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1. Background and Introduction  

Bridges are critical components of transportation infrastructure facilitating uninterrupted flow of 

goods and services within communities. However, the growing occurrence and intensity of natural 

hazards and extreme weather events are escalating the vulnerabilities of bridge infrastructure. In 

recent years, Oklahoma has faced an increasing frequency of extreme weather events, including 

tornadoes, rising temperatures, and flash floods. These threats pose significant challenges for 

bridge design and maintenance leading to safety and functionality concerns. 

Increased frequency and severity of extreme weather events due to anthropogenic change in 

weather patterns poses a major threat to Oklahomaôs bridge infrastructures that are already in 

vulnerable condition. In recent years, significant progress has been made in predicting future 

weather conditions through the development of advanced weather models. Also, the availability 

of high-quality data has rapidly expanded our knowledge and ability to predict performance of 

infrastructure under future weather conditions.  

The proposed study aims to use these developments, specifi cally latest weather models and data 

to estimate environmental load demands for Oklahoma bridges that can be readily implemented 

by ODOT and other entities. The predicted environmental loads will be compared with the design 

load obtained using historical climate data. A risk analysis will  be conducted to quantify the effect 

of future weather conditions on bridge performance and service life. 

2. Problem Statement 

Changes in weather patterns have drawn significant attention as their effects have become 

increasingly evident in recent decades. Increase in atmospheric and ocean temperatures, shifts in 

precipitation patterns and sea-level rise have reached unprecedented levels. The growing 

frequency, intensity and duration of natural hazards and extreme events, such as floods, hurricanes, 

and heat waves are the consequences of these changes in weather patterns. According to the 

National Centers for Environmental Information (NCEI), between 2017 and 2021, the United 

States experienced 89 ñBillion-Dollarò extreme weather events that resulted in more than $765 

billion in losses and 4,555 fatalities. Oklahoma has been experiencing a wide range of extreme 

weather events due to its location in the central U.S., where diverse climatic influences converge. 

The state is particularly known for its high frequency and intensity of tornadoes. In addition, 

Oklahoma faces intense heat waves, droughts, flash floods, and ice storms. Also, results from 

different climate models indicate significant changes in Oklahoma weather patterns in future. 

For example, Dixon et al. (2020) used statistically downscaled climate model output from multiple 

individual ensemble members of three Coupled Model Intercomparison Project Phase 5 (CMIP5) 

to show a range of future temperature and precipitation conditions for Oklahoma by mid- and late-

century. Annual-average temperatures are projected to increase 2 to 6°F across Oklahoma by mid-

century and up to 24 more days per year of high temperatures greater than 100°F than seen in the 

historic period (Dixon et al. 2020). The annual 1-day and 5-day maximum rainfall  totals are 

projected to increase by 0.25-inch to 0.5-inch, particularly in eastern Oklahoma. An increase of 5-

20% in the 1-in-100-year rainfall  threshold is expected by mid- century for the Oklahoma City 

metro, with higher changes in southern and eastern Oklahoma Dixon et al. (2020). These changes 

in weather patterns can be devastating for the bridge infrastructure and the community it serves. 



The state and federal agencies are searching for ways to integrate the consideration of risks 

associated with the changing weather patterns and extreme events into its planning, operations, 

policies, and management to promote resilience. It is widely recognized that incorporating 

mitigation strategies during the design and construction phases is more cost-effective than 

responding to the impacts after an event has occurred. 

Traditionally, bridge design standards rely on extrapolating stationary historical weather data to 

predict future environmental loads, disregarding the potential impacts of changes in weather 

patterns and extreme events. Statistical analyses are performed on these historical datasets to 

derive design values for various environmental factors, such as wind speeds, temperatures, 

precipitation, rainfall  intensity, and snow-related effects. The likelihood of these design events 

occurring is expressed as 1/n, where n represents the return period (Saad et al., 2024). 

 Other studies suggested that the statistical distribution of loads used for determining design 

parameters is changing due to the ongoing anthropogenic changes in weather patterns and 

potentially placing bridges outside their built operating conditions (Steenbergen et al., 2009; 

Geurts & Bentum, 2010). Despite the known variance of historical climate, these natural hazards 

and extreme weather events will  cause a shift in the mean and ñfatteningò of the tails of the 

distributions of weather variables (i.e., more intense and frequent extremes), many of which will  

lie outside of the range observed in the historical record. This increase in non-stationary weather 

conditions will  result in poor performance and reduced service lives for bridges designed using 

historical data. 

In recent years, several studies have been conducted to evaluate the risk of extreme weather events 

on bridges. For example, according to Nasr et al. (2019) the increase in global temperature due to 

changes in weather patterns can have major impacts on bridges as it can create stresses of the same 

magnitude as traffic loads. Palu and Mahmoud (2019) reported that most of the main load carrying 

girders in bridges could potentially reach their ultimate capacity when subjected to service loads 

coupled with extra thermal stresses caused by changes in weather patterns.  

Khelifa et al. (2013) assessed the probability of bridge failure due to scour based on data from the 

2009 U.S. National Bridge Inventory. The analysis showed a range of potential bridge failures and 

the corresponding economic losses across the United States that could be caused by changes in 

weather patterns. Guest et al. (2010) found that the lifespan of reinforced concrete bridge decks 

may be reduced due to heightened exposure to environmental factors.  

Ghosn (2010) investigated wind load effects on bridge reliability, developing a failure model that 

demonstrated a decline in reliability as wind speeds increased. Additionally, Bastidas-Arteaga et 

al. (2014) reported that the increase in temperature could accelerate structural failure and 

significantly reduce service life of bridges. In another study, Saad et al. (2024) developed a 

methodology to evaluate the effect of changes in thermal loads in concrete box girders. The results 

show that the changes in weather patterns could lead to a significant increase in the magnitude of 

thermal loads on bridges. These findings indicate that the shift in weather patterns is introducing 

unforeseen environmental load demands on structures, compromising safety and functionality. 

Therefore, it is essential for bridge design standards to be updated to accommodate the evolving 

demands imposed by changes in weather patterns and extreme weather events. Several challenges 

must be addressed to achieve this goal, including a lack of expertise among bridge engineers in 

assessing changes in weather patterns, the unavailability of high-resolution future climate data 

necessary for such evaluations, the complexity of selecting from numerous climate models and 



scenarios, and the absence of critical climate variables required for comprehensive analysis. The 

proposed study will address the eminent challenges and estimate environmental load demands for 

Oklahoma bridges including consideration of changing weather patterns and weather extremes, 

and ñwhat ifò scenarios. 

The proposed study will address two US DOT Strategic Goals, namely ñClimate and 

Sustainabilityò and ñEconomic Strength and Global Competitiveness.ò Improving durability of 

bridge infrastructure is a major focus of IBT/ABC-UTC and the proposed study directly addresses 

that need. Also, this study aligns with the vision of Southern Plains Transportation Center (SPTC), 

a regional UTC serving Southern US including Oklahoma. 

3. Objectives and Research Approach  

The overall approach of this project is to evaluate the effect of changes in weather patterns and 

extreme weather events on the environmental load demand related to temperature and wind speed 

for bridges in Oklahoma. The use of advanced climatic models to predict future changes in weather 

patterns and estimate environmental load demand will  be explored. 

The primary objectives of this research are: 

Å To understand Global Climate Models (GCMs) and select the most relevant model(s) for 

predicting future weather patterns in Oklahoma. The selected model(s) will be used for 

prediction of future weather patterns and estimation of environmental load demands. 

Å To estimate changes in bridge design loads using historical climate data for Oklahoma 

from the Livneh dataset and compare with GCMs outputs. 

Å To conduct a risk analysis to evaluate the impact of weather variables, namely 

temperatures, precipitation and wind on Oklahoma bridges with a previous 

understanding of historical climate patterns related to bridge deterioration. 

Å To develop recommendations to incorporate changes in weather patterns and extreme 

events in bridge design. 

Å To conduct impactful workshops and webinars focused on this topic. 

4. Description of Research Project Tasks 

The following is a description of tasks carried out to date. 

Task 1 ï Document Current Practices. 

