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Executive Summary 
 

MDOT has experienced under-camber prestressed concrete girders recently on several projects 
that have led to; construction delays, increased construction costs, design and/or functional 
modifications, and the need to address current practices to estimate beam camber.   

A comprehensive literature search, survey of other State DOT current practices related to beam 
camber, historic material and beam camber data provided by the Mississippi Concrete Girder 
Manufacturers, broad range of camber data sets/calculations, conclusions, recommendations, 
and implementation plan were the basis of the research study. 

Improvements made consist of: 

1) Better understanding of beam camber 
2) Material property versus strength expectation  
3) Ride smoothness 
4) Increased Industry awareness  
5) Advancing MDOT’s current practices  
6) Enhancing MDOT’s database of historic material and beam camber information 
7) Reducing design and/or functional modifications to MDOT projects 
8) Minimizing added project and infrastructure costs 
9) Reducing delays during construction  
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Background 
 

The push for longer concrete girders has hastened because of reduced cost of construction, 
reduced cost of maintenance and reduced environmental impacts.  With the extensions in 
length, estimation of the camber within the bridge beam becomes critical for ride, clearance, 
and performance especially for Bulb T and Florida girders with high design compressive 
strength. 

MDOT’s current practice is to use draped (harped) strands to reduce the accumulated pre-
stress force at the bottom of the beams near the ends.  Other States use de-bonded straight 
strands and other stress relieving methods to accomplish the pre-stress force reduction.  
However, because draping the strands induces a countering pre-stress force in the top of the 
beam in conjunction with very high compressive strengths, the final cambers are traditionally 
very low and can be hard to predict.  Methods used by other states have produced better final 
camber values, but have developed cracking and/or end bursting. 

The objective of this research study is to create a “best practices” guideline and policy in 
predicting the camber for Bulb T and Florida girders with high design compressive strength 
including review of MDOT and Mississippi Concrete Girder Manufacturer’s documentation to 
compare design concrete strength verses actual concrete strength along with historical 
measured camber data.  The research study will also increase MDOT’s knowledge base related 
to beam camber and include review of other State DOT practices related to beam camber. 

Anticipated benefits carried within the “best practices or guidelines” will be; improved ride due 
to better camber prediction, improved vertical clearance prediction, improved performance of 
precast/prestressed concrete girders, improved material property versus strength expectation, 
minimize differences between the estimated and actual cambers which can cause construction 
delays and/or add costs to MDOT projects, and reduce design and/or functional modifications 
to MDOT projects. 

The Technical Advisory Committee (TAC) consisted of representatives from MDOT’s Bridge 
Design Division, Materials Division, and Research Division. 
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Literature Search 
 

An extensive literature review was conducted on twenty-six publications to capture a broad-
range of topics related to the research study.  Various publications were reviewed to ascertain 
what research has been previously performed related to beam camber and/or which literature 
documents address beam camber and/or contained additional information related to the 
research study.  Items that influence beam camber noted in the various publications were 
summarized.  Not every item that influenced camber was investigated; rather the items that 
were included in multiple literature documents were carried forward and included in the 
research study. 

The list of the publications reviewed and items related to the research topic along with items 
that were noted to influence beam camber are included in Appendix B.  The literature review 
document in Appendix B-1 includes quotes from the list of publications along with highlighted 
information that is of particular interest to the research topic. 
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Research Approach 
 

The research study consisted of various tasks that addressed the research topic including close 
collaboration and input by MDOT’s Bridge Design, Materials, and Research Divisions, and the 
Technical Advisory Committee.  A kick-off meeting was held at MDOT to discuss the research 
plan, coordinate information that MDOT would provide throughout the research, and verify 
contact information.  Two Technical Advisory Committee (TAC) meetings took place on August 
3, 2018 and November 13, 2018 to further discuss the research progress and go over research 
findings summarized to date.  Copies of the presentation given at the TAC meetings are 
included in Appendix A. 

A literature search was performed to collect all relevant publications and reviewed with MDOT 
for applicability to the research project.  The Precast/Prestressed Concrete Institute (PCI) 
publications website along with other Industries and Academic Institutes were utilized for the 
literature search. 

MDOT’s current practices related to girder camber was reviewed and compared to other State 
DOT practices.  Historic material information related to beam camber and concrete 
compressive strengths were collected from the Mississippi Concrete Girder Manufacturers that 
included F-S Prestress, Gulf Coast Pre-Stress, and J.J. Ferguson Prestress-Precast. 

The current AASHTO Bridge Design Specifications and the PCI Bridge Design Manual related to 
the research topic was reviewed. 

Various camber estimate calculations were developed for various concrete girder types and 
span lengths to establish data sets for further analysis.  Items that influenced beam camber that 
were selected to be included in the research study were further evaluated to compare the 
effect on estimating beam camber.   

An interim report was submitted to MDOT and the TAC for review and comment with the final 
report addressing the interim report review comments.  
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Research Findings and Applications 
 

LITERATURE REVIEW 
The literature review generated the following list of items that are related to the research topic 
and/or were thought to influence beam camber: 

• strength gain > 28 days  
• material properties    
• camber prediction methods   
• camber variability   
• section properties   
• instrumentation & monitoring 
• high strength concrete using local materials (LADOTD) 
• temperature effects on camber   
• design procedures   
• measured camber   
• prestress losses    
• experimental program  
• AASHTO specifications  
• Sensitivity Study (TXDOT)  
• probabalistic comparison/effect of variability on prestress losses and camber & deflections 
• test data    
• transportation weight limits 
• factors that influence span capabilities (prestress losses, allowable tension, local producer 

member capabilities f'c) 
• camber tolerances   
• debonded strands   
• anchor zone reinforcing  
• QC records (WSDOT)  
• humidity    
• historical material data   
• support conditions   
• modification factors for camber estimates 
• camber experiences by other State DOT's 
• when to measure initial camber 
• scheduling pours   
• recommendations for practice 
• curing     
• strand development and transfer lengths 
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Eight of the twenty-six literature review documents included three or more of the above items 
within the body of the literature document as shown in the table in Appendix B-2.  The items 
listed above that are related to the research topic that were noted in three or more of the 
literature review documents included: 

• material properties 
• camber prediction methods 
• temperature effects on camber 
• prestress losses 
• historical material data 
• modification factors for camber estimates 

These items provided a starting point for further investigation into their influence on estimating 
beam camber. 

AASHTO LRFD Bridge Design Specifications and PCI Bridge Design Manual 
After the literature review was completed, MDOT and other State DOT current practices related 
to estimating beam camber was reviewed.  The most current version of the AASHTO LRFD 
Bridge Design Specifications (BDS) and the PCI Bridge Design Manual was reviewed for further 
information and guidelines. 

AASHTO’s LRFD BDS provide guidelines on estimating prestress losses according to section 
5.9.5.  Approximate prestress losses are covered in Section 5.9.5.3-Approximate Estimate of 
Time-Dependent Losses and although not applicable to the research study, section 5.9.5.4 
provides guidelines for estimating time-dependent losses along with commentary section 
C5.9.5.4.1 for additional information on applicability of Section 5.9.5.4. 

The PCI Bridge Design Manual section 2.4.7 provides additional information on the density; 
section 3.4.2.6 discusses camber; section 8.7 discusses camber and deflection; and section 8.7.1 
addresses the Multiplier Method for predicting time-dependent camber. 

MDOT & Other State DOT Current Practices  
Prior to performing camber calculations MDOT’s current practices addressing beam camber 
were reviewed that included MDOT’s Bridge Design Manual, bridge design memorandum, Bulb-
T design procedure, and Prestressed Beam Camber Deflection spreadsheet.  In addition, 
MDOT’s Standard Specifications for Road and Bridge Construction was reviewed.  To assist with 
developing camber data sets, sample plans for Bulb T bridge projects in Leake and Marshall 
County were provided by MDOT.   

Other State DOT current practices related to beam camber were reviewed and included Florida, 
Nebraska, Texas, Washington, Alabama, and Louisiana. 
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Current practices were categorized into three areas that related to beam camber: 

1. design of precast/prestressed concrete girders 
2. camber estimates 
3. information that is placed on the contract plans/drawings 

Items that were expected to influence camber were listed for the following three categories 
(i.e., design, camber, and plan drawings) as shown in Table 1. 

Table 1 - Items That Were Expected to Influence Camber 

Item Design Camber Plan Dwgs
strand profile (draped, straight, debonding, X X X

top strand)
fillet/haunch thickness X X

roadway vertical curve ordinate X X
camber estimating method (PCI Multiplier, X X

time-dependent)
dead load distribution X X

girder section properties & strand X X X
templates

material properties (f'ci, f'c, E, unit weight, X X X
aggregate type)

prestress loss data (time, humidity, curing X X X
method)

temperature gradient X X
prestressed beam detail plan sheet X X X

information
camber X  

Specific guidelines for the selected State DOT’s related to the above items associated with 
design, camber estimates, manufacture, and construction of precast/prestressed concrete 
girders were listed and are referenced in Appendix C. 

