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EXECUTIVE SUMMARY  

Prestressed concrete structures experience a reduction of the effective prestressing force in 

strands, often called the óPrestress Lossô, that occurs as a result of time-dependent effects such as 

creep, shrinkage and relaxation. Prestress loss is a factor in determining the lifespan of prestressed 

concrete bridge girders because, as the quantity of prestressing reduces, tensile stresses from 

service load moments can overcome the compressive stress from prestressing resulting in tensile 

stresses in the girders. The prestress losses as well as the condition of the in-service girders are 

factors used in load rating a structure. The strength or serviceability of bridge girders can be 

affected by the assumptions used for load rating. As a result, some transportation authorities, like 

the North Carolina Department of Transportation, may ñload postò or limit the load allowed on the 

bridge if strength or serviceability criteria are not met, causing traffic disruptions.  Four AASHTO 

Type III girders were recovered during the deconstruction of North Carolinaôs Herbert C. Bonner 

Bridge and brought to the laboratory for testing to failure. This project gives the opportunity to 

evaluate the losses of these four prestressed girders in varying conditions that were used in service 

for nearly 60 years. It also focuses on examining how the code-based methods for predicting losses 

and capacities perform for these aged girders. The results of the experiments and analyses were 

used to make recommendations on the performance of these girders, including discussion on 

prestress losses for girders with and without corroded strands, on improved prestress loss 

calculation methods, and on the remaining safe load carrying capacity of the selected bridge 

girders.  

The four girders recovered from the laboratory for structural testing are referred to as the 

BTE series of experiments in this report. The BTE specimens were tested to failure at the 

Constructed Facilities Laboratory (CFL) at North Carolina State University, to evaluate strength 

and serviceability performance after 56 years of service in a corrosive environment. A small 

number of load cycles were performed at relatively low load levels prior to monotonically loading 

to ultimate capacity. The specimens were heavily instrumented to determine their deformation 

response throughout loading. This instrumentation included the use of high-resolution digital 

image correlation (DIC) equipment. The instrumentation was also used to monitor first cracking. 

Using the experimental data, prestressing losses at the time of testing in the laboratory were 

determined. Sectional analysis models of the girders were developed in Response-2000 to predict 
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load deformation response. Experimental results showed that BTE2, BTE3 and BTE4 had similar 

amount of prestress loss while BTE1 had a significantly higher loss of prestress attributed to a 

corroded strand near midspan. The measured prestress losses for the four specimens were 44.3 ksi, 

34.0 ksi, 35.4 ksi, and 36.0 ksi for BTE1, BTE2, BTE3, and BTE4, respectively. The flexural 

capacities of girders BTE1, BTE2, BTE3, and BTE4 were 2831 k-ft, 2860 k-ft, 2699 k-ft and 2698 

k-ft, respectively, which agrees reasonably well with the predictions given by the software program 

Response-2000. The loading of BTE3 and BTE4 was stopped before catastrophic failure occurred 

so that their end regions could be tested in shear. Response-2000 shows that the tests of these 

girders reached 97% and 98% of their predicted ultimate flexural capacities (2760 k-ft for BTE3 

and 2780 k-ft for BTE4). The test-to-predicted ratio for the BTE series ranged from 0.971 to 1.006, 

with the predicted flexural capacities between 2760 and 2860 k-ft. The mean prediction was 2804 

k-ft, and the results had a coefficient of variation of 1.56%. The moment-curvature response given 

by Response-2000 aligns well with the experimental response, including the transition in stiffness 

from the uncracked response to the cracked response. The study has shown corrosion of strands 

can significantly influence effective prestress losses, and models developed in Response-2000 can 

capture these effects by accounting for the corroded strands.  

Current design equations for predicting short-term and long-term prestress losses are based 

on empirical relationships for a range of structural typologies. Material properties such as 

compressive strength and modulus of elasticity change with time and their estimation at a certain 

point in time is based on empirical relationships. Creep, shrinkage and relaxation are also a 

function of local environmental factors, such as humidity, temperature, and the amount of traffic. 

Approximate estimates are typically used in the design and evaluation of structures, but 

approximate methods may not reflect the exact conditions of a particular structure. Theoretical 

prestress losses were calculated using the methods described in the AASHTO LRFD. The methods 

include the AASHTO LRFD Refined Method (using nominal material properties), the AASHTO 

LRFD Refined Method consistent with NCDOT assumptions, the AASHTO LRFD Refined 

Method using measured material properties, and the Lump Sum Method. The Refined Methods 

give reasonable estimates of losses for BTE1 with corroded strands. For BTE2, BTE3, and BTE4, 

the Refined Method using nominal material properties and the Refined Method consistent with 

NCDOT assumptions are both conservative approaches with a mean test-to-predicted ratio of 0.76 

and 0.78, respectively. Lump Sum estimates are found to be more conservative than Refined 
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Methods with test-to-predicted ratios between 0.66 and 0.80. The results of this study indicate that 

using measured material properties with the AASHTO LRFD Refined Method gives more accurate 

estimates of losses, as compared to laboratory measurements, with test-to-predicted ratios between 

0.92 and 1.09.  

The ultimate load capacity and stresses at cracking were eventually incorporated in a load 

rating calculation of the girders. Theoretical and experimental results indicate the rating factors 

exceed 1.0 under the Strength I (both inventory and operating) and Service III limit states (for an 

allowable stress of 6ãf'c). Therefore, the structure has sufficient load carrying capacity under these 

limit states with the HL-93 design truck considered for estimating live loads. However, the rating 

factors are less than 1.0 for the zero tensile stress criteria under the Service III limit state. The 

results indicate the zero tensile stress limit is not near the capacity of the members and significant 

benefits could be achieved if this zero stress limit is relaxed in some scenarios. 

The study also provides a unique opportunity to determine the shear capacity of these aged 

girders in certain load configurations. Shear testing was conducted to examine the shear response 

in scenarios where the load is applied near to a support. Both ends of BTE3 and one end of BTE4 

were tested in shear. While it was not possible to catastrophically fail one end of BTE3 as the 

actuator capacity was reached, the end region capacity of the girders in applied shear were 287 

kips and 276 kips.  The corresponding applied moments were 2585 k-ft and 2447 k-ft. BTE4 failed 

at an applied shear of 274 kips. The applied moment in this case was 2394 k-ft. The maximum 

crack width observed was 2.50 mm and the failure was brittle in nature.   

The study recommends the use of Response-2000 to model the behavior of aged prestressed 

concrete girders, as the software was shown to predict both the load-deformation response and 

ultimate capacity of beams with reasonable accuracy. In-situ material properties would ideally be 

used near the end of the service life to refine loss estimates, but it is not recommended at the design 

phase. The results indicated that the experimental flexural strengths far exceeded the service limit 

states, which is safe and conservative. The study recommends that the bridge girders could have 

operated safely under an extended service life if the zero tensile stress limit could have been 

relaxed under the service limit states, only at the end of the service life. At the time the girders 

were replaced, the measured losses in the girders were such that the zero stress limit was exceeded 

under the service limit state according to the AASHTO LRFD Refined Method (using nominal 
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material properties), the AASHTO LRFD Refined Method using measured material properties, 

Response-2000 with measured material properties and experimental measured values.  
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CHAPTER 1 ï INTRODUCTION  

1.1. Background 

Application of prestressed concrete beams to highway bridges in the United States dates to the 

1950s. One factor that contributes to the continued popularity of prestressed concrete for long-

span flexural members is that these members are often capable of remaining uncracked throughout 

their service lives. Cracking in concrete facilitates water infiltration which leads to the progression 

of corrosion of the reinforcing steel, concrete spalling, and eventually a reduction in load carrying 

capacity of a bridge girder. This deterioration from cracking can reduce the service life and 

increase maintenance costs. Prestressed concrete resists flexural cracking because the prestressing 

steel, often referred to as strands or tendons, is tensioned to produce compressive stresses in the 

concrete. By adding precompression, an applied moment must first relieve the compressive stress 

in the girder concrete resulting from prestressing before a tensile stress can be produced. Therefore, 

the moments required to crack a prestressed concrete member are typically significantly higher 

than those required to crack a similar reinforced concrete member. Designs can be configured so 

that the service loads placed on a prestressed concrete member may never exceed their cracking 

capacity. However as prestressed concrete structures age, time dependent effects such as shrinkage 

and creep of concrete and relaxation of steel cause a reduction in the effective prestressing force. 

This loss of strand tension in the strands implies a loss of compression in the concrete. This loss 

of strand tension is the common definition adopted for ñprestress lossò and is the definition used 

in this report. Thus, final prestress losses in a girder would be the difference in the initial strand 

tensile stress, just prior to transfer, and the effective prestress at the end of service life of the 

member.  

As concrete forms the products of hydration after casting and any excess free water 

evaporates, the concrete will shrink. Unrestrained shrinkage reduces the length of members 

thereby resulting in a prestress loss. Creep is the long-term increase of concrete strain under 

constant stress. Since the tensioning of the prestressing steel produces a compressive stress in the 

member, creep in the concrete will result in an increasing compressive strain throughout its life, 

stated otherwise as a shortening of the concrete element. Like shrinkage, the reduction in total 

strand strain resulting from concrete creep reduces the force in the prestressing strand and 
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contributes to prestress losses. Finally, relaxation of the prestressing steel is the reduction in stress 

at a constant strain over time. In a prestressed concrete structure, the relaxation of the strands will 

result in reduced strand tension, and thus, reduced compressive stress in the concrete. Figure 1.1 

shows a representation of creep and relaxation on the stress-strain response of the concrete and 

steel. While it is convenient to think of creep, shrinkage and relaxation as independent phenomena, 

however, they occur simultaneously and interact with one another throughout the life of the 

structure.  

 
Concrete Response 

 

 
         Steel Response 

 

Figure 1.1: Representation of losses from creep and relaxation. 

The cumulative effect of these long-term losses reduces the effectiveness of the initial 

prestressing of the concrete. As the pre-compression applied to a section decreases, tensile stresses 

from applied moments on simply supported members can more easily overcome the compressive 

stress generated by prestressing, making the member more susceptible to cracking. While 

prestressed concrete may increase the durability of a member by reducing cracking, and thereby 

corrosion, the long-term loss of prestressing acts as a limit  on the serviceable life of a prestressed 

concrete member, especially if a zero-tension limit state criterion is imposed. For bridge structures, 

many government agencies, including the North Carolina Department of Transportation (NCDOT) 

require that the service loads placed on a bridge do not cause tensile stress to any portion of 

concrete in any cross-section. Figure 1.2 shows the short-term moment curvature response for 

different levels of prestress loss to illustrate the reduction of a girderôs cracking moment for 

increasing prestress loss. Note the ultimate strength is not significantly affected by the reduction 
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of prestressing, but the cracking moment decreases significantly as the losses become more severe 

indicating tensile stresses in the concrete begin at lower loads with increasing losses.  

 

Figure 1.2: Decrease in cracking moment as prestress losses increase. 

Since the serviceability and performance of prestressed concrete girders essentially 

depends on the existing effective prestressing force, accurate estimation of prestress losses can 

directly improve the accuracy of condition assessment. An over-prediction in prestress losses 

results in an overly conservative design for service load conditions, while an under-prediction in 

prestress losses, depending on the severity of the under-prediction, could result in cracking under 

service loads. Over the last decade, only few parametric studies investigating prestress losses in 

prestressed concrete girders have been conducted (Garber et al., 2015; Higgs et al., 2015; Pessiki 

et al., 1996; Rizkalla et al., 2010; Steinberg, 1995; Tadros et al., 1977). Estimation of prestress loss 

is complex in nature because of variations in initial stressing conditions, difficulty in predicting 

the variation of environmental conditions at the site after prestressing, estimation of material 

properties (e.g. concrete strength and, ultimate tensile strength of strands), factors contributing to 

concrete shrinkage and creep and their interdependence, varying geometry of the member, and 

more. Additionally, the losses are a function of load on the structure which can be estimated with 

accuracy that will vary based on the specific girders examined.  

The Herbert C. Bonner Bridge spanned the Oregon Inlet in the North Carolina Outer Banks, 

and construction was completed on the bridge in the early 1960s. As a result of deterioration and 

other factors, the Bonner Bridge was deconstructed after the new Marc Basnight bridge was 

completed. The Bonner Bridge consisted of 260 spans, with a majority constructed from utilizing 
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AASHTO Type III prestressed concrete girders with cast-in-place concrete decks. A few of the 

260 spans, particularly those crossing over the navigation channel, were founded on steel plate 

girders. During deconstruction, four AASHTO Type III girders, each approximately 61 feet long, 

were recovered as part of this research. The purpose of the research program is to determine the 

performance of prestressed concrete girders after 56 years in use. The girders were brought to the 

Constructed Facilities Laboratory (CFL) at North Carolina State University (NCSU) for structural 

destructive testing to determine the prestress losses and the ultimate flexural capacity. Measured 

prestress losses from the tests are compared to several analytical procedures currently practiced 

such as the AASHTO LRFD Refined Method and the AASHTO Lump Sum Method, and the 

AASHTO Standard Specifications. Testing of the aged girders sheds light on the load-deformation 

response and provides experimental data on the prestress losses after 56-years in service. In 

addition, tests documented the cracking loads and ultimate loads for each girder. The results are 

used to provide recommendations related to prestress losses for the North Carolina Department of 

Transportation. The research program provided the unique opportunity to also determine the shear 

capacity of recovered bridge girders by testing the ends of the members. The tests provide insight 

into the shear capacity of aged girders when loaded near their ends. 

1.2. Research Significance  

One of the main advantages of prestressing concrete structures is to delay the occurrence of cracks 

by pre-compressing the concrete. Prestress losses that occur throughout the life of bridge girders 

reduces the efficacy of the prestressing. Designers must consider these prestress losses at design 

and during the evaluation of existing structures to determine if service limits are expected to be 

exceeded. There have been very few large-scale tests of prestressed concrete girders recovered 

from service to determine long-term prestress losses. This research provides the opportunity to 

investigate four prestressed concrete girders that experienced 56 years of service in a corrosive 

environment. The four girders were brought to the CFL at NCSU and destructively tested to failure. 

The experiments were used to determine the full load deformation response, strength in flexure, 

cracking moments and amount of effective prestressing. The experiments also provide information 

on the stiffness of the girders, and the influence of deterioration including corrosion of strands that 

has occurred. The research explores how long-term effects can change service and capacity 

estimates. The results also informs how losses are determined for girders with and without 
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corrosion. The experiments were instrumented with Digital Image Correlation (DIC) to measure 

the displacement field response of the members so that accurate estimates of first cracking and the 

prestressing losses could be determined. The measured prestress losses are compared with several 

analytical procedures. The measured prestress loss and flexural strengths obtained from the 

experiments are then used to conduct load rating calculations of the bridge according to the 

provisions of LRFR and LFR.  

1.3. Layout of the Report  

The balance of this report is divided into the following chapters: 

¶ Chapter 2 contains a review of relevant literature. It reviews the best practices for 

calculating prestress loss and remaining flexural capacity. Existing research and 

findings on prestress losses in concrete girders are discussed in Appendix A.  

¶ Chapter 3 discusses the experimental program for testing the four prestressed concrete 

girders recovered from Bonner Bridge, referred to in this report as the BTE series of 

experiments. The chapter discusses material properties that affect prestress losses and 

covers the experimental program for testing of materials. It includes the specimen 

details, specimen condition assessment identifying existing damage or repairs. 

Appendix B provides additional details on the experimental program such as the 

detailed test setup, instrumentation, and loading protocol.  

