borehole spacing and most engineers decide théeuaof boreholes and their depths based on
experience, technical recommendations, cost and time. Table 1 lists some recommendations for
borehole spacing regularly used in theited States.

Tablel Borehole spacing recommendations according to different guidelines and standards
(Federal Highway Administration (FHWA) 2016; American Concrete Institute (ACI) 2018;
AASHTO 2020).

StandardBorehol e Spacing Re Observations

F HWA 3060 m (for highways<Closgacing for .d
130 m (for criticallt depends on th
AASHTO 6130 m Denser in variab

ACI 336. 3i6 times the pile d Dependshomogeeondi

Foundation Design (Substructure)

The current review adesign procedures for deep and shallow foundations exposed to hydrological
and temperature stresgludes the following standards:

- AASHTO LRFD Section 10.{Pile Foundations)
- FHWA GEC 12i Design and Construction of Driven Pile Foundations

Saturated conditionsare considered during the determination dé prapacity Unsaturated
conditions are usually neglected, since suction effects usually cause an increment on effective soil
stressCorrosionof materialsdue to increased humidity tire presence ahemical changesould

also be considered. The fluctuation of water levels due to climate change may tiffggentdl
settlement riskunder climatenduced soil changes



Some general design consideratiomseduce the vulnerability of the bridf@undation system
due toscour and hydraulic loa@se as follows:

- Sethighdeck elevations (i.e., bridge finished gradesjording to thgiven site conditions
to reduce the risk ahundation by floodsBridges subje&dto inundationshouldprovide
an overtopping of roadwagpproab and minimize the s@pstructurearea subjeed to
hydraulic loads and theollection of ice, debris, and drifts.

- Relief bridges, guide banks, dikes, and other tiraning deviceshould be usetb reduce
turbulence and hydraulforces acting at the bridge abutments.

- For continuousspanbridgedesigns with anchored superstructyregsommendations are
similar: provide propedrainage to resist hydraulic, ice, and debris fgro@simize and
streamline piers, aligning with flow and placing abutments/pier foundations away from
unstable channels. Anticipate channel shifts and consider debridoaskss that are far
from the streamline

- HEC-18 (FHWA, 2012)provides additional detailed guidance on pier and abutment
location, alignment, and shape within and near the channel.

Design frequencies: Table 2 displays the recommended scour design and flood frequencies
according to the selected hydraulic design flood events. The scour design and check floods have
higher return periods since they should account for greater uncerd@idtgreater foundation
vulnerability if extreme conditions are given.

Table2 Hydraulic Design Flood Frequencies, and Corresponding Scour Design and Check Flood

Frequencie$FHWA 2012)

Hydr aul i ¢ Scour (
FIl ood Fr|{ Scour Des|Flood Fr
( QD) Frequenc (QC)
Q10 Q25 Q50
Q25 Q50 Q100
Q50 Q100 Q200
Q100 Q200 Q500

Thermal Effects
a) Thermal Actions in Bridges

Thermalactionscan be significant bugtructurally complexvhen applyingoading mechanisms

in bridges,sincethey combine globagffects driven by uniform temperature change (TU) with
seltequilibrating stress and curvature effects generated by temperature gradienivarG)
through the depth of the superstructudanfi et al. (2023) mentionethat stress related to
temperatureis among the most persistent sources of serviceability problems in bridges,
contributing to cracking, joint deterioration, bearing distresd J@ng-termfatigue when thermal
movements are partially restraindétds important to notice thamternal temperature in a bridge is
governed not only by air temperature, but by solar radiation, thermal inertia of the deck and girder,
surface absorptivity, wind, and boundary conditions. Song et al. (20d@pnstrated that



measured temperature differentials in prestressettrete box girders can differ from those
assumed in international design codes, revealing systematic bias in prescribed gradient envelopes.
Kulprapha and Warnitchai (2012) showed that bridge temperatures become nearly uniform and
stable during nighttimand early morning hours, while extreme vertical gradientar during

daytime due to solar heating. Similarly, Ding et al. (2012) detailed strong nonlinearities in thermal
distributions across concrete dige sectionsMost ofthese studies demonstrate that while codes
provide practical TG envelopes for design, they are not directly driven Bgnagerature
extremes, and therefore a physical heatsfer model is required to propagate climate change
signals into depth thermal stresses.

b) Uniform Temperature Change

AASHTO LRFD treats uniform temperature chafg®) asa global deformatiosinceexpansion

and contractiondrives movement demand in bearings, expansion joints, and sLgystem
detailing andcan createdditionalforces if restrained. AASHTO states the thermal movement
may be computed using Procedure A or Procedure B, A or B may be used for concrete deck bridges
with concrete or steel girders, but Procedure A must be used for all other bridge types

Procedure A

Table 3 displaya temperature range taltg climate class and material family (steedluminum
concreteandwood). With amoderate climat#é freezing daysire less than ldefinedwhen having
an average temperatuess tharB2°F.

Tab3Rrocedure A temperature changes

Climate Steel or Aluminum Concrete Wood
Moderate 0° to 120°F 10° to 80°F 10° to 75°F
Cold €eOM HaqVYH 0° to 80°F 0° to 75°F

Procedure B

This procedure ges mapped extreme bridge design temperatures (TMaxDesign, TMinDesign) for
girderanddeckbridge typesAASHTO indicates that this methoaés not cover all bridge typge
and locations, but linearly interpolated values can be used.

The thermal movement rangan be estimated with Equation 1.

> |, 4 4 (1)
where, = expansion length;= coefficient of thermal expansion
Table 4 shows the design temperatures for Oklahoma according to the bridge item.

Tabd4desi gn temperature values extracted from mapped extr eme
AASHIRFD

Descri pt i on Tma x de(é\ng)l Tmi n dééFg)n

Concrete girders wi 115 10

Steel girders with 120 (110 p 0




Even though temperature changes are not unifariohgécomponentare generally designed with

TU. AASHTO explicitly warns thatisaligmentskewandwidth can produce large lateral thermal
forces if movement is constrained or misguidBddge support lengthand seat widthsshould
include tolerancesfor movements from prestress shortening, creep, shrinkage, and thermal
expansiorandcontraction

c) Temperature Gradient (TG)

AASHTO LRFD treats TG as a superimposed deformation that can cause internal ;stresses
curvature warping associated secondary effecasd bearingsubstructure force redistribution
when restrained.

AASHTO subdividedthe regioninto zones Oklahoma belongs to zone 2 wherg=46 °F and
T»=12 °F for deck surface condition, negative gradiestisuld be obtaineds a fraction of those
valuesmultiplied by-0.30(for plain concrete decksnd-0.20(with asphalt overlay

The standard vertical gradient shape for concrete and steel superstructures with concrete decks
should be estimated according to Figur8/here A for concrete superstructures is about 16.0 in.

or more in depth: 12.0 in. For concrete sections shallower than 16.0 in.: 4.0 in. less than the actual
depth. For steel superstructures: 12.0 in. and the distasttall be taken as the depth of the
concrete deck. Finally,slcould be taken as®, oraccording ta sitespecific study and will not

exceed SF.
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FigdPesitive Vertical Temperature Gradient in Concrete and Steel

AASHTO remarks that thermal gradieMG appear in load combinations but does not imply it
must beevaluated fomll structures Expertsmay exclude it ifpaste x per i ence s hows |
cause distres®(g.multibeam bridge

d) Effect on Axial Strain, Moments and Stress

AASHTO LRFD stateghata vertical temperature gradiegénerateshree coupled effects: axial
expansion, flexural deformation (curvature), and internal stress.

- Axial expansion from the uniform component of the gradient



Thethroughdepth average temperatwassociated with the gradientabtainedby averaging the
TG field over the transformed crosgction areaas defined in Equation 2.

Y —AYQO Qa ()

Where, Ticis the cosssection average gradienttemperatlites s t he t emperfFat ur e ¢

The wiform axial strain combined with the uniform temperature load (Ts))defined with
Equation 3.

Sy Y 3)

This appliesroadly to prismatic bridge elements (girders, decks, framlesje uniform thermal
expansion is relevant amdifectsbearingor joint movement and restraint forces.

- Flexural deformation from the linear component of the gradient

Sinceplane sections remain plane, the linpart of the gradient imposes a curvatareotation
per unit lengthas depicted in Equation 4.

% —AYaQU Q& (4)

Where R is the girder radius (ft); is the moment of inertia of crosection (iff) |, U is th
coefficient of thermal expansion (in/ifd). TG is not simply air ha x  Tmia-zii TG IS a through
depth gradient driven by soleadiation and thermal lag.

If the structure is externally unrestrained (e.g., simply supported/cantilevered), the gradient
deformation does not create external force effé@atsainly produces deformation.

This is thelink bet ween #dAcl i mate temperatur erlifgoffadi ent
behavior, especially relevant for superstructures where beaniegstinuity impose restraint.

- Convering thermal straincurvature into fixeeend forces (when restrained)

AASHTO notes that and %.can be used directly in stiffness/flexibility formulations; for a
prismatic frame element the corresponding fieed actions ardefined by Equations 5 and 6

Axial force:0 ‘00 ¥ (5)
Bending momentd  'O0%o (6)
These can be uséd linegjirderor frame models
- Internal stress distribution from combined axial + curvature effects

AASHTO provides an internal stress expression (compression positive), combining gradient,
crosssection average, and curvatuas states Equation 7.

" Ol Y | Y %o (7

This is useful to evaluatgtress demand (e.g., deck cracking risk, composite section effects, or
detailing concerns) rather than only global actions.

- Physicallift-off case: aestraint moment at a pier

The linear TGbends the member intoarc For an unrestrained twspan beamthe interior
suppbft wduflbediven by Equation 8:



wQE @O TY 8)
If deformation is restrained, a pier mometuld follow Equation 9
0 -O0%o 9)
e) LRFD Load Factors

AASHTO providedactors for uniform temperatuferu), when checking movements, rotation or
camber c¢ o mpshdlbei20.i ty, 9

If checking moment, forces or stresses shall be 100.

AASHTO allows projectspecific values for temperature gradient], but typical defaults are:
ore = 0.0 at strength and extreme event limit states

ore = 1.0 at service limit state when live load is not considered

ore = 0.50 at service limit state when live load is considered

For strengthchecksoftenignore TGunless it is justified (projeetpecific).

Service checks commoniyseTG equal tol.0 (no LL) or 0.5 (with LL), because serviceability is
where thermal gradients drive cracking, restraint effects, and durability concern.

f) Risk Approach

A risk frameworkis usefulsinceclimatedriven thermal challenges are a combination of how often
an extreme thermal condition may occur and how harmful it is when it occurs. Chan(@@2H).
definedrisk with three componentthe acurrencedefined as thékelihood of experiencingne

or more than onextreme event during the analygisriod; the sverity as theprobability of
damageepresented through a probabilistic formulation, r@dsgnificanceas a modifier index.
These componentgerecombhned into a Risk Priority Number (RP$ shown in Equation 10.

