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Abstract 

The new I-35W Saint Anthony Falls Bridge in Minneapolis, MN was fit with a system 

over 500 sensors to investigate structural behavior, which has been collecting data since the 

bridge opening to traffic in 2008. This large dataset presents a unique opportunity to investigate 

the I-35W Bridge’s behavior over years, seasons, and conditions, with the underlying objective to 

develop structural health monitoring protocols with long-term data. Long-term structural health 

monitoring is one approach to assist in the maintenance and management of structural systems. 

The long-term monitoring strategy presented updates the previous monitoring framework in 

Hedegaard et al. 2017 to account for uncertainty in the time-dependent deflections when 

establishing the bounds on the predicted behavior of the bridge. Additionally, the long-term data 

set is leveraged to compare the behavior of the bridge under environmental loading to design 

assumptions allowing for evaluation of serviceability stresses due to maximum temperature 

gradients at the midspan of the bridge. 
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Chapter 1: Introduction 

 

1.1 Problem Statement 

Structural health monitoring (SHM) is concerned with identifying problematic or 

damage-related behavior in a structure and assists in the understanding of a structures behavior. 

The ultimate goal of monitoring is to provide tools for aiding in structural maintenance and 

management of structural systems (French et al. 2014). Developments in recent technology has 

led to a greater focus on SHM in the civil engineering field, however the profession is still 

tackling how to best use the large amount of data from the these systems to provide useful value 

(Webb et al. 2015).  A key challenge of in-situ monitoring is that the interaction of environmental 

factors, time-dependent behavior, and operating conditions on the measured structural response 

can mask anomalous behavior (Sohn 2007). In particular, the slow changes that occur over 

months or even years, including time-dependent phenomena such as creep and shrinkage, can be 

difficult to detect. These changes in behavior can be tracked and explored through in-situ short-

term and long-term monitoring.   Short-term monitoring is used to detect changes in the data that 

evolve over the course of one month or less, such as bearing lockup or sensor failure. Changes in 

the data that evolve over time greater than one month, such as time-dependent deterioration, 

unexpected post-tensioning losses, and translation of the superstructure on bearings are detected 

through long-term monitoring.  

The monitoring system on the St. Anthony Falls Bridge (also known as the I-35W 

Bridge), which crosses over the Mississippi River in Minneapolis, MN, provides a uniquely large 

data set to explore to key SHM concepts: long-term monitoring strategies and environmental 

induced behavior of the bridge. The system has been collecting data since the opening of the 

structure in 2008. The bridge has been widely studied (French 2012; French et al. 2014; 

Hedegaard et al. 2013a, b; 2017a; b; c), but now, the over ten years of data allows for another 

look into a statistically rigorous long-term monitoring approach and how the bridge behaves 

under environmental factors such as thermal gradients.  

Long-term structural health monitoring is one approach to assist in the maintenance and 

management of structural systems. Long-term monitoring includes data interpretation and 

anomaly detection through model-based and data-driven approaches. These leverage statistical 

pattern recognition (Farrar and Worden 2007), deterministic regression, and Bayesian model-
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based approaches (Beck and Yuen 2004) to mitigate the impact of environmental and operating 

conditions. While these typically look at short-term anomaly detection, a limited number of 

studies have focused on Bayesian frameworks for evaluating the long-term behavior of structures 

where seasonal and slowly varying behavior may dominate (Hedegaard et al. 2017a; Ni et al. 

2020; Wan and Ni 2018; Wang et al. 2019). In Hedegaard et al. 2017 and Ni et al. 2020, which 

specifically focus on long-term deflections (or expansion joints), the temperature behavior and 

associated uncertainty is extracted. However, the uncertainty associated with the other time-

dependent phenomena, such as creep and shrinkage, is not accounted for in the definition of the 

bounds.  

The long-term monitoring strategy presented in this thesis updates the Bayesian statistical 

framework in Hedegaard et al. 2017 to account for the uncertainty in the time-dependent 

deflections when establishing the bounds on the predicted behavior of the I-35W Bridge. The 

long duration of the monitoring deployment offers a large dataset, which is used to quantify the 

uncertainty in the predicted creep and shrinkage deflection. 

Additionally, the long-term data set of the I-35W Bridge is leveraged to compare the 

behavior of the bridge under environmental loading to design assumptions.  In current bridge 

design, AASHTO LRFD includes four limit states: strength, service, fatigue and fracture, and 

extreme events (AASHTO 2017). For concrete, the service limit state is intended to ensure the 

comfort of users and prevent accelerated deterioration of the structure through cracking. Cracks 

on concrete bridges can allow water and salt to reach the reinforcement, possibly leading to steel 

corrosion. Over a long period of time, these serviceability issues can affect the lifespan, 

maintenance requirements, and safety of the bridge. One component of the service limit state, 

thermal effects, can introduce significant stresses in the bridge.  

In recent years, as SHM of bridges has increased, research on the thermal effects, 

specifically temperature gradients, within bridges has become more widely studied. These studies 

have shown that depending on location, current AASHTO LRFD temperature gradient design can 

either be a good representation of the thermal gradients (Shushkewich 1998; Abid 2018) or an 

insufficient representation (Mondal 2007; Lawson 2020). Due to this lack of consistency, more 

research into temperature gradients throughout different locations of the United States is required. 

Another outcome of the lack of consistency is how these temperature gradients affect the 

serviceability stresses occurring on the bridges. Depending on whether the AASHTO LRFD 
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temperature gradient design is a good representation or not, the estimated induced stresses could 

potentially be unconservative.    

The temperature data from the I-35W Bridge monitoring system allows for evaluation of 

serviceability stresses due to maximum temperature gradients at the midspan of a concrete bridge 

structure. Since its deployment in 2008, temperature data has been collected through thermistors 

to provide information on the shape and magnitude of temperature gradients. The measured 

temperature gradients at the midspan were compared to the thermal profiles for Zone 2 in 

AASHTO LRFD (AASHTO 2017) and the New Zealand Code (2018). A Finite Element Model 

(FEM) was then utilized to quantify the corresponding temperature stress demands along the 

length. These temperature stresses were looked at within a serviceability context to determine the 

possible stresses in the bridge and whether or not the design was conservative.    

1.2 Outline 

The results of this research have been organized into five chapters: 

Chapter 2 introduces the details of I-35W Bridge including a physical description and 

instrumentation. The relevant types of sensors installed and their corresponding locations on the 

bridge are described. This chapter also introduces the finite element models of the bridge that 

were previously created.  

Chapter 3 focuses on the updated long-term Bayesian monitoring strategy. It begins with 

a literature review and then goes through a brief explanation on the Bayesian statistical 

framework. The previous approach to long-term monitoring on the I-35W Bridge is presented, as 

well as the extension of Bayesian framework for long-term anomaly detection. The chapter 

finishes with the results of the anomaly detection using the new long-term detection method and 

validating the long-term check with artificially induced perturbations.  

Chapter 4 discusses the impact of temperature gradients on service load combinations, 

starting with a literature review of relevant work. This chapter reviews thermal gradients and 

current thermal gradient design for bridges. The observed gradients are presented through the 

magnitude and shape. The resulting stresses from the observed gradients are discussed. The 

chapter then ultimately focusing on how the temperature gradient stresses impact serviceability of 

the bridge. Conclusions on the work done and potential future steps are provided in the final 

chapter, Chapter 5.    



4 
 

Chapter 2: I-35W Bridge Description and Instrumentation 

 

2.1 Bridge Description 

The new I-35W Saint Anthony Falls Bridges in Minneapolis, Minnesota opened to traffic 

on September 18, 2008. The bridge is a post-tensioned concrete box girder comprised of two 

separate parallel structures: northbound and southbound crossings. Each structure has four spans, 

as shown in Figure 2.1. Spans 1 through 3 are continuous and separated from Span 4 by an 

expansion joint. Spans 1, 3, and 4 were built with cast-in-place concrete, and Span 2, the river 

span, was built using segmental precast construction. The bridge design also includes an 

expansion joint at the south end of Span 1 and pins at Piers 2 and 3. Span 4 is pinned on the south 

end and built integrally with Abutment 5 at the north end. Each bridge is 90 ft-4 in. wide and 

carries five 12-ft lanes of traffic and a 13-ft wide shoulder on the exterior and a 14-ft wide 

shoulder on the interior of the bridge. Spans 1, 2, and 3 consist of two boxes with varying depth, 

which are approximately 25-ft deep near the pier and approximately 11-ft deep at the midspan. 

The northbound and southbound bridge design had similar cross sections for Spans 1 and 2, but 

differed in Span 3 where the north end of the northbound bridge was widened to allow for exiting 

traffic. Span 4 varied from the other spans, consisting of two multi-celled boxes for each bridge.  

Several representative cross-sections along the length are shown in Figure 2.2. A detailed bridge 

description, including the construction sequence of both structures, is presented in French et al. 

(2012). 

2.2 Instrumentation  

Over 500 sensors were deployed on the bridge to investigate the structural behavior, 

including vibrating wire strain gages, thermistors, fiber optic sensors, linear potentiometers, 

accelerometers, and corrosion sensors. The long-term monitoring system has been collecting data 

since the opening of the bridge. This large dataset presents a unique opportunity to investigate the 

I-35W Bridge’s behavior over multiple years, seasons, and conditions, with the underlying 

objective to developing structural health monitoring protocols with long-term data. While the 

majority of the sensors are located in the southbound structure, some parallel instrumentation is 

included in the northbound structure to compare the responses. The primary locations of the 

vibrating wire and thermistor instrumentation throughout the southbound bridge are highlighted 

in Figure 2.3. These sensor measurements along with bearing displacement measurements are the 
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primary focus of this work. The complete instrumentation of the bridge is detailed in the MnDOT 

report “Instrumentation, Monitoring, and Modeling of the I-35W Bridge” by French et al. (2012).  

One of the key measurements in this work is the longitudinal movement captured at the 

bearings. A linear potentiometer (LP) was located in the inside surface of each box at the 

expansion joints between Abutment 1 and Span 1 and between Span 3 and Pier 4 in both the 

northbound and southbound structures, a total of 12 LPs. At Abutment 1, each box of both 

bridges contained a LP which was anchored from the superstructure web of Span 1 to the back 

wall of the abutment. At Pier 4, two LPs were anchored to the top of Pier 4 per box per bridge, 

with one attached to the Span 3 superstructure and another attached to the superstructure of Span 

4. The elevation details of the LPs attached to Span 1 from Abutment 1 and to Spans 3 and 4 from 

Pier 4 are shown in Figure 2.4. The presented data represents the change in the longitudinal 

displacement averaged from both linear potentiometers (one in each box) at each instrumented 

location per bridge. The data reflects the deflection at the location of the instrumentation and not 

at the level of the expansion joint. For each LP, hourly readings were extracted and averaged over 

100 points (for a sample rate of 4 Hz, this was equivalent to 25 seconds) from the continuously 

collected data.  

The second measurement of particular interest in this work is the temperature distribution 

throughout the structures. There are 246 thermistors (including those integrated into vibrating-

wire strain gauges) that have been measuring temperature within the bridge since its opening. The 

center of the river span (Location 7) of the southbound structure was most heavily instrumented 

with thermistors throughout the cross section in order to capture a detailed look at the temperature 

gradient (Figure 2.5). At other locations, insufficient instrumentation prevented verification of 

thermal gradients, so it was assumed that the gradient captured at Location 7 would apply to the 

entire structure. For each thermistor, hourly temperatures were recorded as the temporal average 

of five readings during the first 15 minutes of every hour. The average structural temperature at 

the midspan (Location 7) were approximated by computing the average cross-sectional 

temperature to the nearest whole degree. Based on work by Hedegaard et. al (2013), this average 

cross-sectional temperature was taken as representative of the entire structure except for locations 

immediately adjacent to the piers.  