¶ Chapter 4 presents the experimental results from the BTE series. Results such as the 

load-deformation behavior, longitudinal strains, cracking moment, crack reopening 

moment, and ultimate flexural capacity of the members are presented. Appendix C 

provides additional details of the experimental results.  

¶ Chapter 5, discusses the loss of prestress in the recovered girders. Prestress losses are 

measured from the results of the flexural testing of the girders. Response-2000 is used 

to predict the behavior of the girders along with composite deck and estimate the 

nominal flexural and shear resistance of the structure with the deck. In addition, 

theoretical prestress losses are calculated according to the AASHTO LRFD Refined 

Method, the AASHTO LRFD Lump Sum Method, and the AASHTO Standard 

Specifications, and the results are compared with measured prestress losses from the 

experiments.  
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¶ In Chapter 6, load rating of the bridge according to both the Load and Resistance Factor 

Rating (LRFR) Method and the Load Factor Rating (LFR) Method are estimated. It 

discusses the use of measured prestress losses and actual flexural resistance of the 

member to inform the load rating. The results from code based predictions and the 

experimentally observed response are discussed. Appendix G provides additional 

context and bridge load rating calculations. 

¶ Chapter 7 summarizes the conclusions and recommendations determined from the 

research.  

¶ Appendix H includes a summary of the shear testing of the girders. In includes the 

experimental program, shear behavior, the detailed load-displacement response and the 

deformation pattern of the girders throughout loading. 
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CHAPTER 2 ï LITERATURE REVIEW  

2.1 Prestress Loss Calculation Methods  

The negative effects of prestress losses were understood very early in the development of 

prestressed concrete structures. As early as 1958, a joint American Concrete Institute (ACI) and 

American Society of Civil Engineers (ASCE) committee developed Tentative Recommendations 

for Prestressed Concrete (ACI-ASCE, 1958), a document that included methods for determining 

the long-term prestress losses. The committee provided two different methods for determining 

prestress loss. Method 1 assesses the loss of steel stress using a combination of the individual loss 

components, and Method 2 provides different approximate losses for pre-tensioned and post-

tensioned concrete structures (ACI-ASCE, 1958). Method 1 uses Eq. 1 to estimate the change in 

strand stress, ȹfs, where us is the strain in the concrete from shrinkage, ue is the strain in the concrete 

from elastic shortening, ud is the strain in the concrete from creep, Es is the elastic modulus of the 

prestressing steel, ŭ1 is the ratio of loss in steel stress from relaxation, ŭ2 is the ratio of loss in steel 

stress from friction during prestressing, and fsi is the initial stress in prestressing steel after seating 

of the strand anchors. 

ῳὪ ό ό ό Ὁ Ὢ‏  Ὢ    (1)‏

Method 2 states that the loss in the steel not including friction loss is 35,000 psi for 

pretensioned structures and 25,000 psi for post-tensioned structures. The two different values for 

pre- and post-tensioned concrete reflects the difference in losses that result from the two forms of 

tensioning and different anchor sets. The ACI-ASCE joint committeeôs loss estimates are Lump 

Sum estimates of the change in strand stress from long-term losses. Lump Sum Methods are not 

as versatile as methodologies that account for more complex effects, such as detailed loading 

histories, however Lump Sum loss calculations are simple to perform and can be appropriate in 

certain scenarios. 

The literature describes that prestress loss calculation procedures can be generally 

categorized into three approaches, listed in ascending order of complexity a) Lump Sum Methods 

b) Refined Methods, and c) Time-Step methods (Garber et al., 2015; Russel and Jayaseelan, 2007; 

Steinberg, 1995; AASHTO LRFD BDS, 2020). Typical lump-sum methods represent average 
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conditions, viable only for members with normal weight concrete (either steam or moist cured), 

strands with low relaxation properties or prestressed by bars, and average exposure conditions and 

temperatures (AASHTO LRFD BDS, 2020; NCHRP Report 496, 2003). An example of a current 

lump sum method is provided in the AASHTO LRFD Bridge Design Specifications as the 

Approximate Estimate of Time-Dependent Losses (AASHTO, 2020). The equations of the Lump 

Sum Method have been updated over the years, and it is believed that although it somewhat 

overestimates the prestress loss, the method can give reasonable results and can be appropriate in 

preliminary design or other scenarios where more refined estimates are not required. Many DOTs 

in the United States use Lump Sum methods to estimate their prestress losses. More complex 

methodologies such as the Refined Method and the Time-Step Method are required to model and 

predict prestress loss at a specific time in different stages of the life of the structure. More complex 

methods are sometimes needed because stresses in the concrete and in the strand are constantly 

interacting with one another and change over time. As steel strand relaxes, not only is the stress in 

the strand decreasing and reducing the rate of relaxation, but the stress in the concrete also reduces 

and concrete creep occurs more slowly. In addition to the interactions between loss components, 

structures undergo a variety of different loading conditions throughout their life that change the 

state of stress of the members. Figure 2.1 is reproduced from the National Cooperative Highway 

Research Program (NCHRP) Report 496 (Tadros et al., 2003) on Prestress Losses in Pretensioned 

High-Strength Concrete Bridge Girders. Figure 2.1 shows a representation of the changes in strand 

stress over time for pretensioned concrete structures. Both these methods calculate prestress loss 

by accounting for each increment in time and calculating the updated strains and stresses in each 

of the materials. These strains can then be related back to global response. The Refined Method is 

used to determine the individual loss components due to creep, shrinkage and relaxation separately, 

and then sums up the components to give the total prestress loss. Lump-Sum methods are a 

generalized form of the Refined Method, in that they approximate Refined Method calculations 

and provide a simplified equation to determine prestress loss.  

The Refined Method is used to determine the total loss of strand stress at any stage of the 

life of structure by dividing the time frame into two phases. The Time-Step method is more 

complex since stresses and strains of the structure are updated over much shorter time intervals to 

give a more accurate estimation of the prestress loss, and hence, can account for the events shown 

in Figure 2.1 appropriately. An early example of Refined Methods for assessing prestress loss can 
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Figure 2.1: Pretensioned concrete girder strand stress over time (reproduced from Tadros et al., 

2003). 

be found in the eleventh edition of the AASHTO Standard Specifications for Highway Bridges 

published in 1973 (AASHTO, 1973). Refined Methods are desirable for the design of new 

construction and for the assessment of aging infrastructure because they do not require a 

computerized calculation processes like the even more complex Time-Step methods do. Examples 

of current Refined Methods of prestress loss assessment are given in the PCI Bridge Design 

Manual (2014) and AASHTO LRFD Bridge Design Specifications (2020). These two Refined 

Methods are conducive for use on bridge structures like the Herbert C. Bonner Bridge, and they 

are discussed in detail in sections A1.1 and A1.2 of Appendix A1. The AASHTO LRFD loss 

calculations are currently used by the NCDOT for the assessment of aged bridges. For this reason, 

combined with the prevalence of AASHTO LRFD Refined Method for assessment of bridge 

structures, this loss prediction method is the focus of analysis in chapter 4 of this report. The results 

are also compared with experimentally obtained prestress loss, Lump-Sum methods, and losses 

calculated using actual material properties instead of nominal properties in AASHTO LRFD 

equations.   

Lastly, Time-Step methods are the most complex option, implemented with the equations 

for Refined Methods fed into a computer program, where time-dependent losses are measured in 

four different stages of varying time steps according to specific events occurring over the service 
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life of a prestressed concrete girder. The strains and stress along the girder are updated with each 

time increment, and the strains can be related back to the global response. The strand stress changes 

more frequently in the early life of a concrete structure, so the time intervals in a Time-Step 

analysis may start as a relatively short increments, becoming longer as the structure ages in the 

analysis. An example of time step loss analysis is given by Tadros et al. (1977). These methods 

are powerful and can account for complicating factors such as varying cross sections over time, 

composite action, material property changes through the depth, and varying loading over time, but 

the complexity of these methods precludes them from frequent use in the assessment of aging 

prestressed concrete infrastructure. The application of a Time-Step method also requires detailed 

information of loading conditions that occur throughout the time period being examined which 

may not be available.   

Although the aforementioned methods can be used to estimate prestress loss at any stage 

of the life of a structure, there have been only few experiments to measure and verify the amount 

of losses in aged girders. The experimental research programs performed on prestressed concrete 

bridge girders by Tadros et al. (2003), Miller et al (2000), Pessiki et al (1996), and Russell and 

Burns (1996) observed that the PCI Design Handbook method, ACI 318, and AASHTO-LRFD 

equations all overestimated the prestress losses. Besides these studies, few have attempted to 

measure prestress losses in existing or deconstructed real world prestressed concrete bridges by 

flexural testing of the specimens. Even rarer is the evaluation of structures 50 years or older. Visual 

inspections of concrete and steel and the use of acoustic emission (AE) sensors and a few other 

non-destructive techniques are currently the only field level practices commonly used to estimate 

girder condition. These inspections have issues of subjectivity and complexity of determining the 

actual structural capacity from observed external damage. The condition assessment does not 

explain the performance of structures under existing loads and any measure of prestress loss from 

the non-destructive techniques needs further research for reliability and accuracy (Civjan et al., 

1998).  

Additional descriptions of methods in the literature, experimental investigations into 

prestress losses in concrete structures, and studies on creep, shrinkage and relaxation are discussed 

in Appendix A.  
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2.2 Evaluation of Loss Methods for Peer Departments of Transportation   

As part of the research program, a survey was conducted to gather information from state agencies 

about practices related to prestress loss calculations in precast prestressed bridge girders. The 

questionnaire specifically aimed at understanding prestress loss calculation procedures currently 

practiced, and tried to acquire information about whether peer state departments of transportation 

outside North Carolina use the AASHTO LRFD Refined Method, the Lump Sum Method, or other 

procedures developed specific to that DOT. The survey also inquired as to the assumptions used 

in loss estimates, such as the use of nominal versus measured properties, the maximum allowable 

tensile stress under service conditions, whether to account for deterioration of a structure when 

updating prestress loss, and finally, the steps taken to inform load rating of these bridges at any 

point of their service life.  

As discussed in this chapter, prestress loss consists of two components, the initial elastic 

loss and long-term loss due to shrinkage, creep, and relaxation. The responses from the survey 

indicate peer DOTs follow a range of methods and standards when it comes to assessing short-

term and long-term prestress losses. The initial elastic losses are most commonly calculated 

according to AASHTO LRFD Eq. 5.9.3.2.3a-1. The long-term losses are most often determined 

according to the provisions of the AASHTO LRFD Refined Method (5.9.3.4), as some peer DOTs 

indicate the method gives reasonable estimates of long-term losses. In the Refined Method, 

different agencies make different assumptions as to the age of beam concrete at deck placement, 

to include 28 days, 56 days (NCHRP Report 496), 60 days,  90 days (a rule of thumb based off 

guidance from the PCI Bridge Design Manual), and up to as much as 180 days. Girders constructed 

at facilities require time for transportation to site and often there are delays to project schedules.  

The DOTs often select the exact age of concrete instead of relying on standard numbers. 

While choosing the age of concrete at deck placement, DOTs assume that significant long-term 

girder deflections due to shrinkage, creep, and relaxation have already occurred so that the deck 

grade can be set and maintained. The final age of concrete is either taken as the exact age, or a 

standard value to include 27 years (used by peer DOTs), 56 years (PCI-BDM, 2014; NCHRP 

Report 496), or even 75 years (used by peer DOTs).  
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As much as the AASHTO LRFD Refined Method is used, the Lump Sum Method is also 

commonly used. The survey revealed DOTs also use the Lump Sum long-term loss equation from 

previous versions of the AASHTO LRFD Bridge Design Specifications, and may have not yet 

adopted the 9th Edition of the Standard. Some peer DOTs indicate that the ñoldò long-term Lump 

Sum equation in AASHTO LRFD 4th Edition generates results similar to even older prestress loss 

recommendations whereas the current AASHTO LRFD equations often generate significantly 

lower prestress loss values. Some DOTs recommend the use of ñoldò longïterm equations for 

estimating prestress losses in pre-decked girder sections, as they indicate the current AASHTO 

equations were not developed for such structures and gives inaccurate results.  

At the design phase, prestress loss calculations are carried out with nominal material 

properties. Generally, prestress losses are not reevaluated at any stage of service life of girder 

because of any kind of deterioration and practices such as core extraction from girders to determine 

existing material properties is not commonly conducted for this purpose. When prestressed 

concrete girder bridges are load rated, however, the existing condition of the bridge is taken into 

account through thorough inspection and identifying deterioration such as concrete spalls, 

corrosion, etc. The long -term effects of corrosion are not usually linked by calculation procedure 

to prestress loss, as corrosion is usually only accounted for in capacity calculations by removing 

exposed and corroded strands.  

There are also some differences in how the different DOTs consider superimposed dead 

loads and live loads for prestress gain under service conditions in the calculation of final prestress 

loss. Three cases were observed: 1) Consideration of prestress gains from both superimposed dead 

loads and live loads in prestress loss; 2) Exclusion of live load gains in prestress loss; and 3) 

Exclusion of any prestress gain in the calculation of prestress loss. NCDOT considers both non-

composite (girder self-weight, diaphragm, build-up/haunch, deck etc.) and composite loads 

(asphalt wearing surface, bridge rails, future wearing surface) in creep calculation for final time, 

and also in elastic gains due to deck weight and superimposed dead loads. Prestress gain also 

comes from the shrinkage of the deck, but some DOTs suggest losses after concrete deck curing 

(after the deck becomes composite section) are generally small. So, the prestress gain due to deck 

shrinkage in the composite section is relatively small compared to the overall prestress loss over 
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the entire service life, and does not significantly affect the final prestress loss. Nevertheless, the 

loss component is still considered in calculation of prestress losses by some DOTs.  

In the case of load rating the bridge, the Load and Resistance Factor Rating (LRFR) method 

is generally followed. However, some DOTs prefer to rate old bridges according to their design 

method, which is consistent with Load Factor Rating (LFR). An important finding is that there are 

a wide range of stresses allowed under the service condition, ranging from 0 to 3ЍὪ to even 6ЍὪ. 

The tensile limit chosen is often project specific. 

Overall, the survey provided information to identify the choice of methods and assumptions 

used by peer DOTs to determine prestress losses. The findings inform the theoretical prestress loss 

calculation procedure used for the BTE test series. Prestress loss estimates are also important when 

determining the load rating of the bridge under service and ultimate conditions. Both prestress loss 

calculation and load rating determination involves accounting for a number of variables such as 

material properties, time intervals chosen for estimating prestress loss components, deterioration 

such as corrosion and its impacts, allowable tensile stress, and more. The survey provides useful 

information on selecting or estimating these variables to improve the accuracy of prestress loss 

estimation and of load rating calculations for the BTE series.    
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CHAPTER 3 ï EXPERIMENTAL PROGRAM   

To assess the amount of prestress losses in aged bridge structures and to improve methods for 

determining predicted prestress losses, four girders from The Herbert C. Bonner Bridge in North 

Carolina were recovered and tested at North Carolina State Universityôs (NCSU) Constructed 

Facilities Laboratory (CFL). These four girders are labeled the BTE series, and were all in service 

for approximately 56 years. The BTE experimental program provides the opportunity to determine 

the amount of prestress losses and the influence of losses and degradation on the performance of 

the girder in flexure by investigating first cracking and ultimate capacities. This chapter discusses 

the experimental program, including specimen specifications and conditions, tested material 

properties, experimental setup, and instrumentation. Further details including methods of testing 

material properties, instrumentation and loading protocol are described in Appendix B.   