RPN= Occurrence x Severity x Significance (20)
Where RPN intends to givecomparative metric faretworkprioritization.

Within a Chang2021)risk logic, TU can be linked to projected site temperatures, whereas TG
relates temperaturextremes to througtepth gradients. Consequently, a risk assessment for
thermal effects under climate charggbenefit from separating TU and TG

Task 271 Predict Weather using Climate Models.

In this study, mitiple GCMsthat povideregional weaher projections forOklahoma will beused
for future weaher predictionsconsidering changing weather patterns and extreme events. GCMs
are physics-based and compuationally expensive, soling numeous nonliner scientific equations
in both sp&e and time to simlete theEarth physcal climate systeminitially, thesemodelsare
presented with bounday condiionsi.e., valuesfor different forcings forthe Earth climatesygem,
swch as solarirradiance, atmosptleric concentrations of geenhowse gpses, suface type and
tempeature, and volanic adivity. Earth is then divided into grid pointsand sveral equations
from physics,fluid medanics, and chemistry are then solved numeicaly per grid point and
iterated in time. For future weather simuations, tlese modelsare run with different scenarios
known as Shared Socioeconomic Pathways (SSPs) representing different potentialfutures.



For the purmose of this study,the models fom NEX-GDDP will be u®d for predicting future
climaticconditionsin Oklahoma(NEX-GDDP-CMIP6; Thrasher et al. 2002). The modelarchive
contains oer 35 different climate models fom the CMIP6 archive which would beideal for

assessment ofegional weather patterns aaoss Oklahama. The archive containsmost of the
necessary environmental variablesneeded for bridgedesign. Also, muiiple scenariosareavailable,
covering awiderange (e.g., romlow (SSRL25)to high (SSP585)emisgons) for comparison. The
research team will chooseat lesst 10 GCMdrom thearchive to predict futureweather gatterns in
Oklahoma.Statigical analysis will be performed to cdculate thereturn period of extremeweaher

eventsfor different GCMs wth different scenarios. Also, themean or nmedian values of thereturn
periods from the models will be eéermined based on statidical distributions. Curently, Dr.

Zaman,a C-PI of this study,and hs team ae working on aprojed funded by CDOT to upgede
the weather cita and models sed for pavement asign in Oklahoma(Li, Zamanand Furtado,

2023). Theproposed studybenefits from the climatic modis ewaluated in that studyand helpful

to competing this tasksuccessfully.

Description of work performed up to this period:

CMI P6 projecti ons-GDDPowvere év@luatadd againdl Bixtorical datasets to
generate consistent future climate extremes for Oklahoma. Extralone statistics and ensemble
summaries were then produced to support design checks for temperatungtapiceci and
wind-related loads

a) NASA Earth Exchange- Global Daily Downscaled Projections

For projecti on-GDRPICHIP6 akcihive sedved ad\tikeXprimary source (Thrasher
et al., 2002). The dataset provides daily fields on a 0&iproximately25 km) global grid from

more than thirty CMIP6 models, offering variables relevant to bridge screening and design.
Scenarios span low to high forcing (SSP& to SSP8.5), enabling consistent cressenario
comparisons. Guided by prior evaluations fold@lma transportation applications (Li, Zaman,
and Furtado, 2023), a subset of GOMH be usedbased on variable coverage, 0.25° resolution
suitability, and demonstrated historical skill.

Historical observations from the Oklahoid®NEH and PRISM baselinesipports thevaluation

of the projectednodel fidelity. For each retained modsenario, extreme metriagturn levels
and return periodsvere derived on consistent historical and futva&ies Ensemble statistics
(e.g.,meansandmedianserethenused tassummarize central tendencies while preserving spread
across models and scenarios.

The resulting observation supports desiglevant checks: thermal gradients for superstructure
and deck actions, precipitatimaluesfor hydraulic loading, and wincelated proxiesre ideal

Table5 (NASA, 2025) summarizes representative CMIP6 models and SSPs considered, noting
emissions level, model characteristics, and indicative suitability for bridge design assessment in
Oklahona.

Tab%%ome Particularities of GCM Models and SSP Scenarios
2025
- Applicability to C
GCM SSP Emission - " R Applicability
Model Scenario Level Description Br|dgeODKeS|gn in Rating (Gi 5) Source
Developed by NOAA (USA); N .
GFDL- . . . . High-risk scenario Dunne et al.
ESM4 SSP585 | High strong S|mulat|on of warming and assessment 5 (2020)
precipitation extremes

f

or



. Applicability to C
GCM SSP Emission - " LA Applicability
Model Scenario Level Description BrldgeODKeS|gn in Rating (Gi 5) Source
Developed by Max Planck Instituty ., . .
MPI-ESMI- | g5pazg Med-High | (Germany); higkresolution and Wind load and flood 5 Mauritsen et
2-HR : . hazard analysis al. (2019)
strong atmospheric dynamics
Developed by Météo General
CNRM- SSP245 | Medium Fre_mce/CER_FAC_S (France); infrastructure and 4 Voldoire et
CM6-1 reliable precipitation and . ) al. (2019)
lifespan design
temperature trends
i . Developed by Japan Precipitation .
MRI-ESM2 SSP245 | Medium Meteorological Agency; frequency and storn 4 Yukimoto et
0 . o= al. (2019)
emphasizes precipitation extreme| events
Developed by UK Met Office
UKESMI- | 55p370 | MedHigh | (United Kingdom): high climate | C2Ptures future hea 4 Sellar et al.
0-LL o extremes (2019)
sensitivity
BCC- Developed by Beijing Climate Surface stress and Wu et al
SSP585 | High Center (China); balances radiatiol thermal boundary 4 ’
CSM2-MR (2021)
and surface fluxes loads

b) Localized Constructed Analogs, version 2 (LOCA?)

LOCA-2 is a statistically downscaled climate dataset built from CMIP6 models. Most of North
America is available at aboutiilometer grid spacing (fine enough for watershed/corridor work).
Thereds also a special A h y-bine gridl & orpyrfooCdlifomie a t
LOCA-2 updates training data and b@srection relative to LOCAL and is used in major U.S.
climate applications (e.g., NCA5). For Oklahoma, the 6 km North American domain offers finer
spatial detail for heat and rainfadixtremes than 0.25° products, improving alignment with
watershed, corridor, and courdgale analyses; suitability is highest where station density supports
robust calibration. When expanding to nmugltate analyses, LOCGA remains appropriate across
the Contiguous United Stat€SONUS portion of its North American grid, preserving consistent
methods and resolution.

c) The Multivariate Adaptive Constructed Analogs (MACA)
MACA (CMIP5, 4i 6 km CONUS)

MACA is another statistical downscaling method (built from CMIP5 models) that provides climate

data at roughly 46 km resolution over CONUSAACA emphasizes multivariate coherence (e.g.,
temperature, precipitation, humidity, shortwave radiation, andswéace winds), which is useful
forcoupledtherméadh y dr ol ogi ¢ di agnostics and infrastruc
4 km fields ca complement LOCA by adding variables and slightly finer grid spacing; however,
scenario sets are R&fased (CMIP5yather than SSBased (CMIP6). For broader regional

studies spanning multiple states, MACA provides uniform CONUS coverage and long usage
history in U.S. tools, facilitating crostate comparability where CMIP5 is acceptable.

~ 3

Combining these resources enables statmlocation, returrperiod estimation, and cress
scenario comparisons tailored to Oklahoma while remaining extensible to neighboring states

MACA converts GMC to highresolution statistical downscaled data by finding and blending
constructed analogs, with a biesrrection to observations through historical patterns. MACAv2
downscales 2@nodel CMIP5 with a 46 km resolution with daily maximumgminimum



temperature,  precipitation, shortwave radiation, humidity and wind speed.
Table 6 displays aomparisorbetweernLOCA-2 productsvs MACA andNEX-GDDP-CMIP6

Tabé@ontrast LOEAperedyvest MACQAEXGDDEMI P6

Item LOCA-2 MACA (MACAv2) NEX-GDDP-CMIP6

Statistical downscaling via Localized Statistical downscaling via Multivariate
Method Constructed Analogs (LOCA v2); bias Adaptive Constructed Analogs; multivarie
corrected biascorrected

Statistical downscaling via BCSC
biascorrected

CMIP

generation CMIP6 CMIP5 CMIP6
Scenarios SSPs (CMIP6) Shared Socioeconomic RCP4.5/ RCP8.5 (CMIPRepresentative  SSP12.6, SSP2.5, SSP3.0,
Pathways Concentration Pathways SSP58.5
Spatial ~6 km (North America: Tmin/Tmax/Precip
res%lution ~3 km AHybrido for ~4i 6 km over CONUS 0.25° (~25 km) global
variables
Temporal Daily (NA grids); hourly station temps
resoIFL)Jtion available in CA program; gridded hourly Daily Daily (1950 2100)
limited
. Tmin, Tmax, Precig NA) ; CA #dl Tmin, Tmax, Precip, RH (min/max), . )
Variables more met vars (wind mainly via other C# specific humidity, shortwave radiation, 1C tasmay, tasmin, tas, pr, sfcWind
(core) ; rsds, rlds, hurs, huss
products) winds (east/north)
Domain Most of North America (plus California CONUS Global (90° N to 60° S)

hybrid domain)

Multivariate coherence (variables Global coverage, broad CMIP6

downscaled together) including wind model set and SSPs, many variat

components at ~4 km; easy access via (incl. daily wind speed); simple tc
tools obtain (GEE/NASA)

Very high spatial detail (6 km) and
Strengths observatiorconsistent fields; widely used |
NCA/USGS tools

Coarser (~25 km); statistical
CMIP5 only; scenario mismatch if mixin: assumptions (stationarity of
with CMIP6 analyses relationships); still inherits GCM &
scenario uncertainties

NA grids limited to Tmin/Tmax/Precip; win
Limitations generally not provided as gridded NA
product; method inherits trainirdpta limits

Regional to global screening, mu
variable studies (incl. wind) where
km is acceptable

Local infrastructure/hydrology where 6 |
precip/temp detail matters (e.g., flood/t
risk)

Good use
cases

Energy/ET/infrastructure needing wind
radiation + temps at 4 km in CONUS

d) LIVNEH

The UVNEH gridded climate datases a highresolution, observatiehased reconstruction of

daily temperature and precipitation across the contiguous United States. It was developed by
Livneh et al. (2013, 2013t the University of Colorado Boulder. It offema approximat®& km

of spatial resolution and typically spainem 1915to 2011, making it one of the most widely used
historical baselines for climate and hydrologic applicatittgNEH blends qualitycontrolled

station observations with topographic adjustments and spatial interpolation. The dataset is well
suited for extrem&alue analysis, biasorrection of climate model outputs, hydrologic modeling,

and infrastructure risk assessments.