Camber Limits 

MDOT includes a camber limit in the Prestress Requirements Table on the contract plan 
drawings.  The camber limit shown on the plans is the acceptable range of camber for the given 
precast/prestressed concrete girder. 

Historic Material Data 
It was important to collect historic material information in order to have insight into what the 

current concrete girder manufacturing capabilities are.  The historic material data that was of 

interest to the research study included the concrete compressive strength at release, concrete 

compressive strength at twenty-eight (28) days, and actual beam cambers.  Mississippi 
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currently has three concrete girder manufacturers; F-S Prestress, Gulf Coast Pre-Stress, and J.J. 

Ferguson Prestress-Precast.  The Mississippi Concrete Girder Manufacturers provided historic 

material data and are included in the August 3, 2018 TAC Presentation in Appendix A. 

Concrete Compressive Strengths 
Producer 1 provided three concrete test reports all from the same project with a required 

design release concrete strength of 5.6 ksi and required design 28-day concrete strength of 6.5 

ksi.  Camber data was not provided.  The age and concrete compressive strength (i.e., break 

strength) are shown in Table 2 for the three concrete test reports. 

Table 2 - Historic Material Data - Producer 1 

report 1   report 2   report 3   

  
break 

strength   
break 

strength   
break 

strength 
age (psi) age (psi) age (psi) 
1 4706 1 5695 1 4270 
1 5305 1 5745 1 4520 
1 5435 1 5895 1 4335 
1 5845 1 no break 1 6670 
1 6050 1 no break 1 6955 
1 5995 1 no break 1 6915 
2 7675 2 no break 2 no break 
2 7190 2 no break 2 no break 
2 7040 2 no break 2 no break 
3 no break 3 7960 3 no break 
3 no break 3 7535 3 no break 
3 no break 3 7595 3 no break 
28 9755 28 9035 28 10265 
28 9455 28 9180 28 9570 
28 9370 28 9075 28 9800 
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The average concrete strengths are shown in Figure 1 for the three concrete test reports.  The 

graph provides insight to the amount of strength gain the concrete achieves from release to 28-

days.   

 

Figure 1 - Average Concrete Strengths (Producer 1) 

 

Producer 2 provided concrete pour reports from five separate projects.  Projects included 

AASHTO Type 4 girders with lengths of 100 and 110 ft.  The required design concrete strength 

at release varied from 4.2 to 5.0 ksi and the required design concrete strength at 28-days varied 

from 5.0 to 6.0 ksi.  Design camber, measured camber data at release, and 28-day measured 

camber were provided.  Project 5 did not include 28-day data.  Additional data and graphs of 

the measured camber are included in the August 3, 2018 TAC presentation in Appendix A-1. 
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The age and concrete compressive strength (i.e., break strength) are shown in Table 3 for two 

pours from Project 1.  The remainder of the break strength data for all five projects and pours 

are included in the August 3, 2018 TAC presentation in Appendix A-1. 

Table 3 - Partial Historic Material Data (Producer 2) 

project 1       
pour 1   pour 2   

  break strength   break strength 
age (psi) Age (psi) 

1 4431 1 8788 
1 4205 1 9415 
1 no break 1 no break 
1 no break 1 no break 
1 no break 1 no break 
1 no break 1 no break 
2 no break 2 no break 
2 no break 2 no break 
2 no break 2 no break 
3 no break 3 no break 
3 no break 3 no break 
3 no break 3 no break 
28 11124 28 10848 
28 12449 28 10358 
28 11218 28 10262 
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Average release concrete compressive strengths were plotted and compared to the design 

release concrete compressive strengths shown in Figure 2.  

 

Figure 2 - Average Release Concrete Compressive Strengths Compared to Design Concrete Compressive 
Strengths (Producer 2) 

Average 28-day concrete compressive strengths were plotted and compared to the design 

release concrete compressive strengths shown in Figure 3.  

 

Figure 3 - Average 28-day Concrete Compressive Strengths Compared to Design Concrete Compressive 
Strengths (Producer 2) 
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The average concrete strengths are shown in Figure 4 for the four projects.  The graph provides 

insight to the amount of strength gain the concrete achieves from release to 28-days.   

 

Figure 4 - Average Concrete Strengths (Producer 2) 
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Producer 3 provided fourteen concrete test reports all from the same project with a required 

design release concrete strength of 6.8 ksi and required design 28-day concrete strength of 8.5 

ksi.  Camber data at release was provided.  The age and concrete compressive strength (i.e., 

break strength) are shown in Table 4 for three pours.  The remainder of the break strength data 

from the test reports are included in the August 3, 2018 TAC presentation in Appendix A 

-1. 

Table 4 - Partial Historic Material Data (Producer 3) 

pour 1   pour 2   pour 3   
  break strength   break strength   break strength 

age (psi) age (psi) age (psi) 
3 9015 1 7030 3 6765 
3 9180 1 7510 3 8305 
12 9666 1 7095 3 7595 
12 9522 1 7390 14 9867 
28 10203 14 9143 14 9984 
28 10237 14 9100 14 10125   

14 9299 14 10106   
14 9344 28 10310   
28 10048 28 10270   
28 10000 28 10440   
28 10488 28 10408   
28 10520   
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Average release and 28-day concrete compressive strengths were plotted and compared to the 

design release and 28-day concrete compressive strengths shown in Figure 5.  

 

Figure 5 - Average Concrete Strengths (Producer 3) 

Camber at release data were plotted for the various beam types shown in Figure 6.  

 

Figure 6 - Camber At Release (Producer 3) 

The data indicates that there is variation in camber at release. 
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A summary of the design and average concrete compressive strengths at release (i.e., f’ci) and 

at 28-days (i.e., f’c) provided by the three Mississippi Concrete Girder Manufacturers are shown 

in Table 5. 

Table 5 - Historic Material Data - Concrete Strength Summary 

  Producer 1 Producer 2 Producer 3 

design f’ci 5600 psi 4480 psi 6800 psi 
Average actual f’ci 5622 psi 7503 psi 7725 psi 

Ratio of  
average actual 
f’ci/design f’ci 

1.004 1.67 1.14 

Design f’c 6500 psi 5625 psi 8500 psi 

Average actual f’c 9501 psi 10644 psi 10441 psi 

Ratio of  
average actual 
f’c/design f’c 

1.46 1.89 1.23 

Ratio of 
Average actual 
f’ci/average actual 
f’c 

0.59 0.71 0.74 

 

Based on the historic material data, several observations with respect to the release concrete 
compressive strength (f’ci) and 28-day concrete compressive strength (f’c) were made to 
advance the research: 

1. Use the low, high, and average ratios to vary f’ci and f’c to evaluate the effects on 
camber estimates.  Values for f’c include; low = 1.004, average = 1.27, high = 1.66.  
Values for f’c include; low = 1.23, average = 1.53, high = 1.89.   

2. Producer 3 provided 2-day break data (not shown in Table 5) that can be considered in 
utilizing higher design release strengths.  For example, the average 2-day actual 
concrete compressive strength was 8984 psi which is a ratio increase from the 6800 psi 
design f’ci of 1.32. 

3. The relationship between f’ci/f’c can be used to understand the strength gain during 
design.  The above values based on historic material information can assist in 
establishing guidelines.  For example the lowest ratio was 0.59, the highest was 0.74, 
and the average ratio was 0.68.  
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Beam Camber 
A summary of the actual (i.e., measured) beam cambers by the Mississippi Concrete Girder 

Manufacturers are shown in Table 6. 

Table 6 - Historic Material Data - Actual Beam Camber Summary 

  Producer 1 Producer 2 Producer 3 

Estimated camber (at release) Data not 
provided 

0.94 in. Data not provided 

Average measured camber (at 
release) 

no camber 
data 

provided 

0.74 in. Provided data on 
15 projects with 
different beam 

types 
Average measured camber (28-
days) 

no camber 
data 

provided 

2.37 in. no camber data 
provided 

Ratio of  
Average measured camber (28-
days)/average measured camber 
(at release) 

no camber 
data 

provided 

3.2 no camber data 
provided 

  

 

Based on the historic material data, several observations with respect to beam cambers were 
made to advance the research: 

1. For Producer 2; use both the average actual f’ci and design f’ci to estimate camber at 
release for similar beam type and span length and compare the estimated camber 
differences at release to see if there is a correlation between the estimated camber and 
measured camber at release.  Compare the 28-day camber data to the estimated 
camber data sets. 

2. For Producer 3; the camber data shows variation in the measured camber at release; 
therefore calculate the range of variation (i.e., low and high values from the average 
measured camber).  Look for consistencies between various beam types on the 
spread/magnitude the variations in the measured cambers at release.  Vary f’ci and Eci 
using average actual f’ci values and compare the effects with measured camber to see if 
there is a correlation to the relationship between; the design f’ci and estimated camber 
and the actual f’ci and measured camber. 
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MDOT provided deck calculations during construction from the contractor for the Byhalia 
Bridge on SR309 located in Marshall County (100299/303000).  MDOT through its consultant on 
the project provided the following data shown in Table 7, which compares the actual beam 
camber to the estimated beam camber at erection (before added dead load deflection).  Actual 
beam camber at erection (after added dead load deflection) was unkown.  For the information 
provided, the actual beam cambers at erection for Spans 1, 2, and 3 were appreciably less than 
the estimated beam camber.  This project demonstrates that the manufactured concrete 
girders have less camber at erection than estimated. 