2.3 Finite Element Model  

Two finite element models (FEMs) were constructed and validated in French 2012. The 

purpose of the models were twofold: to provide a tool of comparison of the performance of the 
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bridge relative to design requirements and assumptions and to provide a tool through which 

predictions of bridge performance could be made. Prediction of bridge performance included 

predicting time-dependent effects, dynamic model properties, checking the bridge response under 

extreme loadings conditions, and predicting the response after possible damage. The three-

dimensional (3D) FEM was used to determine structural response of the I-35W Bridge when 

subject to live loading, long-term deflections, and post-tensioning losses. The two-dimensional 

(2D) FEM was used to predict the structural response when the bridge was subject to thermal 

effects. Truck tests were performed on the bridge to validated the FEMs in Hedegaard et al. 

(2013). 
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Chapter 3 : Updated long-term Bayesian monitoring strategy  

This chapter focuses on updating the Bayesian statistical framework in Hedegaard et al. 

2017a to account for the uncertainty in the time-dependent deflections when establishing the 

bounds on the predicted behavior of the I-35W Saint Anthony Falls Bridge. The long duration of 

the monitoring deployment offers a uniquely large dataset, which is used to quantify the 

uncertainty in the predicted creep and shrinkage deflection. The relevant literature is discussed 

first in Section 3.1. The Bayesian framework is presented in Section 3.2 including a brief 

overview of the previous approach and the data normalization technique.  The framework is then 

applied to the in-situ monitoring data, which reflects normal behavior, and artificially generated 

perturbations. The bounds and the validity of the anomaly detection are compared to the previous 

technique in Section 3.3.  

3.1 Relevant literature  

Long-term structural health monitoring is one approach to assist in the maintenance and 

management of structural systems. Ideally, the deployment of sensing technology and associated 

measurements provide a quantitative means to evaluate structural condition. While the basis for 

SHM seems intuitive, the interpretation of the massive amounts of data to obtain actionable 

information can cause significant challenges (Brownjohn et al. 2011; Wang et al. 2019; Webb et 

al. 2015). One widely acknowledged challenge of in-situ monitoring is that the interaction of 

environmental factors, time-dependent behavior, and operating conditions on the measured 

structural response can mask anomalous behavior and many existing monitoring methods neglect 

the important effects of changing environmental and operations conditions on the underlying 

structure (Sohn 2007).  Sohn (2007) suggests that SHM systems will not be accepted in practical 

applications until robust techniques are developed to account for this key challenge.  

In the last two decades, the field has shifted from data aggregation to data interpretation 

and anomaly detection through model-based and data-driven approaches. These leverage 

statistical pattern recognition (Farrar and Worden 2007), deterministic regression, and Bayesian 

model-based approaches (Beck and Yuen 2004) to mitigate the impact of environmental and 

operating conditions. While these typically look at short-term anomaly detection, a limited 

number of studies have focused on Bayesian frameworks for evaluating the long-term behavior of 

structures where seasonal and slowly varying behavior may dominate (Hedegaard et al. 2017a; Ni 

et al. 2020; Wan and Ni 2018; Wang et al. 2021). Ni et al. (2020) states that Bayesian inference 



8 
 

has been growing in its application for model updating, system identification, and damage 

detection as it is a powerful analytic tool to quantify uncertainty. Bayesian approaches are 

appealing as they (1) treat model parameters as random variables rather than deterministic 

quantities and are able to accommodate uncertainty in the monitoring data and (2) they enable the 

quantification of model error and prediction uncertainty (Wang et al. 2021).  

There have been a few studies which specifically focus on long-term deflections (or 

expansion joints), where the temperature behavior and associated uncertainty is extracted through 

the use a Bayesian framework (Hedegaard et al. 2017a; Ni et al. 2020; Zhang et al. 2021). Ni et 

al. (2020) and Zhang et al. (2021) both present different Bayesian dynamic linear models rather 

than the Bayesian general linear model and focus on a temperature and displacement relationship 

rather than time and displacement. While each of these papers takes a different approach in 

applying the Bayesian framework, the uncertainty associated with the other time-dependent 

phenomena, such as creep and shrinkage, is not accounted for in the definition of the bounds.  

3.2 Bayesian statistical framework  

The Bayesian statistical framework described in Hedegaard et al. 2017b for short-term 

anomaly checks is extended for long-term monitoring of the I-35W Bridge by accounting for the 

uncertainty in the prediction of the time-dependent deflection. To do this, the time-dependent 

behavior was first extracted from the measured linear potentiometer data using linear regression. 

The normalized deflection was then converted to a slope, representing the rate of time-dependent 

deflection, and the Bayesian regression was conducted. For effective comparison of the two 

approaches, the previous anomaly detection approach (outlined in more detail in Hedegaard et al. 

2013) is briefly presented in this section. 

When the previous method anomaly detection approach was developed, the form of the 

time-dependent curve was not deterministically known, so using Bayesian regression over a 

longer timeframe was not reliable. French et al. (2014) suggested that the Bayesian regression 

approach should not be relied upon to detect long-term bridge behavior changes, as the 

methodology cannot distinguish (without prior knowledge) between a true positive due to 

structural deterioration and a false positive triggered by imprecise estimation of the time-

dependent behavior. However, after over 10 years of data and an exploration into the time-

dependent behavior of the bridge, it is possible to use Bayesian regression to provide reliable 

bounds for detecting long-term behavior. While the Bayesian regression could be directly applied 

to the time-dependent displacements, it was applied to the slope of the time-dependent deflections 
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calculated from the measured responses of the linear potentiometers for comparison to the 

previous method. 

The model-based longitudinal displacements used in the Bayesian statistical framework 

are calculated using the 3D time-dependent finite element model, which is introduced in Chapter 

2 (Hedegaard et al. 2017c). Six time-dependent creep and shrinkage models were considered: 

ACI 209 (ACI Committee 209 1992), 1978 CEB/FIP (Telford 1978), 1990 CEB/FIP (Telford 

1990), AASHTO LRFD (2017), B3 (Bažant and Baweja 1995), and GL2000 (Gardner and 

Lockman 2001) (Hedegaard et al. 2017b). Not all six of the time-dependent models include 

temperature correction and the models are assumed to be at a constant temperature. The ACI 209 

Committee (1992) noted that an increase in temperature increases the amount of creep, but no 

guidance on how to incorporate this into the analysis was provided. To address the effects of the 

changing temperature on the time-dependent response of the structure, the Arrhenius equation 

was used to normalize the timescale to an adjusted time (referred to as adjusted age days) 

corresponding to an equivalent time at a constant temperature.  

3.2.1 Bayesian regression 

Bayesian regression allows for the computation of probability distributions describing the 

coefficients of a regression analysis. The measured data can be assumed to follow the model 

 𝑫𝑫 = 𝑨𝑨𝑨𝑨 +  𝜺𝜺 (3.1) 

 
where D is a vector of length n of the measured data, w is the vector of length k of the fitting 

coefficients, A is the n x k design matrix, and 𝜺𝜺 is the error term assumed to be Gaussian with a 

mean of zero and variance of σ2. For regression of the measured time-dependent behavior, the 

design matrix is specified as 
 

 𝑨𝑨 =  [𝝃𝝃   𝑼𝑼] (3.2) 

 

where 𝝃𝝃 is the vector of length n of the rate of FEM longitudinal deflections computed at time t 

corresponding to the times at which measured data D was captured, and U is a vector with all entries 

equal to one to capture the constant offset term of the data. The prior distribution was assumed to 

be a normal distribution with mean 𝝁𝝁 and precision B. The precision matrix B was computed as the 

inverse of the variance matrix: 
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𝑩𝑩 =  

⎣
⎢
⎢
⎢
⎡

1
𝐶𝐶𝑡𝑡𝑡𝑡2

0

0
1
𝑣𝑣2⎦
⎥
⎥
⎥
⎤
 (3.3) 

 

where Ctd is the coefficient of variation of the time-dependent models (typically 0.25), and v2 is the 

assumed variance of the constant offset.  

The posterior distribution is normal with the precision Λw and mean mw given by 
 

 
𝚲𝚲𝐰𝐰 =

1
𝜎𝜎2

𝑨𝑨𝑻𝑻𝑨𝑨 + 𝑩𝑩 (3.4) 

 
𝒎𝒎𝑨𝑨 =  𝚲𝚲𝑨𝑨−𝟏𝟏(

1
𝜎𝜎2

𝑨𝑨𝑻𝑻𝑫𝑫 + 𝑩𝑩𝝁𝝁) (3.5) 

 

3.2.2 Bayesian prediction 

Bayesian prediction involves using the uncertain regression coefficients and extrapolating 

the probability distributions of future data points. This approach combines the uncertainty in the 

measured data with the uncertainty in the regression coefficients to arrive at a probabilistic 

estimation of the future time-dependent behavior. 

Predictions were computed using the same form of regression equation presented in Eqn. 

(3.1) with some changes in variables: 

 𝑫𝑫� = 𝑨𝑨�𝑨𝑨 +  𝜺𝜺 (3.6) 

 

where 𝑫𝑫�  and 𝑨𝑨� are the estimated data and design matrix values, respectively.  The goal of 

Bayesian prediction is to compute the probability of measuring some new set of data 𝑫𝑫�  given 

existing data D, implicit assumptions S, and knowledge K. The design matrix values are assumed 

deterministic, and so uncertainty is present only in the parameters w and the error 𝜺𝜺. Because the 

distribution for 𝑫𝑫�  was assumed to be normal, the mean and variance completely defined the 

uncertainty:  

 𝒎𝒎𝑫𝑫 =  𝑨𝑨�𝒎𝒎𝑨𝑨 (3.7) 
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 𝑽𝑽𝑫𝑫 =  𝑨𝑨�𝑽𝑽𝑾𝑾𝑨𝑨�𝑻𝑻 + 𝜎𝜎2𝑼𝑼 (3.8) 

 

where mw and Vw are mean and variance, respectively, of the parameters w, U is the q x q matrix 

with all entries equal to one, and q is the length of the estimated data vector 𝑫𝑫� . 

Of particular interest is the credible region of the predicted data values. An r-credible 

region is defined as the region R such that 

 
�𝑝𝑝�𝑫𝑫��𝑫𝑫�𝑑𝑑𝑫𝑫� = 𝑟𝑟
𝑅𝑅

 (3.9) 

 

where r can be specified as any values between 0 and 1. The r-credible region was computed on a 

point-by-point basis, such that the bounds Ri were defined by the probability that the true value of 

a single point 𝐷𝐷�𝒊𝒊 would lie within the bounds with probability r, independent of all other 

predicted values in vector 𝑫𝑫� . The bounds Ri of the r-credible interval for point 𝐷𝐷�𝒊𝒊 with mean (mD)i 

and variance (VD)i were defined as 

 𝑅𝑅𝑖𝑖 = (𝑚𝑚𝐷𝐷)𝑖𝑖 ± 𝑐𝑐�(𝑉𝑉𝐷𝐷)𝑖𝑖 (3.10) 

 

where c was chosen such that the probability that a point is contained within the bounds was 

equal to r. For a Gaussian distribution, a typical value of c is 2, which approximately defines a 

95%-credible interval.  

3.2.3 Previous long-term monitoring approach 

Previously, the form of the time-dependent curve was not deterministically known, so 

using Bayesian regression over a longer timeframe was not reliable. Instead, a method to 

maximize detection of true positives and minimize false positives was developed based on the 

long-term deflection rate.  