Task 3- Compare GCMs prediction with Historical Climate Data.

Relevant historical climatic data (i.e., emperature, precipitation and wind speel) from the
LIVNEH Datasetwill be obtaired. Theresearch tean plans to setdively co-locate the future
wedaher predictionsfrom GCMswith historical dataThehistorica weather data from Oklahoma
will be analyzed to calculate thereturn period of weather extremes and compare with GCMs
predictions.

Description of work performed up to this period:

To assess historical climate behavior and future climatic tendencies relevant té tfraeze
processes and bridge performance in Oklahoma, multiple climate datasets covering different time
periods and emission scenarios were compared. The historical baiseliepresented by the
LIVNEH gridded observational dataset (approximately 12083), which provides lonterm
continuity and high spatial resolution for daily precipitation and temperature. In contrast, LOCA2
downscaled climate projections begin in 2@hder scenario SSP245, while NASA/GFDL global
climate model outputs (CM4 and ESM4) include both historical simulations (20%8) and
projected conditions through the year 2100 under scenarios SSP245 and SSP585.

This temporal structure results in limited overlap between historical LIVNEH data and LOCA2
projections A substantial overlap (195Q014) exists between LIVNEH and the NASA historical
simulations

Daily time-series plots were generated for each bridge site, integrating historical observations,
NASA historical simulations, and LOCAZ2 projections up to 2024. Beyond this, NASA model
projections extend to 2100, supporting ldegnm climate assessmepadthough, for visualization
purposes, only the period through 2024 is shown.

For a representativébridge site (e.g. AIRPORT-RD._17927 three daily climate variables are
presentedn Figures2a, 2b and2c, illustrating consistency between daily historical observations
and projected model outputs.
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Figure2c complements the climate data trend faiydPrecipitation (cm/day)vhere there is a
clear contrast observed between the {wrgn LIVNEH record and the NASA historical
simulations beginning in 1950, with LOCA2 projections emerging after 2015. Precipitation
magnitudes and event frequency appear consistently between LIVNEH and NASA in the
overlapping period, while LOCA2 displays higher variability characteristic of future scenarios
under SSP245This variability is visually evident in the widenirgpread and more frequent
deviations from the historical baseline, highlighting the uncertainty and potential intensification of
precipitation extremes in future projectidifsgure3).
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Figure 2a shows dily Maximum Temperature (°Cacross years wherémax exhibits strong
seasonal cycles across all datasets. LIVNEH captures a caotleysignal that aligns well with
NASAG6s historical simulations after 1950.
amplitude with subtle warming relative the historical period, consistent with naentury and
late century forcing trajectoried.ooking ahead, projections under higleenission pathways
suggest a marked increase in annual mEaax, with warming intensifying through the 21st
century. This trend underscores the growing divergence between moderate aathisgbn
scenarios, particularly after 20%Figure4).
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Finally Figure2c shows dily Minimum Temperature (°Cdrend, whereTmin hasthe same

site

L OC,

Airp

seasonal pattern and strong agreement between LIVNEH and NASA simulations. LOCA2
projections reveal a shift toward higher minimum temperatures, which is climatologically relevant

for reducing freezghaw frequency toward midentury and beyondrojections under higher

emission scenarios show a pronounced warming trend in Tmin, especially after 2050. This shift

suggests not only milder winters but also potential implioatiftor soil stability, infrastructure
resilience, and processes sensitive to cold ext(émere5).
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The complete set of daily precipitation, Tmax, and Tmin graphs for each site is provided in
AppendixE, serving as a visual diagnostic of dataset consistency, temporal overlap, and projected
climate evolubn.

To assess the agreement between LOCA2 model projections and the LIVNEH observational
dataset acrosthe selectedbridge locations, several widely used performance metrics were
computed: bias, RMSE, MAE, Pearson correlation (r), the N&adcliffe Efficiency (NSE), and

the Taylor Skill Score (TSS). These statistics were evaluated for daily values, seasonal
aggregatias (DJF, MAM, JJA, SON), and annual means or totals.

Bias represents the mean difference between modeled (LOCA2) and observed (LIVNEH) values
Pearson Correlation Coefficienteasures the lineaelationshipbetween modeled and observed
climate seriesThe NashSutcliffe Efficiency (NSE) coefficient measures how well the model
reproduces observed variability value is equal to one there igparfect agreemenif value is

equal to zero themodel performs as well as using the historical neeahif NSE value is less than

zero themodel performsvorsethan wsing the observed mean

The Taylor Skill Score (TSS)summarizes relative bias, correlation, and variabili§Sis one,
this indicates a closgerfect matchif valuesare less thaf.2the match is limitedThis score is
particularly helpful for comparing model behavior across variables and sites



Metric results for siteAIRPORT-RD._17927are presented in Tableand the other sites metric
results are presented in Appendix eTperformance statistics revélaht LOCA2model agreg
with observational records

TabTS®tatistical metrics summary between-ROVINBHR 7and Projected

site var level season hist_mean proj mean bias rmse mae r nse tskill
AIRPORT-RD._17927 pr(cm) daily NA 3.203 2.311 -0.892 13.509 5.022 -0.014 -0.570 0.054
AIRPORT-RD._17927 pricm) seasonal DIF 171.148 114.916 -56.232 82.150 73.639 0.613 -0.341 0.139
AIRPORT-RD._17927 pricm) seasonal JA 317.485 161.907 -155.577 204.422 155577  -0.466 -2.369 0.002
AIRPORT-RD._17927 pricm) seasonal  MAM 422.327 337.091 -85.236 145689  126.268 0.426 -1.328 0.244
AIRPORT-RD._17927 pricm) seasonal  SON 258.953 230.094 -28.859 157.294  153.010  -0.622 -1.421 0.001
AIRPORT-RD._17927 pricm)  annual NA 1169.913  844.008 -325.904 395.521  325.904 0.560 -1.420 0.087
AIRPORT-RD._17927 tasmax (C)  daily NA 23.587 24.910 1.323 7.536 5.843 0.731 0.318 0.547
AIRPORT-RD._17927 tasmax (C) seasonal DIF 13.083 12.910 -0.173 0.788 0.584 0.676 0.429 0.419
AIRPORT-RD._17927 tasmax (C) seasonal 1A 33.257 36.458 3.201 3.256 3.201 0.636 -16.893 0.349
AIRPORT-RD._17927 tasmax (C) seasonal  MAM 23.209 23.859 0.650 1.160 1.039 0.572 -0.345 0.380
AIRPORT-RD._17927 tasmax (C) seasonal  SON 24.610 26.195 1.585 2.847 2,626 -0.502 -2.267 0.003
AIRPORT-RD._17927 tasmax(C) annual NA 23.587 24910 1.323 1.407 1.323 0.487 -5.579 0.209
AIRPORT-RD._17927 tasmin (C)  daily NA 10.491 11.002 0.511 6.334 4.802 0.802 0.562 0.655
AIRPORT-RD._17927 tasmin (C) seasonal DIF -0.814 -1.252 -0.437 1.106 1.060 0.301 -0.274 0.159
AIRPORT-RD._17927 tasmin (C) seasonal A 21.220 22,215 0.994 1.120 0.994 -0.541 -15.682 0.003
AIRPORT-RD._17927 tasmin (C) seasonal  MAM 9.932 10.954 1.022 1.291 1.039 0.165 -14.154 0.061
AIRPORT-RD._17927 tasmin (C) seasonal  SON 11.420 11.866 0.448 1.914 1.625 -0.933 -2.327 0.000
AIRPORT-RD._17927 tasmin (C) annual NA 10.490 11.002 0.511 0.728 0.624 -0.714 -2.009 0.000

a) Precipitation (cm)

Daily precipitation exhibits a negative bia® 892 cm) and moderate RMSE (13.5 cm), indicating

that LOCA2 generally underestimates observed daily precipitation extremes. Seasonal values
show the same pattern, with clear underestimation across DJF, MAMadd SON. Correlation
coefficients are relatively low (betwe&f.6 and 0.65 depending on the season), and NSE values
are mostly negative, implying that LOCA2 struggles to capture-tpeear variability in daily

and seasonal precipitation at this looa. Taylor scores remain low (<0.2 in most cases),
reinforcing this finding.

Nevertheless, the annual precipitation total shows less discrepancy, with a 2% aim and
modest skill (NSE =i1.42), confirming persistent underestimation but more stable yearly
behavior.

b) Maximum Temperature (Tasmax, °C)

For temperature, model skill is generally stronger than for precipitation. The bias is small in daily
values (0.173°C), with low RMSE (0.786°C) and positive correlatiorts 0.67 for DJFMAM).
Seasonal and annual metrics show consistent positive skill, with NSE values occasionally positive
(e.g., NSE =0.419 for spring), although summer performance is weakidd.@84). Taylor scores
approach 0.4 in several seasons, inthgamoderate reliability. Overall, LOCA2 reproduces
maximum temperature bettéran precipitation at this site.

¢) Minimum Temperature (Tasmin, °C)

Minimum temperature biases are modé6t151°C annually), and RMSE is relatively low (0.728
- 1.9°C across seasons). Correlations range widely, from weak negativ®.@1=n SON) to



moderately positive (r = 0.63 in MAM). NSE again fluctuates, with some negative values and
occasional positive performance. The Taylor skill score remains low, though slightly higher in
winter and spring.

In summary, pecipitation projected values fromLOCA2 substantially underestimates
precipitation intensity and variabilitfror Maximum Temperaturd OCA2 captures temperature
cycles reasonably well, with small biases and moderate correlatt@gardingMinimum
Temperaturethe nodel performance is acceptable but more variable than for tasmax.

These results suggest that temperature projections at this site are more reliable than precipitation
projections, a common pattern in downscaled climate products. Seasonal differensesrakso
consistent with regional climatic regimes, particularly for summertime extremes.