3.1 Bonner Bridge Specimens 

The concrete girders recovered for testing consisted of four AASHTO type III girders that utilized 

a composite deck during service in the field. The girders were taken from span number 142 of the 

Bonner Bridge and temporarily stored at a yard in Oxford, North Carolina before being transported 

to the CFL. The decision to select these girders was based on their condition and their availability 

relative to the deconstruction schedule. The condition of the selected girders was considered 

typical based on the 2007 site report produced by the Alpha & Omega Group, an inspection agency 

contracted by the NCDOT at that time. As discussed in the next section, this assessment was 

consistent with observations made by NCSU of the girders just prior to testing. All four recovered 

girders were 45 in. tall AASHTO Type III sections measuring 61 ft. long. The laboratory testing 

of recovered girders is discussed herein, and the exact condition of each tested girder was 

documented prior to instrumentation and testing at the CFL. These condition assessments contain 

any noted damage to the girders upon arrival to the CFL, and a measurement of camber for each 

simply supported girder. The condition assessment of each tested girder is discussed in the next 

section. In addition to condition drawing summaries, the NCDOT provided the original 

construction drawings for the Bonner Bridge, and from the drawings, strand layout and shear 

reinforcement of the girders is summarized below (see Figure 3.1 and Figure 3.2). 
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Figure 3.1: Bonner Bridge half-span elevation view strand layout (reproduced from Bonner 

Bridge plans originally prepared by Structural Design Unit of DOT). 

 

Figure 3.2: Bonner Bridge half-span elevation view stirrup layout (reproduced from original 

construction drawings). 

Each precast girder had 38 stress-relieved 7/16 in. diameter strands: two in the flexural 

compression region and 36 in the flexural tension region. Six of the 36 strands in the flexural 

tension zone were harped with harping locations at 5 ft. on either side of midspan. As indicated in 

the drawings, the strands were each tensioned to 18,900 lbs prior to casting. The shear 

reinforcement consists of #4 vertical stirrups (1/2 in. nominal diameter). Measuring from the end 
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of a girder, stirrups were spaced at approximately 12ǌ on center through the shear span, 

transitioning to no more than 20ǌ in the midspan region (see Figure 3.2). The specified girder 

concrete strength was 5000 psi, and the specified cast-in-place concrete deck strength was 3000 

psi. To enable transport of the girders, the concrete deck was cut off the girders during bridge 

deconstruction. However, to ensure no damage occurred to the girder itself when removing the 

concrete deck, the cut occurred approximately two inches above the top of the girder, leaving a 

thin residual layer of deck concrete bonded to the top of each girder.  

3.1.1 Condition of BTE1 

A summary of the condition of BTE1 can be seen in Figure 3.3.  

 

Figure 3.3: Condition of BTE1 (horizontal scale reduced). 

Figure 3.4 also provides supporting photos of the condition observed in the laboratory prior to 

testing. BTE1 had approximately 2.25 in. of concrete deck remaining on the top of the girder. 

There is also some sawcut damage to the top flange near where site-cast concrete diaphragms were 

removed. A spall repair near the girderôs midspan, as seen in Figure 3.3, covered a strand in the 

bottom row of strands that was nearly completely corroded. Additionally, the spall repair covered 
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another strand in the bottom row that was only partially corroded. Figure 3.5 shows these corroded 

strands after flexural failure of the girder. 

 
Rear end core hole (left side) 

 
Front end bottom crack (left side) 

 
Rear end diaphragm sawcut damage (left side) 

 
Front end diaphragm sawcut damage (left side) 

 

Figure 3.4: Condition of BTE1 photos. 
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Figure 3.5: BTE1 corroded strands (visible only after testing). 

With the girder simply supported, camber measurements were taken along the length of 

the girder by stretching a string line taught across the bottom flange of the girder and measuring 

from the string line to a consistent place on the section. Figure 3.6 shows the camber measurements 

taken along the length of the girder. The maximum measured camber was 1-7/8 in. at the midspan. 

 

Figure 3.6: BTE1 camber measurements. 

3.1.2 Condition of BTE2 

A summary of the condition of BTE2 can be seen in Figure 3.7. Figure 3.8 also provides supporting 

photos of the condition in the laboratory. BTE2 had approximately 1.5 in. of residual concrete 

deck remaining after saw cutting. The specimen has some top cracking, which likely resulted from 

the transportation of the girder. When the specimens were inspected at the temporary storage yard, 

no top cracking was observed. Thus, the top cracking likely occurred during transport to the 
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laboratory from Oxford, NC, or was not as visible in the storage yard. The condition of BTE2 was, 

overall, very good. Unlike BTE1, there was no damage to the top flange from removal of the 

concrete deck, nor was there any evidence of repairs covering heavily corroded strands. 

`  

Figure 3.7: Condition of BTE2 (horizontal scale reduced). 
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Rear deck honeycombing (top) 

 

Rear end grouted  hole (left side) 

 

Midspan top cracking (right side) 

 

Front corner spall repair (right side) 

Figure 3.8: Condition of BTE2 photos. 

With the girder simply supported, camber measurements were taken along the length of 

the girder, similar to BTE1. As shown in Figure 3.9, the maximum camber measured along the 

length of the girder was 3/4 in. at the midspan. The measured camber of BTE2 was the least 

measured across the recovered girders. 
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Figure 3.9: BTE2 camber measurements. 

3.1.3 Condition of BTE3 

A summary of the condition of BTE3 can be seen in Figure 3.10. Figure 3.11 also provides 

supporting pictures of the condition in the laboratory. BTE3 had 1.75 in. of residual concrete deck 

remaining, and like BTE2, some top cracking occurred during transport to the CFL. BTE2 and 

BTE3 were in similar conditions, except that BTE3 had a section of exposed strand visible near 

the quarter point at one end.  

 

Figure 3.10: Condition of BTE3 (horizontal scale reduced). 
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Figure 3.11 shows this exposed strand with corrosion not severe enough to significantly reduce 

the total area of the strand. 

 

 
Bottom flange damage (left side) 

 
Midspan top cracking (right side) 

 
Exposed strand from spall (bottom) 

 
Front corner spall repair (right side) 

 

Figure 3.11: Condition of BTE3 photos. 

With the girder simply supported, camber measurements were taken along the length of 

the girder, as shown in Figure 3.12. The maximum camber measured was 1-3/8 in. at the midspan. 

Strong Floor 

Girder 
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Figure 3.12: BTE3 camber measurements. 

3.1.4 Condition of BTE4 

A summary of the condition of BTE4 can be seen in Figure 3.13. Figure 3.14 also provides 

supporting photos of the condition in the laboratory. BTE4 had approximately 1.75 in. of residual 

concrete deck remaining after saw cutting. The overall condition of BTE2 was generally very good, 

and, there was no damage to the top flange from removal of the concrete deck. Concrete spalls and 

repairs were observed at the bottom flange.   

 

Figure 3.13: Condition of BTE4 (horizontal scale reduced). 
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Spall repair (left side)                                             Spalled concrete (right side) 

       
           Front end spall repair (right side)                     Front end spall repair (right side)                            

 

Figure 3.14: Condition of BTE4 photos.  

Camber measurements were taken along the length keeping the girder simply supported. 

Figure 3.15 shows the measured camber along the length of the girder. The maximum camber was 

1-1/4 in. measured at the midspan. 
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Figure 3.15: BTE4 camber measurements. 

3.1.5 Condition from Inspection Documents 

The NCDOT provided condition assessment drawings for the Bonner Bridge produced by the 

Alpha & Omega Group (2007). Figure 3.16 shows the assessment drawing for span number 142 

(all girders recovered for testing came from this span). 

 

Figure 3.16: Bonner span number 142 condition drawing (Alpha & Omega, 2007). 

Most of the deterioration for the span was on the underside of the concrete deck. Little 

deterioration was noted on the girders except for an end region repair on the second girder from 

the bottom ( girder BTE4 in this report). Besides corrosion of strands and, spall repairs, the other 

damage described above was likely minor cracking and spalling by deconstructing, handling, and 

shipping the bridge girders. The girders have bottom flange damage consistent with reasonable 
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lifting points that might have been used during deconstruction, and any minor sawcut damage or 

limited top cracking is the result of deconstructing the girders and transporting them to the CFL.  

3.2 Material Properties  

The stress-strain response of the concrete for each of the four girders tested in the laboratory was 

determined using compression testing of cores taken from the girders at the laboratory. At least 5 

cores were extracted from the top of each girder, each core having a nominal diameter of 3.75 in. 

and a length of around 7.50 in. The compressive strength of the deck concrete was also measured 

by compression testing cores with similar dimensions taken in the field by the deconstruction 

crews. Additionally, the stress-strain response of the prestressing strand was determined by tension 

testing segments of strands harvested from the recovered girders. Strands were taken from the end 

regions of selected beams that failed in flexure so that the harvested strand samples were not 

heavily damaged by the flexure testing. Details of the core testing and strand testing are discussed 

in Appendix B.   

A summary of the material properties of the prestressing strand and the concrete (discussed 

in Section B.1 of Appendix B) are presented in Table 3.1. 

Table 3.1: Summary of material properties. 

Steel Properties  

Steel Type fpy (ksi) fpu (ksi) Ep (ksi) 

7/16 in. Strand 239 271 28000 

Concrete Properties 

Specimen f'c (psi) Ec (ksi) Ů'c (x10-3) 

BTE1 6150 4710 1.89 

BTE2 9080 6580 1.76 

BTE3 7270 5870 1.70 

BTE4 7970 5050 2.09 

Deck 5550 3950 2.08 
 

3.3 Experimental Setup for Flexural Testing  

To determine the prestress loss and ultimate flexural capacity of the recovered Bonner Bridge 

girders, the girders were first tested in four-point bending. The applied shear force and applied 
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moment diagram corresponding to the flexural testing of the BTE series are depicted in Figure 

3.17. 

For BTE1 the load plates were placed 4.5 ft. to either side of midspan. The load spacing 

for the four-point bending setup was placed such that the constant moment region occurred over 

the unharped strands to avoid the effects from the vertical component of the strand in the harped 

region. The strands are not harped for 5 ft. to either side of midspan. Additionally, since the shear 

reinforcement density reduces near midspan, the applied load points needed to be placed near 

midspan of the beam to increase the moment-to-shear force ratio, mitigating risk of a shear failure 

in end region. Wider spacing of the load points would increase the applied shear to the section for 

a given moment, and the relatively light shear reinforcement near the middle 50% of the girders 

was insufficient to provide an adequate factor of safety against a shear failure with load points 

spaced greater than 10 feet.  

 

Figure 3.17: Applied shear and moment diagrams for flexural testing of the BTE series. 

The applied load for BTE1 placed the load points at sections near the harping locations, 

and there may have been some influence on post-peak response after the flexural compression 

failure. Therefore, for BTE2, load points were placed 7 ft. apart about the midspan to provide more 
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distance between the load plates and the strand harping locations, while still providing a constant 

moment region for instrumentation. The load was applied to the girders using a single 440 kip 

actuator and a spreader beam spanning between the two 8 in. wide, 1 in. thick steel load plates. 

Since the sawcut on the top of the girder was not level across the flange, the load plates were 

leveled using grout. The girders were supported on two 6 in. wide, 1/2 in. thick steel plates with 

the center of the plate located 9 in. from the ends of the girder to match the specified bearing 

location in the original construction drawings. The support plates on both sides were grouted to 

the bottom surface of the girder to ensure full contact with the embedded steel bearing plates. Each 

support plate rested on a 3-1/2 in. diameter steel cylinder. On one side of the specimen the cylinder 

was tack welded to a plate to create a pin condition, and on the other side of the specimen the 

cylinder remained free to create a roller condition. The actuator was free to translate and rotate as 

the girder deformed. Both sides of the beam were supported on 15 in. tall wide flange sections to 

provide adequate clearance for deflection of the beam towards the strong floor. The support 

condition can be seen in Figure 3.18, and the side and end view of the test setup can be seen in 

Figure 3.19. 

     

Figure 3.18: Support condition pin (left), pin stitch weld (center), and roller (right). 
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Figure 3.19: Experimental setup for flexure tests. 

3.4 Instrumentation for Flexure Tests 

All BTE girders were instrumented to measure the applied load, vertical displacement, and selected 

deformation data in the constant moment region throughout flexural testing. Load was applied by 

a hydraulic actuator and measured using an integrated load cell of appropriate capacity. The 

hydraulic actuator was also instrumented with a displacement transducer that recorded the actuator 

stroke as load increased. Deformation of the girder between the loading points was extensively 

measured using a number of systems including digital image correlation (DIC) equipment, a non-

contact optical LED system (Optotrak), several strain gauges placed along the depth of girder, and 

traditional potentiometer displacement measurements. The DIC system recorded deformation data 

on the west face of specimen, whereas LED markers were placed on the east face. The strain 

gauges placed on the girder were used to measure strains near the top and bottom flange. The strain 

gauges on the bottom flange can indicate cracking by a stiffness change during loading. In addition 

to full field deformation data in the constant moment region, string potentiometers were used to 

collect vertical displacement at five locations along the length of the girder. The full 

instrumentation of the BTE girders can be seen in Figure 3.20.  
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Figure 3.20: Instrumentation of BTE series girders. 

As configured for testing, under self-weight, the bottom flange of a given girder is in 

compression from the prestressing, but as load is applied in four-point bending, tensile flexural 

stresses overcome the compressive stress created by prestressing. Figure 3.21 illustrates this 

behavior. Load and deformation data recorded by the instrumentation is used to carefully 

investigate this transition from compression to tension in the bottom fiber of the beam. 

Deformation data collected with the DIC system is used to identify opening and closing of flexural 

cracks which can then be carefully analyzed to calculate prestress loss. Further details on each 

instrumentation are discussed in the subsequent sections. 

 

Figure 3.21: Behavior of prestressed girder in four-point bending as prestress is overcome. 
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CHAPTER 4 ï EXPERIMENTAL OBSERVATIONS  

In this chapter, the results of laboratory testing the BTE series is presented. Results such as the 

load-deformation, longitudinal strains, cracking moment, crack reopening moment, and ultimate 

flexural capacity of the members is presented. For each girder, several load cycles were conducted 

at low load levels. The girders were then monotonically loaded in flexure to assess their ultimate 

capacity along with load-deformation response among other parameters studied. The detailed 

analysis and results from the flexural tests along with photographs of the experimental program 

are provided in Appendix C. The data presented is obtained from strain gauges on the girder 

surface and deformation data recorded with the DIC system. For the DIC data, the strains presented 

are engineering strains.  

4.1 Discussion of Experimental Observations from Flexure Test 

This section discusses the performance of the girders in flexure. The flexural testing shows that 

the performance of the four girders was similar. A summary of the results from the BTE series of 

tests is presented in Table 4.1 below. Note that these are all applied moments, Mmax is the maximum 

moment applied to the specimen, Mcr is the cracking moment, Mro is the moment required to reopen 

preexisting flexural cracks, and ȹ is the deflection at peak load. 

Table 4.1: Summary of experimental observations. 