Assuming constant or decreasing stress, regardless of the shape of the creep and 

shrinkage curves, the long-term deflection rates at the expansion joints should always be positive 

and get smaller over time. The bounds for the long-term anomaly detection were determined from 

previously measured rates of time-dependent behavior without knowledge of the specific form of 

the time-dependent curve. The rate of the time-dependent behavior was computed by measuring 

the slope of the time-dependent curves plotted with respect to the Arrhenius adjusted age. Instead 
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of fitting the measured data with a line, a window of time-dependent data was fit using linear 

regression employing the log-power equation: 

 𝑇𝑇𝐷𝐷 =  𝛼𝛼1 ln�1 + (𝑡𝑡 − 𝑡𝑡0)𝑎𝑎𝑡𝑡𝑎𝑎0.1 � + 𝛼𝛼2 +  𝛿𝛿 (3.11) 

 

where TD is the measured time-dependent data extracted from the raw data, (𝑡𝑡 − 𝑡𝑡0)𝑎𝑎𝑡𝑡𝑎𝑎 is the 

Arrhenius adjusted age, α1 and α2 are fitting parameters, and 𝛿𝛿 is an error term assumed to be 

Gaussian with zero mean. The time-dependent data was extracted from the raw data using a linear 

regression, which can be found in (French et al. 2014). Temperature in the measured data was 

accounted for within the linear regression using the temperature distribution at midspan. The 

slope of the time-dependent behavior was then taken as the first derivative of the fit with respect 

to the Arrhenius adjusted age: 

 𝜕𝜕(𝑇𝑇𝐷𝐷)
𝜕𝜕(𝑡𝑡 − 𝑡𝑡0)𝑎𝑎𝑡𝑡𝑎𝑎

= 𝛼𝛼1�0.1(𝑡𝑡 − 𝑡𝑡0)𝑎𝑎𝑡𝑡𝑎𝑎−0.9��1 + (𝑡𝑡 − 𝑡𝑡0)𝑎𝑎𝑡𝑡𝑎𝑎0.1 �
−1

 (3.12) 

 

The window for computing the slope was chosen to be 500 adjusted days, approximately 

two years, because the time-dependent data extraction approach and use of adjusted age does not 

remove does not remove all seasonal effects. This two-year window minimized the impact of any 

seasonal effects, and also provided a large enough window for consistent regression using the 

log-power equation. The adjusted age procedure shortened time when it was cold and elongated it 

when it was warm, so each year’s worth of data contained a cluster of winter data points, all 

having similar adjusted ages and deformations. This introduced a bias into the regression, and 

therefore weighting was necessary. The two-year windows for computing the slope were divided 

into 20 bins that had equal adjusted age. Each bin was given equal weight in the regression. Each 

reading was weighted by the inverse of the number of readings in that bin. 

The form of the equation for linear regression on the computed slopes with respect to 

adjusted age was chosen to be  

 𝑆𝑆𝑆𝑆 =  𝛼𝛼3(𝑡𝑡 − 𝑡𝑡0)𝑎𝑎𝑡𝑡𝑎𝑎−0.9 +  𝛿𝛿 (3.13) 

 

where SL is the computed slope of the time-dependent behavior with respect to the Arrhenius 

adjusted age, 𝛼𝛼3 is the regression coefficient, and 𝛿𝛿 is an error term assumed to be Gaussian with 

zero mean. 
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The upper and lower bounds were chosen to minimize false positives on the measured 

data. Bounds were selected to be the mean plus or minus the summation of 10% of the mean 

estimate and 3 times the standard deviation of the residual of the repression with respect to the 

training set data. Three standard deviations were chosen to approximate a 99%-confidence 

interval, and the additional ±10% of the mean estimate was added to enlarge the bounds when the 

time-dependent rates were higher and decrease the bounds at late ages when the rates were slow. 

As a result, the bounds at comparable locations vary depending on the residual even if similar 

behavior of the structure is observed. 

3.2.4 Proposed extension for long-term anomaly detection  

To develop a monitoring system that can integrate uncertainty of the time-dependent 

curve, the Bayesian framework was applied to the long-term data. In the prior long-term anomaly 

detection system, it was determined that the form of the time-dependent curve was not 

deterministically known, and therefore using Bayesian regression was not reliable.  However, 

after more than 10 years of data, the form of the time-dependent curve has been determined, 

making the Bayesian regression a suitable method. 

While the Bayesian regression could be directly applied to the time-dependent 

displacements, it was applied to the slope of the time-dependent deflections calculated from the 

measured responses of the linear potentiometers for comparison to the previous method. A 

window of time-dependent data was fit using Eqn. (3.11), and the slope of the time-dependent 

curve was then computed using Eqn. (3.12). In order to apply the Bayesian method that was 

established on the slope of the time-dependent data rather than the data itself, certain variables 

were converted into a slope. For the fitting matrix A from Eqn. (3.1), the time-dependent 

behavior 𝝃𝝃 was taken as the rate of the longitudinal deflection results from the FEM, and D, from 

Eqn. (3.1), was taken as a vector of the slope of the measured data. After over ten years of data, 

the shape of the time-dependent fitting equation was assumed to be deterministic and most 

closely follow the CEB 1990 model (Linderman et al. 2019).  

The Gaussian error term 𝜺𝜺 was chosen for the CEB 1990 model. The uncertainty in the 

standard deviation of the noise was assumed to be deterministically known. The standard 

deviation of the residual for the best fits ranged from 0.0001 and 0.0005 in./day for the four LP 

locations (Table 3.1). The standard deviations are assumed to be due to scatter of the data and 

imperfections in the extraction of the time-dependent behavior by linear regression. The Gaussian 
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error term 𝜺𝜺 was determined from the average of the four locations to have a standard deviation σ 

equal to 0.0025 in./day.  

3.3 Results of slowly varying anomaly detection  

To investigate the performance of the Bayesian statistical framework, the measured linear 

potentiometer data was divided into a training set, used to compute the regression, and a test set, 

used only for validation of the method. As ten years of data was used to determine the shape of 

the time-dependent curve, it was thought that a training set of ten years of data would provide the 

most accurate results when comparing the two methods. To validate the method, the test set was 

checked against the computed predictions and artificial perturbations. The new bounds were then 

compared to the old bounds through a series of artificially induced perturbations, to determine the 

best long-term monitoring system for this bridge. In the following discussion, the application of 

the Bayesian statistical framework will be referred to as the long-term check. 

3.3.1 Applying long-term check on existing data  

The validity of the long-term slope check was investigated using the measured linear 

potentiometer data from both the northbound and the southbound bridges. The training set for 

each location contained the first 10 years of slope calculations, approximately 2500 adjusted age 

days. The windows started at October 31, 2008 (106 adjusted age days) until October 31, 2018 

(2795 adjusted age days) for Span 1 of the southbound bridge and Span 1 and Span 3 of the 

northbound bridge. For Span 3 of the southbound bridge, the training set started at September 28, 

2009 (339 adjusted age days) and went until October 31, 2018 (2795 adjusted age days), because 

no data for southbound Span 3 was collected during the first year after the bridge was completed. 

All data after the end of the training set until April 18, 2019 composed the test set and was 

checked against the computed predictions.  

The Bayesian long-term bounds for each bridge span were then determined using the 

discussed fit parameters and method with the CEB 1990 creep model response assumed as the 

prior distribution. The slopes at the beginning of each window were plotted with respect to the 

adjusted age at the beginning of each window. The new mean and bounds are plotted against 

those of the prior long-term monitoring system in Figure 3.1 through Figure 3.4. In most of the 

cases, the Bayesian long-term monitoring system allowed for a slightly lower mean than 

previously found. In Figure 3.1 through Figure 3.3, the new mean shifted down compared to the 

old mean and the new bounds are much wider. For Southbound Span 3 (Figure 3.4), the mean 



15 
 

shifted up rather than down. This difference in the bounds is likely due to the smaller training set, 

as the data for this span started almost a year later than the others.  

Looking more closely at the southbound Span 1 bound comparison (Figure 3.3), the LP 

data goes out of the old bounds at approximately 2100 adjusted age days. This resulted in the old 

system triggering an anomaly warning. However, the LP data did not cross over the bounds of the 

new system. The bridge was determined to be behaving normally (Linderman et al. 2019), and 

thus the previous system flagged a false-positive warning. The new bounds could potentially limit 

the triggering of false-positives in the long-term anomaly detection system. 

3.3.2 Validating long-term check for artificially induced perturbations  

To compare the new Bayesian long-term monitoring approach to the previous approach, 

the prior checks used to validate the previous system were evaluated. These perturbations did not 

represent a specific phenomenon but rather deviations to the expected behavior. However, as the 

artificially induced perturbations occurred within what would now be the test set, the test set and 

training set were modified. The training set for each location contained the first-year worth of rate 

calculations, with windows starting at October 31, 2008 (106 adjusted age days) until October 31, 

2009 (350 adjusted age days) for data from Span 1 of the southbound bridge and Spans 1 and 3 

for the northbound bridge and starting at September 28, 2009 (339 adjusted age days) until 

September 28, 2010 (614 adjusted age days) for data from Span 3 of the southbound bridge.  It 

should be noted that testing similar perturbations on a longer set of data was not explored for this 

thesis but could be a future area of work. 

Test 1 – To determine whether the Bayesian long-term check could detect instantaneous 

jumps in the data, the LP data from the southbound bridge Span 1 was tested without removing 

known jumps. Replacements of the LP at this location caused instantaneous jumps in the data on 

April 8, 2013, July 25, 2013, and August 6, 2013. The results from the long-term routine are 

shown in Figure 3.5. Red flags were trigged on April 8, 2013, the same day as the first jump of 

approximately 0.25 in.  (6 mm). A red flag is trigged when 144 readings exceed the bounds. The 

red flag persisted until the end of collection on October 24, 2013. The previous detection system 

triggered a red flag on April 8, 2013 catching the first jump as well. In this case, the two systems 

performed the same. 

Test 2 - Short-term bearing lockup was emulated starting on October 13, 2013 until 

October 24, 2013 and tested using the long-term monitoring check. This was done by introducing 
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a perturbation whereby the readings from one of the linear potentiometers were held constant plus 

a Gaussian error term with zero mean and a standard deviation of 0.01 in. (2.5 mm), which was 

twice the expected standard deviation of the time-dependent deflections extracted from the 

unmodified LP data. The exterior box LP was held constant for 276 readings starting on October 

13, 2013 until October 24, 2013. The interior box LP was assumed to be unaffected by the 

bearing lockup. While this in unrealistic, it was chosen to bring the southbound bridge Span 1 

average readings closer to the measured results and theoretically making the lockup more difficult 

to detect. The system did not detect any red flags, shown in Figure 3.6. The previous system was 

not able to detect the short-term bearing lockup either. 

Test 3 - A six-month linear drift from April 24, 2013 until October 24, 2013 of 0.5 in. (13 

mm) in Span 1 of the southbound bridge and Span 1 of the northbound bridge was introduced to 

the linear potentiometers. Results of the long-term check applied to data from the southbound and 

northbound bridges are given in Figure 3.7. The long-term check from the southbound bridge did 

not detect the perturbation, but it was also not detected in the previous approach. This is primarily 

due to the Heaviside function that was applied to the southbound bridge data to account for the 

sensor replacement and corresponding data jumps. The introduction of the Heaviside functions 

will always correct the time-dependent behavior back to the expected curve, thus making it 

challenging to detect slowly developing perturbations that occur during sensor replacement.  

However, the drift was correctly flagged in the northbound bridge just as it was in 

previous approach. Red flags were triggered starting August 8, 2013 (874 adjusted age days) and 

persisted until end of collecting. The Bayesian long-term detection system for the northbound 

bridge triggered a red flag fourteen days sooner than the previous system (triggered on August 22, 

2013). While it still triggered about three months after the drift started, this response time was 

deemed acceptable for the long-term check based upon the nature of the perturbation. 

Test 4 - A slower developing perturbation, a linear drift of 0.5 in. (13 mm) applied over 

two years starting at October 24, 2011 was introduced to the linear potentiometer data from Span 

1 of the northbound bridge. The results are shown in Figure 3.8. The anomaly was correctly 

identified, with a red flag first determined on February 5, 2013 (614 adjusted age days). This was 

the same as the previous detection system. Both systems would likely have caught it earlier, 

however no data was collected from May 27, 2012 until February 5, 2013. 