For each period and season, a Generalized Extreme Value (GEV) distribution was fitted to the
sequence of yearly extremes, and the fitted distribution was usetrapolateaeturn levels for a
continuum of return periods between 1.1 and 1000 years, including design valuesS&0HN@
1,000-year return periods. The historical GEV curve therefore represents the statistically inferred
return levels implied by past extremes, while the LOCA2 curve represents the quantity under the
future scenario; by mappna given historical return level onto the future curve, the analysis
guantifies how that same magnitude event is expected to correspdodderaeturn period under
projected climate condition&igure6 displays a series of GEV projected climate curves for the
site AIRPORT-RD._ 17927 the results for the other sites are presented in Appendix F.
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Task 47 Conduct Risk Assessment of Bridges Consideringast and Future Weather
Conditions:

In this study, a risk assessment of bridge infrastructure subjectectdacted future weather
conditionswill be conducted using methodologies proposed in the literature. For example, the
method proposed by Chang et al. (202@sused for this purposglsingthis method, the risk of
bridge failure due toise in temperatureanbe quantified by including three aspects: occurrence,
severity, and significance. Occurrence quantifies the likelihood of an extreme weather event
occurring during the lifetime of the bridge. Future weather predictions using GCMs will be used
for this purpos. Severity defines the probability of a bridge to experience damage or failure.
Significance, a factor on 4 10 scale, represents the importance obtidgeto the agency in the
network. The Risk Priority Number (RPN) parameter combines these thessaapd is defined

as a comparative metric that identifies the bridge at higher risk.

For the purpose of risk assessment, selective bridges commonly used in Oklahoma will be
considered. The selection of these bridges will be based on the recommendations of the ODOT
personnel and the vulnerability to extreme weather events. The level offbistge infrastructure

failure due to an extreme weather event will be calculated by consideringf atetario analyses

for high-, medium, and lowrisk impact. The risk assessment matrices for each environmental
scenario and potential causes ofuel will be identified. The results will be used to calculate the
RPN value for each bridge.

Description of work performed up to this period: To better understand the climatic variables
affecting bridge conditions, a preliminary analysis was conducted ahead of the future climate risk
assessment. This initial evaluation helps focus on locations that showed greater vulnerability to
specific climatdactors



Spatial Data Analysis Related to Climate
a) Bridge Inventory

The Oklahoma Bridge Inventory is available asshapefile fromODOT open portal (ODOT,
2025). Thedataset contains point geometry for each bridge structure and includes attributes from
the National Bridge Inventory (NBI), such as structure ID, year built, ,deagerstructure
substructure and scoeondition ratings, material type, and functional statusugh a health

index The dataset is divided into two main categories: (1) bridges currently in service and open to
traffic, and (2) bridges no longer gervice, including those replaced, collapsed, or removed. This
division will enable a comparative assessment between aging infrastructure stitktapen to

traffic andstructures that have failed, whichn beessential for understanding climateluced
vulnerabilities.

To support administrative and geographictrdisition, county boundariegor Oklahoma are
included as a polygon shapefikedditionally, hydrographic featureare also taken into account,
sincetheymightbeimportant forassessing the spatial correlation between water proximity, scour
condition ratings, and failure histories.

For a probabilistic analysis in Oklahoma, the same methodology can be applied using R, which
supports both GIS operations and statistical modeling. First, the Oklahoma NBI bridges must be
spatially referenced and linked with gridded climate dateceenvironmental variables are linked

to each bridge, Pearson correlation coefficients can be calculated to preliminarily assess which
climate variables show the strongest association with bridge condition deoreharacter type
variables (e.g. material typdesign load, type of structure) an Ancova statistical analysis may
explain a significance in the relation of these variables, climate data and some bridge rating values.

Table8 describes the categories and descriptions of the condition ratings applied in the NBI used
by ODOT. Initially, the correlation analysis takes into account bridges or structure conditions rated
as deficient, grouping elements that have a rating betwerd 8 #or the deck condition, super
structure condition, subtructure condition, scowgondition and general structural condition.



Tab8MBl categories and description for the
Deck Super- Sub- Structural Scour Description
condition- | structure structure condition condition
rating condition condition rating rating
rating rating

N N N N N NOT APPLICABLE - Component does not exist.

9 9 9 9 9 EXCELLENT - Isolated inherent defects.

8 8 8 8 8 VERY GOOD - Some inherent defects.

7 7 7 7 7 GOOD - Some minor defects.

6 6 6 6 6 SATISFACTORY - Widespread minor or isolated moderate defects.

5 5 5 5 5 FAIR - Some moderate defects; strength and performance of the component
are not affected.

i i 4 i i POOR - Widespread moderate or isolated major defects; strength and/or
performance of the component s affected.
SERIOUS - Major defects; strength and/or performance of the component is

3 3 3 3 3 seriously affected. Condition typically necessitates more frequent
monitoring, load restrictions, and/or corrective actions.
CRITICAL - Major defects; component is severely compromised. Condition

2 2 2 2 2 typically necessitates frequent monitoring, significant load restrictions,
and/or corrective actions in order to keep the bridge open.

i 4 1 i 4 IMMINENT FAILURE - Bridge is closed to traffic due to component condition.
Repair or rehabilitation may return the bridge to service.

: 0 : : B FAILED - Bridge is closed due to component condition, and is beyond
corrective action. Replacementis required to restore service.

Table9 displays the material type coding used in the NBI data published by ODOT.

Tab9Mat eri al

type coding in NBI

Code Description

1 Concrete

Concrete continuous

Steel

Steel continuous

Prestressed concrete *

Prestressed concrete continuous *

Wood or Timber

Masonry

© [0 |N (o (0 | |Ww (N

Aluminum, Wrought Iron, or Cast Iron

0

Other

Note: * Postensioned concrete should be coded as prestres

concrete

conditi o

In the following lines, a brief summary presented of the past status of bridges closed to traffic
(off-system) and the current status of bridges open to traffisystem) in Oklahoma using

ODOT/NBI records, as context for later climiatendition analyse$zigure7 and Figures, depicts

the percentage breakdown as w#dr the different bridge ratings (deck, superstructure,

substructure, general and scour rating). A tot@3#80 bridgesvere assessed frotine NBIoff-



systemsubsetwhich included pedestrian and small bridges; whereas approximately 7,654 bridges
were taken into account for the-spstem subset that included bridges with lengths greater than
20 feet.

Deck Rating Super structure Rating Sub structure Rating
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Structural Rating Scour Rating Rating values
',_ 0-2
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7 e

38.1% 76.6%
.
FiguNBI ratings for different components of bridges closed to

For deck condition, ofystem bridges have substantial missingness (23.0%). Among rated assets,
most remain satisfactory, with roughly 43% ir64and 38% in 69; the poor and vergoor tail is
smaller, suggesting many closures are triggered by systeinaiotssbeyond the deck alone.-On
system decks hawegreatemissingness @ 5%) and skew more favorably: about 43% i64nd

46% in G 9, indicating generally serviceable deck performance among active bridges.

For superstructures, effystemmissingrecords areignificant(22.8% missing). Where reported,
ratings are mostly satisfactory (48% i6429% in 6 9), but about ondfth fall in poor/very poor,
which can depress overall condition. ©ystem superstructures sho.%6 missingness and a
stronger profile (40% ini%b; 51% in 6 9), consistent with assets remaining open to traffic.

For substructures, offystem missingness is 22.7%; the distribution centers on satisfactory (44%
in 41 6; 26% in 6 9) but retains a meaningful levating tail that is operationally important given
hydraulic and geotechnical exposu(88.2 % below 4) Onsystem substructures have.%%
missingness and most favorable split (38% ini4; 53% in 69, 9% below 4, aligning with
continued service

The overall structural rating (systdevel) sharpens these contrasts.-8&ftem bridges, with
2.2% missingness, show 38% satisfactory, 20% good, and 42% in poor/vegopdiions.By
contrast, orsystem bridges (onl%.1% missing) cluster at the upper end: 38%ii6 d4nd 51% in
6i 9, with just 10% in poor/very poor. Taken together, the wéf onsystem split provides a



historical current baseline that will be used to relate deterioration patterns to precipitation,
temperature, andnotherclimatic driver

Deck Rating Super structure Rating Sub structure Rating
Structural Rating Rating values
On system

Fi g8NBI ratings for different components of bridges open to t

The scoucritical rating is missing for 2.7% aflosedbridges and is strongly skewed toward
satisfactory (77% ini®) with 11% in 46 and only a small remainder in poor/very poandition

(14%). Thus, for most closed bridges, scour is not flagged as the dominant driver, though a
concentrated minoritynay warrantydraulic countermeasureScour ratings were not available

for open to traffic subset.
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Anothercomparison of ofsystem (closed) vs esystem (open) bridgas displayed in Figuré,

where there is alear separation in the Bridge Health Indeat ranges from 0 to 100, being the

last value and indicator of excellent overall conditibor off-system, the Health Index has mean
71.9, median 83.1, and 1.58bmissinginformation the distribution is mixedabout 56.8% in 75

100, 23.8% in 5075, and nearly 20% below 50onsistent with targeted deficiencies driving
closures rather than unifornegradation. For osystem, missingness is 1.4%, but the distribution

is markedly stronger: roughly 79.7% fall ini2®0 and only a smatlortionlies below 50. Taken
together, the Health Index contrasts indicate that bridges remaining open sustain substantially
higher overall condition.

Construction era and age patterns reinforce this split. Year built is broadly spreadsigstefh

bridges, withsome bridges froni950 and through 1972000, whereas esystem inventory

skews newer, concentrating in 192800 (48%) and >2000 (26%) and only small fractions
previous 1950. Age for offsystem spans ® 123 years (mean 52.2; median 52; 3.8% missing)

and is more evenly distributed across decades, whiystiem age clusters in middle bins (about

34% at 40to 60 years and 26% at 0 80 year¥ with minimal very young or very oltkatures

These patterns, together with the component ratings, indicate that closures concentrate where
systemlevel condition is depressed and older context that will be used next to relate
deterioration to precipitation and temperature expasur
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f SyadkKs:
bridges closed to traffic (o8ystem) versus those open (asgsten). Onsystem missingness for
these fields is essentially negligible.

(37.2%) with smaller shares of -0 (7.3%) H-152.9%) and H10 (3.8%) This mix reflects
older specificabns In contrast, orsystem bridges are dominated by -BI& with very little
A u n k n,mdcating more standardized, modern design classes among active str{iit82€s

58.1%, HS20M: 29.3%, H20: 8.4%, HS15: 2.9%, HS20Plus 0.2%, RRO . 8 %,

0.4%, others < 1%)

ino

Regarding bridge lengthothv ar i ab | e s Gre dkevged to shbruspang butsystem

bridges show an even stronger concentratiasirn or t e s t

bin

(025

fe),

rural crossings that remaactive( O 2 :542.6%, 2550 ft 22-23%, 50100 ft 20-21%, 106150

ft: 6%, 150200 ft 1-2%, >200 ft 6-7%). Off-system bridges have a relatively larger share in
intermediate and long spans, including the-200 ft and >200 ft ranges, which often carry
structures withhigher maintenance demands and may be more vulnerable to closure when
condition deteriorate§ O 2 :23.9%t 2550 ft 14.8%, 56100 ft 26.0%, 100150 ft 13.6%, 150

200 ft 7.2%, >200 ft14-15%)

v al

c

According to material type, oystem bridges are led by steel with substantial concrete and a
noticeable wood/timbeuse, profiles typical of olderbridges (steel 42.6%, concrete28.8%,

prestressed concret&3.4%, wood/timber10.8%, concrete continuaud.7%, steel continuous
1.3%, other 0.3%). Onsystem bridges shift toward concrete and prestressed concrete with
reduced timber and a smaller role for steel (conc&e %, prestressed concre?®.0%, steel
19.4%, wood/timber5.2%, steel continugs 2%, concrete continuou$%, masonryl1%, others
0%). This transition aligns with performance expectations: concrete and prestressed systems

(0]

Y

fot her / u



generally sustain better condition under routine thermal and hydraulic exposures, while timber and
older steel appedo bemore frequent among cled bridges

Finally, Figurell displays the distribution of the bridges proportion regarding the structure type
for the offsystem databas8tringer/Multitbeam or Girder structures dominate (59.1%), followed
by Culverts (21.0%), Slabs (8.5%), TruBsru (5.7%), Tee Beam (3.5%), Arfdeck (0.7%), and
Other (1.6%). This mix supports tyseecific diagnostics (e.g., deck thermal sensitivity vs.
hydraulic exposure in culverts).