Working closely with ODOT and through literature review, the team will document the current 

practices on bridge design. This will include bridge design strategies, consideration of the type of 

extreme events and likelihood in the bridge design, and bridge risk assessment process. The models 

and data used by ODOT for determining the bridge design loads or return periods of extreme events 

will  be documented. Also, the risk assessment models used for evaluating the vulnerabilities of 

bridges to different extreme events will be examined. 

Contemporary guidance increasingly recognizes climate-sensitive hazards within performance-

based design. The AASHTO LRFD Bridge Design Specifications (10th ed., 2024) formalize 

Extreme Event Limit States and encourage integration of updated hydrological information (e.g., 

revised IDF curves), FHWA hydraulic guidance (including HEC-18 for scour), and risk-targeted 



checks in planning and design. Materials provisions highlight durability under corrosion, freezeï

thaw, and alkaliïsilica reactions, concerns 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 speed-up, and directionality factors. For Oklahoma, 

where convective storms and strong pressure gradients yield elevated wind climatology consistent 

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 states (ASCE, 2017). 

Description of work performed up to this period: A literature review is being conducted for 

Task 1 focusing on the AASHTO LRFD Bridge Design Specifications, it also incorporates 

scientific literature addressing the impacts of changing weather patterns, specifically variations in 

precipitation, temperature, and wind on bridge vulnerability. Finally, a review of methodologies 

for integrating historical and projected climate data using NASA's NEX-GDDP-CMIP6, LOCA-

02 and MACA datasets was performed. The review also includes the consideration of local data 

on historical flood events and environmental hazards in Oklahoma to support site-specific 

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 Specifications, scour guidelines, stream migration, and extreme 

hydraulic events, such as the 500-year scour check flood. It also incorporated scientific literature 

addressing the impacts of climate change, specifically variations in precipitation, temperature, and 

wind on bridge vulnerability.  

- Section 3 (Loads and Load Factors) of the 10th Edition expanded the LRFD approach to 

include Extreme Event Limit States (EELS), addressing hazards like floods, high winds, 

and seismic activity. Designers should identify climate-related loads (e.g., increased 

precipitation, temperature) and verify adequacy under EELS criteria. For Oklahoma State, 

this may include hydrologic extreme events (e.g. intense storms, flash flooding) and 

velocity changes due to warmer climates. 

- Service Life and Durability Design: despite a typical 75-year design life and according to 

the incidence of many elements, this design period can be intended to exceed 100 years 

when considering environmental degradation. 

- Reference from Coastal and Flood Guidance: AASHTO guides on coastal storms, 

hydrology, and extreme precipitation can provide valuable methodologies transferable to 

inland flooding scenarios, like the ones present in Oklahoma State.  

- Factors in Hydrologic and Hydraulic Updates: AASHTO guides encourage the integration 

of updated IDF (intensity-duration-frequency) curves, flood risk data, and Federal 

Highway Administration (FHWA) Hydraulic Design intend to assess climate-driven 

changes in hydrology. 

- Adopt Risk-Targeted Design and Standardization: The 10th edition standardizes methods 

across agencies, encouraging use of Representative Concentration Pathways (RCPs) and 



risk-based thresholds. Aligning with Oklahoma Department of Transportation (ODOT) to 

achieve consistent climate vulnerability assessments. 

- The detail on Materials design strategies should also be considered for increasing 

corrosion, freezeïthaw, and alkali-silica reactions due to changes in precipitation and 

temperature patterns. 

Site Characterization and Foundation Profile: 

Current review of geotechnical investigation standards, soil-structure interaction, and site-specific 

risk, includes: 

- AASHTO LRFD Sections 10 & 11 (Foundations and Abutments) 

- ODOT Geotechnical Engineering Manual (2021) 

- FHWA NHI-16-072 ï Soils and Foundations Reference Manual (2015) 

These documents focus on soil, rock classification and groundwater considerations, which 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 a rule-of-thumb for 

borehole spacing and most engineers decide the number of boreholes and their depths based on 

experience, technical recommendations, cost and time. Table 1 lists some recommendations for 

borehole spacing regularly used in the United States. 

Table 1 Borehole spacing recommendations according to different guidelines and standards 

(Federal Highway Administration (FHWA) 2016; American Concrete Institute (ACI) 2018; 

AASHTO 2020). 

Standard Borehole Spacing Recommendation Observations 

FHWA 30ï60 m (for highways),  

15ï30 m (for critical conditions) 

Closer spacing for deep foundations. 

It depends on the type of structure. 

AASHTO 6ï30 m Denser in variable soil 

ACI 336.3R 3ï6 times the pile diameter Depends on soil homogeneity 

 

Foundation Design (Substructure) 

The current review of design procedures for deep and shallow foundations exposed to hydrological 

and temperature stress includes the following standards: 

- AASHTO LRFD Section 10.7 (Pile Foundations) 

- FHWA GEC 12 ï Design and Construction of Driven Pile Foundations 

Saturated conditions are considered during the determination of pile capacity. Unsaturated 

conditions are usually neglected, since suction effects usually cause an increment on effective soil 

stress. Corrosion of materials due to increased humidity or the presence of chemical changes could 

also be considered. The fluctuation of water levels due to climate change may trigger differential 

settlement risks under climate-induced soil changes. 



Some general design considerations to reduce the vulnerability of the bridge foundation system 

due to scour and hydraulic loads are as follows: 

- Set high deck elevations (i.e., bridge finished grades) according to the given site conditions 

to reduce the risk of inundation by floods. Bridges subjected to inundation should provide 

an overtopping of roadway approach and minimize the superstructure area subjected to 

hydraulic loads and the collection of ice, debris, and drifts. 

- Relief bridges, guide banks, dikes, and other river training devices should be used to reduce 

turbulence and hydraulic forces acting at the bridge abutments. 

- For continuous-span bridge designs with anchored superstructures, recommendations are 

similar: provide proper drainage to resist hydraulic, ice, and debris forces; minimize and 

streamline piers, aligning with flow and placing abutments/pier foundations away from 

unstable channels. Anticipate channel shifts and consider debris racks for sites 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 uncertainty and greater foundation 

vulnerability if extreme conditions are given. 

Table 2 Hydraulic Design Flood Frequencies, and Corresponding Scour Design and Check Flood 

Frequencies (FHWA 2012). 

Hydraulic Design 

Flood Frequency 

(QD) 

Scour Design Flood 

Frequency (QS) 

Scour Check 

Flood Frequency 

(QC) 

Q10 Q25 Q50 

Q25 Q50 Q100 

Q50 Q100 Q200 

Q100 Q200 Q500 

Thermal Effects 

a) Thermal Actions in Bridges 

Thermal actions can be significant but structurally complex when applying loading mechanisms 

in bridges, since they combine global effects driven by uniform temperature change (TU) with 

self-equilibrating stress and curvature effects generated by temperature gradients (TG) given 

through the depth of the superstructure. Manfi et al. (2023) mentioned that stress related to 

temperature is among the most persistent sources of serviceability problems in bridges, 

contributing to cracking, joint deterioration, bearing distress, and long-term fatigue when thermal 

movements are partially restrained. It is important to notice that internal 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. (2012) demonstrated that 



measured temperature differentials in prestressed concrete 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 nighttime and early morning hours, while extreme vertical gradients occur during 

daytime due to solar heating. Similarly, Ding et al. (2012) detailed strong nonlinearities in thermal 

distributions across concrete bridge sections. Most of these studies demonstrate that while codes 

provide practical TG envelopes for design, they are not directly driven by air-temperature 

extremes, and therefore a physical heat transfer model is required to propagate climate change 

signals into depth thermal stresses.  

b) Uniform Temperature Change 

AASHTO LRFD treats uniform temperature change (TU) as a global deformation since expansion 

and contraction drives movement demand in bearings, expansion joints, and support system 

detailing, and can create additional forces 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 displays a temperature range table by climate class and material family (steel or aluminum, 

concrete and wood). With a moderate climate if  freezing days are less than 14 defined when having 

an average temperature less than 32°F. 

Table 3 Procedure A temperature changes 

Climate Steel or Aluminum Concrete Wood 
Moderate 0° to 120°F 10° to 80°F 10° to 75°F 
Cold ҽΟΜ҄НƣŸНΝΞΜ҄[ 0° to 80°F 0° to 75°F 

Procedure B 

This procedure uses mapped extreme bridge design temperatures (TMaxDesign, TMinDesign) for 

girder and deck bridge types. AASHTO indicates that this method does not cover all bridge types, 

and locations, but linearly interpolated values can be used. 