Specimen Mcr (k-ft) Mro (k-ft) ȹ (in) Mmax (k-ft) 

BTE1 1295 905 7.85 2550 

BTE2 1370 995 6.58 2580 

BTE3 1335 990 5.41 2420 (95%) 

BTE4 1338 995 5.64 2420 (95%) 

 

BTE1 had the lowest peak moment of the two girders tested to failure, and BTE1 had the 

lowest cracking and crack reopening moment of the four girders. Testing of BTE1 revealed that 

one of the strands in the bottom most row of strands was corroded, and core testing of BTE1 

revealed that the compressive strength of the concrete was the lowest of the four girders. Thus, it 

is expected that the capacity of BTE1 would be slightly lower than the other three specimens. The 

difference in ultimate capacity between BTE1 and BTE2 is, however, less than 1.5%. The response 
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near cracking and crack-reopening of BTE2, BTE3 and BTE4 are nearly identical. If BTE3 and 

also BTE4 were loaded further, it is likely that the ultimate moment capacity would be similar to 

that of BTE2, and any difference would be the result of varying concrete strengths. This is 

discussed in subsequent sections with corresponding modelling results.  

The moment- relative curvature response of the BTE specimens is shown in Figure 4.1. 

Relative curvature is defined as zero when the girder is simply supported on its supports with no 

external loads on the member other than its self-weight. In this condition, there is negative 

curvature from the prestressing and self- weight combination. The relative curvature for each 

girder test can be determined using horizontal virtual extensometers in DIC post-processing, and 

these extensometers are the same as the ones used to produce the strain profiles through the height 

for each girder in section C.1 C.2, C.3 and C.4 in Appendix C. The curvature was determined from 

the average longitudinal strains at multiple sections over the height over multiple cracks.  

 

Figure 4.1: Moment-relative curvature girder comparison. 

Figure 4.1 confirms that except for BTE1 (where a corroded strand was observed), all the 

specimens performed with a very similar response. BTE1 exhibits the same pre-cracked stiffness 

as the other girders, but the response is less stiff after cracking compared to BTE2, BTE3 and 

BTE4. The loss of a prestressing strand combined with the lower concrete strength contributes to 
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the reduced post-cracking stiffness of BTE1. The transition from pre-cracked stiffness to post-

cracked stiffness in Figure 4.19 is an indicator of the amount of prestress loss in each of the three 

beams. BTE1 transitions stiffness at a lower applied moment, suggesting that it has more prestress 

loss compared to BTE2, BTE3 and BTE4. BTE2 transitions stiffness at the highest applied 

moment, suggesting that BTE2 has the least loss of the four. BTE2, BTE3, and BTE4 can be 

considered as control specimens with no corrosion and provides means of comparison with BTE1 

which had corroded strands.  
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CHAPTER 5 ï PRESTRESS LOSSES, RESIDUAL CAPACITY, COMPARISON OF 

PRESTRESS LOSSES TO ANALYTICAL MODELS AND AASHTO LRFD CODE  

This chapter discusses the loss of prestress in the recovered girders from the Bonner Bridge 

determined from the results of the experimental testing on BTE1, BTE2, BTE3 and BTE4 and uses 

Response-2000 to predict the response of the girders with a composite deck. The nominal flexural 

of the structure is given by Response-2000. Theoretical prestress losses are also determined 

according to AASHTO LRFD Refined Method, AASHTO LRFD Lump Sum Method and 

AASHTO Standard Specifications and the results are compared with measured prestress losses. In 

this chapter the term ñlossò in reference to prestress losses is defined as the total reduction in strand 

stress from the original specified jacking stress. This loss of strand stress is comprised of all 

possible losses from the time of jacking including: elastic shortening of the member, concrete 

creep, concrete shrinkage, strand relaxation, losses from thermal effects during casting, deck 

placement, deck removal, anchor slip.  

5.1 Prestress Loss Analysis 

The prestress loss in each of the girders in the BTE series was determined using the crack 

reopening moment determined in the cyclic flexural testing of each girder. The reopening moment 

is an indication of the transition from compression to tension in the bottom fiber without the effect 

of the tensile capacity of the concrete, and therefore the tensile capacity of the concrete does not 

need to be known to determine remaining prestress and the variability of concrete tensile capacity 

does not affect the result. The elastic equation for the stresses in the section given by Eq. 2, can be 

used to determine the effective prestress force, Peff, in the girders from the crack reopening 

moment, Mro, by equilibrating the bending stress applied by load to the stresses induced by 

prestressing less the stresses induced by dead load moment. As discussed in section A.4.2, a similar 

equation was used by Azizinamini et al. (1996), Halsey and Miller (1996), and Higgs et al. (2015). 

In these equations (Eq. 2 and Eq. 3), y is the distance from the transformed neutral axis to the point 

in the section of interest where y is positive for heights below the transformed neutral axis. I is the 

moment of inertia for the section using transformed section properties, A is the transformed section 

area, e is the eccentricity of the prestressing strand, and Md is the dead load moment at the section 

of interest.  
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                                               (2) 

Which can be rearranged to                                                                                                                          

                                                   ὖ  Ⱦ                        (3) 

The crack reopening moment for the BTE series was determined using virtual 

extensometers in the analysis of DIC data and DIC principal strain maps which shows crack 

propagation. The extensometers were placed approximately 1.75 in. above the bottom fiber of the 

girder. As discussed in Chapter 4 and Appendix C, the crack height corresponding to the crack 

reopening moment is the same as extensometer location and is equal to 1.75 in. Therefore, the 

height into the cross section where total stress is zero is taken as 1.75 in. above the bottom fiber, 

and y in Eq. 3 is equal to the height of the transformed section neutral axis less 1.75 in. From Peff 

for each of the girders determined by Eq. 3, the individual strand stress can be determined by 

dividing the total force, Peff, by the total strand area. The individual strand stress at crack reopening 

for each of the girders is listed in Table 5.1 below. For BTE1, since one of the strands was found 

to be corroded, the area of 37 strands is used instead of the original 38 strands in cross-section. 

Corrosion is progressive and occurred over the service period. Completely disregarding one strand 

may not be ideal as the strand continued to provide prestress over a significant period of the life 

of the structure. For load rating purposes, AASHTO LRFD suggests to reduce the cross-section to 

include the effects of deterioration and hence calculations were done for an area of steel equal to 

37 strands.  

Table 5.1: Average strand stress at crack reopening for BTE series. 

Specimen ůs,eff (ksi) 

BTE1 (37 strands) 131.0 

BTE2 141.4 

BTE3 139.6 

BTE4 139.5 
 

The strand stresses provided in Table 5.1 are slightly higher than the strand stress when 

only dead weight is applied because they are determined at the crack reopening moment for each 

girder. Therefore, to determine the average strand stress under only self-weight, the layered 

sectional analysis program Response-2000 (Bentz, 2000) was used. The average effective strand 
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stresses from Table 5.1 above were used to determine an average effective strain differential 

between the concrete and the strand, ȹŮp,eff, by dividing by the strand modulus determined by 

tension testing in section B.1.1 of this report. BTE1 has the lowest ȹŮp,eff  among all the girders. 

Figure 5.1 shows the cross-sections used in Response-2000. The tensile strength of the concrete 

was taken as zero in the Response-2000 models to simulate the crack reopening behavior of the 

girders. Popovics stress-strain relationship fitted to average stress-strain results from core testing 

of each girder and the modified Ramberg-Osgood relationship for the steel was used in Response-

2000. The deck thickness was the residual concrete deck remaining after saw cutting. The midspan 

section was analyzed in Response-2000 to determine flexural capacity. The dead load moment 

includes the girders own self-weight and weight of residual deck. The unit weight of concrete in 

each girder is a function of compressive strength and calculated as stated in AASHTO LRFD Table 

3.5.1-1.   

   

 

Figure 5.1: Response-2000 section for BTE series (1) BTE1 with 37 strands (2) BTE2 (3) BTE3 

(4) BTE4 

1 
2 

3 4 
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From these Response-2000 models the in-lab average strand stress at midspan for the 

girders simply supported at their design span was determined. Since the prestressing steel stress 

immediately before transfer is known from the original design, subtracting the in-lab average 

strand stress at midspan given by Response-2000 models gives a measure of prestress loss over 

the entire service life of the structure. If there was no prestress loss after 56 years of service, the 

effective prestressing force would be the same and therefore, the stress in strands would be 175 

ksi. Response-2000 uses the average effective strain differential between the concrete and the 

strand which should be the same throughout the life of prestressed structure and other material 

properties as necessary inputs to predict the behavior of girder in its current state. Since it can 

generate the moment-curvature of the structure up to its flexural capacity, it can also give a 

measure of strand stress under self-weight in a simply supported condition. The measured strand 

stresses as determined form the laboratory experiments and with the application of Response-2000 

are shown in Table 5.2 along with the total loss of prestress from the tension bed stress. The results 

show that prestress losses in BTE2 (34.0 ksi), BTE3 (35.4 ksi) and BTE4 (36.0 ksi) are similar. 

BTE1 have a much higher prestress loss, equal to 44.3 ksi which is 23.3%, 20.1% and 18.7% 

higher in comparison to BTE2, BTE3 and BTE4. The higher prestress loss in BTE1 can be the 

effect of corrosion. The condition assessments indicate that BTE2, BTE3, BTE4 had multiple 

concrete spall locations, exposed section of strands, and repairs but it does not appear to have 

affected the losses for this series of tests. 

Table 5.2: Average strand stress for recovered girders determined by Response-2000. 

Specimen ůT (ksi) ůs (ksi) Loss (ksi) Loss (%) 

BTE1 (37 

strands) 

175 

130.7 44.3 25.0% 

BTE2 141.0 34.0 19.4% 

BTE3 139.6 35.4 20.2% 

BTE4 139.0 36.0 20.6% 

                                *  ůT is the nominal tension bed stress. 

                                      À ůs is the midspan average strand stress from lab testing. 

 

Response 2000 also yields an estimate of the flexural capacity of these girders as shown in the 

Table 5.3.  
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Table 5.3: Experimental and Predicted Flexural Capacity.   

Specimen 
*Experiment, 

Mu (k-ft) 

Response-2000,          

Mu (k-ft) 

Test-to-

Predicted Ratio 

BTE1 (37 

strands) 
2831 2815 1.006 

BTE2 2860 2860 1.000 

BTE3 À2699  2760 0.978 

BTE4 À2698  2780 0.971 

Mean 2846 2804 - 

COV 0.72% 1.56% - 

 

*Includes both self-weight and applied moment 

ÀBTE3 and BTE4 were brought to 95% of the flexural capacity of BTE1   
 

To further verify the accuracy of the Response-2000 models used to determine the strand 

stresses in the BTE series, the short-term moment-relative curvature response at midspan for the 

monotonic loading of each girder was compared to the predicted moment-curvature response 

developed in Response-2000. For this, the girders self-weight moment was subtracted from the 

moment-curvature response developed in Response-2000 to directly compare against the actuator 

applied moments. Additionally, the curvatures in the Response-2000 moment-curvature plots were 

adjusted so that the relative curvatures measured in the flexural testing of the BTE series could be 

compared. Figure 5.2 shows the measured and predicted moment-curvature response for BTE1 

having 37 strands. Response-2000 models for BTE2, BTE3 and BTE4 are shown in Figures 5.3, 

5.4 and 5.5. The bandwidths are 25% of the predicted moment.  
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Figure 5.2: BTE1 experimental and predicted response. 

        

Figure 5.3: BTE2 experimental and predicted response. 
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Figure 5.4: BTE3 experimental and predicted response. 

 

Figure 5.5: BTE4 experimental and predicted response. 
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The Response-2000 prediction for BTE1 with 37 strands (neglecting a strand from the 

original 38 strands in cross-section due to corrosion) matches the moment-curvature response from 

laboratory testing very well, and the model does particularly well in predicting the uncracked 

stiffness as well as the transition from uncracked stiffness to cracked stiffness. The transition from 

uncracked stiffness to cracked stiffness is directly related to the strand stress in the girder, and an 

accurate representation of this behavior indicates that the strand stress in the model matches the 

true strand stress in the specimen. In specimen BTE1, Figure 5.2 however, shows that the predicted 

cracked stiffness is slightly higher than the actual response of BTE1. One of the reasons can be the 

effect of corrosion among other variables. The moment curvature response of the BTE series 

determined by flexural testing shows that the pre-cracked stiffness is similar for all specimens. 

After transition, BTE1 had a slightly lower cracked stiffness and corrosion may be a contributing 

factor to the observed response. 

In general, the inspection report of bridges indicate any signs of deterioration such as 

corrosion, but it is diffi cult to estimate the extent of corrosion from visual inspection. The survey 

of peer DOTs also indicate they do not relate corrosion to loss. Since Response-2000 can predict 

the moment-curvature response of the aged prestressed concrete girders without corroded strands 

(as can be seen in subsequent sections when modelling BTE2 and BTE3), an effort was made to 

incorporate the effects of corrosion in Response-2000 (HADRIAN SOFTWARE WORKS, 2023). 

The approaches focus on estimating the effect of corrosion through reducing cross-section (as is 

done for load rating purposes) and considering change in prestress along the depth of cross-section 

due to corrosion. However, the outcome of the approaches are limited to comparison of the 

moment-curvature response determined through flexural test and that given by Response-2000. 

The approaches for modelling BTE1 using Response-2000 are listed below: 

1. Reducing the cross-section by removing any corroded strand identified through visual 

inspection and assuming uniform prestress loss for all strands. BTE1 had one corroded strand 

and therefore, a section considering 37 strands was modelled using Response-2000. 

2. Considering all 38 strands in the cross-section and assuming uniform prestress loss for all 

strands. This may attribute to the fact that the corroded strand was in service for a longer 

duration and it may not be ideal to completely disregard the strand from cross-section. The 

corroded strand certainly affects prestress loss but may not contribute significantly.  
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3. Considering corrosion to affect other strands which were not visually identified and assuming 

uniform prestress loss in all strands. A cross-section comprising of 36 strands was modelled in 

Response-2000.  

4. Considering corrosion to affect other strands which were not visually identified and assuming 

a staggered prestress loss in strands along the depth of cross-section. The loss is assumed to be 

higher in the bottom row of strands compared to the strands located higher in the profile where 

effects of corrosion has not progressed yet. A cross-section comprising of 36 strands was 

modelled in Response-2000.  

The same crack reopening moment as determined from the experiment was used. The cross-section 

used in Response-2000 for approach 2, 3 and 4 are shown in Figure 5.6. The cross-section used 

for approach 1 can be found in Figure 5.1 shown earlier.   

 

 

(1)                                              (2)                                           (3) 

Figure 5.6: Response-2000 section for BTE1 (1) 38 Strands (2) 36 Strands (3) Staggered Loss 

with 36 strands. 

In all the approaches, the same material properties determined in Chapter 3 for specimen 

BTE1 are used. Since the crack reopening moment remains the same regardless of the approach 

and was determined experimentally, Eq. 73 gives roughly the same effective prestressing force for 

each section. There is no significant change in the transformed area or moment of inertia when one 

or two strands are disregarded in the section and therefore neglected. For all the sections to have 

same effective prestressing force, the average strand stress in the section with 36 strands would 
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essentially be higher compared to sections with 38 or 37 strands in approach 1 and 2 respectively. 

This would give a higher average effective strain differential between the concrete and the strand 

which is obtained by dividing average effective strand stress by the elastic modulus as discussed 

previously. As before, the average strand stress are slightly higher than the strand stress when only 

dead weight is applied because they are determined at the crack reopening moment for each girder. 

Therefore, to determine the average strand stress under only self-weight, Response-2000 was used 

to model these sections. For the staggered loss approach, it is assumed that the prestress loss is 

more in the bottom rows compared to the strands above and generalizing a single value for the 

prestress loss of the entire may not predict the response properly. Therefore, a higher prestress loss 

of 44 ksi was applied to the bottom two rows of strands and a comparatively lower prestress loss 

of 40 ksi was selectively applied for the strands above. The results are listed below in Table 5.4. 