Design structure type
(Off system)
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Figurel2 shows two construction waves: a surge in the late 193@9s dominated by steel with
some timber and concrete, and a larger peak in the 1960s as cbrespéeially prestresséd
expanded. After the 1980s, totals decline, timber largely disappears, atrdgsed concrete gains
share; steeland concret&ontinuous appear but remain secondary. A small share of recent records
' ist Ano value giveno.
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The onsystemseriesshown in Figurd.3follows a similartrendbut shifts earlier toward concrete.
Mid-century bridgesstill include substantial steel, yet the 1970890s show growing use of
prestressed and continuous concrete, aligning with modernization and durability goals. Since 2000,
constructionactivity seems to declineyhile concrete particularly prestressedemains the
predominant material
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FigdB®Ensystem bridges and construction materials used

b) Correlation and Screening

A climatenormalized dataset from 1991 to 2020 is provided by PRIBMameteelevation
Regressions on Independent Slopes Mpadiering highresolution (800 m) gridded data on key
variables such as precipitation, maximum temperature, and minimum temperature. These long
term averages are modeled usimigrpolation techniques amtigital elevation modsl(DEM) to
account for terraireffectgDaly et al. 1994)For Oklahoma, the PRISMormalgridswere used

for correlation analysis for evaluating past climate impacts on infrastructure systems like bridges.

A Pearson correlation analysis was conducted to examine lieledons among key numeric
variables, with results summarized in the heat map presented in Eyiiee Pearson correlation
coefficient (denoted a3 quantifies the strength and direction of linear relationships between pairs
of variables, ranging frorrll (perfect negative correlation) to +1 (perfect positive correlation).

As anticipated, thealifferent bridge componentgondition ratings deck, superstructure, and
substructurgexhibited strong positive correlations with one another and with the overall structural
rating. Specifically, the correlation between deck and superstructure ratingsswa83, while

deck and substructure ratings showed 0.71, indicating that deterioration patterns tend to be
shared across structural elements and reflected wvérallcondition score.

Bridge ageis probably the most significargnvironmentalfactor, with consistently negative
correlations across all condition ratingsv@lues betweein0.45 andi 0.50). This suggests that



older bridges tend to exhibit lower condition scores, reinforcing the expected trend that structural
deterioration adds over time in service.

Annual precipitation showed a moderate negative correlation with scour ratirgs0(26),
inferringthat bridges located in regions with higher rainfall are more likely to experience adverse
scour conditions. Temperature variables, including maximum temperstiorgedveak negative
correlations with condition ratingmdicating only minor statewide linear effects
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Analysis of covariance (ANCOVA) was used to compare rataigesacross categorical bridge

factors (e.g., material, structure type, dedapdtype) while controlling for numerical covariates

asage and a climate variali|tal precipitation, maximum and minimum temperatddd COVA

evaluates whether groups have different regression intercepts in a model that relates a response to
covariates and group association, offering higher power than ANOVA when covariates vary across
groups(Mangalathu et al. 2017)his approachmight establish an interestingacticefor the

bridge DBI database assessmeritere ANCOVA is used to detect statistically distinct subclasses
after accounting for covariate effects

A detailed summary of the most relevant statistical findings is presented in Appendix A for the
off-system bridgesMateriatbased ANCOVA models account for @814% deckratingvariance

more significantthan desigdoad or structuréype models Maximum temperaturerives as a
contributing effect, but its influence varies by material (several mater@mbined with
temperatur e t er ms, likacomrets,istgehandpiestrasset conge@dating 1
that heat sensitivity depends on wtie deck is made of. Precipitatialsoplays a consistemble

when related to deck rating and material typleereby, it will be interesting to assess a spatial
analysis prioritizingnaterialtemperaturéenfluence andnaterialprecipitation



Regarding sbstructure ratingemperature is the dominant climaticdaver: bothmaximum and

minimum temperaturesr e si gni fi cant over al | ,slghilhwedker pr eci
but significant throughnteractions. Variance explained peakisen related tonaterials (26%),

then desigroad/structure (611%). Several structutype and material interactions with
temperature are highly significant<{@.001), meaning substructure performanceraaes with

heat differently by group.

The material models explain the most varianmle superstructure rating&8i 30%), climate
covariatesvere significanthrough interactions. Under structttygoe, global effects ahaximum,
minimum temperature and precipitatiare weakr, yet some significant interactions aneiss

deck negative interaction with precipitatiogirders and foor beampositive interaction with
maximum temperatures. For spatial work analysis, the material type relatedate termsvere
consistently significant, with condee steel, and prestressed concrete showing attenuated
responsescombined with climate variables explained aro8@éb6 of covariance

For overall structural ratingmaterialsclassesgain explain the most variance {33%), ahead of
designload (19 21%) and structurgype (16%). Bothmaximumandminimum temperatureare
significant in ANOVA,; pr eci pignificant bub precipitatioma i n e f
overmaterialtypeand precipitatiomverdesigrload interactionsapturedneaningful covariance.

Scourrating: Precipitation is the standout driver: strong main effects and significant precipitation
related to materialype interactions make rainfalkey explanatory dimensioexplaining about
10% of covariance

c) Spatial Dependence and Interpretation for Site Selection

A local GetisOrd Gi* analysis waappliedto detect statistically significant spatial clustering in
bridge-condition ratingsand assess possible influerafehe climatic contextfor the NBI bridge

data set that is closed to traffi@ff-system bridges were represented as powhgre a
neighborhoodsnalysis withK-nearest neighbonsas performedThe input field was the target

rating Structural or scour rating, selected after the ANCOVA resudtyd the selpotential field

was the climate variable afterest 80-yearspan normalized maximum, minimum temperatures

and annual total precipitatignn thisway,ac h f eat ureds | ocal compar.i
own climatic magnitude.

The Gi* statistic produces ascore for every bridge that measures how extrémeelocally

summed rating is relative to the distribution expected under spatial randomness. Positive,
significant zscores identify hot spots, meaning locations embedded within neighborhoods of
systematically high ratings; negative, significargcores dentify cold spots, meaning locations

within neighborhoods of systematically low ratings. Confidence classes of 90%, 95%, and 99%
correspond to twaailed critical values of gpr o xi mat el y | z| O 1.65, 1.
decreasing probability that the observed clustering occurred by chance under the specified
neighborhood and weighting.

Results are presented as thematic maps where cold spots may depict historical information about
off-system bridge lower ratings and climate weighting. In order to relate past events findings with
current open to traffic featuregensystem bridges with low ratings (<d@jeoverlaid to examine

spatial coincidence betweenrrent potentialow-condition sites and Gi* clusteréll generated
thematic maps are presented in Appendix B.

Overall Structure rating weighted by normalized minimum temperature:



Figurel5displays the cold spot maps, where cspats form a broad centrtal northeastern band,

with fewer in the drynorthrwest side ganhandlg Minimum temperature does not need to be

extremely low to align with low superstructure ratings. In fact, the Gi* pattern shows broad cold

spot concentrations under feasible {nperature rangekighlighting the central to northeast

band with additional clusters in the southeast and parts of the -pernal counties. This
distribution is consistent withr@as that experience many nights near freezing (promoting frequent
freezé thaw cycles), persistently humid air masses along major river comidtbrpossiblehigher

corrosion potentiaiactors that caimpactsuperstructure condition.
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Overall Structure rating weighted by normalized maximum temperature:

of

t

he

Cold spots are most evident from the secghtral through eastentral part of the state and into

the northeast, with limited clustering in the cooler na¢htral and nortlwestpanhandle. This

indicates higher maximum temperatures align sitésof lower superstructure ratings, consistent

with heatrelated expansion/contraction and material aging. Once again, many of theodjogen

green bridgesvith current structure ratingsder 4 falls within or near thdentified cold spots
highlighting places where heat exposure may be part ofaweratingexplanation.

Overall Structure rating weighted by normalized annual precipitation:

Struc

Cold spotsareconcentrate across the eastern half of the state, especially along the denser river

network and higherainfall belt from the southeast toward eashtral Oklahoma. Theorth-west

panhandle shosfew or no cold spots (consistent with loweecipitatior). This pattern suggests

thatprecipitationis related to lower superstructure ratings where rainfBignificant Manylight



green togreen operbridge locationsvith low ratings appear within or adjacent to these clusters,
reinforcingprecipitationas a relevant ctactor for deterioration.

Scour rating weighted by normalized annual precipitation:

Congruent with the overall rating findingspld spots are concentrated in the eastern and
southeastern watershedaghere precipitation is highest ahgdraulic featuresire denser, while
the western counties show felusters This matches expectations that higher rainfall (and thus
more frequent higilow events) is linked tdoridge deterioration due tecour. The spatial
coincidence otold spotswith the main river corridors strengthens the case for prioritizing scour
risk management in the wetteastandsoutheasarea

For the risk assessment, a set of representative bridges commonly used in Oklahoma will be
considered. Their selection will be guided by recommendations from ODOT personnel and
informed by prior spatial statistical analyses. Appendix C includes a listnolidzde bridges
whose evaluation is strongly recommended due to their proximity to identified cold spots
particularly within denser cold spot zondéseir low condition ratings (whether overall structural

or substructure), and their closeness to metegicdl stations

Table10displays the information of one of the likely study cases that accomplished the previous
criteria. Final locations will be determined based on the amount of bridge data availability (e.g.
dimensions, plans, structural model.

Tabl®n identified-taasad fafc a&m iadpen sensitive to precipitatior

Bridge Description (Likely Vulnerability related to Precipitation: Scour)

NBI No: 11616 Latitude: 35.740
Division: 1 Longitude: -95.916
County: 111 Okmulgee Year built: 1950
Location: 5.1MIEUS75 Closer Facility: S.H.16
RouteNo: 18 Closer Hydrological Feature: SMNAKE CREEK TRIB.