Test 5 - A drift of 0.25 in. (6 mm) was applied over one year starting October 24, 2011 to 

determine how the method would behave with a slow developing but temporary anomaly. After 
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the drift, the data continued as measured, but with an offset of 0.25 in. (6 mm). from the original 

measured results. This represents increased movement in the bridge at one expansion joint which 

is followed by a corrective measure to halt the motion. This would not necessarily reverse the 

original drift. The results of this check are shown in Figure 3.9. A red flagged was detected on 

February 5, 2013 (614 adjusted age days), which was the same time as the previous system. 

However, the previous system only detected a red flag until August 6, 2013 (871 adjusted age 

days) while the Bayesian system detected it for much longer. 

3.4 Summary and conclusions  

The Bayesian statistical framework in (Hedegaard et al. 2017b) was extended to account 

for the uncertainty in the time-dependent deflections when establishing the bounds on the 

predicted behavior of the I-35W Saint Anthony Falls Bridge. The Bayesian regression was 

applied to the slope of the longitudinal defections extracted from measurements by the linear 

potentiometers. The monitoring framework was developed to detect long-term anomalies in the 

linear potentiometer data. The resulting bounds and mean computed from the Bayesian 

framework were compared to the previous method for several test cases.  

The objective of the approach was that accounting for the time-dependent model in the 

framework would result in more statistically rigorous bounds. For northbound Span 3 and 

southbound Spans 1 and 3, the Bayesian long-term monitoring system allowed for larger bounds 

and a mean lower than previously found. For northbound Span 1, the bounds were also larger, but 

the mean was shifted up. When tested with artificially induced perturbations, the new method 

preformed comparably to the previous one, even though resulting bounds were larger. The 

Bayesian method was able to detect some perturbations earlier than the previous method. 

However, the perturbations were tested with a small training set (in order to better compare with 

previous method). Testing similar perturbations on a longer set of data was not explored for this 

paper but would be a future area of work. 
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Chapter 4 : Impact of temperature gradients on service load 

combinations 

This chapter focuses on the impact of temperature gradients on service load 

combinations. The service limit state is intended to ensure the comfort of users and prevent 

deteriorations through cracking, and the thermal effect component of the limit state can introduce 

significant stresses to a structure. The temperature data from the I-35W Bridge monitoring system 

allows for evaluation of serviceability stresses due to maximum temperature gradients at the 

midspan of a concrete bridge structure. The relevant literature is discussed first in Section 4.1 and 

the background in Section 4.2. The shape and magnitude of the thermal gradients are presented in 

Section 4.3. Through the modeling presented in Section 4.4, the temperature gradients stresses 

were found and are shown in Section 4.5. The stresses are then looked at within a serviceability 

context in Section 4.6 and the chapter is summarized in Section 4.7. 

4.1 Relevant literature  

 Potgieter and Gamble (1983) first considered the heat flow problem in bridges by 

constructing a finite-element model. The numerical study was complimented with field 

measurements from the Kishwaukee River Bridge, located near Rockford, Illinois. The work 

done by Potgieter and Gamble was then advanced by Imbsen et al. (1985) and later adapted into 

the AASHTO LRFD Bridge Design Specifications (AASHTO 2017). The AASHTO LRFD 

(AASHTO 2017) design positive gradient in shown in Figure 4.1. The design negative gradient 

for structures with plain concrete decks and no asphalt overlay is found by multiplying the design 

positive gradient temperatures by –0.3.  

The design gradient from the New Zealand Code (New Zealand Transport Agency 2018) 

is a fifth-order curve adopted from Priestley (1978), which decreases from a maximum gradient 

temperature at the top of the deck to zero at a depth of 47.2 in. (1200 mm), defined by 

𝑇𝑇𝑔𝑔𝑔𝑔𝑎𝑎𝑡𝑡(𝑦𝑦) = 𝑇𝑇0 �
𝑦𝑦

47.2
�
5
, y in inches                                              (4.1) 

where y is defined positive up from the point 47.2 in. (1200 mm) below the top surface. The 

maximum gradient temperature, T0, for plain concrete decks with no asphalt overlay in New 

Zealand is specified as 57.6°F (32°C). The fifth-order curve is applied through the depth of the 

webs and for decks above unenclosed air. For decks above enclose air cells in box girders and 

plain concrete decks with no asphalt overlay, a linear gradient is applied with a top gradient 
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temperature equal to T0 and the temperature decreasing at a rate of 1°F per 0.44 in. (1°C per 20 

mm). The bottom gradient tail temperature is specified as 2.7°F (1.5°C), decreasing linearly to 

zero over a height of 7.9 in. (200 mm) measured from the bottom of the section. The New 

Zealand Code design positive thermal gradient is shown in Figure 4.2. The New Zealand design 

negative thermal gradient is specified with a top surface temperature equal to –0.4 times the top 

surface temperature of the positive design thermal gradient, and linearly decreases to zero over a 

height of 11.8 in. (300 mm) measured from the top of the section. 

A number of field investigations regarding thermal gradients in concrete bridges have 

been conducted and are summarized in Table 4.1. Potgieter and Gamble’s (1983) investigation of 

the Kishwaukee River Bridge, a continuous five-span segmental box girder bridge with blacktop 

covering, revealed that the shape, but not the top surface magnitude, of the New Zealand gradient 

matched measured thermal gradients. A cast-in-place concrete box girder bridge, known as the 

North Halawa Valley Viaduct, located in Hawaii, was investigated by Shushkewich (1998). The 

measure positive and negative thermal gradients were found to correspond with the AASHTO 

(1998), which are identical to the thermal gradient provisions in AASHTO LRFD (2017). 

Thompson et al. (1998) considered the Ramp P structure, a curved precast segmental concrete 

box girder bridge on highway US 183 in Austin, Texas. Gradients were measured both with and 

without a 2 in. black top covering. The measured gradients were typically lower than those 

specified in AASHTO LRFD (1994), which had identical positive design gradients to AASHTO 

LRFD (2010 & 2017) but used a multiplier of –0.5 instead of –0.3 when defining the negative 

thermal gradient. However, the author stated that more data was needed to construct a sound 

statistical comparison. Thermal gradients in precast segmental concrete box girders in the San 

Antonio Y Project was investigated by Roberts-Wollman et al. (2002). The authors concluded 

that typical positive gradients could be approximated by a fifth-order curve similar to that 

presented in Priestley (1978); however, the AASHTO LRFD (AASHTO 1997) positive and 

negative design gradients were conservative. Rojas (2014) investigated the effects of temperature 

changes in two concrete bridges, one south of Sacramento, California and the other close to Perry, 

Utah.  The author found that the maximum measured negative temperature gradient on both 

bridges exceeded the values established in the AASHTO LRFD (2010). The maximum measured 

positive temperature gradient was best described by Priestly (1978) with the 3 in. asphalt overlay 

for the Utah Bridge. Additionally, in general, the shape of the maximum positive and negative 

temperature gradients was best describes by a fifth order curve. Rodriguez’s (2014) investigation 

of the Lambert Road Bridge near Sacramento, California found that the maximum values at the 
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top of the gradient were less than AASHTO LRFD (2010) and Priestley (1978), and the shape 

most closely resembles the shape of the AASHTO LRFD gradient. Lawson et al. (2020) 

considered the thermal gradients of concrete structures through heat flow analysis and 

meteorological data from Reno and Las Vegas, Nevada, and found that the shape of the 

calculated profile more closely followed the Priestley fifth-order curve than the AASHTO LRFD 

curve (2017). While Nevada is in AASHTO Zone 1, it is believed that the high desert climate 

causes more extreme temperature gradients than AASHTO LRFD (2017) can accurately capture. 

 Recently there has also been a number of field investigations regarding the stresses 

produced from thermal gradients. The same study that investigated temperature gradients in two 

concrete bridges in California and Utah found that the maximum tensile stress produced by only 

the temperature gradient on the California Bridge was 39% greater than the AASHTO LRFD 

(2010) limit. The maximum tensile stress on the Utah Bridge due to the temperature gradient was 

found to make up 73% of the AASHTO LRFD (2010) limit. It was concluded that with the 

presence of other load in combination with a more extreme temperature gradient could exceed the 

AASHTO LRFD (2010) set limits (Rojas 2014). Rodriguez (2014) found that for the Lambert 

Road Bridge the maximum tensile stresses calculated represented 59% of the allowable tensile 

stress per AASHTO LRFD (2010). It was noted that these stresses in combination with long-term 

effects from creep and shrinkage can be detrimental and accounted for in design. A study done in 

Slovakia found that thermal effects due to vertical temperature gradients can have a significant 

impact on the stress of the bridge especially in combination with traffic load. It was also noted 

that when accounting for serviceability limit states the thermal effects cannot be fully neglected, 

and should be taken as the leading variable action in some cases (Krkoška and Moravčík 2015).  

In general, the field analyses show that the temperature gradients are variable depending 

on the location, but a fifth order curve is generally representative. However, the corresponding 

stresses were larger than expected and when combined with long-term effects could be adverse. 

While more research is still needed, given the variation in field measured gradients and potential 

for unconservative service stress predictions, the combination of thermal gradients and long-term 

effects should be accounted for in design.  
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4.2 Background 

4.2.1 Thermal gradient background 

Thermal gradients (i.e., variations in temperature through the cross section) in concrete 

bridge structures are caused by a combination of solar radiation, conduction, and convection with 

the surrounding atmosphere (Figure 4.3). Because solar radiation, conduction, and convection 

vary continuously with time and the thermal conductivity of concrete is comparably low, the 

cross-section heats or cools non-uniformly during a daily cycle. These resulting gradients are 

most pronounced through the depth of the cross section; the incident solar radiation heats the top 

surface of the bridge deck, and the heat flows down through the superstructure (Hedegaard et al. 

2013a). 

Thermal gradients are defined positive when the top surface temperature is higher than 

the temperature in the webs and are generally observed in the late spring or early summer on 

clear, sunny, hot afternoons with high solar radiation. Negative thermal gradients, defined as the 

top surface temperature being lower than the temperature in the webs, are generally found during 

early mornings throughout the year (Hedegaard, 2012).  

Temperature differences in a section cause a structure to expand or contract 

nonuniformly. Under positive thermal gradients the top surface of the structure will expand more 

than the bottom surface, resulting in the structure wanting to deflect upwards. Conversely, 

negative thermal gradients will result in the structure wanting to deflect downwards. Restraints 

associated with boundary conditions induce axial bending stresses into the cross section. 

Furthermore, if the thermal gradient profile is nonlinear, compatibility stresses are generated to 

satisfy the assumption under Bernoulli beam bending that plane sections remain plane. 

4.2.2 Current thermal design  

The AASHTO LRFD design thermal gradient is a bilinear curve, adapted from the work 

of Potgieter and Gambel (1989) and Imbsen et al. (1985). The magnitude of the gradient depends 

on the geographic location of the structure. AASHTO Solar Radiation zones (Figure 4.4), which 

were proposed in Imbsen et al. (1985), were chosen by correlating simulated box girder thermal 

gradients for 26 locations throughout the United States (Potgieter and Gamble 1983) to maps of 

solar radiation contours for July. Each zone has a corresponding T1 and T2, given in Table 1, 

which dictate the basis for the positive design thermal gradient. As shown in Figure 4.5, T1 

decreases linearly to T2 over 4 inches (101.6 millimeters) and T2 then decreases linearly to zero 
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over a distance A. Dimension A is taken as either 12 in. (304.8 mm), if the concrete 

superstructure is 16 (406.4 mm) or more inches in depth, or 4 in. (101.6 mm) less than the actual 

depth, if the section is shallower than 16 in. (406.4 mm) (AASHTO 2017). AASHTO LRFD 

negative temperature gradients are obtained by scaling the positive thermal gradient values by     

–0.3 for plain concrete decks and –0.2 for decks with asphalt overlay.  