The predicted short-term moment relative curvature given by Response-2000 is shown in Figure 

5.7. 

Response-2000 models predict that BTE1 would fail by flexural crushing of the flange for 

all the approaches. The flexural capacity of BTE1 from the flexural test was found to be 2550 k-

ft. The test to predicted ratio ranges from 0.97-1.02. The difference in flexural capacity occurs as 

strands are removed to account for corrosion. This results in a reduced cross-section which have a 

lower flexural capacity as the effective prestressing force is the same for all cases. Nevertheless, 

the predicted flexural capacities are within 4% of the test result. A close observation of the 

moment-relative curvature plot shows, Response-2000 can closely replicate cracked stiffness of 

the member in approach 4, followed by approach 3, 2 and 1 respectively in order of decreasing 

accuracy. This indicates approach 4 can predict the transition reasonably well compared to other 

Table 5.4: Modelling BTE1 in Response-2000. 

Predicted Parameters 38 strands 37 strands 36 strands 

36 strands  

(Staggered loss) 

ůs,eff (ksi) 127.3 130.7 134.3 129.9 

ȹFpT (ksi) 47.7 44.3 40.7 45.1 

*Ultimate Applied Moment 

(k-ft) 2595 2535 2471 2465 

Flexural Capacity (k-ft) 2876 2815 2714 2712 

Test to Predicted Ratio 1.02 0.99 0.97 0.97 
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Figure 5.7: Prediction of moment-relative curvature response of corrosion affected girders. 

approaches and therefore better represent the strand stress at different levels of the section. The 

staggered loss approach predicts a prestress loss of 45.1 ksi. Approach 2 which has considered 37 

strands also give similar prestress loss predictions (44.3 ksi) and predict the transition well. The 

prestress loss in approach 3 is much lower (40.7 ksi) and that in approach 1 is the highest among 

all approaches (47.7 ksi).  Although the differences in response are relatively minor, they show 

that if the effect of corrosion is taken into account by disregarding strands and appropriately 

considering prestress loss over the strand profile, Response-2000 can predict the short-term 

moment-relative curvature response of these aged prestressed concrete structure well. Subsequent 

sections regarding analysis of BTE1, the result for approach 2 is followed as visually only one 

strand was found to be corroded and the test-to-predicted ratio of the flexural capacity is the closest 

to 1. Corroded strands were only observed in case of BTE1 specimen and such analysis was not 

carried out for other BTE specimens.  

The Response-2000 predictions for BTE2 agrees well with the moment-curvature response 

observed experimentally. The models do an excellent job of predicting the transition in stiffness 

from uncracked to cracked response. For BTE2, which was tested to failure in flexure, the 

Response-2000 model predicts BTE2 to have a flexural failure by crushing of the top flange at an 
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applied moment of 2580 k-ft. The test to predicted ratio for the BTE2 model is 1.00. Thus, the 

model is capable of predicting the peak capacity well. In specimen BTE3, the change in stiffness 

occurs at a slightly lower curvature than the actual response, but in general the prediction aligns 

well with the results from the experiment. BTE3 was not tested to catastrophic failure in flexure. 

Since the Response-2000 model matches the test behavior very well up through the peak applied 

moment of 2420 k-ft, it suggests that the girder was very close to a flexural compression failure 

with the predicted peak applied moment of 2480 k-ft. Response-2000 predicts that flexural testing 

of BTE3 was stopped at 98% of the peak. The model for BTE4 predicts the cracked stiffness 

accurately and also the transition phase. Response-2000 predicts that the test was stopped at 97% 

of the peak load. Since Response-2000 predicts the series well including the initial stiffness, post 

cracking stiffness and transitions from uncracked to cracked response it can be concluded that the 

strand stresses determined and losses calculated are reasonable.  

A sensitivity analysis showing Response-2000 predictions for losses higher and lower than 

the predicted prestress loss was performed to corroborate the change in stiffness and also to assess 

if the observed response crosses the limits. To examine the sensitivity of response to the losses, 

Response-2000 predictions for 25% greater loss and 25% less loss was determined as shown in 

Figure 5.8 and Figure 5.9 for BTE2 and BTE3 as the girders have similar predicted response. The 

predicted first cracking moment (discussed in section 5.2 below) at the bottom fiber is also shown 

for the predicted loss and the corresponding upper and lower bound cases. Results of the sensitivity 

analysis shows that the observed and predicted response of BTE2 fits well within the bandwidth. 

In specimen BTE3, both the +25% and -25% loss curve fits well to predict the initial stiffness. At 

the transition, the moment-relative curvature response observed from test data aligns with +25% 

loss curve. The observed response fits the cracked stiffness exceedingly well and is between the 

25% loss curves. So, the prediction of Response-2000 using the measured prestress loss is fairly 

close to the observed response of the specimens and losses calculated are accurate.  
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Figure 5.8: Comparison of prestress loss values of BTE2 using Response-2000. 

             

Figure 5.9: Comparison of prestress loss values of BTE3 using Response-2000.  

BTE2 and BTE3 show very similar prestress loss over their 56 years of service followed 

by BTE4 which shows slightly higher prestress loss. BTE1 has sustained the highest prestress loss, 

but this specimen is the only one to have a strand heavily corroded at midspan. The moment-
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curvature response with the actual curvature as predicted by Response-2000 is provided in Figure 

5.10. Note that the first instance of cracking and crack reopening moment identified are 

experimentally observed values and were determined when the crack has already progressed 1.75 

in. into the depth of the beam.  

 

(a) BTE1 

 

(b) BTE2 
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(c) BTE3 

 

(d) BTE4 

Figure 5.10: Moment-curvature response of BTE series with first instance of cracking and crack 

reopening in Response-2000 
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5.2  Comparison with Theoretical Prestress Loss 

To investigate existing prestress loss estimation procedures, the experimentally determined losses 

were compared to theoretical loss calculation methods. Within this study, prestress loss was 

determined using the AASHTO LRFD Refined Method, the AASHTO-LRFD Lump-Sum Method, 

and AASHTO-LRFD Refined Method incorporating NCDOT assumptions. In addition, prestress 

loss was also determined for the four girders using measured material properties at the end of 

service life following AASHTO LRFD Refined Method. Generally, in design, in-situ properties 

should not be used for estimating losses. Specifically, specified concrete strengths should be used 

rather than measured strengths beyond the specified strength gain requirements. The traditional 

assumption is that the increase in concrete strength that occurs over the life of the structure will 

approximately correspond to the reduction in strength that the members will experience as a result 

of slow loading events. Therefore, it is not recommended to use measured concrete strengths in 

design or early in the life of the member to predict long-term effects or strength limit state 

calculations. However, this study explores the use of in-situ properties for use in service limit state 

calculations conducted for structures near the end of their service life. All the prestress losses 

calculated in this section are according to the provisions of current AASHTO LRFD standard (9th 

Edition, 2020). Some DOTs use older version of lump-sum estimates, AASHTO LRFD 4th Edition 

(2007) and the result is also shown for comparison. The theoretical losses were then compared 

with experimentally obtained prestress loss. Since BTE1 had one corroded strand, prestress losses 

were determined considering 37 strands instead of the original 38.  This is a measure to account 

for the effect of corrosion that reduced the prestressing over its service life. The approach provides 

an opportunity to see how conservative or unconservative current loss prediction provisions are in 

such scenarios.    

5.2.1 Assumptions  

The prestress losses are calculated considering the girder along with the composite deck. The 

AASHTO LRFD Refined Method and AASHTO LRFD Lump Sum Method loss calculations 

require a set of assumptions. These are listed below:   

1. The design concrete strength of the girder was assumed to be 5000 psi  

2. The design strength of the concrete deck was assumed to be 3000 psi.  
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3. The effective flange width of deck was taken as 96 in., in accordance with AASHTO LRFD 

section 4.6.2.6 (2020). 

4. The full jacking stress as the initial strand stress was used in the calculation of concrete 

stress at the centroid of the prestressing steel, fcgp, for the elastic loss calculation. 

5. In the creep calculation for final time, both composite and non-composite loads were 

included. Non-composite loads include the loading the bridge must carry before composite 

action is achieved. Typical elements/loadings included for non-composite dead loads 

(NCDL) are: girder self-weight, diaphragm weight (intermediate diaphragms), weight of 

haunches, deck weight (the slab itself). Composite loads include elements/loadings such as 

bridge rails (concrete parapet and railing), and Future Wearing surface.  

6. In the girder-deck composite system, a future wearing course of 2 in was considered. The 

thickness of haunch was specified as 1.5 in the Bonner Bridge Design Plans.  

7. A standard weight of 455 lb/ft indicated in the Structures Management Unit Manual of 

NCDOT was used to determine the weight of bridge rails which considers two bar metal 

rail with 2'-6" (760 mm) concrete parapet. 

In the current NCDOT practice, the AASHTO assumptions for the age of the concrete at 

transfer, ti, and the age of the concrete at composite deck laying, td are changed. In current practice, 

NCDOT assumes that the concrete age at transfer, ti, is 1 day and the concrete age at composite 

deck laying, td, is 90 days. However, in the AASHTO LRFD commentary section C5.9.3.4.2c it 

notes that the relaxation equation of Eq. 54 in this report is a simplification of an equation given 

by Tadros et al. (2003) where the age at transfer is taken as 0.75 days and the age at composite 

deck laying is taken as 120 days (AASHTO LRFD, 2020). To be consistent with the assumptions 

in Eq. 54, the AASHTO LRFD loss prediction uses a concrete age at transfer, ti, of 0.75 days and 

a concrete age at composite deck laying, td, of 120 days. Apart from these two values, the other 

inputs to the Refined Method loss calculation are the same as the NCDOT assumptions. Figure 

5.11 shows a comparison of the theoretical and experimentally obtained prestress loss of the 

Bonner Bridge specimens. The subsequent sections will discuss the predicted losses in detail.  
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Figure 5.11: Comparison of experimental and theoretical prestress losses. 

*BTE-M indicates losses calculated using the AASHTO LRFD Refined Method using tested material properties.  

**æFpES is the elastic shortening loss and æFpLT is the long-term loss due to creep, shrinkage and relaxation 

 

5.2.2 Elastic Shortening Loss 

Both the AASHTO LRFD Refined Method and the NCDOT assumptions result in the same elastic 

shortening loss as shown in Figure 5.11. In comparison to the Refined Methods, the Lump Sum 

Methods in the 9th and 4th Edition of AASHTO LRFD Standard Specifications predict higher losses 

resulting from elastic shortening, by a margin of 16.7% and 25.0% respectively. On the other hand, 

the elastic shortening loss predictions using in-situ properties are comparatively lower by 11.6% 

for BTE1, 22.5% for BTE2, 14.7% for BTE3, 18.0% for BTE4 when compared to the Refined 

Method. The elastic shortening loss depends on material properties such as concrete strength, 

estimated modulus of elasticity concrete at transfer, modulus of elasticity of prestressing strand 

and also on the methodology used as in the case of an iterative Eq. 21 for the Refined Method or 

the alternative Eq. 23 used in the Lump Sum Method for this study. The design strength of the 
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concrete as specified in the Bonner Bridge drawings was 5.0 ksi for the girders but the measured 

concrete strength at the end of service life of the girders was much higher, 6.15 ksi, 9.08 ksi, 7.27 

ksi and 7.97 ksi for BTE1, BTE2, BTE3 and BTE4, respectively. Since the equation for unit weight 

of concrete and modulus of elasticity of concrete at transfer uses the concrete strength, higher 

concrete strength would increase the moment due to self-weight of the girder. This reduces 

concrete stress at the center of gravity of prestressing tendons due to tensile stresses, fcgp (Eq. 22) 

and at the same time over predict the modulus of elasticity at transfer which decreases the modular 

ratio. Moreover, the AASHTO LRFD specifies the modulus of elasticity of prestressing strand to 

be 28500 MPa whereas material test revealed an average value of 28000 MPa. This also decreases 

the modular ratio. A smaller modular ratio and concrete stress at the center of gravity of 

prestressing tendons causes the elastic shortening loss using in-situ properties to be lower. Table 

5.5 shows the predicted elastic shortening loss, expressed as a percentage of the measured prestress 

losses in the girders. The results indicate the amount of prestress loss that occurs early in the service 

life of a prestressed concrete member in comparison to the total prestress loss that occurs over the 

entire service life of the structure. On average, the predicted elastic shortening losses is 27.8%, 

36.9%, 35.5% and 34.9% of the measured prestress loss in BTE1, BTE2, BTE3 and BTE4 

respectively. 

Table 5.5: Comparison of predicted elastic shortening loss to measured prestress loss 

Methods 

Predicted 

Elastic 

Shortening Loss 

(ksi) 

Elastic Shortening Loss/ Exp. Losses (%) 

BTE1 

(45.1 ksi) 

BTE2 

(34.0 ksi) 

BTE3 

(35.4 ksi) 

BTE4 

(36.0 

ksi) 

AASHTO LRFD Refined 13.0 28.7 38.1 36.6 36.0 

AASHTO LRFD Refined (37 

strands) 
12.6 27.9 37.0 35.6 35.0 

Lump Sum 15.1 33.5 44.4 42.7 42.0 

Lump Sum (4th Edition) 16.2 35.9 47.7 45.8 45.0 

NCDOT Assumptions 13.0 28.7 38.1 36.6 36.0 

BTE1-M (37 Strands)  11.5 25.4 33.7 32.4 31.8 

BTE2-M 10.0 22.3 29.6 28.4 27.9 

BTE3-M 11.1 24.5 32.5 31.2 30.7 

BTE4-M 10.6 23.5 31.2 30.0 29.5 

Mean  12.6 27.8 36.9 35.5 34.9 
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5.2.3 Long-term Loss Components  

The AASHTO LRFD Refined Method gives a measure of the various long-term loss components. 

The loss components are listed in Table 5.6. The table shows how the losses are spread over the 

two phases of the service life of the structure namely 1) Concrete at transfer and deck placement 

and 2) Deck placement and final age of concrete.  

Table 5.6: Long-term loss components.   

Long-term 

loss 

components 

AASHTO 

LRFD 

Refined 

AASHTO 

LRFD Refined 

(37 strands) 

NCDOT 

Assumptions 

BTE1-M (37 

Strands)  
BTE2-M BTE3-M BTE4-M 

ȹfpSR 7.9 7.9 7.2 6.9 5.4 6.2 5.9 

ȹfpCR 14.8 14.4 13.2 11.7 8.0 10.2 9.2 

ȹfpR1 4.9 5.0 4.9 5.1 5.3 5.2 5.3 

ȹfpSD 2.8 2.8 3.4 2.2 1.4 1.9 1.7 

ȹfpCD -0.3 -0.4 0.4 -0.3 -0.3 -0.3 -0.3 

ȹfpR2 4.9 5.0 4.9 5.1 5.3 5.2 5.3 

ȹfpSS -1.8 -1.8 -1.8 -1.0 -1.0 -1.1 -1.2 
 

In the refined estimate of long-term losses, the prestress losses due to creep and shrinkage 

of girder concrete between transfer and deck placement phase contributes a major portion of the 

loss, as much as 68.3% of the total long-term loss and 49.1%, nearly half of the total prestress loss 

over the entire service life of the structure. The loss due to relaxation of prestressing strands is the 

same for both time frames and hence is not considered for comparison. The shrinkage loss between 

transfer and deck placement is as much as 2.83 times (from AASHTO prestress loss values) of the 

shrinkage losses over the rest of the service life of member after deck placement. Rate of 

evaporation is high initially due to evaporation of unused water and diminishes over years. This 

explains the difference in shrinkage loss over the two phases. The long-term loss estimates using 

in-situ properties show that both creep and shrinkage losses in the first time frame (concrete 

transfer to deck placement) are comparatively lower in comparison to predicted losses using 

nominal material properties. The loss due to creep are  20.9%, 45.7%, 31.3% and 37.7% and loss 

due to shrinkage are 12.1%, 31.2%, 20.8%, 25.3% lower than the corresponding losses in 

AASHTO LRFD Refined Estimate. A study by Barr et al. (2008) states a possibility that the 

difference between losses among the girders may be due to differential magnitudes of creep and 

shrinkage stresses. 