Design/Dimensions characteristics:
Type of Bridge system: B

Type of design load: H20
Type of predominant material: Concrete
Length (feet): 21.98

Deck width (feet): 55

Climatic data derived from PRISM (normilized values from 1991 to 2020)
Normalized annual precipitation in mm: 1078.37
Maximum temperature in Celcius: 22.09

Minimum temperature in Celcius: 9.26




Task 51 Provide Recommendations for Updating Bridge Design Codes and Standards

The findings of this study will be used to recommend changes in the bridge design codes and
standards. Also, the authors will prepare guidelines to perform weather data analysis using
advanced models like GCMs. Also, the process of estimating designrioaetiim period from
future weather scenarios will be documented. The consideration of future natural hazards and
extreme weather events will be important to ensure-teng durability of bridge infrastructure.

Description of work performed up to this period:

Thermal effects on the bridge superstructure were assessed by separating uniform temperature
change (TU) from vertical temperature gradient (TG), following the risk concept used by Chang
et al. (2020) in which risk is expressedfascombination of occurrence and severity.

Theuniform temperature change ath@rmalgradient responsevereevaluated using a reinforced
concrete superstructure composed of an AASHTO Type Il girder (depth 45 in, area 559 in2) and a
concrete deck slab of either 8 in or 10 in thickness over an effective tributary width of 8 ft. The
composite crossection was discretized using a fiber integration scheme to obtain the transformed
area0 , centroid location, and moment of inefttaensuring internal consistency between section
geometry and thermal stress integration. A concrete compressive stref@th @f it Tp=i was
adopted, yielding an elastic modulds v it 1t TEQ, with a coefficient of thermal expansipn

v® p 1 PO These values are representative of typical prestressed or reinforced concrete
bridge girdersto provide responsge under imposed temperature gradgerior the selected
evaluation sites through Oklahoma.

First, TU was evaluated directly from the projected sfiecific projectedtemperature (Tmax,
Tmin) for return periods of 100, 500, and 1000 years, computing the uniformsrénge 4

4  and the associated free thermal movensentfor span lengthef 60, 70, and 80 ft. These
demands wereompared witithe AASHTO LRFD Procedure B design envelope for Oklahoma
41 A@ =115°F, 41 ET  =10°F; 34 p °F), yielding a dimensionless
severity ratiol 3 T3 . Even though some sites exhibited higher projected Tiorax
500 1000 yearsof return period the projected4 generally remained below thHRASHTO
envelope Therebys was typically smaller thas

Secontlyy, TG wasestimatedas AASHTO LRFD definitions through depth gradient (Zone 2
parameterd T @ M& p ¢ M& 11 J)&oting that TG is not determined by mperature
and would require a heatansfer model to be climagsljusted. Therefore, the observed statistical
change in TU (captured yfitted distribution ofl ) was used as a alternative multiplier on TG
effects, and a Monte Carlo simulation propagated that uncertainty intwii€ internal action

About 252 combinations dfites, return period, span length and deck thicknesses assessed

TG effects were scaled asOhbh, at 0 ) h, and evaluated via Monte Carlo. The
AASHTO Zone 2 thermal gradient producestrainedaxial thermal forces in the range of
approximatelys00 to 760 kips, bending moments betwe#88and560 kip-ft, and extreme fiber

stresses between 340 and 375 psi. These magnitudes are mechanically coherent and were estimated
following the expressions presented in 2.3.1 related to the superposition of uniform and curvature
induced strains. By increasingetldeck thickness from 8 to 10 inches, section stiffness increases

and reduces curvature marginally, leading to esbdeductions in thermal stress (less than 10%).
Monte Carlo exceedance results were driven by the fittadistribution: the fitted means were



* was about 0.94 with a lognormal distribution selected across cases; tRémekl) was small
and increased with return period (about 0.G@OA005 forreturn period of @0years 0.007 0.009

for 500years and 0.0190.021 fo 1,000yearg. Theesimated stress remained below the concrete
cracking threshold (about 580 psi), confirming that the AASHJ@ined thermal gradient
represents a conservative but structurally consistent envelope across all assessed sites.

TU and TG temperatures? t, O, m, N, Mand s results are presented in Appendix

Figure ¥ displaysthe spatial distributions of the 1,08@ar return periodf maximum projected
temperatureshat confirms thenorthi south gradient across Oklahoma. Projected Tmax values
increase toward the southern and southeastern portions, locally exceedi®g5L2®, which in
several locations is higher than the AASHTO LRFD design maximum. In contrast, projected Tmin
values emain relatively moderate, with most sites betweerud8o 23 °F, warmer than the
AASHTO design minimum. As a result, although peak hot temperatures may increase, the overall
t her mal )remairg éowef thah AASHTO LRFincecold extremes do not decrease
similarly. This explains why the computed unifetemperature movements of girders are
generally smaller than those implied by thedelines.
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Figure 17 displays the estimated risk for the evaluated sig@een the climatprojected uniform

thermal expansion and the AASHTO design expansion, while occurretagetsas 1/RFor the

selected return peripthe severity is the ratio of the projected over AASHTO thermal expansion.
Thus, risk quantifies how large the climaneluced demand is relative to the design envelope,
weighted by how often that demand is expected to occur. The spatial pattern shows that the highest
TU risk values concentrate in eastern aodheastern Oklahoma, where projected Tnsaxighest



and the ther mal r an g e Oatpepther Ragdhestern andchseuthé&rsdd T O -
display low to veryow risk. GEV-based projected temperatures for all spatially distributed bridge
sites along with TU Risk classifications are presented in Appendix H.
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Task 61 Organize Workforce and Webinar:

One workshop and one webinar will be organized as part of this task. The goal is to share the
findings of this project and increase awareness of the incorporation of changing weather patterns
and extremes events in bridge design. Assistance of the Sotlagma Transportation Center
(SPTC) & IBT/ABCGUTC will be sought to make these events successful.

Description of work performed up to this period: This task was not pursued during the reporting
period. Progress will be reported in the next report.



Task 71 Submit Quarterly Progress Reports and Final Report:

Quarterly progress reports will be submittedB®/ABC-UTC. A final report documenting all the
data, data analysis, and suggested improvements in bridge design will be subniXTeéABL -

UTC.

Description of work performed up to this period: The quarterlyprogress report for thperiod
endingDecembeR025 is being submitted.

5. Expected Results and Specific Deliverables

T

High-resolution climate projections (tasmax, tasmin, precipitation) downscaled for
selected locations i@klahoma, including historical (1960997) and future (2012100,
SSP245) periods.

Integrated dataset combining observatiddINEH data and GCM projections, aligned
temporally and spatiallfor selected locations.

Identification ofchanges in weather patteimstspot&coldspotdor historical climate data:
rainfall and temperaturaffecting infrastructure.

1 Quantitative estimates of future loading conditions on bridges due to climate extremes.
1 Evaluation of structural demand for bridge models under changing climate conditions,
particularly for scowprone foundations.
1 Updated design recommendations for ldegn bridge resilience considerisgynificant
return period foflood events and temperature/wind extremes.
6. Schedule

Progress of tasks in this project is showitables 11 and12.

Tab1#ACti vity Completion Chart

ltems % Completed

Task 1: Document Current Practices 80%
Task 2: Predict Weather using Climate Models 80%
Task 3: Compare GCMs prediction with Historical Climate Data 80%
Task 4: Conduct Risk Assessment of Bridges Consid&#asg and-uture Weather 40%
Conditions

Task 5: Provide Recommendations for Updating Bridge Design Codes and Stan 30%
Task 6: Organize Workforce and Webinar 0%
Task 7: Submit Quarterly Progress Reports and Final Report 60%




Tab1Zant Chart for the Project

205 20%

TASKS

JIFIM A M| J|J|A|S|IO|N|D|J|F|M

Task 1

Task 2

Task 3

Task 4

Task 5

Task 6

Task 7

Work performed

Work to be performed
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8. Appendices
APPENDIX A: ANCOVA Results
(Analysis of Covariance Results)



Tabl3NCOVA Analysis summary of the most significant results fsdarmr uldauk er &tyipreg,andl i mat
material type
Summary Table: ANCOVA Results for DECK_RATIN ~ TMAXc * DESLD_TXT Summary Table: ANCOVA Results for DECK_RATIN ~ TMINc * DESLD_TXT Summary Table: ANCOVA Results for DECK_RATIN ~ PPTmm * DESLD_TXT
Term Estimate p-value Interpretation Term Estimate p-value Interpretation Term Estimate p-value Interpretation
TMAXc 0.187 0.0158 * Significant positive effect: higher max temp slightly
Increases deck rating TMINc 0.0086  0.8745 NS: no overall min-temp effect PPTmm -0.00067 0.04162 * Small negative precipitation effect
DESLD_TXT (overall) _— <2e-16 ***  Strong group differences in deck rating by design load type DESLD_TXT (overall) - <2e-16 *** Strong differences by design load DESLD_TXT (overall) - <2.2e-16 *** Strong group differences

DESLD_TXT: HS 20 + MOD -19.156 0.0412* Bridges with this load type have much lower deck ratings

Interaction (overall) _ 0.00025 +** effectvaries across design load
types

TMAXC x HS 20 + MOD 0.914 0.0294 * f;:’:glss load type, higher temp slightly offsets lower deck

Adjusted R? 0.083 — Model explains ~8.3% of deck rating variability

Residual Std. Error 152 — Moderate spread around predicted deck ratings

Summary Table: ANCOVA Results for DECK_RATIN ~ TMAXc * DESSTR_TXT

Term Estimate p-value Interpretation

TMAXC -0.249 0.396 No significant overall effect of temperature on deck rating
DESSTR_TXT (overall) - <2e-16 ***  Strong differences in deck rating across structure types
DESSTR_TXT: Slab -13.535 0.0396 * Slab structures have significantly lower deck ratings
DESSTR_TXT: Culvert -44.498 0.0171* Culverts show notably lower deck ratings

DESSTR_TXT: Girder & Floorbeam-23.908  0.0051**  Significantly lower deck ratings for this structure type
Interaction (overall) = 8.71e-10 *** effectvaries across structure types
TMAXC x Slab 0.618 0.0367*  Temperature has a positive effect on deck rating for slab structures
TMAXC * Culvert 1.949 0.0210*  Temperature positively influences deck rating for culverts
TMAXc * Girder & Floorbeam Syst ~ 1.086 0.0047 **  Temperature improves deck rating for this structure type
Adjusted R® 0.0818 — Model explains ~8.2% of deck rating variability