The thermal movement range can be estimated with Equation 1. 

ɝ ɻ,4 4         (1) 

where ,= expansion length; ɻ= coefficient of thermal expansion 

Table 4 shows the design temperatures for Oklahoma according to the bridge item. 

Table 4 Design temperature values extracted from mapped extreme design temperatures contours from 
AASHTO-LRFD 

Description Tmax design  (ÁF) Tmin design (ÁF) 

Concrete girders with concrete decks 115 10 

Steel girders with concrete decks 120 (110 panhandle) 0 



Even though temperature changes are not uniform, bridge components are generally designed with 

TU. AASHTO explicitly warns that misaligment, skew and width can produce large lateral thermal 

forces if movement is constrained or misguided. Bridge support length and seat widths should 

include tolerances for movements from prestress shortening, creep, shrinkage, and thermal 

expansion and contraction. 

c) Temperature Gradient (TG) 

AASHTO LRFD treats TG as a superimposed deformation that can cause internal stresses; 

curvature, warping, associated secondary effects, and bearing, substructure force redistribution 

when restrained. 

AASHTO subdivided the region into zones, Oklahoma belongs to zone 2 where T1=46 °F and 

T2=12 °F for deck surface condition, negative gradients should be obtained as a fraction of those 

values multiplied by -0.30 (for plain concrete decks) and -0.20 (with asphalt overlay). 

The standard vertical gradient shape for concrete and steel superstructures with concrete decks 

should be estimated according to Figure 1. Where 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 distance t shall be taken as the depth of the 

concrete deck. Finally, T3 could be taken as 0 °F, or according to a site-specific study and will not 

exceed 5 °F. 

 

 Figure 1 Positive Vertical Temperature Gradient in Concrete and Steel Superstructures according to AASHTO LRFD.
  

AASHTO remarks that thermal gradient TG appear in load combinations but does not imply it 

must be evaluated for all structures. Experts may exclude it if past experience shows it doesnôt 

cause distress (e.g. multibeam bridge). 

d) Effect on Axial Strain, Moments and Stress 

AASHTO LRFD states that a vertical temperature gradient generates three coupled effects: axial 

expansion, flexural deformation (curvature), and internal stress. 

- Axial expansion from the uniform component of the gradient 



The through-depth average temperature associated with the gradient is obtained by averaging the 

TG field over the transformed cross-section area, as defined in Equation 2. 

Ὕ ḀὝὨύὨᾀ      (2) 

Where, TUG is the cross-section average gradient temperature, TG is the temperature gradient (ȹF̄). 

The uniform axial strain, combined with the uniform temperature load (Tu) is defined with 

Equation 3. 

‐ ‌Ὕ Ὕ        (3) 

This applies broadly to prismatic bridge elements (girders, decks, frames) where uniform thermal 

expansion is relevant and affects bearing or joint movement and restraint forces. 

- Flexural deformation from the linear component of the gradient 

Since plane sections remain plane, the linear part of the gradient imposes a curvature or rotation 

per unit length as depicted in Equation 4. 

‰ ḀὝᾀὨύὨᾀ      (4) 

Where R is the girder radius (ft), Ic is the moment of inertia of cross-section (in4), Ŭ is the 

coefficient of thermal expansion (in/in/̄F). TG is not simply air Tmax ī air Tmin-air; TG is a through-

depth gradient driven by solar radiation and thermal lag.  

If the structure is externally unrestrained (e.g., simply supported/cantilevered), the gradient 

deformation does not create external force effects, it mainly produces deformation. 

This is the link between ñclimate temperature gradientò and structural curvature or lift -off 

behavior, especially relevant for superstructures where bearings or continuity impose restraint. 

- Converting thermal strain-curvature into fixed-end forces (when restrained) 

AASHTO notes that ‐ and ‰ can be used directly in stiffness/flexibility formulations; for a 

prismatic frame element the corresponding fixed-end actions are defined by Equations 5 and 6: 

Axial force: ὔ Ὁὃ(5)       ‐ױ 

Bending moment: ὓ ὉὍ(6)      ‰ױ 

These can be used in lineȤgirder or frame models. 

- Internal stress distribution from combined axial + curvature effects 

AASHTO provides an internal stress expression (compression positive), combining gradient, 

cross-section average, and curvature, as states Equation 7. 

„ Ὁ‌Ὕ ‌Ὕ ‰ᾀ      (7) 

This is useful to evaluate stress demand (e.g., deck cracking risk, composite section effects, or 

detailing concerns) rather than only global actions. 

- Physical lift -off case: a restraint moment at a pier 

The linear TG bends the member into an arc. For an unrestrained two-span beam, the interior 

support ñlift offò would be given by Equation 8: 



ῳὭὲ φὒȾὙ        (8) 

If deformation is restrained, a pier moment would follow Equation 9: 

ὓ ὉὍ‰        (9) 

e) LRFD Load Factors 

AASHTO provides factors for uniform temperature (ɔTU), when checking movements, rotation or 

camber compatibility, ɔTU shall be 1.20. 

If checking moment, forces or stresses, ɔTU shall be 1.00. 

AASHTO allows project-specific values for temperature gradient (ɔTG), but typical defaults are: 

ɔTG = 0.0 at strength and extreme event limit states 

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

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

For strength checks often ignore TG unless it is justified (project-specific). 

Service checks commonly use TG equal to 1.0 (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 framework is useful since climate driven thermal challenges are a combination of how often 

an extreme thermal condition may occur and how harmful it is when it occurs. Chang et al. (2021) 

defined risk with three components: the occurrence, defined as the likelihood of experiencing one 

or more than one extreme event during the analysis period; the severity as the probability of 

damage represented through a probabilistic formulation, and the significance as a modifier index. 

These components were combined into a Risk Priority Number (RPN) as shown in Equation 10. 

RPN = Occurrence × Severity × Significance     (10) 

Where RPN intends to give a comparative metric for network prioritization.  

Within a Chang (2021) risk logic, TU can be linked to projected site temperatures, whereas TG 

relates temperature extremes to through-depth gradients. Consequently, a risk assessment for 

thermal effects under climate change can benefit from separating TU and TG. 

 

Task 2 ï Predict Weather  using Climate Models. 

In this study, multiple GCMs that provide regional weather projections for Oklahoma will be used 

for future weather predictions considering changing weather patterns and extreme events. GCMs 

are physics-based and computationally expensive, solving numerous nonlinear scientific equations 

in both space and time to simulate the Earth physical climate system. Initially, these models are 

presented with boundary conditions i.e., values for different forcings for the Earth climate system, 

such as solar irradiance, atmospheric concentrations of greenhouse gases, surface type and 

temperature, and volcanic activity. Earth is then divided into grid points and several equations 

from physics, fluid mechanics, and chemistry are then solved numerically per grid point and 

iterated in time. For future weather simulations, these models are run with different scenarios 

known as Shared Socioeconomic Pathways (SSPs) representing different potential futures. 



For the purpose of this study, the models from NEX-GDDP will be used for predicting future 

climatic conditions in Oklahoma (NEX-GDDP-CMIP6; Thrasher et al. 2002). The model archive 

contains over 35 different climate models from the CMIP6 archive which would be ideal for 

assessment of regional weather patterns across Oklahoma. The archive contains most of the 

necessary environmental variables needed for bridge design. Also, multiple scenarios are available, 

covering a wide range (e.g., from low (SSP125) to high (SSP585) emissions) for comparison. The 

research team will  choose at least 10 GCMs from the archive to predict future weather patterns in 

Oklahoma. Statistical analysis will be performed to calculate the return period of extreme weather 

events for different GCMs with different scenarios. Also, the mean or median values of the return 

periods from the models will be determined based on statistical distributions. Currently, Dr. 

Zaman, a C-PI of this study, and his team are working on a project funded by ODOT to upgrade 

the weather data and models used for pavement design in Oklahoma (Li, Zaman and Furtado, 

2023). The proposed study benefits from the climatic models evaluated in that study and helpful 

to completing this task successfully. 