 

54 

 

5.2.4 Total Prestress Loss 

An examination of the total prestress loss due to elastic shortening and long-term losses is shown 

in Figure 5.11. The results show that the predictions for BTE1 are similar to the experimentally 

measured prestress loss in all methods except for two. The Lump Sum approach specified in 4th 

edition of AASHTO LRFD overestimates the loss whereas it is underestimated in AASHTO LRFD 

Refined Method using measured properties. The Refined Method produces nearly the same 

prestress loss when considering 37 strands to account for the corrosion instead of 38 strands. Lump 

Sum losses align with the experimental prestress loss in BTE1 but is highly conservative for the 

all the other girders. The Lump Sum estimate of 45 ksi provided in AASHTO Standard 

Specifications (1973) is a reasonable estimate for BTE1. AASHTO Refined Method and Lump 

Sum Method overestimated the losses for BTE2 in comparison to experimental loss. BTE2 had a 

concrete strength considerably higher than other specimens and nearly double the specified 

concrete strength, so the conservative prediction of loss is expected because a higher strength 

concrete will experience less long-term creep strains under the same load as a lower strength 

concrete. The opposite is true for BTE1, BTE3 and BTE4 which had comparatively lower concrete 

strength (arranged in increasing order of strength) compared to BTE2. The study shows that the 

prestress losses of girders can be different even if they are from the same span as in the case of 

Bonner Bridge specimens and theoretical loss predictions show changes in concrete strength can 

contribute to this variation. The test to predicted (T/P) ratio of losses are shown in Table 5.7.  

Table 5.7: Test-to-predicted ratio of prestress losses (Predictions follow the code equations of 

AASHTO LRFD). 

Girder  
Experimental 

Loss (ksi) 

Refined Method 

with Nominal 

Material 

Properties 

Refined Method 

consistent with 

NCDOT 

assumptions 

Refined Method 

with Measured 

Material 

Properties 

Lump Sum 

Method  

Lump Sum 

Method (4th 

Edition) 

Prestress 

Loss 

(ksi) 

T/P 

Prestress 

Loss 

(ksi) 

T/P 
Prestress 

Loss (ksi) 
T/P 

Prestress 

Loss 

(ksi) 

T/P 

Prestress 

Loss 

(ksi) 

T/P 

BTE1 45.1 

46.2 

0.98 

45.3 

1.00 41.3 1.09 

45 

1.00 

51.2 

0.88 

BTE2 34.0 0.74 0.75 34.2 0.99 0.76 0.66 

BTE3 35.4 0.77 0.78 38.3 0.92 0.79 0.69 

BTE4 36.0 0.78 0.80 36.4 0.99 0.80 0.70 
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The results show that the T/P ratio for losses using measured material properties can be 

better compared to losses obtained with nominal material properties. Predicted prestress losses in 

BTE2 and BTE4 have a test to predicted ratio of 0.99 and this shows for an undamaged girder, 

predictions are reasonable. However, for BTE1, using measured material properties gives a more 

conservative estimate of the losses in comparison to the measured losses, with a T/P ratio of 1.09. 

Although loss predictions using in-situ properties are reasonable, as explained previously, nominal 

material properties should be used for loss calculation at design or early in the life of the structure. 

The Lump Sum estimates, either from the current Edition (2020) or older edition such as 4th Edition 

(2007), are in general conservative with T/P ranging from 0.76-1.00 and 0.66-0.88. The higher 

upper bound of T/P for these methods is due to accurate prediction of losses only for BTE1 which 

had the corroded strand. It is only reasonable to use these methods for preliminary estimates.    

5.2.5 Prestress Gain 

There can be an elastic ñgainò due to deck weight, superimposed dead load and live load (Service 

III). The literature and a survey of the DOTs indicates that some state agencies account for this 

while others do not. NCDOT considers elastic gains due to deck weight and superimposed dead 

load. Using the AASHTO LRFD Refined Method, the predicted elastic gains due to:  

1) Deck weight and superimposed dead load is 3.30 ksi. 

2) Live load (Service III) is 5.43 ksi. 

Figure 5.12 shows the predicted final loss percentage both with and without elastic gains 

(with live load and without live load) as a percentage of the initial prestressing stress before 

transfer. 
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Figure 5.12: Prestress losses at service loads. 

5.3 Cracking Moment and First Tensile Stress of BTE Series   

Having determined the loss of prestress for the BTE series girders both experimentally and 

theoretically, estimates of the first cracking moment, and the moment to produce tension in the 

bottom fiber can be made. The capacities can later be compared to the live loads placed on the 

girder by a rating truck such as the HS-20 (AASHTO, 2019). This provides an estimate of the 

factor of safety against either the occurrence of tensile stresses in the bottom fiber of the girder or 

cracking in the girders while they are used in service. As observed earlier, Response-2000 can 

accurately predict the flexural response of the BTE series and confidently assess the prestress loss 

in the recovered girders. Therefore, Response-2000 can also be reliably used to model the girder 

with composite deck to predict the first cracking moment and tensile stress in the bottom fiber of 

in addition to the girder configurations received at the CFL. Additionally, using Response-2000, 

the ultimate capacity of the girders including the composite concrete deck can be compared to 

applied live loads to ascertain the factor of safety against exceedance of the flexural capacity. 

To determine the cracking moment and moment where first tension occurs in the bottom 

fiber of the concrete for a given girder and prestress loss, Eq. 2 is modified to Eq. 4 below. In Eq. 

4 Peff is determined by multiplying the total strand area by the strand stress which is determined 

by subtracting the total losses from the initial jacking stress. M is the applied moment, and Md is 
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the dead load moment. The area and moment of inertia are transformed sectional properties 

corresponding to the material properties of each girder. 

„                                                (4) 

For the cracking moment predictions, an allowable tensile stress in the concrete of φὪ is 

used as suggested by the prestressed concrete load rating equations provided in section 6B.5.3.3 

of the AASHTO Manual for Bridge Evaluation (AASHTO, 2019). For the assessment of first 

tension in the bottom fiber, ů in Eq. 4 is set to zero. The applied moments to cause first cracking 

and the onset of tension in the bottom fiber are calculated for each girder using three different 

amounts of prestress loss: the losses from AASHTO LRFD Refined Methods using NCDOT 

assumptions, the losses from AASHTO LRFD Refined Methods with adjusted inputs suggested in 

the AASHTO commentary, and finally, the losses measured from the laboratory testing of each 

specimen. Table 5.8 below shows the resulting capacities. 

Table 5.8: Predicted girder applied moment for various prestress losses without deck. 

Specimen 

First Cracking (k-ft) First Tensile Stress (k-ft) 

AASHTO-

NCDOT 

AASHTO-

Commentary 

Response- 

2000 

AASHTO-

NCDOT 

AASHTO-

Commentary 

Response -

2000 

BTE1 1157 1149 1159 878 870 880 

BTE2 1163 1155 1261 844 836 942 

BTE3 1147 1139 1233 855 847 941 

BTE4 1165 1157 1247 855 847 936 
 

The first cracking values predicted with the application of Response-2000 in Table 5.8 are 

lower than those found in Chapter 4 of this report. These cracking moments are determined at the 

bottom fiber not at 1.75 inches above the bottom fiber as is done in chapter 4. The first cracking 

moment and the capacity at first tensile stress predicted by both AASHTO-NCDOT and 

AASHTO-Commentaries are lower compared to the Response-2000 predictions incorporating 

laboratory measured prestress losses. The results show that AASHTO LRFD Refined Method 

modified with NCDOT assumptions better predict the first cracking and first tensile stress 

moments of the BTE specimens in comparison to the AASHTO LRFD Refined Method using 

commentary suggestions.  
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The same first cracking and first tensile stress moments were calculated for the girders with 

the composite deck. Figure 5.13 shows an example of the cross-section input to Response-2000 to 

compute the capacities with the composite concrete deck attached. The effective flange width for 

the girders is taken as the tributary area of the girders, 96 in., in accordance with section 4.6.2.6 of 

AASHTO LRFD Bridge Design Specifications (2020) The thickness of the deck is 7 in. to 

represent the minimum design thickness of 7.25 in. noted on the construction drawings for the 

Bonner Bridge less 0.25 in. as a sacrificial wearing surface. 

 

Figure 5.13: Response-2000 section for BTE2 with composite deck at midspan. 

The dead load considered for this analysis includes both composite and non-composite 

loads such as girder, deck, diaphragm, barrier and rails, haunch, wearing course as would exist in 

the actual structure were included for an estimation of the capacity. Table 5.9 shows the predicted 

applied moment capacities for the four girders in the BTE series for the composite deck, girder 

system.  

Table 5.9: Predicted girder applied moment for various prestress losses with composite deck. 

Specimen 

First Cracking (k-ft) First Tensile Stress (k-ft) 

AASHTO-

NCDOT 

AASHTO-

Commentary 
Response -2000 

AASHTO-

NCDOT 

AASHTO-

Commentary 

Response -

2000 

BTE1 1311 1299 1313 866 854 868 

BTE2 1303 1292 1445 794 783 936 

BTE3 1294 1282 1420 827 816 953 

BTE4 1350 1338 1470 848 836 968 
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Both Table 5.8 and 5.9 indicate that the first cracking and first tensile stress moments 

predicted using the losses calculated by the AASHTO LRFD Refined Method consistent with 

NCDOT assumptions are lower than the capacities predicted using Response-2000 that used 

laboratory measured losses. For BTE1, the predictions using NCDOT comments are similar to the 

capacity given by Response-2000. But for other BTE series specimens, which did not contain any 

corroded strands, the predicted capacity from Response-2000 are higher. The first cracking 

moment increase by 6-8% and the first tensile stress capacities are higher by 8-12%. Thus, for 

girders with and without the effect of corrosion, current codes and practices can predict the 

capacity reasonably well.    

To provide additional context for the moments listed in Table 5.8 and Table 5.9, it can be 

compared to the live load moment per wheel line for a design truck. Appendix C6B of AASHTO 

Manual for Bridge Evaluation (2019) shows the live load moments per wheel for various rating 

trucks over various spans. For convenience, the chart is appended at the end of this report in 

Appendix F.  The span for the Bonner Bridge girders is 61 ft 2 in, so it can be compared to the 60 

ft span.  The controlling live load is the live load with impact factors applied by the HS-20 truck. 

This design truck produces a live load moment of 512.2 k-ft. The ratio of the live load moment 

due to short-term loading for HS-20 truck to the capacities of the girder without deck are listed in 

Table 5.10 and Table 5.11. Both Table 5.10 and Table 5.11 show that, accounting for self-weight, 

the girders in the laboratory (without a composite deck) can support this moment without incurring 

cracking or tension in the bottom fiber of the concrete. The results show that the live load moment 

is around 40-45% of the first cracking capacity and around 55-60% of the first tensile stress 

capacity. 

Table 5.10: Live load moment to first cracking moment capacity ratio for HS-20 loading on 

girders without deck for different loss quantities (ML/CT ï Live Load Moment/ Capacity up to 

tensile stress of █╬). 

Girder 

AASHTO-NCDOT AASHTO-Commentary Response-2000  

First Cracking (k-ft) *M L/CT First Cracking (k-ft) ML/CT First Cracking (k-ft) ML/CT 

BTE1 1157 0.44 1149 0.45 1159 0.44 

BTE2 1163 0.44 1155 0.44 1261 0.41 

BTE3 1147 0.45 1139 0.45 1233 0.42 

BTE4 1165 0.44 1157 0.44 1247 0.41 
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Table 5.11: Live load moment to concrete capacity up to first tensile stress ratio for HS-20 

loading on girders without deck for different loss quantities (ML/C0 ï Live Load Moment/ 

Capacity up to zero tensile stress). 

Girder 

AASHTO-NCDOT AASHTO-Commentary Response-2000 

First Tensile Stress 

(k-ft) 
ML/C0 

First Tensile Stress 

(k-ft) 
ML/C0 

First Tensile Stress 

(k-ft) 
ML/C0 

BTE1 878 0.58 870 0.59 880 0.58 

BTE2 844 0.61 836 0.61 942 0.54 

BTE3 855 0.60 847 0.60 941 0.54 

BTE4 855 0.60 847 0.60 936 0.55 

 

Similar comparisons to the live load moment can be made considering the girder with 

composite deck. With a composite deck, results in Table 5.12 and Table 5.13 show that the live 

load produced by the HS-20 with impact factors does not exceed the moment for first tension in 

the bottom fiber of concrete or the first cracking moment, for each of the prestress loss quantities 

when the composite concrete deck is included in the analysis. Table 5.12 shows the ratio of live 

load moment to the capacity of girder for short-term loading for the HS-20 live load with impact 

factors if a tensile stress of φὪ is permitted in the composite girders, and Table 5.13 shows the 

ratio of live load moment to the capacity of girder due to HS-20 for short-term loading if no tensile 

stress is permitted. The results in Table 5.12 and 5.13 show that the girders have much greater 

applied moment capacity than the demand placed on the structure by the HS-20 rating truck.  The 

live load moment is around 35-40% of the first cracking capacity and 53-65% of the first tensile 

stress capacity of the girder with composite deck. Note that all demand to capacity ratios provided 

in this section utilize unfactored loads and strength reduction factors have been set to unity. A 

detailed discussion on the capacity of girder in terms of factored live loads can be found in the 

load rating chapter of this report.   
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Table 5.12: Live load moment to first cracking moment capacity ratio for HS-20 loading on 

girders with deck for different loss quantities (ML/CT ï Live Load Moment/ Capacity up to tensile 

stress of █╬). 

Specimen 

AASHTO-NCDOT AASHTO-Commentary Laboratory Measured 

First Cracking 

(k-ft) 
D/C 

First Cracking 

(k-ft) 
D/C 

First 

Cracking (k-

ft) 

D/C 

BTE1 
1312 0.39 1300 0.39 1280 0.40 

BTE2 
1303 0.39 1292 0.40 1445 0.35 

BTE3 
1294 0.40 1282 0.40 1417 0.36 

BTE4 1347 0.38 1335 0.38 1406 0.36 
 

Table 5.13: Live load moment to concrete capacity up to first tensile stress ratio for HS-20 

loading on girders with deck for different loss quantities (ML/C0 ï Live Load Moment/ Capacity 

up to zero tensile stress).   

Specimen 

AASHTO-NCDOT AASHTO-Commentary Response-2000 

First Tensile 

Stress (k-ft) 
ML/C0 

First Tensile 

Stress (k-ft) 
ML/C0 

First Tensile 

Stress (k-ft) 
ML/C0 

BTE1 
866 0.59 854 0.60 868 0.59 

BTE2 
794 0.64 783 0.65 936 0.55 

BTE3 
827 0.62 816 0.63 953 0.54 

BTE4 848 0.60 836 0.61 968 0.53 

 

The ultimate capacity of the girders with and without the composite concrete deck can also 

be compared to the live load demand. Using the Response-2000 models discussed in section 5.1 

above, the ultimate capacity for the girders with the composite concrete deck can be determined.  