Table 7 - Historic Camber Data - MDOT Project 

Project Span 
Length 
(ft) 

Beam 
Type & 
No. 
Strands 

Required 
concrete 
strengths 
(f’ci/f’c) 

Estimated 
beam 
camber at 
Erection 
(before 
added DL) 

Actual 
beam 
camber 
at 
Erection 

(before 
added 
DL) 

Estimated 
beam 
camber 

(after 
added DL 
deflection) 

SR309 
Marshall 
Co 

  

 96 

Span 1 

 BT-54 

 

26 
Strands 

 7000 

 

5500 

Release 

 2-3/8”  Varies 

1.08” to 
1.56” 

 13/16” 

   138 

Span 2 

 BT-72 

 

34 
Strands 

 7000 

 

5500 

 2-9/16”  Varies 

0.48” to 
2.16” 

 1/8” 

 
 96 

Span 3 

 BT-54 

 

26 
Strands 

 7000 

 

5500 

  2-3/8”  Varies 

0.0” to 
1.32” 

 13/16” 
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Camber Data Sets 
Before camber estimate calculations could be made, a camber data set outline (see Appendix 
D-1) was developed to provide an overview and plan of information that would be researched 
to evaluate the effects on beam camber.  The information collected from the literature review, 
historic material information provided by the Mississippi Concrete Girder Manufacturers, 
MDOT projects that have experienced “under-camber” on girders at erection, and MDOT’s 
current practices for estimating camber were considered in the camber data sets.  Two pieces 
of information were known and were to be evaluated in the camber data sets:   

1.  Actual concrete compressive strengths both at release and at 28-days are greater 
than design concrete compressive strengths. 

2.  Several MDOT projects have experienced under-camber on girders at erection.  Data 
provided by MDOT provided insight to the amount of differences between the design 
camber compared to actual/measured camber at erection.   

The plan for the camber data sets was to evaluate the differences between camber estimates 
using actual concrete compressive strengths based on the historic material information 
provided by the Mississippi Concrete Girder Manufacturers compared to design concrete 
compressive strengths.  Various sets of data were developed through example camber estimate 
calculations that captured the sensitivity of the difference in camber estimates between using 
actual concrete compressive strengths compared to using the design concrete compressive 
strengths.  For a particular girder type, the minimum and maximum span capabilities were 
evaluated to capture the range of camber variations by varying the girder lengths.  The sample 
plans provided by MDOT’s Bridge Division for the Leake County and Marshall County projects 
were used along with AASHTO Type 4 girders and FL Bulb-T girders. 

Items that Influence Camber 

The following items are expected to influence camber and were included in the camber 
data sets. 

 Material Properties 
– Release concrete compressive strength (f’ci) 

– 28-day concrete compressive strength (f’c) 

– Release modulus of elasticity (Eci) 

– 28-day modulus of elasticity (Ec) 

– Unit weight (wc) 
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 The self weight of the girders were varied by using different units weights 
(e.g., 150 pcf, 155 pcf, and 160 pcf) to evaluate the effect of unit weight 
on estimated camber. 

 The girder self weight (for a BT-54 and FL Bulb-T FIB-72) accounting for 
the additional weight of the prestressing strand and girder reinforcing 
was compared to the girder self weight based on the girder section only.  
The increase in the unit weight is approximately 5 pcf when considering 
the additional weight of the prestressing strand and girder reinforcing.   

– Aggregate Type 

 AASHTO LRFD Equation 5.4.2.4-1 for the Modulus of Elasticity is 
dependent on; the correction factor for source of aggregate (K1) where 
K1 is typically taken as 1.0 unless determined by physical test, and as 
approved by the authority of jurisdiction; unit weight of concrete; and 
specified compressive strength of concrete. 

 Girder Section Properties 

– Transformed vs. Gross section properties 

Since MDOT currently uses transformed section properties, gross section 
properties were evaluated to compare differences in the prestress losses and 
thus the influence on beam camber.  Therefore, the camber data sets compared 
prestress losses with and without transformed section properties to evaluate 
whether prestress losses differ; if prestress losses differ between using gross 
section properties compared to transformed section properties then isolate the 
moment of inertia effects when using transformed section properties by 
manually entering the percentage of prestress losses (%) to be the same for 
gross section properties and transformed section properties. 

 
– Girder Type/Moment of Inertia 

Four different girder types were selected to capture the sensitivity of camber 
estimates. 

 AASHTO Type 4 

 BT-54 Marshall County 

 BT-72 Leake County 

 FIB-72 
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– Span Lengths 

Three span lengths were selected for each girder type to capture the minimum, 
average, and maximum span ranges; again to capture the sensitivity of camber 
estimates. 

 90 ft. AASHTO Type 4 

 110 ft. BT-54 Marshall County 

 138 ft. BT-72 Leake County 

 155 ft. FIB-72 

 Prestress losses and data 

As it pertains to prestress loss computations, various parameters are used part of 
the prestress loss estimates that include; time at release, age of deck placement, 
final age, and relative humidity.   

PCI’s Bridge Design Manual (design examples) assume the following construction 
schedule; 1-day at transfer, 90-days at erection/deck placement, and 20,000-days at 
final stage.  Section 9.0.1 Service Life discusses the assumed age for the various 
design examples as related to long-term (i.e., final) prestress losses. 

– Age of girder at erection 

 Time can vary and is dependent on the construction schedule 

– Age of deck placement  

 Time can vary and is dependent on the construction schedule 

– Beam curing time (1, 2, or 3 days) 

– Beam storage age (3, 6 or 12 months) 

– Time-dependent model analysis 

 Final age 

 Time can vary depending on service life assumptions 

– Humidity/seasonal variation 

 Humidity can vary depending on location of Mississippi Concrete Girder 
Manufacturer and time of year 
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– Curing method (moist vs. steam) 

 Not included in the research but the curing method can vary depending 
on selection by Mississippi Concrete Girder Manufacturer 

– Jacking force 

 Not included in the research but some amount of variation is expected in 
the method and sequence the Mississippi Concrete Girder Manufacturers 
use when jacking and releasing the prestressing strand 

 Strand Patterns and Profile 

– Draped strand 

– Straight strand (including debonding) 

– Top Strand 

 Where required to satisfy allowable stresses using straight strand 
patterns, top strand with and/or without reduced pull 

– Number and size of strand  

– Strand templates 

 Haunch/fillet thickness 

The haunch/fillet consists of the additional concrete that is placed on top of precast 
concrete girder and between the bottom of the deck slab and the top of the precast 
concrete girder.  The thickness of the haunch/fillet is dependent on the beam 
camber at erection (after all dead load deflection), roadway vertical curve ordinate, 
deck cross-slope/superelevation, and the as-constructed beam seat elevations.  A 
minimum thickness at the edge of flange is suggested to facilitate forming deck.  The 
thickness of the haunch/fillet varies along the length of the beam due to camber in 
the prestressed concrete girder.  The haunch/fillet thickness can be included in the 
composite section or not, and if not added as additional dead load on the girder.   

The camber data sets compared deflections at erection with and without the 
haunch/fillet thickness in the composite section properties. 
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 Dead load distribution 

AASHTO LRFD 4.6.2.2-Beam-Slab Bridges states “Where bridges meet the conditions 
specified herein, permanent loads of and on the deck may be distributed uniformly 
among the beams and/or stringers.” 

Therefore, the camber data sets assumed that the dead load of the concrete barriers 
are equally distributed to all girders in the bridge transverse section.  

 PCI multipliers used in the PCI Multiplier Method for estimating camber 

A common method to calculate beam camber is to utilize the PCI Multiplier Method; 
which consists of calculating the deflections at release independently for the 
prestressing effect and self-weight effect then superimposing the prestressing effect 
and self-weight effect to obtain the net camber at release.  To obtain the beam 
camber at erection; apply the PCI multipliers to the prestress deflection and the self-
weight deflection separately.  The respective multipliers for the prestress effect and 
self-weight effect are 1.80 and 1.85 respectively.  The net camber at erection include 
the superposition of the prestress and girder self-weight effects. 

Refer to PCI Bridge Design Manual 8.7.1.  Deflection (down) multiplier at erection = 
1.85 and camber (up) multiplier at erection = 1.80.  Apply the deflection and camber 
multipliers to the deflection due to girder self-weight and camber due to 
prestressing respectively. 

 Temperature gradients 

Refer to AASHTO LRFD 3.12.3-Temperature Gradient and Commentary section 
3.12.3 for guidelines.  

 Roadway Vertical curve ordinate  

– Although this item is not directly related to estimating camber, it could have an 
effect on the haunch thickness at the ends of girders and is related to calculating 
beam seat elevations, therefore procedures are suggested to include the 
roadway vertical curve ordinate in the calculation of the haunch/fillet thickness 
at the ends of the girders.  