Residual Std. Error 1521 — Moderate spread around predicted deck ratings

Summary Table: ANCOVA Results for DECK_RATIN ~ TMAXc * MTRL_TXT

DESLD_TXT: HS 20 1.6021 0.0024 ** Higher deck rating than reference

Interaction (overall) o 0.0739. Weak evidence interaction with TMINC

TMINC x HS 25 0.4793 0.0715.  Slightly steeper slope for HS 25
TMINC x NO VALUE GIVEN 0.2107 0.0664.  Possible slope increase (weak)
Adjusted R® 0.0753 — Model explains ~7.5% of variability
Residual Std. Error 1.527 — Typical error 1.53

Summary Table: ANCOVA Results for DECK_RATIN ~ TMINc * DESSTR_TXT

Term Estimate p-value Interpretation

TMINC -0.2613  0.1781 NS overall

DESSTR _TXT (overall) - <2.2e-16 * Deck rating varies by structure type
Interaction (overall) ot 1.535e-06 Min-temp effect depends on structure
TMINC x Truss-Thru 0.5481 0.00687 ** Positive slope for this type

TMINC x Arch-Thru 6.902 0.01558 * Positive slope for this type

TMINC x Girder & Floorbeam 0.5244 0.04564 * Positive slope

Adjusted R® 0.0761 — ~7.6% explained

Residual Std. Error 1.526 —

Summary Table: ANCOVA Results for DECK_RATIN ~ TMINc * MTRL_TXT

Interaction (overall) e 2.128e-10***  Effectof PPTvaries by load type

PPTmm x HS 158 0.00319 0.01354 * Steeper positive slope
PPTmm x HS 25 0.00402 0.00573 ** Steeper positive slope
PPTmm x Other/Unknown -0.00069 0.04536 * Flatter slope
Adjusted R® 0.0864 — ~8.6% explained
Residual Std. Error 1517 —

Summary Table: ANCOVA Results for DECK_RATIN ~ PPTmm * DESSTR_TXT

Term Estimate p-value Interpretation

PPTmm -0.00086 0.5326 NS overall

DESSTR_TXT (overall) — <2.2e-16***  Deckrating differs by structure
Interaction (overall) ot 4.444e-09***  Precip effect varies by structure
DESSTR: Truss - Deck -7.9446 0.0133 * Lower baseline rating

PPTmm x Truss - Deck 0.0062 0.0488 * Steeper positive slope
Adjusted R® 0.0789 — ~7.9% explained

Residual Std. Error 1.524 —

Summary Table: ANCOVA Results for DECK_RATIN ~ PPTmm * MTRL_TXT

Term Estimate p-value Interpretation Term Estimate p-value Interpretation Term Estimate p-value Interpretation
TMAXC 5.028 0.0006 ***  Significant positive effect: higher max temp increases deck rating overall TMINC 2.3043 0.00220 ** Significant positive min-temp effect PPTmm 0.01133 0.00406 ** Small positive precipitation effect
MTRL_TXT (overall) — <2e-16 ***  Strong differences in deck rating across material types MTRL_TXT (overall) = <2.2e-16 * Strong differences by material MTRL_TXT (overall) — <2.26-16 X% Strong material differences
MTRL_TXT: Concrete 107.834 0.0009 ***  Concrete bridges have significantly higher deck ratings Interaction (overall) - 1.817e-07 Slopes differ by material Interaction (overall) — <2.2e-16 ***  Precip slopes differ by material
MTRL_TXT: Steel 111.669 0.0006 ***  Steel bridges show high deck ratings TMINC x Concrete -2.3425 0.00188 ** Smaller slope vs baseline PPTmm x Concrete -0.01227 0.00188 ** Smaller slope vs baseline
MTRL_TXT: Prestressed Concrete  112.633 0.0005 ***  Prestressed concrete bridges perform well TMINC x Steel -2.448 0.00115 *’ Smaller slope PPTmm x Steel -0.01307 0.00092 *** Smaller slope
MTRL_TXT: Masonry 130.224 0.0005 ***  Masonry bridges show very high deck ratings TMINC  Prestressed Concrete -2.3454 0.00185 ** Smaller slope PPTmm x Prestressed Concrete -0.01147 0.00367 ** Smaller slope
MTRL_TXT: Aluminum, Wrought/C 110,513 0.0157*  Significantly higher deck ratings for this group TMINC x Masonry -3.0506 0.02154 * Smaller slope Adjusted R® 0.1409 — ~14,1% explained
Interaction (overall) - 2.88e-06 *** effectvaries across material types Adjusted R® 0.1264 — ~12.6% explained Residual Std. Error 1.472 —
TMAXC x Concrete -4.738  0.0013**  Temperature reduces deck rating for concrete bridges Residual Std. Error 1.484 —
TMAXC x Steel -4.912  0.0008 *** Temperature negatively affects steel bridge ratings
TMAXc x Prestressed Concrete -4.902  0.0008 ***  Temperature lowers deck rating for prestressed concrete
TMAXC x Masonry -5.842  0.0006 *** Strong negative temperature effect on masonry bridges
TMAXc * Aluminum, Wrought/Ca:-5.028  0.0134 * Temperature reduces deck rating for this group
Adjusted R? 0.1308 — Model explains ~13.1% of deck rating variabllity
Std. Error 1.48 — Moderate spread around predicted deck ratings
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Summary Table: ANCOVA Results for SUPER_RATI ~ TMAXc * DESLD_TXT
Term Estimate  p-value Interpretation
TMAXC 0.171 0.03112*
DESLD_TXT (overall) L <2e-16 ***
DESLD_TXT: HS 20 + MOD -19.006 0.04996*  This load type has lower ratings than the reference
DESLD_TXT: HS 25 -40.459 0.01202 **  HS 25 bridges are much lower than the reference
Interaction (overall) L 1.852e-05 ** Temperature effect varies by design load

TMAXC x HS 20 + MOD 0.924 0.03320 *

Large differences in rating across design-load groups

TMAXc x HS 25 1.898 0.00902**  For HS 25, higher temp associated with higher ratings
Adjusted R 0.1359 — Model explains ~13.6% of varlability
Residual Std. Error 1572 — Typical prediction error = 1.57 units

Summary Table: ANCOVA Results for SUPER_RATI ~ TMAXc * DESSTR_TXT

Term Estimate p-value Interpretation
TMAXC -0.309 0.30998 NS: no overall temperature effect once structure type is included
DESSTR_TXT (overall) L <2e-16 ***  Ratings differ by structure type

DESSTR_TXT: Slab
DESSTR_TXT: Girder & Floorbeam
Interaction (overall) L

-13.777 0.04317*  Slab bridges lower than reference
-31.219 0.000416 *** Substantially lower ratings
1.095e-05 ** Temperature effect varies by structure type

TMAXC x Slab 0.64 0.03679*  For Slab, higher temp slightly raises ratings

TMAXc x Girder & Floorbeam Syt 1.409 0.000397 *** For this type, temp has stronger positive association
Adjusted R 0.1309 — Model explains ~13.1% of varlability

Residual Std. Error 1.576 — Typical prediction error = 1.58 units

Summary Table: ANCOVA Results for SUPER_RATI ~TMAXc * MTRL_TXT

Small positive temperature effect on superstructure rating.

For HS 20 + MOD, higher temp SUgNtLY offSets Lower rating

Summary Table: ANCOVA Results for SUPER_RATI ~ TMINc * DESLD_TXT

Term Estimate p-value  Interpretation

TMINC -0.0148  0.7919 NS overall

DESLD_TXT (overall) —_ <2.2e-16 * Strong group differences
Interaction (overall) — 6.341e-06 Min-temp effectvaries by load
TMINC x HS 20 + MOD 0.6657 0.04766 * Steeper slope for HS20+MOD
TMINC x HS 25 0.7638 0.00553 ** Steeper slope for H525
Adjusted R® 0.1258 — ~12.6% explalned

Residual Std. Error 1.581 —

Summary Table: ANCOVA Results for SUPER_RATI ~ TMINc * DESSTR_TXT

Summary Table: ANCOVA Results for SUPER_RATI ~ PPTmm * DESLD_TXT

Term Estimate  p-value Interpretation

PPTmm 0.000006 0.9864 NS main effect; ANOVA shows overall PPTmm effect (via interactior
DESLD_TXT (overall) - €2.2e-16 *** Strong group differences

Interaction (overall) — <2.2e-16***  Precip effect varies byload

PPTmm x HS 25 0.00474 0.00162 ** Steeper positive slope

PPTmm x NO VALUE GIVEN -0.00121 0.02283 * Flatter slope
PPTmm * Other/unknown -0.00178 5.74e-07 *** Much flatter slope
Adjusted R 01398 — ~14.0% explained
Residual Std. Error 1.568 —

Summary Table: ANCOVA Results for SUPER_RATI ~ PPTmm * DESSTR_TXT

Term Estimate p-value Interpretation Term Estimate  p-value Interpretation
TMINC -0.4189 0.03733 * Small negative min-temp effect PPTmm -0.00153 0.2841 NS overall
DESSTR_TXT (overall) —_ <2e-16 *** Strong differences by structure DESSTR_TXT (overall) - <2.2e-16 *** Strong structure differences
Interaction (overall) — 0.2179 NS overall interaction Interaction (overall) — 4.287e-08 ***  Precip effect varies by structure
Notable interactions — — Several types show positive slopes (Slab, Truss-1DESSTR: Truss - Deck -8.9899 0.00692 ** Lower baseline rating.
Adjusted R 0.1244 — ~12.4% explalned PPTmm x Truss - Deck 0.00745 0.02240 * Steeper positive slope
Residual Std. Error 1.582 — Adjusted R 0.1268 — ~12.7% explained

Residual Std. Error 1.58 —

Summary Table: ANCOVA Results for SUPER_RATI ~ TMINc * MTRL TXT

Summary Table: ANCOVA Results for SUPER_RATI ~ PPTmm * MTRL_TXT

Term Estimate  p-value Interpretation Term Estimate p-value  Interpretation Term Estimate  p-value Interpretation
TMAXC 5.028 0.000393 ***Strong positive max-temp effect (baseline) TMINC 2.3043 0.001494 * Positive min-temp effect (baseline) PPTmm 0.01133 0.00279 ** Positive precipitation effect (baseline)
MTRL_TXT (overall) — <2.2¢-16 *** Materlal strongly related to rating MTRL_TXT {overall) = <2.2e-16 * Material strongly related to rating MTRL_TXT (overall) = <2.2e-16***  Material strongly related to rating
Interaction (overall) - 5.567e-05 ** Slopes differ by material Interaction (overall) - <2.2e-16 * Slopes differ by material Interaction {overall) - <2.2e-16 *** Slopes differ by material
TMAXC x Concrete -4.77 0.000774 *** Smaller slope vs baseline TMINc x Concrete -2.3725 0.00108 ** Smaller slope vs baseline PPTmm = Concrete -0.01206 0.00147 ** Smaller slope vs baseline
TMAXC * Steel -4.895 0.000560 *** Smaller slope TMINC * Steel -2.4794 0.000635 * Smaller slope PPTmm = Steel -0.01346 0.000385 *** Smaller slope
TMAXC x Prestressed Concrete -4.935 0.000505 *** Smaller slope TMINC x Prestressed Concrete -2.3102 0.00147 ** Smaller slope PPTmm x Prestressed Concrete -0.01112 0.00338 ** Smaller slope
Adjusted R 0.2852 — ~28.5% explained Adjusted R® 0.284 — ~28.4% explalned Adjusted R® 0.3003 — ~30.0% explained
Std. Error 1429 — Residual Std. Error 1431 — Residual Std. Error 1414 —