The predicted moment-curvature response of the girders with composite deck is shown in Figure 

5.14.  

While the failure mode of the girders in the laboratory was crushing of the top flange, the 

capacity of the girders with their composite deck is governed by rupture of prestressing steel. 

Ultimate capacity of members governed by rupture of prestressing steel is minimally affected by 

prestress losses. This is in contrast to members governed by crushing of the top flange where 
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prestress loss and stress-strain behavior of the concrete will affect the ultimate capacity. Lower 

prestress loss will create a larger tensile stress that must be resisted by the top flange of the 

concrete, and therefore, for members governed by concrete crushing, the ultimate capacity may be 

lower if there is less prestress loss. Table 5.14 shows the predicted ultimate capacity of the girders 

in the short term and the live load moment (512.2 k-ft) to flexural capacity ratio for the HS-20 live 

load with impact factors. Note the ultimate capacity provided in Table 5.14 is the ultimate moment 

capacity accounting for self-weight.  

 

Figure 5.14: Predicted Moment-Curvature Response of Composite Girder-Deck System using 

Response-2000 

Table 5.14: Ultimate applied moment capacity of the BTE series with composite concrete deck. 

Specimen Mu (k-ft) Demand (k-ft) D/C 

BTE1 3838 

512.2 

0.133 

BTE2 3966 0.129 

BTE3 3964 0.129 

BTE3 3962 0.129 
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Table 5.14 shows that all four of the girders have ultimate moment capacities that exceed 

the live load demand of the HS-20 truck. BTE1 has the highest D/C because of corrosion of strand 

at midspan, but the ratio of live load demand to flexural capacity for BTE1 is 0.133. This suggests 

that the girder still retains sufficient moment capacity. It is to be noted that for BTE1, the effect of 

corrosion was more conservatively induced by disregarding strand which leads to a lower ultimate 

moment capacity. The girders recovered from the Bonner Bridge all showed good performance 

and maintain sufficient demand to capacity ratios even when no tensile stress is permitted in the 

girders as required by the NCDOT. The residual capacity of the aged girders compares favorably 

to the demands suggested in the table of live loads provided in appendix C6B of the AASHTO 

Manual for Bridge Evaluation (2019). 
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CHAPTER 6 ï LOAD RATING OF BRIDGES  

In this chapter the Bonner Bridge girder data is used to conduct load rating calculations for the 

bridge girders using LRFR and LFR in accordance with AASHTO LRFD and AASHTO Standard 

Specifications. Appendix G provides additional context and bridge load rating calculations.  

6.1 Background and Approaches 

Bridge load rating is done on a girder-to-girder basis. The material properties previously 

determined underlines that each girder is unique and the prestress losses vary, although they were 

from the same span. The girders were instrumented during flexural testing to determine the 

effective prestressing force, prestress loss, cracking moment, first tensile stress capacity and 

ultimate flexural capacity. The tests were conducted without a composite deck. However, with the 

results, the capacity of structure (girder with composite deck) can be reliably estimated using 

Response-2000 as discussed earlier. The flexural capacity of the structure was also determined 

following AASHTO LRFD and AASHTO Standard Specifications in addition to prestress losses 

obtained in Chapter 5. Using estimates of strength and stresses from AASHTO and Response-

2000, rating factors can be determined for each girder (along with composite deck). Rating factors 

for the girder without deck can also be determined using simply the experimental values and this 

can later be used to compare to the state of girder at those capacities.  

The girders were load rated under both LRFR and LFR rating method. The main difference 

in the methods arises in the strengths and stress estimates used for calculating rating factors. Under 

the LRFR rating method, four approaches are discussed. These approaches are as follows: 

1) The use of nominal material properties and finding prestress losses, strength and stresses 

according to the provisions of AASHTO LRFD.  

2) The use of measured material properties and finding prestress losses, strength and stresses 

according to the provisions of AASHTO LRFD.  

3) The use of measured material properties, and modelling in Response-2000 to find prestress 

loss estimates, flexural resistance and stresses.  
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4) The use of measured material properties and experimental data from flexural testing of the 

girders. It is noted that although the entire composite girder-deck system was considered 

but the flexural resistance was limited to the peak moment observed in flexural test.  

The rating factors are discussed in the subsequent section.  

6.2 LRFR and LFR Rating for BTE Series 

The rating factors under LRFR and LFR rating method are listed in Table 6.1. The rating factors 

in this section consider the nominal material properties for prestress loss and capacity estimates. 

Under the LRFR method, three different limit states are used: Strength I (Inventory and Operating), 

Service III and Service I limit states. LFR method does not mention any limit states, rather 

inventory and operating rating were obtained from the factored load method and only inventory 

ratings from the allowable stress method. The code specifies an allowable tensile stress of φὪ 

but since different state authorities have a policy of zero tensile stress, rating factors were 

compared for allowable stresses of φὪȟσὪ ὥὲὨ π in both LRFR and LFR method as shown 

in Table 6.1. 

Table 6.1: Rating using nominal material properties. 

  LRFR Rating Factors 

 

Strength I 

Inventory 

(HL-93)  

Strength I 

Operating 

(HL-93)  

Service III 

(HL-93) 

(6ãf'c) 

 Service III 

(HL-93) 

(3ãf'c) 

Service III (HL-

93) (Zero tensile 

stress) 

Service I  

(HL-93)  

AASHTO 

LRFD 
1.82 2.36 1.12 0.90 0.67 2.45 

AASHTO 

LRFD with 

NCDOT 

lossess 

1.82 2.36 1.14 0.91 0.69 2.45 

 LFD Rating Factors Allowable Stress Rating Factors  

 
Inventory Operating 

Inventory  

(6ãf'c) 

Inventory  

(3ãf'c) 
Inventory  (0) 

 
AASHTO 

Standard  
1.55 2.59 1.38 1.13 0.89 

 
 

Theoretical prestress losses in the AASHTO LRFD Refined Method and using NCDOT 

assumptions are similar. As a result, the rating factors are close. In both the methods, the rating 

factor falls below 1 if only zero tensile stress is permitted under the Service III conditions and 
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would require the bridge to be posted. The inventory rating factors are higher under Strength I 

limit state of LRFR in comparison to LFR. For all other cases, the LRFR rating factors wre lower 

than LFR rating factors. However, it is unlikely to compare between LRFR and LFR rating factors 

due to the different set of assumptions and load factors. Chen and Aswad (1996) found that the 

LRFD code distribution factors can be uneconomically conservative for bridges with large span-

to-depth ratios. Live-load distribution factors in the current LRFD standard are obtained from a 

parametric study by Zokaie et al. (1991b) which considered variations in girder spacing, girder 

stiffness, span length, skew and slab stiffness. 

Under the Service III limit state, the differences between the rating factor decreases as the 

allowable stress value reduces. One of the reasons for this is that LRFR has an additional live load 

distribution factor of 0.8 which tends to reduce the effect of live load but increases the rating factor. 

This reduction results in lower calculated tensile stresses in the girders thereby influencing the 

rating factor.  

6.3 LRFR Rating of BTE Series 

According to the Manual for Bridge Engineering (MBE) guidelines, it is assumed that bridges that 

have a rating factor greater than 1 (design load check) at the Inventory level will have satisfactory 

load rating for all legal loads that fall within the LRFD exclusion limits. It is also assumed that 

bridges may not rate (RF<1) for all state legal loads, specifically those vehicles significantly 

heavier than the AASHTO trucks, even if they have adequate capacity for HL-93 at the operating 

level. However, according to the specifications of MBE, the bridge having a rating factor greater 

than 1 is assumed to sufficient capacity for AASHTO legal loads. The rating factors for each girder 

under the LRFR rating method calculated with strength and stress estimates from AASHTO, 

Response-2000 and experimental results are listed in Table 6.2, 6.3, 6.4 and 6.5.  

BTE1 incurred the most prestress loss because of the corroded strand. Since there was a 

corroded strand, the condition factor in LRFR rating was selected to be 0.95. Results in Table 6.2 

show BTE1 did not meet the allowable stress criteria of σὪ or zero tensile stress as the rating 

factor was less than 1. For BTE1, the rating factor for strength and serviceability states indicate 

that Response-2000 with measured properties is less conservative than estimates with nominal 



 

67 

 

properties. It should be noted that the experimental rating factors are expected to be less than the 

theoretical estimates as the flexural capacity of the girder without the composite deck is used. The 

experimental rating factors under Strength I, both inventory and operating, are greater than 1 for 

BTE1 which was tested to flexural failure. This shows that BTE1 have sufficient load carrying 

capacity for operating live load and maximum permissible live load to which the structure may be  

Table 6.2: BTE1- LRFR rating factors in accordance with AASHTO LRFD provisions. 

Assumptions 
 Strength I - 

Inventory 

Strength I-

Operating 

Service III  

(6ãf'c) 

 Service III 

(3ãf'c) 

Service III 

(0ãf'c ) 
 Service I  

Using Nominal 

Properties & Refined 

Loss 

1.82 2.36 1.12 0.90 0.67 2.45 

Using Measured 

Properties & Refined 

Loss 

1.74 2.25 1.23 0.97 0.71 5.12 

Response-2000 with 

Measured Properties  
1.86 2.41 1.22 0.96 0.70 5.12 

Experimental  1.24 1.61 1.18 0.92 0.66 5.12 
 

Table 6.3: BTE2- LRFR rating factors in accordance with AASHTO LRFD provisions. 

Assumptions 
 Strength I - 

Inventory 

Strength I-

Operating 

Service III  

(6ãf'c) 

 Service III 

(3ãf'c) 

Service III 

(0ãf'c) 
 Service I  

Using Nominal 

Properties & Refined 

Loss 

1.82 2.36 1.12 0.90 0.67 2.45 

Using Measured 

Properties & Refined 

Loss 

1.93 2.51 1.48 1.17 0.86 5.61 

Response-2000 with 

Measured Properties  
2.01 2.61 1.49 1.18 0.87 5.61 

Experimental  1.25 1.62 1.49 1.18 0.87 5.61 
 

Table 6.4: BTE3- LRFR rating factors in accordance with AASHTO LRFD provisions. 

Assumptions 
 Strength I - 

Inventory 

Strength I-

Operating 

Service III  

(6ãf'c) 

 Service III 

(3ãf'c) 

Service III 

(0ãf'c) 
 Service I  

Using Nominal 

Properties & 

Refined Loss 

1.82 2.36 1.12 0.90 0.67 2.45 

Using Measured 

Properties & 

Refined Loss 

1.93 2.50 1.42 1.14 0.87 4.83 

Response-2000 

with Measured 

Properties  

2.02 2.62 1.42 1.14 0.87 4.83 

Experimental  1.14 1.48 1.42 1.14 0.87 4.83 
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Table 6.5: BTE4- LRFR rating factors in accordance with AASHTO LRFD provisions 

Assumptions 
 Strength I - 

Inventory 

Strength I-

Operating 

Service III  

(6ãf'c) 

 Service III 

(3ãf'c) 

Service III 

(0ãf'c) 
 Service I  

Using Nominal 

Properties & 

Refined Loss 

1.82 2.36 1.12 0.90 0.67 2.45 

Using Measured 

Properties & 

Refined Loss 

1.92 2.49 1.42 1.13 0.84 4.67 

Response-2000 

with Measured 

Properties  

2.01 2.61 1.42 1.13 0.84 4.67 

Experimental 1.19 1.55 1.43 1.14 0.85 4.67 
 

subjected, even without the consideration of the nominal resistance of composite girder-deck 

system. At  service limit states, where allowable tensile stresses are used to to calculate rating 

factors, the theoretical and experimental rating factors are comparable. At Service I limit state, the 

experimental rating factor is greater than 1 even without considering the composite deck system.  

Prestress losses in BTE2 (34.0 ksi), BTE3 (35.4 ksi) and BTE4 (36.0 ksi) were lower than 

BTE1 (45.1 ksi). The capacity of the girders, BTE2, BTE3 and BTE4 at the end of their service 

life are similar since the prestress losses are comparable, and as a result, the rating factors are 

nearly the same. For these three girders, the rating factors calculated from strength and stress 

predictions using measured properties (both AASHTO LRFD Refined Method and Response-

2000) are greater than that obtained with nominal properties. The difference stems from the 

prediction of a much higher prestress loss (46.2 ksi) in comparison to experimental losses in the 

AASHTO LRFD Refined Method with nominal properties. The rating factors of all the girders are 

greater than 1 for all limit states except for the zero tensile stress under Service III conditions and 

when using nominal material properties with an allowable stress of σὪ in Service III limit state. 

Although the girders do not meet the zero tensile stress limits, BTE2, BTE3 and BTE4 still satisfies 

the allowable stress criteria of σὪ under Service III limit state when determined experimentally, 

or using measured properties in AASHTO LRFD Refined Method or Response-2000. This 

indicates the existing code provisions are conservative. The experimental rating factors under 

Strength I, both inventory and operating, are greater than 1 for BTE2, BTE3 and BTE4. This shows 

these aged girders have sufficient load carrying capacity at operating live load and maximum 

permissible live load to which the structure may be subjected, even without the consideration of 

the nominal resistance of composite girder-deck system. The experimental rating factors under 
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service conditions are very close to the rating factors calculated using stresses predicted by 

Response-2000.   

The Rating Factor (RF) obtained above may be used to determine the safe load capacity of 

the bridge in tons. The capacity of the girders from the results of Response-2000 with LRFD 

Strength I operating and Service III inventory (allowable tensile stresses of both φὪ  and 0) are 

shown in Figure 6.1.    

 

Figure 6.1: Rating capacity of Bonner Bridge girders. 

The capacity of BTE1 in both strength and service limit states is the lowest among the four 

girders tested as it had a corroded strand and a higher prestress loss. The capacity of the girders 

BTE2, BTE3 and BTE4 on average were 52.3 tons in Strength-I Operating, 29.3 tons in Service 

III (6ãfôc) and 17.1 tons in Service III (0ãfôc). Under Service III conditions with no tensile stress 

permitted at the bottom of girder, the capacities of the all the BTE series girders fall below the 20 

tons. Therefore, at this limit state, results indicate no girders satisfy the serviceability criteria due 

to the passage of a HL-93 design truck. According to the provision of AASHTO, the lowest rating 

factor calculated among applicable limit states determines the controlling rating factor. In the BTE 

series, BTE1 had the lowest rating factor and capacity at Service III limit state where only zero 

tensile stress is permitted. Therefore, the study indicates rating factor of BTE1 governs.   
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6.4 State of Girder at Rating Capacity 

The flexural testing of the BTE series gives a unique opportunity to assess the behavior of member 

in short-term heavy loading at the end of its service life. As mentioned earlier, cracks were marked 

and photographed at different load stages during flexural testing of the girder which shows the 

state of girder under those loading condition. Figure 6.2 shows the observed cracks at a load stage 

of 150 kips of actuator load (1898 k-ft accounting for self-weight) and the failure of BTE1 in 

flexure at a moment of 2831 k-ft. It is possible to show the girder condition at this two stages and 

their corresponding location on the moment curvature response. 