– Depending on whether the bridge is located within a crest or sag vertical curve, 
an adjustment to the haunch/fillet thickness is suggested to account for 
elevation differences between a non-linear profile grade and the linear grade 
connecting the centerline of girder supports at the end of the girders  

– The research did not consider the roadway vertical curve ordinate. 
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Girder Types, Bridge Typical Sections, and Span Lengths 
Four girder types and associated span lengths were selected to capture the variations in 
estimating beam camber.  Girder span lengths were increased and decreased to further capture 
the upper and lower bounds of beam camber estimates and variations.  Sample plans were 
provided by MDOT for the BT-54 and BT-72 girder types located in Marshall and Leake Counties 
respectively.  Although the Marshall and Leake County projects contained multiple spans with 
different girder types and span lengths, only one girder type and span length was selected and 
included in the camber data sets.  

 AASHTO Type 4 [90 ft.] 

 BT-54 (Marshall County) [110 ft.] 

 BT-72 (Leake County) [138 ft.] 

 FIB-72 [155 ft.] 

A time dependent model was analyzed for the FIB-72 girder to further evaluate the influence 
of; humidity, girder fabrication time (e.g., 1, 2, and 3 days), average historical concrete 
compressive release and 28-day strengths, and extended beam storage time (e.g., 6 and 12 
months). 
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Baseline Camber Data Set Assumptions 
All baseline analyses used the following input data.  The assumptions used for the baseline 
analyses attempted to be consistent with MDOT’s Bridge Design practices.  Two differences of 
note is the concrete compressive strength for the deck when designing Florida Bulb T beams is 
4.5 ksi and the weight of metal stay-in-place deck forms are typically included in the design of 
the beams. 

 Deck thickness = 7.75 inches 

 Two Barriers weight = 0.600 klf (equally distributed over all girders) 

 0.6” low-relaxation strands 

 f’c deck = 4.0 ksi  

 Girder unit weight = 0.150 kcf 

 Transformed section properties  

 Haunch/fillet thickness added as dead load to girder and not included in composite 
section 

 Approximate prestress losses 

 PCI Multiplier Method for camber and deflection calculations at erection 

The following LEAP Bridge Concrete software programs (Version 18.00.00.34) by Bentley 
Systems were used for the camber data set calculations; Precast/Prestressed Girder was 
utilized for the camber calculations and Spliced-Girder was utilized for the time-dependent 
model analysis. 
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AASHTO Type 4 [90 ft.] 
An interior AASHTO Type 4 girder from the bridge transverse section shown in Figure 7 
was analyzed part of the camber data set calculations.   

 

Figure 7 - AASHTO Type 4 Bridge Transverse Section used for Data Sets 

A baseline span length of 90 ft. was used with design compressive strengths at release 
and 28-days of 5.5 ksi and 8.0 ksi respectively.  Twenty-eight (28) 0.6-inch diameter 
draped strands were required.  Lower and upper span lengths of 75 ft. and 105 ft. were 
also analyzed. 
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Estimated cambers were calculated at release and at erection (before added dead load 
deflection) and at erection (after added dead load deflection) for the baseline analysis 
and for the various items that were expected to influence camber.  Table 8 summarizes 
the estimated cambers.  A concrete compressive strength of 7.0 ksi was used for the 
average release strength (f’ci).  A concrete compressive strength of 12.2 ksi was used for 
the average 28-day strength (f’c).  An aggregate factor (K1) of 1.10 was used for the 
limestone aggregate.   

Table 8 - Data Sets for Camber Calculations (AASHTO Type 4) 

girder camber 
(inches)                 
   at release at erection 

# description 

prestress self 
weight 

camber prestress self 
weight 

prestress 
+ self 
weight 

added dead 
load 

camber 

1 baseline 
analysis 2.437 -0.935 1.502 4.386 -1.729 2.657 -0.987 1.670 

2 limestone 
aggregate 2.237 -0.854 1.383 4.027 -1.580 2.447 -0.905 1.542 

3 

avg f'ci/f'c, 
unit wt 155, 

gross 
section 2.159 -0.878 1.281 3.886 -1.624 2.262 -0.849 1.413 

4 

baseline 
analysis, 
minimum 

span length 
75 ft. 1.257 -0.456 0.801 2.262 -0.844 1.418 -0.482 0.936 

5 

baseline 
analysis, 
maximum 

span length 
105 ft. 4.195 -1.715 2.480 7.551 -3.172 4.379 -1.813 2.566 

6 
avg f'ci/f'c, 
limestone 
aggregate 2.082 -0.792 1.290 3.747 -1.465 2.282 -0.793 1.489 
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BT-54 (Marshall County) [110 ft.] 
An interior BT-54 girder from the bridge transverse section shown in Figure 8 was 
analyzed part of the camber data set calculations.    

 

Figure 8 - BT-54 (Marshal County) Bridge Transverse Section used for Data Sets 

A baseline span length of 110 ft. was used with design compressive strengths at release 
and 28-days of 6.3 ksi and 7.7 ksi respectively.  Thirty two (32) 0.6-inch diameter draped 
strands were required.  Lower and average span lengths of 80 ft. and 95 ft. were also 
analyzed. 

Estimated cambers were calculated at release and at erection (before added dead load 
deflection) and at erection (after added dead load deflection) for the baseline analysis 
and for the various items that were expected to influence camber.  Table 9 summarizes 
the estimated cambers.  A concrete compressive strength of 8.0 ksi was used for the 
average release strength (f’ci).  A concrete compressive strength of 11.8 ksi was used for 
the average 28-day strength (f’c).  A concrete compressive strength of 10.46 ksi was 
used for the high release strength (f’ci).  A concrete compressive strength of 14.6 ksi was 
used for the high 28-day strength (f’c).  An aggregate factor (K1) of 1.10 was used for the 
limestone aggregate.   
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Table 9 - Data Sets for Camber Calculations (BT-54 Marshall County) 

girder camber 
(inches)                 
   at release at erection 

# description 
prestress self weight camber prestress self weight prestress + 

self weight 
added dead 

load 
camber 

1 
baseline 
analysis 4.283 -1.496 2.787 7.710 -2.767 4.943 -1.931 3.012 

2 avg f'ci/f'c 3.998 -1.390 2.608 7.197 -2.571 4.626 -1.691 2.935 
3 high f'ci/f'c 3.698 -1.279 2.419 6.657 -2.366 4.291 -1.588 2.703 
4 unit wt 155 4.045 -1.454 2.591 7.281 -2.690 4.591 -1.819 2.772 
5 unit wt 160 3.826 -1.414 2.412 6.886 -2.616 4.270 -1.717 2.553 
6 gross section 4.334 -1.592 2.742 7.801 -2.944 4.857 -2.056 2.801 
7 fillet included 4.283 -1.496 2.787 7.710 -2.767 4.943 -1.918 3.025 
8 temperature 4.283 -1.496 2.787 7.710 -2.767 4.943 -1.513 3.430 
9 PCI mult 1.0 4.283 -1.496 2.787 4.283 -1.496 2.787 -1.931 0.856 

10 
increase fillet 

thickness 4.283 -1.496 2.787 7.710 -2.767 4.943 -1.998 2.945 
11 top strand 4.205 -1.487 2.718 7.568 -2.752 4.816 -1.921 2.895 

12 

straight 
strands with 
debonding 4.576 -1.496 3.080 8.236 -2.767 5.469 -1.931 3.538 

13 2, 4 3.774 -1.350 2.424 6.794 -2.498 4.296 -1.593 2.703 
14 2, 5 3.568 -1.313 2.255 6.422 -2.430 3.992 -1.502 2.490 
15 2, 7 3.998 -1.390 2.608 7.197 -2.571 4.626 -1.680 2.946 
16 2, 4, 6, 11 3.744 -1.423 2.321 6.739 -2.633 4.106 -1.678 2.428 
17 2, 4, 6, 10, 11 3.744 -1.423 2.321 6.739 -2.633 4.106 -1.736 2.370 

18 

baseline 
analysis 

(including 
prestress 
losses) 3.863 -1.496 2.367 6.953 -2.767 4.186 -1.931 2.255 

19 

2, 4 (including 
prestress 
losses) 3.404 -1.350 2.054 6.126 -2.498 3.628 -1.593 2.035 

20 

baseline 
analysis, 

minimum span 
length 80 ft. 1.490 -0.458 1.032 2.682 -0.847 1.835 -0.592 1.243 

21 

baseline 
analysis, 

average span 
length 95 ft. 2.744 -0.898 1.846 4.940 -1.661 3.279 -1.159 2.120 

22 
limestone 
aggregate 3.941 -1.368 2.573 7.094 -2.532 4.562 -1.770 2.792 

23 

avg f'ci/f'c, 
limestone 
aggregate 3.676 -1.271 2.405 6.617 -2.351 4.266 -1.550 2.716 
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To gain insight into which items influenced camber estimates the most and/or 
combination of several of the items acting together, Table 10 includes the percentage 
(%) difference between the baseline analysis. 