Description of work performed up to this period:  

CMIP6 projections from NASAôs NEX-GDDP were evaluated against historical datasets to 

generate consistent future climate extremes for Oklahoma. Extreme-value statistics and ensemble 

summaries were then produced to support design checks for temperature, precipitation, and 

wind-related loads: 

a) NASA Earth Exchange - Global Daily Downscaled Projections 

For projection data, NASAôs NEX-GDDP-CMIP6 archive served as the primary source (Thrasher 

et al., 2002). The dataset provides daily fields on a 0.25° (approximately 25 km) global grid from 

more than thirty CMIP6 models, offering variables relevant to bridge screening and design. 

Scenarios span low to high forcing (SSP1-2.6 to SSP5-8.5), enabling consistent cross-scenario 

comparisons. Guided by prior evaluations for Oklahoma transportation applications (Li, Zaman, 

and Furtado, 2023), a subset of GCMs will be used based on variable coverage, 0.25° resolution 

suitability, and demonstrated historical skill. 

Historical observations from the Oklahoma LIVNEH and PRISM baselines supports the evaluation 

of the projected model fidelity. For each retained model-scenario, extreme metrics, return levels 

and return periods, were derived on consistent historical and future values. Ensemble statistics 

(e.g., means and medians) were then used to summarize central tendencies while preserving spread 

across models and scenarios. 

The resulting observation supports design-relevant checks: thermal gradients for superstructure 

and deck actions, precipitation values for hydraulic loading, and wind-related proxies are ideal. 

Table 5 (NASA, 2025) summarizes representative CMIP6 models and SSPs considered, noting 

emissions level, model characteristics, and indicative suitability for bridge design assessment in 

Oklahoma. 

Table 5 Some Particularities of GCM Models and SSP Scenarios for bridge design assessment (NASA, 
2025 

N 
GCM 

Model 

SSP 

Scenario 

Emission 

Level 
Description 

Applicability to 

Bridge Design in 

OK 

Applicability 

Rating (0ï5) 
Source 

1 
GFDL-

ESM4 
SSP585 High 

Developed by NOAA (USA); 

strong simulation of warming and 

precipitation extremes 

High-risk scenario 

assessment 
5 

Dunne et al. 

(2020)  



N 
GCM 

Model 

SSP 

Scenario 

Emission 

Level 
Description 

Applicability to 

Bridge Design in 

OK 

Applicability 

Rating (0ï5) 
Source 

2 
MPI-ESM1-

2-HR 
SSP370 Med-High 

Developed by Max Planck Institute 

(Germany); high-resolution and 

strong atmospheric dynamics 

Wind load and flood 

hazard analysis 
5 

Mauritsen et 

al. (2019) 

3 
CNRM-

CM6-1 
SSP245 Medium 

Developed by Météo-

France/CERFACS (France); 

reliable precipitation and 

temperature trends 

General 

infrastructure and 

lifespan design 

4 
Voldoire et 

al. (2019)  

4 
MRI-ESM2-

0 
SSP245 Medium 

Developed by Japan 

Meteorological Agency; 

emphasizes precipitation extremes 

Precipitation 

frequency and storm 

events 

4 
Yukimoto et 

al. (2019) 

5 
UKESM1-

0-LL 
SSP370 Med-High 

Developed by UK Met Office 

(United Kingdom); high climate 

sensitivity 

Captures future heat 

extremes 
4 

Sellar et al. 

(2019)  

6 
BCC-

CSM2-MR 
SSP585 High 

Developed by Beijing Climate 

Center (China); balances radiation 

and surface fluxes 

Surface stress and 

thermal boundary 

loads 

4 
Wu et al. 

(2021)  

 

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

LOCA-2 is a statistically downscaled climate dataset built from CMIP6 models. Most of North 

America is available at about 6-kilometer grid spacing (fine enough for watershed/corridor work). 

Thereôs also a special ñhybridò product at ~3 km, but that extra-fine grid is only for California. 

LOCA-2 updates training data and bias-correction relative to LOCA-1 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 rainfall extremes than 0.25° products, improving alignment with 

watershed, corridor, and county-scale analyses; suitability is highest where station density supports 

robust calibration. When expanding to multi-state analyses, LOCA-2 remains appropriate across 

the Contiguous United States CONUS portion of its North American grid, preserving consistent 

methods and resolution.  

c) The Multivariate Adaptive Constructed Analogs (MACA) 

MACA (CMIP5, 4ï6 km CONUS) 

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

data at roughly 4ï6 km resolution over CONUS. MACA emphasizes multivariate coherence (e.g., 

temperature, precipitation, humidity, shortwave radiation, and near-surface winds), which is useful 

for coupled thermalïhydrologic diagnostics and infrastructure screening. For Oklahoma, MACAôs 

4 km fields can complement LOCA-2 by adding variables and slightly finer grid spacing; however, 

scenario sets are RCP-based (CMIP5) rather than SSP-based (CMIP6). For broader regional 

studies spanning multiple states, MACA provides uniform CONUS coverage and long usage 

history in U.S. tools, facilitating cross-state comparability where CMIP5 is acceptable.  

Combining these resources enables station-co-location, return-period estimation, and cross-

scenario comparisons tailored to Oklahoma while remaining extensible to neighboring states. 

MACA converts GMC to high-resolution statistical downscaled data by finding and blending 

constructed analogs, with a bias-correction to observations through historical patterns. MACAv2 

downscales 20-model CMIP5 with a 4-6 km resolution with daily maximum, minimum 



temperature, precipitation, shortwave radiation, humidity and wind speed. 

Table 6 displays a comparison between LOCA-2 products vs MACA and NEX-GDDP-CMIP6 

Table 6 Contrast between LOCA-2 products vs MACA and NEX-GDDP-CMIP6 

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

Method 

Statistical downscaling via Localized 

Constructed Analogs (LOCA v2); bias-

corrected 

Statistical downscaling via Multivariate 

Adaptive Constructed Analogs; multivariate 

bias-corrected 

Statistical downscaling via BCSD; 

bias-corrected 

CMIP 

generation 
CMIP6 CMIP5 CMIP6 

Scenarios 
SSPs (CMIP6) ï Shared Socioeconomic 

Pathways 

RCP4.5 / RCP8.5 (CMIP5) Representative 

Concentration Pathways 

SSP1-2.6, SSP2-4.5, SSP3-7.0, 

SSP5-8.5 

Spatial 

resolution 

~6 km (North America: Tmin/Tmax/Precip); 
~3 km ñHybridò for California with expanded 

variables 
~4ï6 km over CONUS 0.25° (~25 km) global 

Temporal 

resolution 

Daily (NA grids); hourly station temps 
available in CA program; gridded hourly 

limited 
Daily Daily (1950ï2100) 

Variables 

(core) 

Tmin, Tmax, Precip (NA); CA ñHybridò adds 
more met vars (wind mainly via other CA 

products) 

Tmin, Tmax, Precip, RH (min/max), 
specific humidity, shortwave radiation, 10 m 

winds (east/north) 

tasmax, tasmin, tas, pr, sfcWind, 

rsds, rlds, hurs, huss 

Domain 
Most of North America (plus California 

hybrid domain) 
CONUS Global (90° N to 60° S) 

Strengths 

Very high spatial detail (6 km) and 

observation-consistent fields; widely used in 

NCA/USGS tools 

Multivariate coherence (variables 

downscaled together) including wind 
components at ~4 km; easy access via US 

tools 

Global coverage, broad CMIP6 

model set and SSPs, many variables 
(incl. daily wind speed); simple to 

obtain (GEE/NASA) 

Limitations 

NA grids limited to Tmin/Tmax/Precip; wind 

generally not provided as gridded NA 

product; method inherits training-data limits 

CMIP5 only; scenario mismatch if mixing 

with CMIP6 analyses 

Coarser (~25 km); statistical 
assumptions (stationarity of 

relationships); still inherits GCM & 

scenario uncertainties 

Good use-

cases 

Local infrastructure/hydrology where 6 km 

precip/temp detail matters (e.g., flood/heat 

risk) 

Energy/ET/infrastructure needing wind + 

radiation + temps at 4 km in CONUS 

Regional to global screening, multi-

variable studies (incl. wind) where 25 

km is acceptable 

d) LIVNEH  

The LIVNEH gridded climate dataset is a high-resolution, observation-based reconstruction of 

daily temperature and precipitation across the contiguous United States. It was developed by 

Livneh et al. (2013, 2015) at the University of Colorado Boulder. It offers an approximate 6 km 

of spatial resolution and typically spans from 1915 to 2011, making it one of the most widely used 

historical baselines for climate and hydrologic applications. LIVNEH blends quality controlled 

station observations with topographic adjustments and spatial interpolation. The dataset is well 

suited for extreme value analysis, bias correction of climate model outputs, hydrologic modeling, 

and infrastructure risk assessments.  