The design gradient from the New Zealand Code (New Zealand Transport Agency 2018) 

is a fifth-order curve adopted from Priestley (1978) (eq. 4.1). The fifth-order curve is applied to 

the section above the webs, through the depth of the webs, and to portions of the deck above 

unenclosed air. For portions of deck above enclosed air cells in box girders, a linear gradient is 

prescribed with temperature decreasing at a rate of 1°F per 0.44 in. (1°C per 20 mm). The bottom 

gradient tail temperature is specified as 2.7°F (1.5°C), decreasing linearly to 0°F (–17.78°C) over 

a height of 7.9 in. (200 mm) measured from the bottom of the section. The design negative 

thermal gradient is specified with a top surface temperature equal to –0.4 times the top surface 

temperature of the positive design thermal gradient and linearly decreases to 0°F (–17.78°C) over 

a height of 11.8 in. (300 mm) measured from the top of the section. 

A graphical comparison of the AASHTO LRFD (2017) and New Zealand Code (2018) 

positive design gradients, both scaled to the same top surface temperature, is presented in Figure 

4.6. The New Zealand Code positive design gradient is also referred to as the Priestley curve in 

this thesis. Included in Figure 4.6 is the Priestley Linear gradient, which is prescribed by the New 

Zealand Code for decks above enclosed air cells in box girders. In comparison, even when the 

maximum gradient temperature values are equal, the area under the Priestley gradient curve is 

considerably larger than that under the AASHTO LRFD gradient. Therefore, the Priestley 

gradient curve leads to a larger temperature loading on the structure.  

4.3 Thermal gradients  

4.3.1 Gradients observed  

Measured thermal gradients of the I-35W Saint Anthony Falls Bridge superstructure were 

compared to AASHTO LRFD (2017) and New Zealand Code (2018) design gradients. One 

segment of the southbound structure near the midspan of the river span (Location 7, Figure 2.5) 

was heavily instrumented with thermistors to explore the temperature distribution throughout the 

cross section.  



23 
 

The positive and negative design thermal gradients used for comparison to the measured 

data are shown in Figure 4.7. The AASHTO LRFD positive and negative design gradients 

represent those applied to the I-35W Saint Anthony Falls Bridge in design (solar radiation Zone 2 

for structures with plain concrete decks and no asphalt overlay). The New Zealand positive 

design gradient is the Priestley fifth-order gradient scaled to the same top temperature as 

AASHTO LRFD solar radiation Zone 2 (referred to as the Priestley-Z2 gradients), as well as the 

Priestly Linear gradients for decks above the enclosed air cells. The New Zealand Code design 

negative thermal gradient was scaled to the same top surface temperature as –0.4 times the 

AASHTO LRFD solar radiation Zone 2 positive gradient top temperature (46°F/7.78°C) and was 

referred to as the NZ-Z2 gradient.  

4.3.1.1 Magnitude 

The magnitude of the measured positive thermal gradients was taken as the difference 

between (1) the average of the operational topmost thermistors of all six-thermistor sets in the top 

flange and (2) the minimum measured temperature along the centerlines of the webs. Because the 

top surface temperature measurements were not available, the comparisons between measured 

and design gradients magnitudes utilized the value of the design gradients at a depth of 2 in. (50 

mm) below the top surface of the deck (where the topmost thermistor was located) (Figure 2.5). 

Consequently, the AASHTO LRFD positive gradient in Zone 2 has a magnitude of 29.0°F 

(16.1°C) at a depth of 2 in. (50 mm), and the Priestly fifth-order gradient scaled to the same top 

surface gradient temperature (Priestley-Z2 gradient) has a magnitude of 37.1°F (20.6°C) at the 

same depth. These design gradient magnitudes at the depth of the thermistors are compared to the 

daily maximum measured positive gradient magnitudes from September 1, 2008 until October 6, 

2018 in Figure 4.8a.  

The positive measured gradients show a strong seasonal trend, the maximum values 

typically occurring in the late spring and early summer months. On average, the measured 

positive gradient exceeded the AASHTO LRFD Design Gradient 33 times per year. On the other 

hand, Priestly-Z2 was only exceed three times over the course of 10 years. The typical daily 

maximum positive gradient was observed to often occur between 2:00 PM and 4:00 PM.  

Negative gradient magnitudes were calculated in the same manner as positive gradients 

except taken as the difference between (1) the average of the operational topmost thermistors of 

all six-thermistor sets in the top flange and (2) the maximum measured temperature along the 

centerlines of the webs. AASHTO LFRD (2017) design negative gradients were considered by 
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scaling the AASHTO LRFD positive gradient by –0.3 per AASHTO LRFD (2017) specifications. 

The New Zealand Code prescribes a linear negative gradient with a top surface temperature equal 

to –0.4 times the top surface temperature of the positive design thermal gradient (New Zealand 

Transport Agency 2018). Again, the design magnitudes were considered at a depth of 2 in. (50 

mm) below the deck surface for comparison with measured negative gradients, as shown in 

Figure 4.8b. 

The negative measured gradients did not show as strong of a seasonal trend as the 

positive, but the maximum values typically occurred during the winter months. The measured 

negative gradient magnitudes exceeded the AASHTO LRFD magnitudes on average 52 days per 

year, whereas the NZ-Z2 design gradient magnitude was only exceeded on average 2 days per 

year. The daily maximum negative thermal gradients most often occurred between 5:00 AM and 

8:00 AM. 

4.3.1.2 Shape 

The five maximum measured positive gradients are plotted in Figure 4.9. The measured 

gradients were compared to the AASHTO LRFD (2017) design gradient for Zone 2, the Priestley-

Z2 curve, and the Priestley linear gradient for decks above enclosed air cells assuming no 

blacktop and with top temperature scaled to the AASHTO LRFD Zone 2 top temperature 

magnitude. In all cases, the measured gradients were better approximated by the Priestley-Z2 

curve than the AASHTO LRFD gradient. However, the Priestley linear gradient above the 

enclosed box was a poor fit at the centerline of the boxes. 

The five maximum measured negative gradients are plotted in Figure 4.10. The measured 

gradients were compared with the AASHTO LRFD Zone 2 design negative gradient assuming no 

blacktop and the NZ-Z2 design negative gradients. The measured negative gradients were much 

more diverse in shape than the positive gradients and were not consistently matched in shape by 

the AASHTO LRFD (2017) design gradient or the NZ-Z2 design gradient, especially through the 

web of the cross section. The AASHTO LRFD (2017) negative design gradient consistently 

underestimated the measured temperature gradients, whereas the NZ-Z2 negative design gradient 

provided an upper bound to the measured negative gradients.  

Previous studies have shown that this result is not entirely unique (Lawson et al. 2020; 

Potgieter and Gamble 1983; Roberts-Wollman et al. 2002; Rojas 2014). However, results can be 

widely variable depending on the location within the county. Even within one solar radiation zone 
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the results can vary. In Austin, Texas it was found that the measured temperature gradients were 

lower than AASHTO LRFD (2010) (Thompson et al. 1998) however, in San Antonio it was 

found that they most closely resembled a fifth order curve (Roberts-Wollman et al. 2002). So, 

while in some areas the AASHTO LRFD curve might be conservative, it has been shown to not 

fully capture a conservative temperature gradient at all locations throughout the United States. 

4.4 Modeling 

A challenge of using ambient field measurements to evaluate design assumptions and 

investigate behavior is that environmental factors and loading are not controlled. As a result, the 

measured strains are a combination of multiple factors and only reflect the change in strain due to 

changes in loads. Therefore, two finite element models were constructed and validated in French 

et al. (2012) to predict the structural performance under live loading, thermal effects, long-term 

deflections, and post-tensioning losses of the I-35W Saint Anthony Falls Bridge. Using these 

models, the stresses can be separated by cause for further investigation. The three-dimensional 

(3D) finite element model constructed and validated in French et al. (2012), was used to 

determine structural response of the I-35W Saint Anthony Falls Bridge when subject to live 

loading, long-term deflections, and post-tensioning losses, while the two-dimensional (2D) finite 

element model was used to predict the structural response when the bridge was subject to thermal 

effects. 

4.4.1 Time-dependent behavior 

In order to accurately predict the stresses in the I-35W Bridge, three different models 

were considered to estimate the time-dependent behavior: AASHTO LRFD (2017), 1978 

CEB/FIP Model Code, and 1990 CEB/FIP Model Code. The MnDOT LRFD Bridge Manual 

(Bridge Office 2007) currently recommends the use of AASHTO LRFD (2017) or 1990 

CEB/FIP, however, in an effort to be conservative, 1978 CEB/FIP was used in the design of the I-

35W Bridge. Linderman et al. (2019) compared the time-dependent response of the southbound 

structure over the first 10 years to the predicted behavior based on several models. The 

comparison showed that the measured time-dependent behavior was best approximated by 1990 

CEB/FIP and 1978 CEB/FIP was conservative. 

4.4.2 Applied thermal gradients  

Nine thermal gradients were applied to the 2D FEM and the longitudinal stress and strain 

profile along the length of the structure were examined. Two positive gradients and seven 



26 
 

negative gradients were applied to capture the impact of the variability in the measured negative 

gradients. The thermal gradients are summarized in Table 2.  

AASHTO Positive was the applied positive design gradient, while Priestly Z2 Positive 

acted as the measured gradient. Both were scaled to AASHTO Zone 2 top surface temperature of 

46°F (25.6°C). The gradient in the bottom 8 in. (0.20 m) of the cross section, also known as the 

tail, was neglected in both cases for simplicity.  

Priestley-Z2 Negative and NZ-Z2 Negative were the negative design gradients applied to 

the model. Priestley-Z2 Negative used the same fifth-order gradient as Priestly-Z2 positive, but 

with a top surface temperature scaled by –0.4, making the top surface temperature –18.4°F         

(–10.2°C). The NZ-Z2 Negative was a linear design gradient from the New Zealand Code which 

used the same top surface temperature as Priestly-Z2 positive scaled by –0.4. AASHTO LRFD 

(2017) suggests that the applied negative gradient be scaled from the design positive gradient by a 

factor of –0.3. 

Four measured negative thermal gradients were investigated to capture the variability of 

the gradient profile as the cross-section varies along the length of the structure. Additionally, 

MnDOT was most concerned about the negative gradients, which could lead to cracking of the 

deck. Each of the four gradients represent a different simplification of the negative gradient 

temperature profile measured along the length of the southbound bridge at 6:00 AM CST on 

March 11, 2009, (Figure 4.11). Within the deck, all four applied thermal gradients used the same 

temperature distribution given by a parabolic function determined by linear regression to be the 

best fit of the measured temperatures at the midspan of the river span (southbound Location 7, 

Figure 2.3): 

 𝑇𝑇𝑔𝑔(𝑦𝑦) = −19.552 + 2.2814𝑦𝑦 − 0.0551𝑦𝑦2,  0 ≤ 𝑦𝑦 ≤ 12.11                       (4.2) 

where y is the coordinate in inches measured down from the top of the deck. 

Measured 1 Negative applied the parabolic fit of Equation (4.2) along the entire length of 

the bridge (Figure 4.11a). Per the parabolic fit, the top surface temperature was equal to –19.6°F 

(–10.9°C), which was a slightly greater magnitude than that from the two design negative 

gradients. Below the depth of 12.11 in (308 mm) from the top surface the gradient was zero. 

Measured 2 Negative used the same deck gradient as that for Measured 1 Negative down 

to a depth of 10.16 in. (258 mm) below the top surface, which was the position of the lowest 
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thermistor in the deck at Location 7. From depths of 10.16 in. (258 mm) to 36.92 in. (938 mm) 

below the top surface, the temperature varied linearly with the depth from –2.06°F (–1.14°C) to   

–6.40°F (–3.56°C), which matched the measured temperature in a thermistor located at a depth of 

36.92 in. (938 mm). The temperature then varied linearly from –6.40°F (–3.56°C) to 0°F            

(–17.78°C)  over depth from 36.92 in. (938 mm) to the position of thermistor T24 at 81.0 in. 