Bupegstsuctuarereati
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Summary: SUB_RATING ~ TMAXc * DESSTR_TXT Summary: SUB_RATING ~ TMINc * DESSTR_TXT Summary: SUB_RATING ~ PPTmm * DESSTR_TXT

Term Estimate p-value Interpretation Term Estimate p-value  Interpretation Term Estimate p-value Interpretation
Overall TMAXc effect L <2.2e-16 *** Temperature (max) matters overall (with interactions) Overall TMINC effect —_ 4.923e-10 Min temperature significant overall Overall PPT effect - 0.1345(ns) Annual precip not significant overall
Structure type (overall) - <2.2e-16 *** Types differ in adjusted means Structure type (overall) — <2.2¢-16 * Types differ Structure type {overall) — <2.2e-16***  Types differ

Interaction (overall)
DESSTR: Slab

DESSTR: Truss-Thru
DESSTR: Arch-Deck
DESSTR: Culvert

DESSTR: Girder & Floorbeam
TMAXc=Slab
TMAXcxTruss-Thru
TMAXc=Arch-Deck
TMAXCxCulvert
TMAXcxGirder & Floorbeam
Adjusted R

Residual Std. Error

— 0.0002345 **Slope of TMAXC varles by type
-20.0164 0.01578*  Lower mean vs. baseline
-18.8515 0.02449*  Lower mean
-24.1113 0.00918 **  Lower mean
-44.7138 0.02783*  Lowermean
-31.3274 0.00317 **  Lower mean

0.9067 0.01506 *  Steeper positive temp slope
0.7924 0.03558 *  Steeper positive slope
1.0724 0.01009*  Steeper positive slope
1.9705 0.03080*%  Steeper positive slope
1.4189 0.00297 **  Steeper positive slope

Summary: SUB_RATING ~ TMAXc * MTRL_TXT

Term

Overall TMAXc effect

Material (overall)

Interaction (overall)

Material: Concrete

Material: Concrete Continuous
Material: Steel

Material: Steel Continuous
Material: Prestressed Concrete
Material: Wood/Timber
Material: NO VALUE GIVEN
TMAXcxConcrete
TMAXcxConcrete Continuous
TMAXCxSteel

TMAXcxSteel Continuous
TMAXcxPrestressed Concrete
TMAXcxWood/Timber
TMAXC*NO VALUE GIVEN
Adjusted R

Residual Std. Error

0.05565 — Modest explanatory power
1.971 —
Estimate  p-value Interpretation

— <2.2e-16 *** Max temperature significant overall
— <2.2e-16 *** Materials differ in adjusted means
- 2.55e-15 *** Slope varies by material

81.362 0.0176 * Higher mean vs. baseline

74.712 0.0293 * Higher mean
82.34 0.0162 * Higher mean
80.714 0.0190 * Higher mean

84,385 0.0138**  Highermean
69.977 0.0411 * Higher mean
88.41 0.0354 * Higher mean (coded class)

-3.526 0.0225* Smaller slope vs. baseline
-3.244 0.0358 * Smaller slope
-3.59 0.0201* Smaller slope
-3.506 0.0239 * Smaller slope
-3.59 0.0202* Smaller slope
-3.11 0.0442 Smaller slope
-3.723 0.0478 * Smaller slope
0.2617 — ~26% explained
1743 —

Summary: SUB_RATING ~ TMAXc * DESLD_TXT

Term

Overall TMAXc effect
Design load (overall)
Interaction (overall)
DESLD: HS-20+ MOD
DESLD: Other/Unknown
DESLD: Pedestrian
TMAXcxHS-20+MOD
TMAXcxNO VALUE GIVEN
TMAXc=Other/Unknown
TMAXcxPedestrian
Adjusted iy

Residual Std. Error

Estimate p-value Interpretation
- <2.2e-16 *** Max temperature significant overall (with interactions)
- <2.2e-16 *** Design-load classes differ in adjusted means
— <2.2e-16 *** TMAXc slopes vary by design-load class
-30.4793 0.008562 ** Lower mean vs. baseline
-8.0204 0.000221 ***Lower mean
-82.7521 0.038710 *  Much lower mean
1.4352 0.004224 ** More positive TMAXc slope vs. baseline
0.2877 0.031499 * More positive slope
0.3611 0.000193 ***More positive slope
3.7862 0.037816 *  More positive slope
0.1016 — =10.2% explained
1.923 —

Interaction (overall)

DESSTR: Slab

DESSTR: Truss-Thru
DESSTR: Arch-Deck
DESSTR: Stringer/Multi-beam
DESSTR: Girder & Floorbeam
DESSTR: Tee Beam
TMINcxSlab
TMINc>Truss-Thru
TMINCxArch-Deck
TMINcxStringer/Multi-beam
TMINcxGirder & Floorbeam
TMINcxTee Beam

Adjusted R

Residual Std. Error

— 0.001755 * Slope varies by type
-7.4289 0.000803 * Lower mean vs. baseline
-10.6948 1.10e-06 * Lower mean
-8.4893 0.003134 * Lower mean
-6.8407 0.001161 * Lower mean
-8.2723 0.003682 * Lower mean
-4.7817 0.029200 * Lower mean
0.8648 0.000409 * More positive min-temp slope
1.0673 1.68e-05 * More positive slope
0.9207 0.004188 * More positive slope
0.7935 0.000879 * More positive slope
0.9584 0.002651 * More positive slope
0.6962 0.004937 * More positive slope
0.05302 —
1.974 —

Summary: SUB_RATING ~ TMINc * MTRL_TXT

Term

Overall TMINC effect

Material (overall)

Interaction (overall)

Material: Concrete

Material: Steel

Material: Steel Continuous
Material: Prestressed Concrete

Material: Prestressed Concrete Conti

TMINcxConcrete
TMINcxSteel
Adjusted R®
Residual Std. Error

Estimate p-value  Interpretation
—_ 2.021e-12 Min temperature significant overall
— <2e-16 *** Materials differ
- <2e-16 *** Slope varies by material
14.8112 0.01062 * Higher mean vs. baseline
14.3507 0.01318 * Higher mean
12.8833 0.02751 * Higher mean
15.8665 0.00618 ** Higher mean
27.2656 0.02746 * Higher mean
-1.2569 0.04429 * Smaller slope vs. baseline
-1.2591 0.04363 * Smaller slope
0.2592 — ~26% explained
1.746 —

Summary: SUB_RATING ~ TMINc * DESLD_TXT

Term

Overall TMINC effect
Design load (overall)
Interaction (overall)
Design load: HS-20
Design load: H-20
Design load: Pedestrian
TMINcxH-20
TMINc*HS-20+MOD
TMINcxOther/Unknown
TMINcxPedestrian
Adjusted R

Residual Std. Error

Estimate p-value  Interpretation
- 2.153e-10 Min temperature significant overall
— <2.2e-16 * Load classes differ
— 1.801e-09 Slope varies by load class
1.5449 0.012739 * Higher meanvs. baseline
2.6807 0.000698 * Higher mean
-36.1443 0.004380 * Much lower mean
-0.1935 0.026625 * More negative min-temp slope
0.9405 0.018236 * More positive slope
0.1384 0.041477 * More positive slope
3.9384 0.004512 * Strong positive slope
0.09099 —
1.934 —

1.441e-08 **=
-6.4126 5.36e-05 ***
-3.8003 0.01415*
0.005666 0.00115 **
0.004385 0.01015*
0.004135 0.03360*

Interaction (overall) —
DESSTR: Truss-Thru
DESSTR: Stringer/Multi-beam
PPTxTruss-Thru
PPT=Stringer/Multi-beam
PPTxGIrder & Floorbeam

PPTxTee Beam 0.004752 0.00631 **
Adjusted R* 0.05299 —
Residual Std. Error 1974 —

Summary: SUB_RATING ~ PPTmm * MTRL_TXT

Term Estimate p-value
Overall PPT effect = 0.08979.
Material (overall) = <2e-16***
Interaction (overall) - <2e-16 ***

8.9666 0.00940 **
9.2564 0.00750 **
9.2003 0.00766 **
Material: Steel Continuous 7.9826 0.02188 *

Material: Prestressed Concrete 10.23 0.00305 **
Material: Prestressed Concrete Cont  18.916 0.01914 *

Material: NO VALUE GIVEN 10.8074 0.03068 *

(Interactions by material) =
Adjusted R® 0.263 —
Residual Std. Error 1741 —

Material: Concrete
Material: Concrete Continuous
Material: Steel

Summary: SUB_RATING ~PPTmm * DESLD_TXT

Term Estimate p-value
Overall PPT effect — 0.1262(ns)
Design load (overall) — <2.2e-16 ***
Interaction (overall) — 8.582e-16 ***
Design load: HS-20 1.083 0.00710 **
Design load: H-20 2.388 2.84e-06 ***
Design load: Other/Unknown 1.229 0.00155 **
Design load: NO VALUE GIVEN 3.236 3.97e-08 ***
Design load: Pedestrian -38.3129 0.00766 **

PPT=H-20 -0.00154 0.00437 **
PPT=NO VALUE GIVEN -0.00153 0.00938 **
PPT=Other/Unknown -0.00129 0.00188 **
PPT=Pedestrian 0.03819 0.00709 **
Adjusted R 0.09323 —

Residual Std. Error 1.932 —

Precip slope varies by type
Lower mean vs. baseline
Lower mean

More positive precip slope
More positive slope

Mare posttive slope

More positive slope

Interpretation

Marginal overall precip effect
Materials differ

Precip slope varies by material
Higher mean vs. baseline
Higher mean

Higher mean

Higher mean

Higher mean

Higher mean

Higher mean (coded class)

mostly 0.06-0.18 Marginal within-material slope shifts

~26% explained

Interpretation

Annual precip not significant overall
Load classes differ

Precip slope varies by load class
Higher mean vs. baseline
Higher mean

Higher mean

Higher mean (coded class)
Much lower mean

More negative precip slope

More negative slope

More negative slope

Strong positive slope
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