Task 3- Compare GCMs prediction with Histor ical Climate Data. 

Relevant historical climatic data (i.e., temperature, precipitation and wind speed) from the 

LIVNEH Dataset will  be obtained. The research team plans to selectively co-locate the future 

weather predictions from GCMs with historical data. The historical weather data from Oklahoma 

will be analyzed to calculate the return 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 to freezeïthaw 

processes and bridge performance in Oklahoma, multiple climate datasets covering different time 

periods and emission scenarios were compared. The historical baseline is represented by the 

LIVNEH gridded observational dataset (approximately 1915ï2013), which provides long-term 

continuity and high spatial resolution for daily precipitation and temperature. In contrast, LOCA2 

downscaled climate projections begin in 2015 under scenario SSP245, while NASA/GFDL global 

climate model outputs (CM4 and ESM4) include both historical simulations (1950ï2014) 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 (1950ï2014) 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 LOCA2 projections up to 2024. Beyond this, NASA model 

projections extend to 2100, supporting long-term climate assessments, although, for visualization 

purposes, only the period through 2024 is shown. 

For a representative bridge site (e.g. AIRPORT-RD._17927) three daily climate variables are 

presented in Figures 2a, 2b and 2c, illustrating consistency between daily historical observations 

and projected model outputs. 

 



 

 

Figure 2 a, b, c, Daily values of maximum temperature (11a), minimum temperature(11b) and precipitation 
(11c) for site AIRPORT-RD._17927 

Figure 2c complements the climate data trend for daily Precipitation (cm/day) where there is a 

clear contrast observed between the long-term 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 SSP245. This variability is visually evident in the widening spread and more frequent 

deviations from the historical baseline, highlighting the uncertainty and potential intensification of 

precipitation extremes in future projections (Figure 3). 



 

Figure 3 Change in Annual Precipitation (cm/year) for site Airport-RD_17927 

Figure 2a shows daily Maximum Temperature (°C) across years where Tmax exhibits strong 

seasonal cycles across all datasets. LIVNEH captures a century-scale signal that aligns well with 

NASAôs historical simulations after 1950. LOCA2 projections show a continuation of the seasonal 

amplitude with subtle warming relative to the historical period, consistent with mid century and 

late century forcing trajectories. Looking ahead, projections under higher-emission pathways 

suggest a marked increase in annual mean Tmax, with warming intensifying through the 21st 

century. This trend underscores the growing divergence between moderate and high-emission 

scenarios, particularly after 2050 (Figure 4). 

 

Figure 4 Change in Annual Maximum Temperature for site Airport-RD_17927 

Finally Figure 2c shows daily Minimum Temperature (°C) trend, where Tmin has the same 

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 freezeïthaw frequency toward mid-century and beyond. Projections under higher-

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

suggests not only milder winters but also potential implications for soil stability, infrastructure 

resilience, and processes sensitive to cold extreme (Figure 5). 



 

Figure 5 Change in Annual Minimum Temperature for site Airport-RD_17927 

The complete set of daily precipitation, Tmax, and Tmin graphs for each site is provided in 

Appendix E, serving as a visual diagnostic of dataset consistency, temporal overlap, and projected 

climate evolution. 

To assess the agreement between LOCA2 model projections and the LIVNEH observational 

dataset across the selected bridge locations, several widely used performance metrics were 

computed: bias, RMSE, MAE, Pearson correlation (r), the NashïSutcliffe Efficiency (NSE), and 

the Taylor Skill Score (TSS). These statistics were evaluated for daily values, seasonal 

aggregations (DJF, MAM, JJA, SON), and annual means or totals.  

Bias represents the mean difference between modeled (LOCA2) and observed (LIVNEH) values, 

Pearson Correlation Coefficient measures the linear relationship between modeled and observed 

climate series. The NashïSutcliffe Efficiency (NSE) coefficient measures how well the model 

reproduces observed variability, if value is equal to one there is a perfect agreement, if value is 

equal to zero the model performs as well as using the historical mean and if NSE value is less than 

zero the model performs worse than using the observed mean. 

The Taylor Skill Score (TSS)summarizes relative bias, correlation, and variability; if TSS is one, 

this indicates a close perfect match, if values are less than 0.2 the match is limited. This score is 

particularly helpful for comparing model behavior across variables and sites. 



Metric results for site AIRPORT-RD._17927 are presented in Table 7 and the other sites metric 

results are presented in Appendix D. The performance statistics reveal that LOCA2 model agrees 

with observational records. 

Table 7 Statistical metrics summary between LIVNEH and Projected data for site Airport-RD_17927 

 

a) Precipitation (cm) 

Daily precipitation exhibits a negative bias (ï0.892 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, MAM, JJA, and SON. Correlation 

coefficients are relatively low (between ï0.6 and 0.65 depending on the season), and NSE values 

are mostly negative, implying that LOCA2 struggles to capture year-to-year variability in daily 

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

reinforcing this finding. 

Nevertheless, the annual precipitation total shows less discrepancy, with a bias of ï325 cm and 

modest skill (NSE = ï1.42), 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 (ï0.173°C), with low RMSE (0.786°C) and positive correlations (r of  0.67 for DJFïMAM). 

Seasonal and annual metrics show consistent positive skill, with NSE values occasionally positive 

(e.g., NSE = 0.419 for spring), although summer performance is weaker (r = ï0.284). Taylor scores 

approach 0.4 in several seasons, indicating moderate reliability. Overall, LOCA2 reproduces 

maximum temperature better than precipitation at this site. 

c) Minimum Temperature (Tasmin, °C) 

Minimum temperature biases are modest (ï0.151°C annually), and RMSE is relatively low (0.728 

- 1.9°C across seasons). Correlations range widely, from weak negative (r = -0.31 in 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, precipitation projected values from LOCA2 substantially underestimates 

precipitation intensity and variability. For Maximum Temperature, LOCA2 captures temperature 

cycles reasonably well, with small biases and moderate correlations. Regarding Minimum 

Temperature, the model 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 differences also seemed 

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 used to extrapolate return levels for a 

continuum of return periods between 1.1 and 1000 years, including design values at 100, 500 and 

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 mapping a given historical return level onto the future curve, the analysis 

quantifies how that same magnitude event is expected to correspond to a longer return period under 

projected climate conditions. Figure 6 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. 





 

Figure 6 GEV projection of yearly and seasonal maximum, minimum temperature and precipitation for 
AIRPORT-RD._17927 bridge site. 

 

Task 4 ï Conduct Risk Assessment of Bridges Considering Past and Future Weather 

Conditions: 

In this study, a risk assessment of bridge infrastructure subjected to predicted future weather 

conditions will be conducted using methodologies proposed in the literature. For example, the 

method proposed by Chang et al. (2020) was used for this purpose. Using this method, the risk of 

bridge failure due to rise in temperature can be 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 purpose. Severity defines the probability of a bridge to experience damage or failure. 

Significance, a factor on a 1ï10 scale, represents the importance of the bridge to the agency in the 

network. The Risk Priority Number (RPN) parameter combines these three aspects and 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 of risk of bridge infrastructure 

failure due to an extreme weather event will be calculated by considering what-if scenario analyses 

for high-, medium-, and low-risk impact. The risk assessment matrices for each environmental 

scenario and potential causes of failure 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 climate factors. 



Spatial Data Analysis Related to Climate 

a) Bridge Inventory 

The Oklahoma Bridge Inventory is available as a shapefile from ODOT open portal (ODOT, 

2025). The dataset contains point geometry for each bridge structure and includes attributes from 

the National Bridge Inventory (NBI), such as structure ID, year built, deck, superstructure, 

substructure and scour condition ratings, material type, and functional status through 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 in service, including those replaced, collapsed, or removed. This 

division will enable a comparative assessment between aging infrastructure that is still open to 

traffic and structures that have failed, which can be essential for understanding climate-induced 

vulnerabilities. 