(2060 mm) below the top surface. This three-step gradient (Figure 4.11b) in the deck and upper 

portion of the webs was applied along the entire length of the bridge. 

Measured 3 Negative (Figure 4.11c) and Measured 4 Negative (Figure 4.11d) were 

identical to Measured 2 Negative except with an additional bottom flange gradient only near the 

piers. Application of this gradient was supported by the measurement in the bottom flange of the 

cross-section of the river span near the northern pier (Location 8, Figure 2.3), where the 

temperature was 14.5°F (8.05°C) less than the temperature measured 81 in. (2.0 m) below the top 

surface at midspan of the river span (Location 7, Figure 2.5). The shape of the gradient through 

the bottom flange was unknown, and so two different gradients were assumed. For Measured 3 

Negative, the tail gradient was defined as a line beginning at a depth 241.2 in. (6.13 m) below the 

top surface and decrease at a rate of 0.310°F/in. (6.78°C/m). This tail gradient was applied only to 

sections where the section depth was greater than 241.2 in. (6.13 m), which was within 

approximately 65 ft. (20 m) of the centerlines of the piers. For Measured 4 Negative (Figure 

4.11d), the tail gradient was defined as a line beginning at a depth 81 in. (2.0 m) below the top 

surface and decreases at a rate of 0.0645°F/in. (1.41°C/m). This tail gradient affected all cross 

sections with depth greater than 81 in. (2.0 m), which was nearly all sections along the bridge 

except for a portion near midspan of Span 4. 

4.5 Temperature gradient stresses 

Comparison of the Priestley-Z2 Positive and Priestley-Z2 Negative (–0.4) thermal 

gradient effects showed that the top and bottom fiber concrete stresses scaled linearly with the 

applied thermal gradient. In other words, the Priestley-Z2 Negative concrete stresses were –0.4 

times the stress levels computed from the Priestley-Z2 Positive design gradient. Given the linear 

response of the system, the AASHTO Negative (–0.3) thermal gradient stress levels were 

approximated by scaling the AASHTO Positive results by a factor of –0.3 without rerunning the 

finite element model.  

The top and bottom fiber concrete stresses along the length of the bridge computed for 

the AASHTO Positive, Priestley-Z2 Positive, AASHTO Negative, and NZ-Z2 Negative design 
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thermal gradients are shown in Figure 4.12, and the stresses computed for the negative applied 

thermal gradients are shown in Figure 4.13. These stress profiles show that the chosen design 

gradient has a significant effect on the resulting stress demands. French et al. (2012) showed that 

the tensile stress caused by the Priestley positive gradient in the bottom fiber was nearly 80% 

larger than those using the AASHTO LRFD design thermal gradient.  

Only one segment of the southbound structure (Location 7, Figure 2.3) was instrumented 

such that the temperature distribution throughout the cross section could analyzed. As such, the 

thermal gradient shapes near the piers, especially the bottom tails, was relatively unknown. Due 

to the complexity of the thermal gradients in the regions near the pier, the accuracy of the large 

stress demands in that region are uncertain, however the bottom tail clearly has an impact. In 

general, the New Zealand Code gradient shapes (Priestley-Z2 and NZ-Z2 Negative) consistently 

produced larger stress demands than the AASHTO LRFD (2017) design thermal gradients.  

It should be reiterated that only one segment of the southbound structure (Location 7, 

Figure 2.3) was instrumented such that the temperature distribution throughout the cross section 

could be analyzed. As such, thermal gradients applied in the 2D model varied only with depth. 

Thus, despite changing sectional properties along the length, the gradient shape was assumed 

constant along the length of the structure. Such an assumption would typically be used for design 

purposes, but it is possible that the maximum gradient shape changes along the length of the 

structure. 

A study done in Slovakia (Krkoška and Moravčík 2015) showed that tensile stress due to 

negative temperature gradient along with the live load stresses can almost completely negate the 

effects of the prestressed concrete. This may allow for unwanted tension to occur in the top and 

bottom prestressing fibers. Due to the large stresses caused by temperature gradients in the I-35W 

Bridge, the temperature stresses in service load combinations are further explored to determine if 

undesirable stresses are taking place.  

4.6 Serviceability 

4.6.1 Service loads  

Rather than being concerned about the strength of the bridge, service load combinations 

are there to prevent performance issues such as cracking. Cracks on concrete bridges can allow 

water, salt, and snow to reach the reinforcement, corroding the steel. Over a long period of time, 

this can affect the overall lifespan, maintenance requirements, and safety of the bridge.  
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Temperature effects are considered in AASHTO LRFD Bridge Design Specifications 

(2017) load combinations as uniform temperature force effects (TU) and temperature gradients 

force effects (TG). As temperature effects are not considered for strength, the load combinations 

limit states of interest are Service I and Service III. 

𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑐𝑐𝑆𝑆 𝐼𝐼: 𝐷𝐷𝑆𝑆 + 𝑃𝑃𝑆𝑆 + 𝐶𝐶𝑅𝑅 + 𝑆𝑆𝑆𝑆 + 𝑆𝑆𝑆𝑆 + 𝑇𝑇𝑇𝑇 + 𝛾𝛾𝑇𝑇𝑇𝑇 ∗ 𝑇𝑇𝑇𝑇                                   (4.3) 

𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑐𝑐𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼: 𝐷𝐷𝑆𝑆 + 𝑃𝑃𝑆𝑆 + 𝐶𝐶𝑅𝑅 + 𝑆𝑆𝑆𝑆 + 0.8 ∗ 𝑆𝑆𝑆𝑆 + 𝑇𝑇𝑇𝑇 + 𝛾𝛾𝑇𝑇𝑇𝑇 ∗ 𝑇𝑇𝑇𝑇                         (4.4) 

AASHTO LRFD (2017) article 3.4.1 states that the load factor for temperature gradient, γTG, 

should be determined based on the type of structure and the limit state being investigated on a 

project-specific basis. When project-specific information is unavailable, AASHTO LRFD (2017) 

allows γTG to be taken as: 

• 0.0 at the strength and extreme event limit states 

• 0.5 at the service limit state when live load is considered 

• 1.0 at the service limit state when live load is not considered 

Therefore, there are three load combinations of interest using the different load factor for 

temperature gradients. Equation (4.7) is the case of no live load and full temperature gradient, 

henceforth referred to as Service I or III. 

𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑐𝑐𝑆𝑆 𝐼𝐼: 𝐷𝐷𝑆𝑆 + 𝑃𝑃𝑆𝑆 + 𝐶𝐶𝑅𝑅 + 𝑆𝑆𝑆𝑆 + 𝑆𝑆𝑆𝑆 + 𝑇𝑇𝑇𝑇 + 0.5 ∗ 𝑇𝑇𝑇𝑇                                   (4.5) 

𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑐𝑐𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼: 𝐷𝐷𝑆𝑆 + 𝑃𝑃𝑆𝑆 + 𝐶𝐶𝑅𝑅 + 𝑆𝑆𝑆𝑆 + 0.8 ∗ 𝑆𝑆𝑆𝑆 + 𝑇𝑇𝑇𝑇 + 0.5 ∗ 𝑇𝑇𝑇𝑇                        (4.6) 

𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑐𝑐𝑆𝑆 𝐼𝐼 𝑜𝑜𝑟𝑟 𝐼𝐼𝐼𝐼𝐼𝐼: 𝐷𝐷𝑆𝑆 + 𝑃𝑃𝑆𝑆 + 𝐶𝐶𝑅𝑅 + 𝑆𝑆𝑆𝑆 + 𝑇𝑇𝑇𝑇 + 1 ∗ 𝑇𝑇𝑇𝑇                                     (4.7) 

The main concern for service is cracking of the concrete by reaching the tensile limit. It was 

determined that Service I would control tension in the bottom flange due to the positive 

temperature gradient effects, and Service I or III would control tension in the top flange due to the 

negative temperature gradient effects. 

4.6.2 Service load stresses  

The service load stresses at the bottom and top flange of the midspan of the river span 

(Location 7) were found for each combination of applied temperature gradient and time-

dependent model, which are provided in Tables A.3 and A.4, respectively. Within Service I, the 

load cases of interest for tension in the bottom flange due to the positive thermal gradient at the 
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midspan of the bridge are plotted in Figure 4.14 and enumerated in Table 4.4. The load cases of 

interest for the tension in the top flange due to the negative thermal gradients at the midspan of 

the river span for service load combination I or III are shown in Figure 4.15 and enumerated in 

Table 4.5. As stresses due to the time-dependent model change with time, the stresses were 

determined at the end of service life, which represented the worst case.  

In Figure 4.14, each cluster reflects a different design gradient and time-dependent model 

stress combination. The two thermal gradients explored were AASHTO LRFD (2017) and 

Priestley-Z2, and the three time-dependent models were AASHTO LRFD (2017), 1978 CEB/FIP, 

and 1990 CEB/FIP. The AASHTO LRFD (2017) thermal gradient in Figure 4.14 represents the 

design gradient, while the Priestley-Z2 represents the maximum measured gradient. In the figure, 

the gradient is identified to the right of the cluster, while the time-dependent model is identified 

to the left of the cluster. Within each cluster, the stress contribution from each component of the 

service load combination is plotted with the patterned bars and the total stress is indicated by the 

uppermost solid bar. The top three clusters represent different possible designs using the 

AASHTO LRFD (2017) positive temperature gradient; of those, the second cluster represents the 

bridge design stresses. As the positive gradient was shown to closely follow the Preistley-Z2 

curve and the time-dependent behavior was best approximated by 1990 CEB/FIP, the last cluster 

represents the service stresses that the bridge will likely see.  

In the case of the I-35W Saint Anthony Falls Bridge, the bottom flange for precast 

sections (located at the midspan) was designed for zero tension (MnDOT, 2008). For this bridge, 

the stresses that will likely occur and the stresses that it was designed for are very similar. 

However, if the bridge had been designed with the AASHTO LRFD (2017) time dependent 

model the bridge stresses would have been quite a bit higher than the stresses assumed in design. 

In a case where a bridge was designed right up to the tensile limit with the AASHTO LRFD 

(2017) temperature gradient, it is quite possible that the realized stresses could cause cracking.  

When considering tension in the top flange, combinations of stresses due to the numerous 

measured and design negative temperature gradients and due to the different time-dependent 

models were explored (Figure 4.15, Table 4.5). The measured negative thermal gradients did not 

match the design gradients shape; therefore, four measured negative gradients were considered. 

Each represents a different simplification of the negative gradient temperature profile measured in 

the structure. Figure 4.15 shows the effects of using the different temperature gradients 

(AASHTO LRFD (2017), Measured 1 Negative, and NZ-Z2) in combination with the AASHTO 
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LRFD (2017), CEB 1978, and CEB 1990 time-dependent models on the service load stresses. 

AASHTO LRFD (2017) and NZ-Z2 were used as the design gradients. Of the measured negative 

temperature profiles, Measured 1 Negative was chosen as a case of interest as it produced the 

largest amount of tensile stress. When calculating the gradient thermal stresses due to the 

Measured 1 Negative temperature profile, the parabolic fit of Equation (4.2) was applied along 

the entire length of the bridge from the top surface down to a depth of 12.11 in. (308 mm) below 

the top surface, with zero thermal gradients elsewhere. 

  In Figure 4.15, the first two, fourth, and last cluster represent the various design options; 

the second cluster represents the case for which the bridge was designed. The fifth cluster 

represents what is likely to occur on the bridge based on current trends. The I-35W Saint Anthony 

Falls Bridge was designed to a top flange tensile limit of –250 psi (–1725 kPa) (MnDOT, 2008). 