Table 10 - Data Sets for Camber Calculations (BT-54 Marshall County) % Difference 

 BT-54 (110 ft.) 

#   camber at release (in.) camber at erection (in.) 

camber at erection 
(after added DL 
deflection) (in.) 

1 baseline analysis 2.787 % difference 4.943 % difference 3.012 % difference 
2 avg f'ci/f'c 2.608 -6.42% 4.626 -6.41% 2.935 -2.56% 
3 high f'ci/f'c 2.419 -13.20% 4.291 -13.19% 2.703 -10.26% 
4 unit wt 155 2.591 -7.03% 4.591 -7.12% 2.772 -7.97% 
5 unit wt 160 2.412 -13.46% 4.270 -13.62% 2.553 -15.24% 
6 gross section 2.742 -1.61% 4.857 -1.74% 2.801 -7.01% 
7 fillet included 2.787 0.00% 4.943 0.00% 3.025 0.43% 
8 temperature 2.787 0.00% 4.943 0.00% 3.430 13.88% 
9 PCI mult 1.0 2.787 0.00% 2.787 -43.62% 0.856 -71.58% 

10 
increase fillet 

thickness 2.787 0.00% 4.943 0.00% 2.945 -2.22% 
11 top strand 2.718 -2.48% 4.816 -2.57% 2.895 -3.88% 

12 
straight strands 
with debonding 3.080 10.51% 5.469 10.64% 3.538 17.46% 

13 2, 4 2.424 -13.02% 4.296 -13.09% 2.703 -10.26% 
14 2, 5 2.255 -19.09% 3.992 -19.24% 2.490 -17.33% 
15 2, 7 2.608 -6.42% 4.626 -6.41% 2.946 -2.19% 
16 2, 4, 6, 11 2.321 -16.72% 4.106 -16.93% 2.428 -19.39% 
17 2, 4, 6, 10, 11 2.321 -16.72% 4.106 -16.93% 2.370 -21.31% 

18 

baseline analysis 
(including prestress 

losses) 2.367 -15.07% 4.186 -15.31% 2.255 -25.13% 

19 
2, 4 (including 

prestress losses) 2.054 -26.30% 3.628 -26.60% 2.035 -32.44% 

22 
limestone 
aggregate 2.573 -7.68% 4.562 -7.71% 2.792 -7.30% 

23 

avg f'ci/f'c, 
limestone 
aggregate 2.405 -13.71% 4.266 -13.70% 2.716 -9.83% 
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Table 11 summarizes the camber at release and camber at erection (before added dead 
load deflection) and sorts the camber values from largest to smallest.  

Table 11 - Data Sets for Camber Calculations Sorted (BT-54 Marshall County) 

description camber at 
release description camber at 

erection 
straight strands with debonding 3.080 straight strands with debonding 5.469 

baseline analysis 2.787 baseline analysis 4.943 
fillet included 2.787 fillet included 4.943 
temperature 2.787 temperature 4.943 
PCI mult 1.0 2.787 increase fillet thickness 4.943 

increase fillet thickness 2.787 gross section 4.857 
gross section 2.742 top strand 4.816 

top strand 2.718 avg f'ci/f'c 4.626 
avg f'ci/f'c 2.608 avg f'ci/f'c, fillet included 4.626 

avg f'ci/f'c, fillet included 2.608 unit wt 155 4.591 
unit wt 155 2.591 limestone aggregate 4.562 

limestone aggregate 2.573 avg f'ci/f'c, unit wt 155 4.296 
avg f'ci/f'c, unit wt 155 2.424 high f'ci/f'c 4.291 

high f'ci/f'c 2.419 unit wt 160 4.270 
unit wt 160 2.412 avg f'ci/f'c, limestone aggregate 4.266 

avg f'ci/f'c, limestone aggregate 2.405 baseline analysis (including 
prestress losses) 4.186 

baseline analysis (including 
prestress losses) 2.367 avg f'ci/f'c, unit wt 155, gross 

section, top strand 4.106 

avg f'ci/f'c, unit wt 155, gross 
section, top strand 2.321 

avg f'ci/f'c, unit wt 155, gross 
section, increase filklet thickness, 

top strand 
4.106 

avg f'ci/f'c, unit wt 155, gross 
section, increase fillet thickness, 

top strand 
2.321 avg f'ci/f'c, unit wt 160 3.992 

avg f'ci/f'c, unit wt 160 2.255 avg f'ci/f'c, unit wt 155 (including 
prestress losses) 3.628 

avg f'ci/f'c, unit wt 155 (including 
prestress losses) 2.054 PCI mult 1.0 2.787 
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Several of the items that influenced camber in Table 11 were plotted as shown in Figure 
8.  The historic camber at release data measured by the Mississippi Concrete Girder 
Manufacturers are shown horizontally in the graph to compare with the estimated 
camber at release data.  For the items plotted there is a close comparison to the 
estimated camber at release to the measured camber at release.  
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BT-72 (Leake County) [138 ft.] 
An interior BT-72 girder from the bridge transverse section shown in Figure 9 was 
analyzed part of the camber data set calculations.    

 

Figure 9 - BT-72 (Leake County) Bridge Transverse Section used for Data Sets 

A baseline span length of 138 ft. was used with design compressive strengths at release 
and 28-days of 6.0 ksi and 7.5 ksi respectively.  Thirty-six (36) 0.6-inch diameter draped 
strands were required.  Lower and average span lengths of 100 ft. and 120 ft. were also 
analyzed. 

Estimated cambers were calculated at release and at erection (before added dead load 
deflection) and at erection (after added dead load deflection) for the baseline analysis 
and for the various items that were expected to influence camber.  Table 12 summarizes 
the estimated cambers.  A concrete compressive strength of 7.62 ksi was used for the 
average release strength (f’ci).  A concrete compressive strength of 11.5 ksi was used for 
the average 28-day strength (f’c).  A concrete compressive strength of 9.96 ksi was used 
for the high release strength (f’ci).  A concrete compressive strength of 14.2 ksi was used 
for the high 28-day strength (f’c).  An aggregate factor (K1) of 1.10 was used for the 
limestone aggregate.   
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Table 12 - Data Sets for Camber Calculations (BT-72 Leake County) 

girder camber 
(inches)                 
   at release at erection 

# description 

prestress self weight camber prestress self weight prestress 
+ self 
weight 

added dead 
load 

camber 

1 
baseline 
analysis 4.968 -2.166 2.802 8.943 -4.007 4.936 -2.256 2.680 

2 avg f'ci/f'c 4.639 -2.012 2.627 8.351 -3.723 4.628 -1.977 2.651 
3 high f'ci/f'c 4.293 -1.853 2.440 7.727 -3.428 4.299 -1.856 2.443 
4 unit wt 155 4.694 -2.106 2.588 8.448 -3.895 4.553 -2.124 2.429 
5 unit wt 160 4.440 -2.048 2.392 7.992 -3.789 4.203 -2.005 2.198 
6 gross section 5.073 -2.310 2.763 9.132 -4.274 4.858 -2.406 2.452 
7 fillet included 4.968 -2.166 2.802 8.943 -4.007 4.936 -2.239 2.697 
8 temperature 4.968 -2.166 2.802 8.943 -4.007 4.936 -1.745 3.191 
9 PCI mult 1.0 4.968 -2.166 2.802 4.968 -2.166 2.802 -2.256 0.546 

10 
increase fillet 

thickness 4.968 -2.166 2.802 8.943 -4.007 4.936 -2.364 2.572 
11 top strand 4.885 -2.155 2.730 8.793 -3.986 4.807 -2.244 2.563 

12 

straight 
strands with 
debonding 5.327 -2.156 3.171 9.589 -3.988 5.601 -2.256 3.345 

13 2, 4 4.384 -1.958 2.426 7.890 -3.621 4.269 -1.860 2.409 
14 2, 5 4.144 -1.904 2.240 7.460 -3.522 3.938 -1.756 2.182 
15 2, 7 4.639 -2.012 2.627 8.351 -3.723 4.628 -1.962 2.666 
16 2, 4, 6, 11 4.390 -2.066 2.324 7.902 -3.822 4.080 -1.967 2.113 
17 2, 4, 6, 10, 11 4.390 -2.066 2.324 7.902 -3.822 4.080 -2.061 2.019 

18 

baseline 
analysis 

(including 
prestress 
losses) 4.505 -2.166 2.339 8.110 -4.007 4.103 -2.256 1.847 

19 

2, 4 (including 
prestress 
losses) 3.976 -1.958 2.018 7.157 -3.621 3.536 -1.860 1.676 

20 

baseline 
analysis, 
minimum 

span length 
100 ft. 1.585 -0.651 0.934 2.853 -1.204 1.649 -0.677 0.972 

21 

baseline 
analysis, 

average span 
length 120 ft. 2.940 -1.335 1.605 5.292 -2.469 2.823 -1.391 1.432 

22 
limestone 
aggregate 4.573 -1.982 2.591 8.232 -3.666 4.566 -2.067 2.499 

23 

avg f'ci/f'c,  
limestone 
aggregate 4.270 -1.842 2.428 7.686 -3.408 4.278 -1.811 2.467 
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To gain insight into which items influenced camber estimates the most and/or 
combination of several of the items acting together, Table 13 includes the percentage 
(%) difference between the baseline analysis. 