To support administrative and geographic distribution, county boundaries for Oklahoma are 

included as a polygon shapefile. Additionally, hydrographic features are also taken into account, 

since they might be important for assessing 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 data. Once environmental 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 scores. For character type 

variables (e.g. material type, design 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. 

  

Table 8 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 between 0 and 4 for the deck condition, super-

structure condition, sub-structure condition, scour-condition and general structural condition. 



Table 8 NBI categories and description for the condition rating 

 

Table 9 displays the material type coding used in the NBI data published by ODOT. 

Table 9 Material type coding in NBI 

Code Description 

1 Concrete 

2 Concrete continuous 

3 Steel 

4 Steel continuous 

5 Prestressed concrete * 

6 Prestressed concrete continuous * 

7 Wood or Timber 

8 Masonry 

9 Aluminum, Wrought Iron, or Cast Iron 

0 Other 
Note: * Post-tensioned concrete should be coded as prestressed 
concrete 

In the following lines, a brief summary is presented of the past status of bridges closed to traffic 

(off-system) and the current status of bridges open to traffic (on-system) in Oklahoma using 

ODOT/NBI records, as context for later climateïcondition analyses. Figure 7 and Figure 8, depicts 

the percentage breakdown as well for the different bridge ratings (deck, superstructure, 

substructure, general and scour rating). A total of 23,480 bridges were assessed from the NBI off-



system subset, which included pedestrian and small bridges; whereas approximately 7,654 bridges 

were taken into account for the on-system subset that included bridges with lengths greater than 

20 feet. 

 

Figure 7 NBI ratings for different components of bridges closed to traffic in Oklahoma. 

For deck condition, off-system bridges have substantial missingness (23.0%). Among rated assets, 

most remain satisfactory, with roughly 43% in 4ï6 and 38% in 6ï9; the poor and very-poor tail is 

smaller, suggesting many closures are triggered by system constraints beyond the deck alone. On-

system decks have a greater missingness (42.5%) and skew more favorably: about 43% in 4ï6 and 

46% in 6ï9, indicating generally serviceable deck performance among active bridges. 

For superstructures, off-system missing records are significant (22.8% missing). Where reported, 

ratings are mostly satisfactory (48% in 4ï6; 29% in 6ï9), but about one-fifth fall in poor/very poor, 

which can depress overall condition. On-system superstructures show 42.5% missingness and a 

stronger profile (40% in 4ï6; 51% in 6ï9), consistent with assets remaining open to traffic. 

For substructures, off-system missingness is 22.7%; the distribution centers on satisfactory (44% 

in 4ï6; 26% in 6ï9) but retains a meaningful low-rating tail that is operationally important given 

hydraulic and geotechnical exposures (30.2 % below 4). On-system substructures have 42.5% 

missingness and a most favorable split (38% in 4ï6; 53% in 6ï9, 9% below 4), aligning with 

continued service. 

The overall structural rating (system-level) sharpens these contrasts. Off-system bridges, with 

2.2% missingness, show 38% satisfactory, 20% good, and 42% in poor/very poor conditions. By 

contrast, on-system bridges (only 1.1% missing) cluster at the upper end: 38% in 4ï6 and 51% in 

6ï9, with just 10% in poor/very poor. Taken together, the off- vs on-system split provides a 



historicalïcurrent baseline that will be used to relate deterioration patterns to precipitation, 

temperature, and another climatic driver. 

 

Figure 8 NBI ratings for different components of bridges open to traffic in Oklahoma. 

The scour-critical rating is missing for 2.7% of closed bridges and is strongly skewed toward 

satisfactory (77% in 6ï9) with 11% in 4ï6 and only a small remainder in poor/very poor condition 

(14%). Thus, for most closed bridges, scour is not flagged as the dominant driver, though a 

concentrated minority may warrant hydraulic countermeasures. Scour ratings were not available 

for open to traffic subset. 



 

Figure 9 Comparison of Health Index, Year built and Age of bridges for bridges closed to traffic (upper row) 
and open to traffic (lower row). 

Another comparison of off-system (closed) vs on-system (open) bridges is displayed in Figure 9, 

where there is a clear separation in the Bridge Health Index that ranges from 0 to 100, being the 

last value and indicator of excellent overall condition. For off-system, the Health Index has mean 

71.9, median 83.1, and 1.5% of missing information; the distribution is mixed, about 56.8% in 75ï

100, 23.8% in 50ï75, and nearly 20% below 50; consistent with targeted deficiencies driving 

closures rather than uniform degradation. For on-system, missingness is 1.4%, but the distribution 

is markedly stronger: roughly 79.7% fall in 75ï100 and only a small portion lies 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 spread for off-system 

bridges, with some bridges from 1950 and through 1975ï2000, whereas on-system inventory 

skews newer, concentrating in 1975ï2000 (48%) and >2000 (26%) and only small fractions 

previous 1950. Age for off-system spans 5 to 123 years (mean 52.2; median 52; 3.8% missing) 

and is more evenly distributed across decades, while on-system age clusters in middle bins (about 

34% at 40 to 60 years and 26% at 60 to 80 years) with minimal very young or very old features. 

These patterns, together with the component ratings, indicate that closures concentrate where 

system-level condition is depressed and older; a context that will be used next to relate 

deterioration to precipitation and temperature exposure. 

 



 

Figure 10 Pie-charts ƻŦ ŘŜǎƛƎƴ ƭƻŀŘΣ ōǊƛŘƎŜ ƭŜƴƎǘƘ ŀƴŘ ƳŀǘŜǊƛŀƭ ǘȅǇŜ όhũπǎȅǎǘŜƳΥ ǳǇǇŜǊ ǊƻǿΣ hƴπǎȅǎǘŜƳΥ ƭƻǿŜǊ Ǌƻǿύ 

Figure 10 shows pie-charts ƻŦ ŘŜǎƛƎƴ ƭƻŀŘΣ ōǊƛŘƎŜ ƭŜƴƎǘƘΣ ŀƴŘ ƳŀǘŜǊƛŀƭ ǘȅǇŜ ŦƻǊ hƪƭŀƘƻƳŀΩǎ 
bridges closed to traffic (off-system) versus those open (on-system). On-system missingness for 
these fields is essentially negligible. 

Off-system bridges are split between HS-20 design load (42%) and a large ñother/unknownò group 

(37.2%), with smaller shares of H-20 (7.3%), H-15(2.9%), and H-10 (3.8%). This mix reflects 

older specifications. In contrast, on-system bridges are dominated by HS-20 with very little 

ñunknownò, indicating more standardized, modern design classes among active structures (HS-20: 

58.1%, HS-20M: 29.3%, H-20: 8.4%, HS-15: 2.9%, HS-20Plus: 0.2%, RR: 0.8%, ñno valueò: 

0.4%, others < 1%). 

Regarding bridge length, both variablesô distribution are skewed to short spans, but on-system 

bridges show an even stronger concentration in a shortest bin (Ò25 ft), consistent with many short 

rural crossings that remain active (Ò25 ft: 42.6%, 25-50 ft: 22-23%, 50-100 ft: 20-21%, 100-150 

ft: 6%, 150-200 ft: 1-2%, >200 ft: 6-7%). Off-system bridges have a relatively larger share in 

intermediate and long spans, including the 100-200 ft and >200 ft ranges, which often carry 

structures with higher maintenance demands and may be more vulnerable to closure when 

condition deteriorates (Ò25 ft: 23.9%, 25-50 ft: 14.8%, 50-100 ft: 26.0%, 100-150 ft: 13.6%, 150-

200 ft: 7.2%, >200 ft: 14-15%). 

According to material type, off-system bridges are led by steel with substantial concrete and a 

noticeable wood/timber use, profiles typical of older bridges (steel: 42.6%, concrete: 28.8%, 

prestressed concrete: 13.4%, wood/timber: 10.8%, concrete continuous: 2.7%, steel continuous: 

1.3%, other: 0.3%). On-system bridges shift toward concrete and prestressed concrete with 

reduced timber and a smaller role for steel (concrete: 45.7%, prestressed concrete: 26.0%, steel: 

19.4%, wood/timber: 5.2%, steel continuous: 2%, concrete continuous: 1%, masonry: 1%, others: 

0%). This transition aligns with performance expectations: concrete and prestressed systems 



generally sustain better condition under routine thermal and hydraulic exposures, while timber and 

older steel appear to be more frequent among closed bridges. 