This limit is to avoid cracking on the deck of the bridge. Based on the load case stress results 

shown in Figure 4.15, the stresses that are most likely to occur on the bridge are just lower than 

the stress limit used in designed. This means that the design cases are not truly reflecting the 

stresses likely occurring on the bridge at the end of its service life.  

An important aspect of the negative gradient controlling load combination, Service I or 

III, is that the maximum negative thermal gradient occurs between 5:00 AM and 8:00 AM. 

During this time there is likely live loading from truck traffic across the bridge. This means that 

while the bridge is experiencing maximum stresses due to temperature, it could also be 

experiencing large stresses due to live load. It is possible that the stress due to live load could put 

the design further beyond the tensile limit. This is concerning, because it is more likely that 

cracking will occur in the deck, which can lead to serviceability issues.  

Under negative thermal gradients and live loading, service load stresses in the deck over 

the piers could be of particular concern. However, the four applied measured negative gradients 

considered resulted in significantly different stresses in the pier region. Because the thermal 

gradient shapes near the piers, especially the bottom tail, was relatively unknown, service stress 

values likely to occur in these regions were not calculated. 

4.7 Summary and conclusions  

Temperature gradients measurements for the I-35W St. Anthony Falls Bridge located in 

Minneapolis, Minnesota were performed for over ten years of data. The shapes of the positive 

thermal gradients were best represented by the fifth-order curve found in the New Zealand Code 
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(Priestley 1978). The magnitude of the positive gradient exceeded the AASHTO LRFD design 

gradient (2017) on average 33 times per year. The shapes of the negative thermal gradients were 

more diverse and not consistently matched by either AASHTO LRFD (2017) or the NZ-Z2 

design gradient. AASHTO LRFD consistently underestimated the measured temperature 

gradients, whereas the NZ-Z2 negative design gradient provided an upper bound.  

 The temperature stress demands due to these gradients were looked at within a 

serviceability context. A previously developed FEM model was utilized to determine the stress 

demands on the bridge. Two positive gradients and seven negative gradients were applied. The 

stress profiles showed that the chosen design gradient had a significant effect of the resulting 

stress demands. Depending on the chosen design gradient and time-dependent model, the 

temperature gradient could have a large effect on the serviceability stresses. In the case of the I-

35W St. Anthony Falls Bridge, the possible serviceability stresses are larger than design stresses. 

However, they are still below the stress limits.  

 The results regarding the thermal gradients and stresses of this study are only applicable 

to the climate of Minnesota in AASHTO Zone 2. Within Zone 2, further analysis is needed to 

better understand the shape of the negative temperature gradient. Along with that, additional 

temperature instrumentation above the piers would allow for stress levels along the entire length 

of the bridge to be considered rather than just at the midspan. More research is needed within 

each zone to fully understand the shapes and effects of the thermal gradients. 
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Chapter 5 : Conclusions and Future Work 

This research investigated a long-term monitoring approach and the temperature-induced 

behavior of the I-35W St. Anthony Falls Bridge using the long-term monitoring data set. The new 

I-35W Saint Anthony Falls Bridges in Minneapolis, Minnesota opened to traffic on September 

18, 2008. Over 500 sensors were deployed on the bridge to investigate the structural behavior, 

including vibrating wire strain gages, thermistors, fiber optic sensors, linear potentiometers, 

accelerometers, and others. The long-term monitoring system has been collecting data since the 

opening of the bridge. This large dataset presents a unique opportunity to investigate the I-35W 

Bridge’s behavior over multiple years, seasons, and conditions, with the underlying objective to 

developing structural health monitoring protocols with long-term data. 

The Bayesian statistical framework in (Hedegaard et al. 2017a) was extended to account 

for the uncertainty in the time-dependent deflections when establishing the bounds on the 

predicted behavior of the I-35W Saint Anthony Falls Bridge. The Bayesian regression was 

applied to the slope of the longitudinal defections extracted from measurements by the linear 

potentiometers. The monitoring framework was developed to detect long-term anomalies in the 

linear potentiometer data. The resulting bounds and mean computed from the Bayesian 

framework were compared to the previous method for several test cases. The objective was that 

accounting for the time-dependent model in the framework would result in more statistically 

rigorous bounds.  

Thermal gradients for the I-35W St. Anthony Falls Bridge located in Minneapolis, 

Minnesota were captured from over ten years of temperature data. The magnitude of the positive 

gradient exceeded the AASHTO LRFD design gradient (2017) on average 33 times per year and 

the corresponding shape was best represented by the fifth-order curve found in the New Zealand 

Code (Priestley 1978). The shapes of the negative thermal gradients were more diverse and not 

consistently matched by either AASHTO LRFD (2017) or the NZ-Z2 design gradient. AASHTO 

LRFD consistently underestimated the measured temperature gradients, whereas the NZ-Z2 

negative design gradient provided an upper bound.  

 Given the large measured thermal gradients, the corresponding stress demands were 

considered within a serviceability context.  A previously developed FEM model was utilized to 

determine the stress demands on the bridge. Depending on the chosen design gradient and time-

dependent model, the temperature gradient could have a large effect on the serviceability stresses. 
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In the case of the I-35W St. Anthony Falls Bridge, the possible serviceability stresses are larger 

than design stresses. However, they are still below the stress limits.  

5.1 Conclusions  

Using the long-term data set on the I-35W the following conclusions were established.  

1. The Bayesian statistical framework that was extended to account for the uncertainty in 

the time-dependent deflections performed better at identifying false positives when 

compared to the previous method. However, while the new method provided more 

statistically rigorous bounds, the new method performed comparably to the previous one 

when tested with artificially induced perturbations.  

2. Using the newly extended temperature measurements for the I-35W Bridge, the previous 

results regarding temperature gradients were confirmed: the shape of the positive thermal 

gradients was best represented by the fifth-order curve used in the New Zealand Code 

(Priestley 1978) while the negative gradient was much more diverse. The magnitude of 

the measured positive thermal gradient exceeded the AASHTO LRFD design gradient 

(2017) and AASHTO LRFD (2017) also consistently underestimated the magnitude of 

the measured negative thermal gradient. 

3. Depending on the chosen design gradient and time-dependent model, the temperature 

gradient can have a large effect on the serviceability stresses. The likely stresses 

occurring in the bottom flange of the precast sections are similar to the stresses that this 

bridge was designed for, which was for zero tension to occur. However, when 

considering tension in the top flange, the stresses most likely to occur on the bridge are 

greater than estimated in the design and just lower than the stress limit established by 

MnDOT, meaning that the design cases are not truly reflecting the stresses that are likely 

to occur on the bridge at the end of its service life.  

4. An important aspect of the negative gradient controlling load combination, Service I or 

III, is that the maximum negative thermal gradient occurs between 5:00 AM and 8:00 

AM. During this time there is likely live loading from truck traffic across the bridge. This 

means that while the bridge is experiencing maximum stresses due to temperature, it 

could also be experiencing large stresses due to live load. It is possible that the stress due 

to live load could put the design further beyond the tensile limit. 
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5.2 Future Work 

When exploring the Bayesian long-term bounds, the perturbations were tested with a 

small training set (in order to better compare with previous method). Testing similar perturbations 

on a longer set of data was not explored for this paper but would be a future area of work. 

The results regarding the thermal gradients and stresses of this study are only applicable 

to the climate of Minnesota in AASHTO Zone 2. Within Zone 2, further analysis is needed to 

better understand the shape of the negative temperature gradient. Along with that, additional 

temperature instrumentation above the piers would allow for stress levels along the entire length 

of the bridge to be considered rather than just at the midspan. More research is needed within 

each zone to fully understand the shapes and effects of the thermal gradients. 
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Tables 

 

Table 3.1: Fit Parameters for LP data using CEB 1990 model 

Northbound Span 1 
Sum of squared residuals (in./day)2 0.0010 

Standard deviation of residual (in./day) 0.0001 
Northbound Span 3 

Sum of squared residuals (in./day)2 0.0046 
Standard deviation of residual (in./day) 0.0003 

Southbound Span 1 
Sum of squared residuals (in./day)2 0.0044 

Standard deviation of residual (in./day) 0.0005 
Southbound Span 3 

Sum of squared residuals (in./day)2 0.0004 
Standard deviation of residual (in./day) 0.0001 

 

Table 4.2: Summary of literature review  

Study Location AASHTO Zone Code Comparison Appropriateness 

Potgieter and 

Gamble (1983) 
Illinois Zone 2 Priestley (1978) Fit 

Shushkewich 

(1998) 
Hawaii Zone 3 AASHTO (1998) Fit 

Thompson 

(1998) 
Texas Zone 2 AASHTO (1994) Lower than AASHTO 

Roberts-

Wollman (2002) 
Texas Zone 2 

Priestley (1978) 

AASHTO (1997) 

Fit Priestley 

AASHTO conservative 

Rojas (2014) 
California and 

Utah 
Zone 1 

Priestley (1978) 

AASHTO (2010) 

Positive fit Priestley 

Exceeded AASHTO  

Rodriquez 

(2014) 
California  Zone 1 

Priestley (1978) 

AASHTO (2010) 
AASHTO fit  

Lawson (2020) Nevada Zone 1 
Priestley (1978) 

AASHTO (2017) 
Priestley fit 
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Table 4.3: AASHTO LRFD Bridge Design Specifications (2017) basis for temperature gradients.  

Zone T1 (°F) T2 (°F) 

1   54 14 

2   46 12 

3   41 11 

4   38 9 

 

Table 4.4: Thermal gradients applied to finite element model. 

Gradient Name Gradient Description 
Priestley-Z2 Positive Fifth-order curve, Ttop = 46°F (25.6°C)  
AASHTO Positive Bi-linear curve, Ttop = 46°F (25.6°C) 
Priestley-Z2 Negative (–0.4) Fifth-order curve, scaled as –0.4 of Prieslty-Z2  
NZ-Z2 Negative (–0.4) Linear function, Ttop = –18.4°F (–10.2°C) 
Measured 1 Negative Deck gradient, measured values fit to parabola (Eq. 4.2) 
Measured 2 Negative Deck gradient plus top of web variation 
Measured 3 Negative Deck gradient plus top of web variation and bottom flanges 

near piers 
Measured 4 Negative Deck gradient plus top of web variation and bottom tail over 

entirety of bridge 
 

Table 4.5: Likely tensile stress in bottom flange at midspan due to positive thermal gradient, 
service load combination I cases of interest  

Creep 
Model 

DL+PS    
(psi) 

LL       
(psi) 

UT      
(psi) 

Temp 
Gradient 

TG      
(psi) 

Total    
(psi) 

Tensile 
Limit  
(psi) 

Classifier  

CEB 1990 -1657 973 194 Priestly 282 -208 0 Possible 
CEB 1990 -1657 973 194 AASHTO 158 -332 0 Design 
CEB 1978 -1539 973 194 AASHTO 158 -215 0 Design 
AASHTO -2314 973 194 AASHTO 158 -990 0 Design 
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Table 4.6: Likely tensile stress in top flange at midspan due to negative thermal gradient, service 
load combination I or III cases of interest 

Creep 
Model 

DL+PS    
(psi) 

LL       
(psi) 

UT      
(psi) 

Temp 
Gradient 

TG      
(psi) 

Total    
(psi) 

Tensile 
Limit  
(psi) 

Classifier  

CEB 1990 -772 0 10 AASHTO 353 -409 -250 Design 
CEB 1990 -772 0 10 Measured 1 483 -279 -250 Possible 
CEB 1990 -772 0 10 NZ Z2 455 -308 -250 Possible 
CEB 1978 -870 0 10 Measured 1 483 -378 -250 Possible 
CEB 1978 -870 0 10 AASHTO 353 -508 -250 Design 
AASHTO -810 0 10 AASHTO 353 -447 -250 Design 
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Figures 

 

 

Figure 2.1: Elevation looking west of the new I-35W Saint Anthony Fall Bridge (French 2012) 

 

 

Figure 2.2: Elevation of I-35W Saint Anthony Falls Bridge showing various cross-sections  

 

 

Figure 2.3: Elevation view showings callout flags representing instrument locations (Hedegaard 
et al. 2012, © ASCE) 
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Figure 2.4: Elevation details of typical linear potentiometers installed at expansion joints 
(Hedegaard et al. 2013, © ASCE) 

 

 

Figure 2.5: Characteristic section dimensions and instrumentation layout in southbound structure 
Location 7 (Hedegaard et al. 2013, © ASCE) 
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Figure 3.6: Northbound Span 1 time-dependent slope with long-term Bayesian bounds and prior 

method bounds for comparison. 