Table 13 - BT-72 (Leake County) Bridge Transverse Section used for Data Sets % Difference 

 BT-72 (138 ft.) 

#   camber at release (in.) camber at erection (in.) 

camber at erection 
(after added DL 
deflection) (in.) 

1 baseline analysis 2.802 % difference 4.936 % difference 2.680 % difference 
2 avg f'ci/f'c 2.627 -6.25% 4.628 -6.24% 2.651 -1.08% 
3 high f'ci/f'c 2.440 -12.92% 4.299 -12.91% 2.443 -8.84% 
4 unit wt 155 2.588 -7.64% 4.553 -7.76% 2.429 -9.37% 
5 unit wt 160 2.392 -14.63% 4.203 -14.85% 2.198 -17.99% 
6 gross section 2.763 -1.39% 4.858 -1.58% 2.452 -8.51% 
7 fillet included 2.802 0.00% 4.936 0.00% 2.697 0.63% 
8 temperature 2.802 0.00% 4.936 0.00% 3.191 19.07% 
9 PCI mult 1.0 2.802 0.00% 2.802 -43.23% 0.546 -79.63% 

10 
increase fillet 

thickness 2.802 0.00% 4.936 0.00% 2.572 -4.03% 
11 top strand 2.730 -2.57% 4.807 -2.61% 2.563 -4.37% 

12 
straight strands 
with debonding 3.171 13.17% 5.601 13.47% 3.345 24.81% 

13 2, 4 2.426 -13.42% 4.269 -13.51% 2.409 -10.11% 
14 2, 5 2.240 -20.06% 3.938 -20.22% 2.182 -18.58% 
15 2, 7 2.627 -6.25% 4.628 -6.24% 2.666 -0.52% 
16 2, 4, 6, 11 2.324 -17.06% 4.080 -17.34% 2.113 -21.16% 
17 2, 4, 6, 10, 11 2.324 -17.06% 4.080 -17.34% 2.019 -24.66% 

18 

baseline analysis 
(including prestress 

losses) 2.339 -16.52% 4.103 -16.88% 1.847 -31.08% 

19 
2, 4 (including 

prestress losses) 2.018 -27.98% 3.536 -28.36% 1.676 -37.46% 

22 
limestone 
aggregate 2.591 -7.53% 4.566 -7.50% 2.499 -6.75% 

23 

avg f'ci/f'c,  
limestone 
aggregate 2.428 -13.35% 4.278 -13.33% 2.467 -7.95% 
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Table 14 summarizes the camber at release and camber at erection (before added dead 
load deflection) and sorts the camber values from largest to smallest. 

Table 14 - Data Sets for Camber Calculations Sorted (BT-72 Leake County) 

description camber at 
release description camber at 

erection 
straight strands with debonding 3.171 straight strands with debonding 5.601 

baseline analysis 2.802 baseline analysis 4.936 
fillet included 2.802 fillet included 4.936 
temperature 2.802 temperature 4.936 
PCI mult 1.0 2.802 increase fillet thickness 4.936 

increase fillet thickness 2.802 gross section 4.858 
gross section 2.763 top strand 4.807 

top strand 2.730 avg f'ci/f'c 4.628 
avg f'ci/f'c 2.627 avg f'ci/f'c, fillet included 4.628 

avg f'ci/f'c, fillet included 2.627 limestone aggregate 4.566 
limestone aggregate 2.591 unit wt 155 4.553 

unit wt 155 2.588 high f'ci/f'c 4.299 
high f'ci/f'c 2.440 avg f'ci/f'c,  limestone aggregate 4.278 

avg f'ci/f'c,  limestone aggregate 2.428 avg f'ci/f'c, unit wt 155 4.269 
avg f'ci/f'c, unit wt 155 2.426 unit wt 160 4.203 

unit wt 160 2.392 baseline analysis (including 
prestress losses) 4.103 

baseline analysis (including 
prestress losses) 2.339 avg f'ci/f'c, unit wt 155, gross 

section, top strand 4.080 

avg f'ci/f'c, unit wt 155, gross 
section, top strand 2.324 

avg f'ci/f'c, unit wt 155, gross 
section, increase fillet thickness, 

top strand 
4.080 

avg f'ci/f'c, unit wt 155, gross 
section, increase fillet thickness, 

top strand 
2.324 avg f'ci/f'c, unit wt 160 3.938 

avg f'ci/f'c, unit wt 160 2.240 avg f'ci/f'c, unit wt 155 (including 
prestress losses) 3.536 

avg f'ci/f'c, unit wt 155 (including 
prestress losses) 2.018 PCI mult 1.0 2.802 
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FIB-72 [155 ft.] 
An interior FIB-72 girder from the bridge transverse section shown in Figure 10 was 
analyzed part of the camber data set calculations.    

 

Figure 10 - FIB-72 Bridge Transverse Section used for Data Sets 

A baseline span length of 155 ft. was used with design compressive strengths at release 
and 28-days of 6.6 ksi and 8.5 ksi respectively.  Fifty-nine (59) 0.6-inch diameter straight 
strands with debonding and four (4) top strands with reduced pull were required.  
Lower, average, and upper span lengths of 120 ft., 140 ft., and 160 ft. were also 
analyzed. 

Estimated cambers were calculated at release and at erection (before added dead load 
deflection) and at erection (after added dead load deflection) for the baseline analysis 
and for the various items that were expected to influence camber.  Table 15 summarizes 
the estimated cambers.  A concrete compressive strength of 8.4 ksi was used for the 
average release strength (f’ci).  A concrete compressive strength of 13.0 ksi was used for 
the average 28-day strength (f’c).  A concrete compressive strength of 11.0 ksi was used 
for the high release strength (f’ci).  A concrete compressive strength of 16.1 ksi was used 
for the high 28-day strength (f’c).  An aggregate factor (K1) of 1.10 was used for the 
limestone aggregate.   
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Table 15 - Data Sets for Camber Calculations (FIB-72) 

girder camber 
(inches)                 
   at release at erection 

# description 

prestress self weight camber prestress self weight prestress 
+ self 
weight 

added 
dead load 

camber 

1 
baseline 
analysis 6.815 -3.507 3.308 12.266 -6.489 5.777 -3.124 2.653 

2 avg f'ci/f'c 6.360 -3.256 3.104 11.447 -6.024 5.423 -2.734 2.689 
3 high f'ci/f'c 5.880 -2.994 2.886 10.584 -5.539 5.045 -2.566 2.479 
4 unit wt 155 6.434 -3.407 3.027 11.581 -6.303 5.278 -2.940 2.338 
5 unit wt 160 6.083 -3.312 2.771 10.950 -6.127 4.823 -2.772 2.051 
6 gross section 6.933 -3.696 3.237 12.480 -6.838 5.642 -3.295 2.347 
7 fillet included 6.815 -3.507 3.308 12.266 -6.489 5.777 -3.107 2.670 
8 temperature 6.815 -3.507 3.308 12.266 -6.489 5.777 -2.472 3.305 
9 PCI mult 1.0 6.815 -3.507 3.308 6.815 -3.507 3.308 -3.124 0.184 

10 
increase fillet 

thickness 6.815 -3.507 3.308 12.266 -6.489 5.777 -3.270 2.507 
11 2, 4 5.997 -3.160 2.837 10.795 -5.846 4.949 -2.574 2.375 
12 2, 5 5.667 -3.071 2.596 10.201 -5.681 4.520 -2.426 2.094 
13 2, 7 6.360 -3.256 3.104 11.447 -6.024 5.423 -2.719 2.704 
14 2, 4, 6 6.074 -3.303 2.771 10.933 -6.111 4.822 -2.691 2.131 
15 2, 4, 6, 10 6.074 -3.303 2.771 10.933 -6.111 4.822 -2.817 2.005 

16 

baseline 
analysis 

(including 
prestress 
losses) 6.206 -3.507 2.699 11.171 -6.489 4.682 -3.124 1.558 

17 

2, 4 (including 
prestress 
losses) 5.463 -3.160 2.303 9.834 -5.846 3.988 -2.574 1.414 

18 

baseline 
analysis, 
minimum 

span length 
120 ft. 2.757 -1.331 1.426 4.963 -2.462 2.501 -1.185 1.316 

19 

baseline 
analysis, 

average span 
length 140 ft. 4.774 -2.444 2.330 8.592 -4.521 4.071 -2.176 1.895 

20 

baseline 
analysis, 
maximum 

span length 
160 ft. 7.664 -4.141 3.523 13.796 -7.661 6.135 -3.688 2.447 

21 
limestone 
aggregate 6.268 -3.206 3.062 11.282 -5.931 5.351 -2.860 2.491 

22 

avg f'ci/f'c, 
limestone 
aggregate 5.355 -3.007 2.348 9.639 -5.564 4.075 -2.532 1.543 
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To gain insight into which items influenced camber estimates the most and/or 
combination of several of the items acting together, Table 16 includes the percentage 
(%) difference between the baseline analysis. 