Finally, Figure 11 displays the distribution of the bridges proportion regarding the structure type 

for the off-system database. Stringer/Multi-beam or Girder structures dominate (59.1%), followed 

by Culverts (21.0%), Slabs (8.5%), Truss-Thru (5.7%), Tee Beam (3.5%), Arch-Deck (0.7%), and 

Other (1.6%). This mix supports type-specific diagnostics (e.g., deck thermal sensitivity vs. 

hydraulic exposure in culverts). 

 

Figure 11 Pie chart of Bridges closed to traffic percentages according to the design structure type. 

Figure 12 shows two construction waves: a surge in the late 1930sï1940s dominated by steel with 

some timber and concrete, and a larger peak in the 1960s as concreteðespecially prestressedð

expanded. After the 1980s, totals decline, timber largely disappears, and prestressed concrete gains 

share; steel- and concrete-continuous appear but remain secondary. A small share of recent records 

list ñno value givenò. 

 

Figure 12  Off-system bridges and construction materials used by built year 



 

The on-system series shown in Figure 13 follows a similar trend but shifts earlier toward concrete. 

Mid-century bridges still include substantial steel, yet the 1970sï1990s show growing use of 

prestressed and continuous concrete, aligning with modernization and durability goals. Since 2000, 

construction activity seems to decline, while concrete, particularly prestressed, remains the 

predominant material. 

 

Figure 13 On-system bridges and construction materials used by built year 

b) Correlation and Screening 

A climate-normalized dataset from 1991 to 2020 is provided by PRISM (Parameter-elevation 

Regressions on Independent Slopes Model), offering high-resolution (800 m) gridded data on key 

variables such as precipitation, maximum temperature, and minimum temperature. These long-

term averages are modeled using interpolation techniques and digital elevation models (DEM) to 

account for terrain effects(Daly et al. 1994). For Oklahoma, the PRISM normal grids were used 

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

A Pearson correlation analysis was conducted to examine linear relations among key numeric 

variables, with results summarized in the heat map presented in Figure 14. The Pearson correlation 

coefficient (denoted as r) quantifies the strength and direction of linear relationships between pairs 

of variables, ranging from -1 (perfect negative correlation) to +1 (perfect positive correlation). 

As anticipated, the different bridge components' condition ratings: deck, superstructure, and 

substructure, exhibited strong positive correlations with one another and with the overall structural 

rating. Specifically, the correlation between deck and superstructure ratings was r = 0.83, while 

deck and substructure ratings showed r = 0.71, indicating that deterioration patterns tend to be 

shared across structural elements and reflected in the overall condition score. 

Bridge age is probably the most significant environmental factor, with consistently negative 

correlations across all condition ratings (r values between ï0.45 and ï0.50). 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 ratings (r = -0.26), 

inferring that bridges located in regions with higher rainfall are more likely to experience adverse 

scour conditions. Temperature variables, including maximum temperature, showed weak negative 

correlations with condition ratings, indicating only minor statewide linear effects. 

 

Figure 14 Pearson Correlation Heatmap for selected numerical variables (r values) 

Analysis of covariance (ANCOVA) was used to compare rating values across categorical bridge 

factors (e.g., material, structure type, design-load type) while controlling for numerical covariates 

as age and a climate variable (total precipitation, maximum and minimum temperature. ANCOVA 

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). This approach might establish an interesting practice for the 

bridge DBI database assessment, where 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 bridges;  Material-based ANCOVA models account for 13 or 14% deck rating variance, 

more significant than design-load or structure-type models. Maximum temperature drives as a 

contributing effect, but its influence varies by material (several materials combined with 

temperature terms are significant, pÒ0.01, like concrete, steel and prestressed concrete), indicating 

that heat sensitivity depends on what the deck is made of. Precipitation also plays a consistent role 

when related to deck rating and material type. Thereby, it will be interesting to assess a spatial 

analysis prioritizing material/temperature influence and material/precipitation. 



Regarding substructure rating, temperature is the dominant climatic co-driver: both maximum and 

minimum temperatures are significant overall, while precipitationôs main effect is slightly weaker 

but significant through interactions. Variance explained peaks when related to materials (26%), 

then design-load/structure (5ï11%). Several structure-type and material interactions with 

temperature are highly significant (p<0.001), meaning substructure performance co-varies with 

heat differently by group. 

The material models explain the most variance of superstructure ratings (28ï30%), climate 

covariates were significant through interactions. Under structure-type, global effects of maximum, 

minimum temperature and precipitation are weaker, yet some significant interactions are truss-

deck negative interaction with precipitation, Girders and floor beam positive interaction with 

maximum temperatures. For spatial work analysis, the material type related to climate terms were 

consistently significant, with concrete, steel, and prestressed concrete showing attenuated 

responses, combined with climate variables explained around 30% of covariance.  

For overall structural rating, materials classes again explain the most variance (35ï37%), ahead of 

design-load (19ï21%) and structure-type (16%). Both maximum and minimum temperatures are 

significant in ANOVA; precipitationôs main effect is typically not significant, but precipitation 

over material type and precipitation over design-load interactions captured meaningful covariance. 

Scour rating: Precipitation is the standout driver: strong main effects and significant precipitation 

related to material type interactions make rainfall a key explanatory dimension explaining about 

10% of covariance.  

c) Spatial Dependence and Interpretation for Site Selection 

A local GetisïOrd Gi* analysis was applied to detect statistically significant spatial clustering in 

bridge-condition ratings and assess possible influence of the climatic context for the NBI bridge 

data set that is closed to traffic. Off-system bridges were represented as points where a 

neighborhoods analysis with K-nearest neighbors was performed. The input field was the target 

rating (structural or scour rating, selected after the ANCOVA results), and the self-potential field 

was the climate variable of interest (30-year span normalized maximum, minimum temperatures 

and annual total precipitation); in this way, each featureôs local comparison was weighted by its 

own climatic magnitude.  

The Gi* statistic produces a z-score for every bridge that measures how extreme the locally 

summed rating is relative to the distribution expected under spatial randomness. Positive, 

significant z-scores identify hot spots, meaning locations embedded within neighborhoods of 

systematically high ratings; negative, significant z-scores identify cold spots, meaning locations 

within neighborhoods of systematically low ratings. Confidence classes of 90%, 95%, and 99% 

correspond to two-tailed critical values of approximately |z| Ó 1.65, 1.96, and 2.58, indicating 

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 features, open-system bridges with low ratings (< 4) are overlaid to examine 

spatial coincidence between current potential low-condition sites and Gi* clusters. All generated 

thematic maps are presented in Appendix B. 

Overall Structure rating weighted by normalized minimum temperature: 



Figure 15 displays the cold spot maps, where cold spots form a broad central to northeastern band, 

with fewer in the dry north-west side (panhandle). 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 low-temperature ranges: highlighting the central to northeast 

band, with additional clusters in the southeast and parts of the north-central counties. This 

distribution is consistent with areas that experience many nights near freezing (promoting frequent 

freezeïthaw cycles), persistently humid air masses along major river corridors with possible higher 

corrosion potential factors that can impact superstructure condition.  

 

Figure 15 Cold spot map for the spatial distribution of the Structure rating weighted by the Minimum 
temperature 

Overall Structure rating weighted by normalized maximum temperature: 

Cold spots are most evident from the south-central through east-central part of the state and into 

the northeast, with limited clustering in the cooler north-central and north-west panhandle. This 

indicates higher maximum temperatures align with sites of lower superstructure ratings, consistent 

with heat-related expansion/contraction and material aging. Once again, many of the green to light-

green bridges with current structure ratings under 4 falls within or near the identified cold spots, 

highlighting places where heat exposure may be part of the low rating explanation. 

Overall Structure rating weighted by normalized annual precipitation: 

Cold spots are concentrated across the eastern half of the state, especially along the denser river 

network and higher-rainfall belt from the southeast toward east-central Oklahoma. The north-west 

panhandle shows few or no cold spots (consistent with lower precipitation). This pattern suggests 

that precipitation is related to lower superstructure ratings where rainfall is significant. Many light 



green to green open bridge locations with low ratings appear within or adjacent to these clusters, 

reinforcing precipitation as a relevant co-factor for deterioration. 