                

(a)                                                                                  (b) 

Figure 6.2: Condition of BTE1 at 150 kips of Actuator Load (corresponding to 1898 k-ft 

accounting for self-weight) (c) Failure of BTE1 at Ultimate Capacity (2831 k-ft) 

Response-2000 can accurately predict the response of the aged prestressed girders along 

with estimates of cracking moment, first tensile stress moment, flexural capacity. The predicted 

moment-curvature response of BTE1 is shown in Figure 6.3, marked with predicted capacities 

under various methods and experimental capacity.   
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Figure 6.3: Predicted moment-curvature response of BTE1 given by Response-2000.  

Rating factors for serviceability checks are calculated using allowable stress at the cracking 

moment (6ãfôc) and first tensile stress capacity (0ãfôc). From Figure 6.3, it is observed that the 

ultimate flexural capacity is 1.83 times the cracking moment and 2.43 times the crack reopening 

moment. The LRFR rating factor for BTE1 calculated at Service III limit state with zero tensile 

stress permitted at the bottom fiber of girder is less than 1. According to the guidelines of AASHTO 

and MBE, the bridge does not satisfy the limit. However, at a permitted tensile stress of 6ãfôc, the 

LRFR rating factor is greater than 1 indicating the bridge does not require posting. Therefore, if 

the bridges are allowed a tensile stress of φὪ where the moment is around 55% of its ultimate 

capacity, the design life could be extended (even if only the limit is extended near the end of their 

service life). However, if a tensile stress of 6ãfôc occurs, it could also lead to new cracks opening. 

This could lead to accelerated corrosion and therefore the bridge should be monitored accordingly.   

Similar observations can be made for other girders of BTE series. Since BTE2, BTE3, 

BTE4 had similar prestresses losses, and essentially comparable response, calculations are only 
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shown for BTE2. Figure 6.4 shows the observed cracks at load stage of 120 kips (corresponding 

to a moment of 1578 k-ft accounting for self-weight) and the failure of BTE2 in flexure (2860 k-

ft accounting for self-weight).  

              

          (a)                                                                             (b) 

 

Figure 6.4: Condition of BTE2 at 120 kips of Actuator Load (corresponding to 1578 k-ft 

accounting for self-weight) (c) Failure of BTE1 at Ultimate Capacity (2831 k-ft). 

The predicted moment-curvature response of BTE2 is shown in Figure 6.5, marked with 

predicted capacities under various methods and experimental capacity. From Figure 6.5, it is 

observed that the ultimate flexural capacity is 1.73 times the cracking moment and 2.24 times the 

crack reopening moment. As observed in BTE1, the LRFR rating factor for BTE2 calculated at 

Service III limit state with zero tensile stress permitted at the bottom fiber of girder is less than 1. 

According to the guidelines of AASHTO and MBE, the bridge does not satisfy the limit. However, 

at a permitted tensile stress of 6ãfôc, the LRFR rating factor is greater than 1 and the limit would 

not be exceeded. Therefore, at or near cracking stress where the moment is around 58% of its 

ultimate capacity, the design life could be extended (even if only the limit is extended near the end 
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of their service life). In contrast, an allowable tensile stress of 6ãfôc could lead to cracks. This could 

lead to accelerated corrosion and therefore the bridge should be monitored accordingly.   

 

 

 

Figure 6.5: Predicted moment-curvature response of BTE2 given by Response-2000.  
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CHAPTER 7 ï CONCLUSIONS AND RECOMMENDATION S 

This chapter summarizes key observations, conclusions and recommendations from the research 

program that assessed prestress losses in four girders recovered from the Herbert C. Bonner Bridge 

after 56 years of service. The girders were tested in flexure to determine their prestress losses and 

capacities after 56 years of service. The prestress loss results were compared to predictions from 

Response-2000, the AASHTO LRFD Refined Method, and the AASHTO Lump Sum Method. The 

experimental strength measurements and associated stress estimates along with calculated 

predictions of the behavior were used to inform a load rating calculation for the girders. Shear tests 

of several girders near their ends were also conducted. Below is a summary of the general 

conclusions, subdivided into segments for convenience:  

7.1 Material Properties and General Outcomes 

1. Although all girders had the same design concrete strength of 5000 psi, concrete strengths 

varied largely at the end of service life, as judged by cores that indicated a range of concrete 

compressive strengths from 6150 psi for BTE1 to 9080 psi for BTE2.  

2. The steel strands all had a similar ultimate strength of 271 ksi and a modulus of elasticity of 

28000 ksi, as determined from tension tests conducted on strand samples removed from 

undamaged areas of the girders after testing.  

3. Camber measurements were taken after delivering the salvaged girders to the laboratory. 

BTE1 had a maximum camber of 1-7/8 in. at the midspan.    

4. Experimental results showed that girders BTE2, BTE3, and BTE4 had similar levels of 

prestress loss, while BTE1 had a significantly higher loss of prestress which can be 

attributed to a fully corroded strand near midspan. The experimentally measured prestress 

losses are 44 ksi, 33.6 ksi, 35.4 ksi, 35.5 ksi of BTE1, BTE2, BTE3 and BTE4 respectively.    

5. On average, the predicted elastic shortening losses is 27.8%, 36.9%, 35.5% and 34.9% of 

the measured prestress loss in BTE1, BTE2, BTE3 and BTE4 respectively. The results 

indicate the amount of prestress loss that occur early in the service life of a prestressed 

concrete member in comparison to the total prestress loss that might occur in the entire 

service life of the structure.  
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6. The moment-curvature response (relative curvature) of BTE2, BTE3 and BTE4 are very 

similar. BTE1 had a similar pre-cracked stiffness but a higher prestress loss (induced by 

corrosion) and a lower concrete strength that resulted in BTE1 having a reduced cracked 

stiffness. The transition from pre-cracked stiffness to cracked stiffness also occurred at a 

lower applied moment for BTE1.  

7. During flexural testing, BTE1 and BTE2 failed by crushing of the top flange in compression. 

BTE1 and BTE2 had a flexural capacity of 2831 k-ft and 2860 k-ft, respectively, including 

self-weight. BTE3 and BTE4 were not tested to failure in order to preserve their ends for 

subsequent shear testing. Peak loads reached for BTE3 and BTE4 indicated flexural 

capacities of at least 2699 k-ft and 2698 k-ft respectively.  

8. Condition assessment revealed concrete spalls in the vicinity of corroded strands. Corrosion 

of the strands appears to be the most common types of deterioration that occurs over the 

lifespan of these types of members. BTE2, BTE3, and BTE4 had multiple spalls, repairs, 

and sections of exposed strand, but this level of damage did not appear to affect the 

measured losses for this series of tests. The more significant corrosion damage in BTE1 did 

increase the measured prestress losses. 

9. A detailed method for estimating prestressing losses in prestressed girder bridges has been 

proposed. In a laboratory destructive test of the girders with DIC instrumentation, this 

requires identifying the first instance of cracking and the crack reopening moment using 

two virtual extensometers, one placed on the crack and another placed in parallel at same 

depth but away from the crack. Results can be confirmed visually from DIC strain maps.  

10. The shear capacities of the end regions of BTE3 and BTE4 were determined by testing to 

failure in three point loading (three tests total, one at each end). Two shear failures were 

achieved, with the maximum actuator capacity reached prior to failing the South end of 

BTE3. The applied peak shear and associated moment at peak applied load were 276 kips 

and 2447 k-ft, respectively. The shear capacity of BTE3 North and BTE4 South, tested 

outside the widened end region, had a shear capacity of 287 kips and 274 kips, respectively. 

The corresponding associated moments were 2585 k-ft and 2394 k-ft for BTE3 North and 

BTE4 South respectively. The maximum crack widths observed at the peak applied loads 

were 1.80 mm, 2.00 mm, and 2.50 mm for BTE3 North, BTE3 South, and BTE4 South, 

respectively. All failures at the ends of the girders were brittle in nature.  
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7.2 Modelling with Response-2000  

1. Response-2000 is an accurate tool for assessing the behavior of aged infrastructure like the 

girders recovered from the Bonner Bridge. The predicted flexural capacity of the girders 

given by Response-2000 are: 2815 k-ft for BTE1, 2860 k-ft  for BTE2, 2760 k-ft for BTE3 

and 2780 k-ft for BTE4 with a test-to-predicted ratio ranging from 0.97 to 1.01. The mean 

and coefficient of variation of the predictions are 2804 k-ft and 1.6% respectively.  

2. Using the stress-strain response of the concrete from measured material properties, and the 

stress-strain response of the prestressing strand determined from tension testing, the failure 

modes of BTE1 and BTE2 were correctly predicted by Response-2000 as top fiber 

crushing, matching the modes observed in the experiments.  

3. The layered sectional analysis software Response-2000 is able to predict the moment-

curvature response of the tested girders. The transition of stiffness from uncracked to  

cracked section behavior is accurately captured. 

4. Response-2000, with the incorporation of experimental results such as average strand 

stress, cracking moment, and crack reopening moment at the bottom fiber of the girder, can 

be used to predict the prestress losses in the girders. The loss estimates are: 44.3 ksi for 

BTE1, 34.0 ksi for BTE2, 35.4 ksi for BTE3 and 36.0 ksi for BTE4. 

5. Response-2000 was used to model the girder with a deck, and these models show that the 

capacity of the girder-deck composite system is governed by steel yielding.  

6. A sensitivity analysis shows the experimental behavior is well within the predictions from 

Response-2000 when the prestress losses are varied by ±25%. Since the moment curvature 

behavior is somewhat sensitive to the losses, this corroborates that the predicted losses are 

correctly captured.  

7. Although only one corroded strand was visible for BTE1, it is likely that several strands 

near the bottom may have been affected by corrosion. Response-2000 shows that if a higher 

prestress loss in the individual strands near the bottom of this section is considered 

compared to the loss occurring in the strands above, then the generated moment-curvature 

behavior aligns more precisely with the experimental results. The model with variable 

losses better captures the behavior and better reflects the condition of the girder with only 

specific bottom strands affected by corrosion.  
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7.3 Evaluation of Prestress Loss under AASHTO LRFD  

1. The AASHTO LRFD Refined Method uses nominal material properties and gives a 

conservative estimate of prestress loss (except for BTE1) in comparison to the measured 

prestress loss, with test to predicted ratios (T/P) for the tested girders ranging from 0.74-

0.78. A similar range of T/P ratios (0.75-0.80) are observed when using the AASHTO 

LRFD Refined Method consistent with NCDOT assumptions, except for BTE1. However, 

the AASHTO LRFD Refined Method using measured material properties give reasonable 

T/P ratios between 0.92 and 1.09 for all girders. The AASHTO LRFD Lump Sum Method 

specified in the current edition (9th Edition, 2020) gives conservative estimates for BTE2, 

BTE3, and BTE4 with T/P ratios ranging from 0.76 and 0.80, whereas the Lump Sum 

equation from older editions of AASHTO LRFD (4th Edition, 2009) have a T/P ratio rang 

of 0.66-0.70 for these three girders. The results indicate the older equations are very 

conservative. Since the prestress loss was much higher in BTE1 compared to other 

specimens in the BTE series, all methods gave a reasonable estimate of prestress loss in 

this specimen with T/P ratios between 0.88 and 1.09.   

2. The prestress loss prediction formulas used by current AASHTO LRFD Specifications do 

not account for the variability in material properties such as concrete strength, unit weight, 

and modulus of elasticity at the end of service life. A higher strength concrete will 

experience lower long-term creep strains under the same load compared to similar 

members with lower strength concretes. Generally, in design, in-situ properties should not 

be used for estimating losses. Specifically, specified concrete strengths should be used 

rather than measured strengths beyond the specified strength gain requirements. The 

traditional assumption is that the increase in concrete strength that occurs over the life of 

the structure will approximately correspond to the reduction in strength that the members 

will experience as a result of slow loading events. Therefore, it is not recommended to use 

measured concrete strengths in design or early in the life of the member to predict long-

term effects or strength limit state calculations. However, this study explores the use of in-

situ properties for service limit state calculations conducted for structures near the end of 

their service life. The use of experimentally measured properties in the code equations 

significantly improves the predicted losses for the girders studied. 
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7.4 Experimental Results and Load Rating 

1. At the zero tensile stress limit, both the LRFR and LFR ratings for girders in the BTE series 

are less than 1.  

2. The LRFR rating factors calculated using prestress losses from the AASHTO LRFD 

Refined Method with nominal material properties, the AASHTO LRFD Refined Method 

consistent with NCDOT assumptions, and Response-2000 show that all girders satisfy 

Strength I (both inventory and operating) and Service III limit state (for an allowable stress 

of 6ãf'c ) criteria. The LRFR rating factors exceed 1.0 for all assumptions. The girders are 

governed by the Service III limit state, specifically BTE1 as it sustained the highest 

prestress loss due to corrosion.  

3. If the allowable stress criteria is limited to zero tensile stress, the LRFR rating factors 

calculated using prestress losses from the three methods stated in Section 7.3 fall below 

1.0. The LRFR rating factors range between 0.67 and 0.71 for BTE1, 0.67 and 0.87 for 

BTE2 and BTE3, and 0.67 and 0.84 for BTE4.  

4. Experimental rating factors (following the LRFR rating method) that considers only 

strength and stress of the girder tested, and disregarding the capacity provided by a 

composite deck, still yield rating factors greater than 1. These factors are calculated under 

the Strength I limit state, for inventory and operating limits, with a condition factor of 0.95 

applied for girders with corrosion and 1.00 for girders without visible corrosion. This result 

shows the girders still had sufficient safe load carrying capacity in terms of flexural 

resistance at the time they were removed from service. At cracking loads under the Service 

III limit state, the experimental rating factors range from 1.18 to 1.49, well above 1.0. 

However, under Service III limit states, with only zero tensile stresses permitted, rating 

factors fall largely below 1.0 with a 0.66 for BTE1, 0.87 for BTE2, 0.87 for BTE3, and 

0.85 for BTE4, respectively.  

7.5 Recommendations 

1. The AASHTO LRFD Refined Estimate is a detailed approach towards measuring various 

prestress loss components. Using measured material properties obtained either through 

non-destructive testing techniques or extraction of cores, to estimate prestress losses near 
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the end of the service life of bridge girders gives results that more closely match 

experimentally determined values.  

2. Response-2000 can be used to model aged prestressed concrete girders. As the study has 

shown the experimental behavior agrees reasonably well with the predicted behavior.  

Response-2000 can also be used to predict the response of girders with composite decks 

using experimental results from the flexural testing of girder with no deck under a variety 

of loading conditions. 

3. In some cases prestressed concrete girders may meet the Strength I (both inventory and 

operating) criteria under LRFR rating. However, the girders do not meet the Service III 

limit state if only zero tensile stress is allowed. The stresses and strengths from the 

AASHTO LRFD Refined Method with nominal material properties, the AASHTO LRFD 

Refined Method with measured material properties and Response-2000 with measured 

material properties are used to inform this recommendation. The study showed the ultimate 

capacity of the tested girders was 2.24-2.43 times the capacity at the state of zero tensile 

stress and 1.73-1.83 times the capacity at the state of cracking (6ãfῂc tensile stress). The 

results indicate that 55-58% of the flexural capacity is utilized at cracking. The benefits of 

allowing stress between 3ãfῂc and 6ãfῂc under service limit states, even if only at the end 

of the life of structure, are that the Department can avoid load posting these aged bridges 

and can extend the service life just enough to allocate resources accordingly. It is also 

important to monitor the service stresses in bridge regularly after such an allowance. An 

allowable tensile stress of 6ãfôc could lead to cracks. This could lead to accelerated 

corrosion and therefore the bridge should be monitored accordingly.   
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IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN  
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