Table 16 - Data Sets for Camber Calculations (FIB-72) % Difference 

 FIB-72 (155 ft.) 

#   camber at release (in.) camber at erection (in.) 

camber at erection 
(after added DL 
deflection) (in.) 

1 baseline analysis 3.308 % difference 5.777 % difference 2.653 % difference 
2 avg f'ci/f'c 3.104 -6.17% 5.423 -6.13% 2.689 1.36% 
3 high f'ci/f'c 2.886 -12.76% 5.045 -12.67% 2.479 -6.56% 
4 unit wt 155 3.027 -8.49% 5.278 -8.64% 2.338 -11.87% 
5 unit wt 160 2.771 -16.23% 4.823 -16.51% 2.051 -22.69% 
6 gross section 3.237 -2.15% 5.642 -2.34% 2.347 -11.53% 
7 fillet included 3.308 0.00% 5.777 0.00% 2.670 0.64% 
8 temperature 3.308 0.00% 5.777 0.00% 3.305 24.58% 
9 PCI mult 1.0 3.308 0.00% 3.308 -42.74% 0.184 -93.06% 

10 
increase fillet 

thickness 3.308 0.00% 5.777 0.00% 2.507 -5.50% 
11 2, 4 2.837 -14.24% 4.949 -14.33% 2.375 -10.48% 
12 2, 5 2.596 -21.52% 4.520 -21.76% 2.094 -21.07% 
13 2, 7 3.104 -6.17% 5.423 -6.13% 2.704 1.92% 
14 2, 4, 6 2.771 -16.23% 4.822 -16.53% 2.131 -19.68% 
15 2, 4, 6, 10 2.771 -16.23% 4.822 -16.53% 2.005 -24.43% 

16 

baseline analysis 
(including 

prestress losses) 2.699 -18.41% 4.682 -18.95% 1.558 -41.27% 

17 
2, 4 (including 

prestress losses) 2.303 -30.38% 3.988 -30.97% 1.414 -46.70% 

21 
limestone 
aggregate 3.062 -7.44% 5.351 -7.37% 2.491 -6.11% 

22 

avg f'ci/f'c, 
limestone 
aggregate 2.348 -29.02% 4.075 -29.46% 1.543 -41.84% 
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Table 17 summarizes the camber at release and camber at erection (before added dead 
load deflection) and sorts the camber values from largest to smallest. 

Table 17 - Data Sets for Camber Calculations Sorted (FIB-72) 

description camber at 
release description camber at 

erection 
baseline analysis 3.308 baseline analysis 5.777 

fillet included 3.308 fillet included 5.777 
temperature 3.308 temperature 5.777 
PCI mult 1.0 3.308 increase fillet thickness 5.777 

increase fillet thickness 3.308 gross section 5.642 
gross section 3.237 avg f'ci/f'c 5.423 

avg f'ci/f'c 3.104 avg f'ci/f'c, fillet included 5.423 
avg f'ci/f'c, fillet included 3.104 limestone aggregate 5.351 

limestone aggregate 3.062 unit wt 155 5.278 
unit wt 155 3.027 high f'ci/f'c 5.045 
high f'ci/f'c 2.886 avg f'ci/f'c, unit wt 155 4.949 

avg f'ci/f'c, unit wt 155 2.837 unit wt 160 4.823 

unit wt 160 2.771 avg f'ci/f'c, unit wt 155, gross 
section 4.822 

avg f'ci/f'c, unit wt 155, gross 
section 2.771 avg f'ci/f'c, unit wt 155, gross 

section, increase fillet thickness 4.822 

avg f'ci/f'c, unit wt 155, gross 
section, increase fillet thickness 2.771 baseline analysis (including 

prestress losses) 4.682 

baseline analysis (including 
prestress losses) 2.699 avg f'ci/f'c, unit wt 160 4.520 

avg f'ci/f'c, unit wt 160 2.596 avg f'ci/f'c, limestone aggregate 4.075 

avg f'ci/f'c, limestone aggregate 2.348 avg f'ci/f'c, unit wt 155 (including 
prestress losses) 3.988 

avg f'ci/f'c, unit wt 155 (including 
prestress losses) 2.303 PCI mult 1.0 3.308 
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A time dependent model was analyzed for the FIB-72 girder to further evaluate the influence 
of; humidity, girder fabrication time (e.g., 1, 2, and 3 days), average historical concrete 
compressive release and 28-day strengths, and extended beam storage time (e.g., 6 and 12 
months).  Table 18 summarizes the estimated cambers for the baseline analysis.  The remainder 
of the estimated camber data sets are included in the November 13, 2018 TAC presentation in 
Appendix A-2.   

Table 18 - Data Sets for Camber Calculations (FIB-72) Time-Dependent Analysis Baseline 

  girder camber 
(inches)             

     deflections (at center/mid-span of girder)   
stage 

# description duration 
(days) age    (days) self weight prestress shrinkage total 

deflection/camber 

1 pour beam & 
stress strands 1 1 -4.197 7.636 0.000 3.439 

2 

store beam, 
transport beam, 

and erect beam at 
project site 50 51 -6.854 12.125 -0.183 5.088 

3 form deck and 
place rebar 30 81 -7.304 12.853 -0.231 5.318 

4 pour and cure 
deck 14 95 -8.816 13.038 -0.464 3.758 

5 pour and cure 
barriers 14 109 -9.093 13.186 -0.803 3.290 

6 time step 365 474 -10.067 14.147 -1.698 2.382 
 

 

 

 

 

 

 

 

 



41 
 

One item that became apparent in reviewing the camber estimate data for all the items that 
influence camber for all of the girder types was the ratio of the erection camber (before added 
dead load deflection) to release camber.  Table 19 highlights this information for each of the 
studied girders.  One anomaly in comparing the historic material camber data provided by the 
only Mississippi Concrete Girder Manufacturer who provided 28-day camber information for 
AASHTO Type 4 girders was an average measured 28-day to average measured camber at 
release = 3.20. 

Table 19 - Average Ratio of Erection to Release Camber 

Girder Type 
 

Average ratio of erection to 
release camber 

AASHTO Type 4 (90 ft.) 1.77 

BT-54 (110 ft.) 1.77 
BT-72 (138 ft.) 1.76 
FIB-72 (155 ft.) 1.74 

FIB-72 (155 ft.) time 
dependent model 

1.65 
1.73 (after forming deck) 
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Beam Camber Tolerances 
Tolerances for beam camber are included in the PCI Manual for Quality Control for Plants and 
Production of Structural Precast Concrete Products (Fourth Edition) MNL-116-99, Appendix B-
10 I-Beam (Girder) or Bulb-Tee Girder.  PCI’s Committee on Bridges-Camber FAST Team 
reviewed the current beam camber tolerances and provided recommendations at the 2012 PCI 
Committee Days for PCI tolerances with respect to predicted camber at time of prestress 
transfer. 

The FAST Team Mission Statement was to evaluate the current PCI tolerances for camber of 
bridge girders published in PCI MNL-116 and make recommendations for PCI tolerances with 
respect to predicted camber at time of prestress transfer.  The Team recognized that a 
database of all variables that affect camber would be ideal to assist with recommendations.  
However, records for all variables associated with girder camber were not readily available 
from all plants.     

PCI’s current tolerances for variation from design camber is +/- 1/8 in. per 10 ft. with a 
maximum of +/- 1/2 in. up to 80 ft. and a maximum of +/- 1 in. for length greater than 80 ft. 

As stated in the PCI Manual for Quality Control for Plants and Production of Structural Precast 
Concrete Products (Fourth Edition) MNL-116-99 

“Camber is a function of girder cross-section, prestressing force, strand location, 
concrete properties, girder age, and environmental factors.  Each of these attributes 
have variability both within a plant and among plants.  This variability is independent of 
the camber prediction method used.  Prediction of camber is based on empirical 
formulas.  Accuracy of these estimated values decreases with time.  Measurement of 
camber from comparison of predicted design values should be completed within 72 hrs 
of transfer of prestress.  Temperature variation across a member section can have a 
significant impact on the measured camber.  Camber should be evaluated under 
conditions that minimize the effect of temperature variation due to solar radiation, such 
as early in the morning. 

The FAST Team made the following recommendations: 

1.  Revise ‘g” dimension in Appendix B of PCI MNL-116 

g = Camber Variation from Design Camber Within 72 Hours of Release 

 + 1/8 in. per ten feet, up to a maximum of 1.50 in.  

 - 1/8 inch per ten feet with no lower bound 

2.  Add a footnote in Appendix B of PCI MNL-116 

Out of tolerance camber should not be a sole cause for rejection. 
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Effect of Increased Stiffness on Live Load Distribution Factor 
The effect of increased stiffness of the girders and live load distribution factor was evaluated 
when using the average actual 28-day concrete compressive strengths based on the historical 
material data provided by the Mississippi Concrete Girder Manufacturers.  Table 20 presents 
results for the BT-54 (Marshall County) girder.  The 28-day concrete compressive strength used 
for the baseline analysis was 7.7 ksi.  The 28-day concrete compressive strength used for the 
average f’c analysis was 11.8 ksi. 