Scour rating weighted by normalized annual precipitation: 

Congruent with the overall rating findings, cold spots are concentrated in the eastern and 

southeastern watersheds, where precipitation is highest and hydraulic features are denser, while 

the western counties show few clusters. This matches expectations that higher rainfall (and thus 

more frequent high-flow events) is linked to bridge deterioration due to scour. The spatial 

coincidence of cold spots with the main river corridors strengthens the case for prioritizing scour 

risk management in the wetter east and southeast area. 

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 list of candidate bridges 

whose evaluation is strongly recommended due to their proximity to identified cold spots, 

particularly within denser cold spot zones; their low condition ratings (whether overall structural 

or substructure), and their closeness to meteorological stations. 

Table 10 displays 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. 

Table 10 An identified case of an open-to-traffic bridge, sensitive to precipitation, with a low scour rating 

 

 



Task 5 ï 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 design load or return period from 

future weather scenarios will be documented. The consideration of future natural hazards and 

extreme weather events will be important to ensure long-term 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 expressed as the combination of occurrence and severity.  

The uniform temperature change and thermal gradient responses were evaluated using a reinforced 

concrete superstructure composed of an AASHTO Type II 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 cross section was discretized using a fiber integration scheme to obtain the transformed 

area ὃ, centroid location, and moment of inertia Ὅ, ensuring internal consistency between section 

geometry and thermal stress integration. A concrete compressive strength of Ὢ φπππ psi was 

adopted, yielding an elastic modulus Ὁ υχȟπππὪ, with a coefficient of thermal expansion ‌

υȢυ ρπ ρȾᶼὊ. These values are representative of typical prestressed or reinforced concrete 

bridge girders to provide responses under imposed temperature gradients for the selected 

evaluation sites through Oklahoma. 

First, TU was evaluated directly from the projected site specific projected temperatures (Tmax, 

Tmin) for return periods of 100, 500, and 1000 years, computing the uniform range ɝ4 4
4  and the associated free thermal movement ɝ  for span lengths of 60, 70, and 80 ft. These 

demands were compared with the AASHTO LRFD Procedure B design envelope for Oklahoma 

(4ÍÁØ =115°F, 4ÍÉÎ =10°F; ɝ4 ρπυ°F), yielding a dimensionless 

severity ratio Í ɝ Ⱦɝ . Even though some sites exhibited higher projected Tmax for 

500, 1000 years of return period, the projected ɝ4  generally remained below the AASHTO 

envelope. Thereby. ɝ was typically smaller than ɝ . 

Secondly, TG was estimated as AASHTO LRFD definitions through depth gradient (Zone 2 

parameters 4 τφЈ&ȟ4 ρςЈ&ȟ4 πЈ&), noting that TG is not determined by air temperature 

and would require a heat-transfer model to be climate adjusted. Therefore, the observed statistical 

change in TU (captured by a fitted distribution of Í) was used as a alternative multiplier on TG 

effects, and a Monte Carlo simulation propagated that uncertainty into TG driven internal action. 

About 252 combinations of sites, return period, span length and deck thicknesses were assessed. 

TG effects were scaled as  ὔȟὓȟ„ άẗὔȟὓȟ„  and evaluated via Monte Carlo. The 

AASHTO Zone 2 thermal gradient produced restrained axial thermal forces in the range of 

approximately 600 to 760 kips, bending moments between 488 and 560 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 increasing the deck thickness from 8 to 10 inches, section stiffness increases 

and reduces curvature marginally, leading to modest reductions in thermal stress (less than 10%). 

Monte Carlo exceedance results were driven by the fitted ά distribution: the fitted means were 



‘ was about 0.94 with a lognormal distribution selected across cases; thereby P(m>1) was small 

and increased with return period (about 0.0003ï0.0005 for return period of 100 years, 0.007ï0.009 

for 500 years, and 0.019ï0.021 for 1,000 years). The estimated stress remained below the concrete 

cracking threshold (about 580 psi), confirming that the AASHTO defined thermal gradient 

represents a conservative but structurally consistent envelope across all assessed sites. 

TU and TG temperatures, D t, D, m, N, M and s results are presented in Appendix G. 

Figure 16 displays the spatial distributions of the 1,000-year return period of maximum projected 

temperatures that confirms the northïsouth gradient across Oklahoma. Projected Tmax values 

increase toward the southern and southeastern portions, locally exceeding 120ï125 °F, which in 

several locations is higher than the AASHTO LRFD design maximum. In contrast, projected Tmin 

values remain relatively moderate, with most sites between 18 up to 23 °F, warmer than the 

AASHTO design minimum. As a result, although peak hot temperatures may increase, the overall 

thermal range (ȹT) remains lower than AASHTO LRFD, since cold extremes do not decrease 

similarly. This explains why the computed uniform-temperature movements of girders are 

generally smaller than those implied by the guidelines. 

 

Figure 16 GEV Projected Maximum Temperatures in selected bridge sites for a return period of 100 years 

Figure 17 displays the estimated risk for the evaluated sites between the climate-projected uniform 

thermal expansion and the AASHTO design expansion, while occurrence is taken as 1/RP  for the 

selected return period, the severity is the ratio of the projected over AASHTO thermal expansion. 

Thus, risk quantifies how large the climate induced 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 and northeastern Oklahoma, where projected Tmax is highest 



and the thermal range approaches the AASHTO ȹT. On the other hand, western and southern sites 

display low to very low risk. GEV-based projected temperatures for all spatially distributed bridge 

sites along with TU Risk classifications are presented in Appendix H. 

 

Figure 17 Risk values distribution for TU with quartile ranges for selected bridge sites for a Return Period 
of 1000 years 

 

Task 6 ï 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 Southern Plains Transportation Center 

(SPTC) & IBT/ABC-UTC 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 7 ï Submit Quarterly Progress Reports and Final Report: 

Quarterly progress reports will be submitted to IBT/ABC-UTC. A final report documenting all the 

data, data analysis, and suggested improvements in bridge design will be submitted to IBT/ABC-

UTC. 

Description of work performed up to this period: The quarterly progress report for the period 

ending December 2025 is being submitted.  

 

5. Expected Results and Specific Deliverables 

¶ High-resolution climate projections (tasmax, tasmin, precipitation) downscaled for 

selected locations in Oklahoma, including historical (1950ï1997) and future (2015ï2100, 

SSP245) periods. 

¶ Integrated dataset combining observational LIVNEH data and GCM projections, aligned 

temporally and spatially for selected locations. 

¶ Identification of changes in weather patterns hotspots/coldspots for historical climate data: 

rainfall and temperature affecting infrastructure. 

¶ Quantitative estimates of future loading conditions on bridges due to climate extremes. 

¶ Evaluation of structural demand for bridge models under changing climate conditions, 

particularly for scour-prone foundations. 

¶ Updated design recommendations for long-term bridge resilience considering significant 

return period for flood events and temperature/wind extremes. 

 

6. Schedule 

Progress of tasks in this project is shown in Tables 11 and 12. 

Table 11 Activity Completion Chart 

Items % 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 Considering Past and Future Weather 

Conditions 
40% 

Task 5: Provide Recommendations for Updating Bridge Design Codes and Standards 30% 

Task 6: Organize Workforce and Webinar 0% 

Task 7: Submit Quarterly Progress Reports and Final Report 60% 

 

 

 



Table 12 Gant Chart for the Project 

TASKS 

2025 2026 

J F M A M J J A S O 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) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 13 ANCOVA Analysis summary of the most significant results for Deck rating, climate models, according to the design load, bridge structure type and 
material type 

 

 

 

 

 

 



Table 14 ANCOVA Analysis summary of the most significant results for Superstructure rating, climate models, according to the design load, bridge structure 
type and material type 

 

 

 

 

 

 

 

 

 



Table 15 ANCOVA Analysis summary of the most significant results for Sub-structure rating, climate models, according to the design load, bridge structure 
type and material type 

 

 



Table 16 ANCOVA Analysis summary of the most significant results for Overall structure rating, climate models, according to the design load, bridge structure 
type and material type 

 

 

 

 

 