 

 

 

Figure 3.7: Northbound Span 3 time-dependent slope with long-term Bayesian bounds and prior 
method bounds for comparison. 
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Figure 3.8: Southbound Span 1 time-dependent slope with long-term Bayesian bounds and prior 
method bounds for comparison. 

 

 

Figure 3.9: Southbound Span 3 time-dependent slope with long-term Bayesian bounds and prior 
method bounds for comparison. 
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Figure 3.10: Long-term anomaly detection routine applied to southbound bridge Span 1 linear 
potentiometer data with sensor replacement data jumps left uncorrected. 

 

 

Figure 3.11: Long-term anomaly detection routine applied to southbound bridge Span 1 linear 
potentiometer data with added perturbation associated with bearing lockup introduced on October 

13, 2013. 
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(a) 

 

(b) 

Figure 3.12: Long-term anomaly detection routine applied to (a) southbound bridge Span 1 and 
(b) northbound bridge Span 1 linear potentiometer data with six-month linear drift of 0.5 in. (13 

mm) introduced on April 24, 2013. 
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Figure 3.13: Long-term anomaly detection routine applied to northbound bridge Span 1 linear 
potentiometer data with two-year linear drift of 0.5 in. (13 mm) introduced on October 24, 2011. 

 

 

Figure 3.14: Long-term anomaly detection routine applied to northbound bridge Span 1 linear 
potentiometer data with a one-year linear drift of 0.25 in. (6 mm) introduced at October 24, 2011. 
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Figure 4.15: AASHTO LRFD Bridge Design Specifications (2017) design positive thermal 
gradient 

 

 

Figure 4.16: New Zealand Code design positive thermal gradient as presented in Priestley (1978) 
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Figure 4.17: Causes of variations in temperature through a cross section (Krkoška and Moravčík 

2015) 

 

 

Figure 4.18: AASHTO LRFD Bridge Design Specifications (2017) Solar Radiation Zones for the 
United States 
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Figure 4.19: AASHTO LRFD Bridge Design Specifications (2017) design positive thermal 
gradient  

 

Figure 4.20: Comparison of AASHTO LRFD (2017) and New Zealand (Priestly 1978) positive 
design gradients. (Hedegaard et al. 2013, © ASCE).  
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(a) Full depth of section                                         

 

(b) Zoomed 

Figure 4.21: Postive and negative design gradients considered for comparison to measured 
thermal gradients at southbound Location 7 of the southbound structure. Priestley Linear only 

prescribed for decks above enclosed air cells in box girders. 
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Figure 4.22: Measured (a) positive and (b) negative gradient magnitudes: design gradient 
magnitudes considered at a depth of 2 in. (50 mm) below the deck surface for comparison against 

measured gradients. 

 

 

Figure 4.23: Maximum measured positive gradients at southbound Location 7 compared with 
design gradients through (a) centerline of exterior box, top flange only, and (b) along centerline 

of west web of exterior box. 
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Figure 4.24: Maximum measured negative gradients at southbound Location 7 compared with 
design gradients through (a) centerline of exterior box, top flange only, and (b) along centerline 

of west web of exterior box.   

 

 
          (a) Measured 1 Negative                                                     (b) Measured 2 Negative 

 

 
 (c) Measured 3 Negative                                                      (d) Measured 4 Negative 

Figure 4.25: Simplifications of measured negative thermal gradients for application to the FE 
model. 
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                (a) Top Fiber Concrete Stress                           (b) Bottom Fiber Concrete Stress  

Figure 4.26: Design thermal gradient stresses for FEM model with measured material properties. 

 

               (a) Top Fiber Concrete Stress                          (b) Bottom Fiber Concrete Stress  

Figure 4.27: Negative thermal gradients stresses using FEM model with measured material 
properties.  
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Figure 4.28: Likely tensile stress in the bottom flange at midspan due to positive thermal gradient, 

service load combination I 
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Figure 4.29: Likely tensile stress in the top flange at midspan due to negative thermal gradient, 

service load combination I or III 
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Appendix 

The service load stresses at the bottom and top flange of the midspan of the river span 

(Location 7) were found for each combination of applied temperature gradient and time-

dependent model, which are provided in Tables A.1 and A.2, respectively.  

Table A.1: Combinations of creep models and temperature gradients in the bottom flange at 
midspan due to positive temperature gradient  

Service Load Combo I (DL + PT + LL + 0.5TG + TU) 

Creep 
Model 

DL+PS    
(psi) 

LL       
(psi) 

UT      
(psi) 

Temp 
Gradient 

TG      
(psi) 

Total    
(psi) 

Tensile 
Limit  
(psi) 

Classifier  

AASHTO -2314 973 194 Priestly 282 -866 0 Possible 
AASHTO -2314 973 194 AASHTO 158 -990 0 Design 

ACI -1840 973 194 Priestly 282 -392 0 Possible 
ACI -1840 973 194 AASHTO 158 -516 0 Design 

CEB 1978 -1539 973 194 Priestly 282 -91 0 Possible 
CEB 1978 -1539 973 194 AASHTO 158 -215 0 Design 
CEB 1990 -1657 973 194 Priestly 282 -208 0 Possible 
CEB 1990 -1657 973 194 AASHTO 158 -332 0 Design 

Service Load Combo I or III (DL + PT + TG + TU) 

Creep 
Model 

DL+PS    
(psi) 

LL       
(psi) 

UT      
(psi) 

Temp 
Gradient 

TG      
(psi) 

Total    
(psi) 

Tensile 
Limit  
(psi) 

Classifier  

AASHTO -2314 0.0 194 Priestly 563 -1557 0 Possible 
AASHTO -2314 0.0 194 AASHTO 315 -1805 0 Design 

ACI -1840 0.0 194 Priestly 563 -1083 0 Possible 
ACI -1840 0.0 194 AASHTO 315 -1331 0 Design 

CEB 1978 -1539 0.0 194 Priestly 563 -782 0 Possible 
CEB 1978 -1539 0.0 194 AASHTO 315 -1030 0 Design 
CEB 1990 -1657 0.0 194 Priestly 563 -900 0 Possible 
CEB 1990 -1657 0.0 194 AASHTO 315 -1147 0 Design 
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Table A.2: Combinations of creep models and temperature gradients in the top flange at midspan 
due to negative temperature gradient 

Service Load Combo III (0.8LL + 0.5TG + TU + DL + PT) 

Creep 
Model 

DL+PS    
(psi) 

LL       
(psi) 

UT      
(psi) 

Temp 
Gradient 

TG      
(psi) 

Total    
(psi) 

Tensile 
Limit  
(psi) 

Classifier  

AASHTO -810 57 10 AASHTO 177 -567 -240 Design 
AASHTO -810 57 10 Preistly-Z2 217 -527 -240 Design 
AASHTO -810 57 10 NZ-Z2 227 -517 -240 Design 
AASHTO -810 57 10 Measured 1 241 -503 -240 Possible 
AASHTO -810 57 10 Measured 2 231 -513 -240 Possible 
AASHTO -810 57 10 Measured 3 223 -521 -240 Possible 
AASHTO -810 57 10 Measured 4 179 -565 -240 Possible 

ACI -803 57 10 AASHTO 177 -561 -240 Design 
ACI -803 57 10 Preistly-Z2 217 -520 -240 Design 
ACI -803 57 10 NZ-Z2 227 -510 -240 Design 
ACI -803 57 10 Measured 1 241 -496 -240 Possible 
ACI -803 57 10 Measured 2 231 -507 -240 Possible 
ACI -803 57 10 Measured 3 223 -514 -240 Possible 
ACI -803 57 10 Measured 4 179 -558 -240 Possible 

CEB 1978 -870 57 10 AASHTO 177 -628 -240 Design 
CEB 1978 -870 57 10 Preistly-Z2 217 -587 -240 Design 
CEB 1978 -870 57 10 NZ-Z2 227 -577 -240 Design 
CEB 1978 -870 57 10 Measured 1 241 -563 -240 Possible 
CEB 1978 -870 57 10 Measured 2 231 -574 -240 Possible 
CEB 1978 -870 57 10 Measured 3 223 -581 -240 Possible 
CEB 1978 -870 57 10 Measured 4 179 -625 -240 Possible 
CEB 1990 -772 57 10 AASHTO 177 -529 -240 Design 
CEB 1990 -772 57 10 Preistly-Z2 217 -488 -240 Design 
CEB 1990 -772 57 10 NZ-Z2 227 -478 -240 Design 
CEB 1990 -772 57 10 Measured 1 241 -464 -240 Possible 
CEB 1990 -772 57 10 Measured 2 231 -475 -240 Possible 
CEB 1990 -772 57 10 Measured 3 223 -482 -240 Possible 
CEB 1990 -772 57 10 Measured 4 179 -527 -240 Possible 

Service Load Combo I or III (TG + TU + DL + PT) 

Creep 
Model 

DL+PS    
(psi) 

LL       
(psi) 

UT      
(psi) 

Temp 
Gradient 

TG      
(psi) 

Total    
(psi) 

Tensile 
Limit  
(psi) 

Classifier  

AASHTO -810 0 10 AASHTO 353 -447 -240 Design 
AASHTO -810 0 10 Preistly-Z2 434 -366 -240 Design 
AASHTO -810 0 10 NZ-Z2 455 -346 -240 Design 
AASHTO -810 0 10 Measured 1 483 -318 -240 Possible 
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AASHTO -810 0 10 Measured 2 461 -339 -240 Possible 
AASHTO -810 0 10 Measured 3 447 -354 -240 Possible 
AASHTO -810 0 10 Measured 4 358 -443 -240 Possible 

ACI -803 0 10 AASHTO 353 -441 -240 Design 
ACI -803 0 10 Preistly-Z2 434 -360 -240 Design 
ACI -803 0 10 NZ-Z2 455 -339 -240 Design 
ACI -803 0 10 Measured 1 483 -311 -240 Possible 
ACI -803 0 10 Measured 2 461 -333 -240 Possible 
ACI -803 0 10 Measured 3 447 -347 -240 Possible 
ACI -803 0 10 Measured 4 358 -436 -240 Possible 

CEB 1978 -870 0 10 AASHTO 353 -508 -240 Design 
CEB 1978 -870 0 10 Preistly-Z2 434 -426 -240 Design 
CEB 1978 -870 0 10 NZ-Z2 455 -406 -240 Design 
CEB 1978 -870 0 10 Measured 1 483 -378 -240 Possible 
CEB 1978 -870 0 10 Measured 2 461 -400 -240 Possible 
CEB 1978 -870 0 10 Measured 3 447 -414 -240 Possible 
CEB 1978 -870 0 10 Measured 4 358 -503 -240 Possible 
CEB 1990 -772 0 10 AASHTO 353 -409 -240 Design 
CEB 1990 -772 0 10 Preistly-Z2 434 -328 -240 Design 
CEB 1990 -772 0 10 NZ-Z2 455 -308 -240 Design 
CEB 1990 -772 0 10 Measured 1 483 -279 -240 Possible 
CEB 1990 -772 0 10 Measured 2 461 -301 -240 Possible 
CEB 1990 -772 0 10 Measured 3 447 -315 -240 Possible 
CEB 1990 -772 0 10 Measured 4 358 -404 -240 Possible 
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