Table 20 - Effect of Increased Stiffness on Live Load Distribution Factor (BT-54 Marshall County) 

Live load distribution 
factor (shear and 

moment) 

Baseline 
analysis 

Avg f’c Avg f’c and with 
haunch/fillet 
included in 

composite section 

LLV 1-lane 0.674 0.674 0.674 

LLV 2-lanes 0.813 0.813 0.813 

LLM 1-lane 0.441 0.446 (1% increase) 0.452 (2% increase) 

LLM 2-lanes 0.633 0.641 (1% increase) 0.648 (2% increase) 

 
Table 21 presents results for the BT-72 (Leake County) girder.  The 28-day concrete compressive 
strength used for the baseline analysis was 7.5 ksi.  The 28-day concrete compressive strength 
used for the average f’c analysis was 11.5 ksi. 

Table 21 - Effect of Increased Stiffness on Live Load Distribution Factor (BT-72 Leake County) 

Live load distribution 
factor (shear and 

moment) 

Baseline 
analysis 

Avg f’c Avg f’c and with 
haunch/fillet 
included in 

composite section 

LLV 1-lane 0.654 0.654 0.654 

LLV 2-lanes 0.777 0.777 0.777 

LLM 1-lane 0.415 0.420 (1% increase) 0.424 (2% increase) 

LLM 2-lanes 0.604 0.611 (1% increase) 0.616 (2% increase) 

 
For both the BT-54 (Marshall County) and the BT-72 (Leake County) girders, the effect on the 
live load distribution factor for moment by using an increased f’c based on the historical 
material data provided by the Mississippi Concrete Girder Manufacturers is minimal with only a 
small (1%) increase in the live load distribution factor for moment and 2% increase when 
including the haunch/fillet in the composite section.  The live load distribution factor for shear 
did not change. 
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Conclusions 
 

1. The literature review revealed items that influence camber, increased MDOT’s 
knowledge-base related to the research topic, and provided insight to how other 
research agencies and/or State DOT’s have addressed beam camber or other related 
topics.  The documents researched emphasized how variable the items are that 
influence camber and thus camber calculations should be considered an estimate due to 
the variability in the items that influence beam camber.  

2. The historic material data provided by the three Mississippi Concrete Girder 
Manufacturers provided actual data specific to concrete compressive strengths and 
beam camber.  From the historic material data, the average actual concrete 
compressive strength at release (f’ci) and 28-days (f’c) were computed and used in the 
camber data sets.   

a. Referring to Table 5, the ratio of the average actual concrete compressive 
strength at release to the design concrete compressive strength was 1.004, 1.14, 
and 1.67 for the three Mississippi Concrete Girder Manufacturers with an 
average of the three to be 1.27. 

b. Referring to Table 5, the ratio of the average actual concrete compressive 
strength at 28-days to the design concrete compressive strength was 1.23, 1.46, 
and 1.89 for the three Mississippi Concrete Girder Manufacturers with an 
average of the three to be 1.53. 

c. Referring to Table 6, several of the Mississippi Concrete Girder Manufacturers 
provided beam camber data, which was used to compare against the estimated 
camber.  Table 6 contains a summary of the estimated camber at release, 
average measured camber at release, and average measured camber at 28-days. 

3. The various items that were included in the camber data sets did change the values of 
the camber estimates both individually and more so in combination with each other. 

4. The under-camber girders that MDOT has experienced on several projects was validated 
by the majority of the items included in the camber data sets; which indicated the 
estimated camber using the research items that influence camber to be less than the 
current method used to estimate camber (i.e., baseline estimated camber).   

5. The Camber data sets provided insight to the range in variability in the camber 
estimates. 

a. The range in variability increases when comparing camber at erection compared 
to camber at release. 

b. The range in variability increases as the girder length and/or number of 
prestressing strands increases. 
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6. The Camber data sets provided insight to the variation and magnitude of camber 
estimates for various concrete girder types and girder length ranges selected in 
comparison to the current (i.e., baseline) estimates for camber. 

i. Actual average values for the concrete compressive strengths at release 
and 28-days provided by the Mississippi Concrete Girder Manufacturers 
were included in the camber data sets and assisted with developing 
recommendations for estimating camber.   

7. Other State DOT current practices provided a comparison with Florida, Nebraska, Texas, 
Washington, Alabama, and Louisiana current practices related to beam camber.  For the 
most part, the selected other State DOT’s have similar practices as MDOT’s with a few 
minor differences as noted in Appendix C. 

8. The effect on the live load moment distribution factor when using the average historic 
concrete compressive strength was minimal with a 1-2% increase.  The increase in the 
concrete compressive strength when using the average historic concrete compressive 
strength did not change the live load shear distribution factor. 

9. Based on the research findings and recommendations, the following benefits are 
realized: 

a. improved material property versus strength expectation  
b. minimize the difference between the estimated and actual beam cambers which 

will; reduce construction delays and reduce added construction costs to MDOT 
projects, reduce design and/or functional modifications to MDOT projects, and 
improve the ride 
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Recommendations 
 

Design Table for f’ci/f’c 

Based on the historic material data and ratio of f’ci/f’c, a design table is recommended for 
various values of f’c and f’ci accounting for upper and lower bounds.  Table 22 uses a ratio of 
the average actual release concrete strength to average 28-day concrete strength provided by 
the Mississippi Concrete Girder Manufacturers of 0.59, 0.71, and 0.74 with the average of the 
three ratios being 0.68.  A 10% and 15% lower and upper bound was used and the concrete 
compressive strength values were rounded to the nearest 100 psi.  The recommended design 
table for f’ci and f’c concrete compressive strengths result in a range of the f'ci/f'c ratio 
between 0.59 to 0.80. 

Table 22 - Recommended Design Table for f'ci/f'c 

concrete  concrete          
release  28-day          
strength strength 15% 10% 10% 15% 
f'ci (psi) f'c (psi) lower bound lower bound upper bound upper bound 

4000 5900 5000 5300 6500 6800 
4500 6600 5600 6000 7300 7600 
5000 7400 6300 6600 8100 8500 
5500 8100 6900 7300 8900 9300 
6000 8800 7500 7900 9700 10100 
6500 9600 8100 8600 10500 11000 
7000 10300 8800 9300 11300 11800 
7500 11000 9400 9900 12100 12700 
8000 11800 10000 10600 12900 13500 
8500 12500 10600 11300 13800 14400 
9000 13200 11300 11900 14600 15200 
9500 14000 11900 12600 15400 16100 
10000 14700 12500 13200 16200 16900 

 
To use the design table for f’ci/f’c: 

1. For a given required 28-day design concrete strength (e.g., 7500 psi) find the row or 
rows that include 7500 psi in the lower and upper bounds column(s) and select the 
respective concrete design strength at release (e.g., 4500, 5000, 5500, and 6000 psi).  
This would indicate that the available manufactured release strength could range 
between 4500 to 6000 psi.  

2. For a given required release design concrete strength (e.g., 5500 psi) move 
across the same row to find the lower and upper bound available manufactured 
28-day strength; which could range between 6900 to 9300 psi. 
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Minimum Haunch/Fillet Thickness 

A minimum thickness for the haunch/fillet is recommended at the edge of the top flange of the 
prestressed concrete girder.  The minimum thickness should be able to accommodate deck 
forming material and construction tolerances.  The minimum thickness at the edge of the top 
flange will also influence the thickness of the haunch/fillet at the centerline of the girder; which 
is used for design and bridge geometry/beam seat elevation computations. 

Estimated Camber at Release 

Recommend adding the estimated camber at release to the Prestress Requirements Table that 
is included with the bridge girder detail construction plan drawings.  The estimated camber at 
release values will provide MDOT with comparison to the actual/measured beam camber at 
release that the Mississippi Concrete Girder Manufacturers are currently required to provide.  
The estimated camber at release values will add to MDOT’s historical data related to beam 
camber and also provide an early notice or indicator of any differences between the estimated 
and actual/measured beam camber at release.  An early notice or indicator of differences 
between the estimated and actual/measured beam camber will allow advanced time for 
possible bridge geometry/beam seat elevation adjustments through coordination with the 
Contractor and Concrete Beam Manufacture in preparation for the beam erection and deck 
forming.  This advanced notice and early coordination between the Concrete Beam 
Manufacturer and the Contractor will minimize project delays and reduce added construction 
costs. 

Temperature Gradient 

Although the temperature gradient does influence beam camber; it is NOT recommended to 
include the temperature effects when estimating beam camber.  Refer to AASHTO LRFD C3.12.3 
for commentary. 

Prestress Loss Data 

It is recommended to include design guidelines that address the various parameters that are 
used in the computation of prestress losses which influence beam camber when using the 
AASHTO LRFD 5.9.4.4-Refined Estimates of Time-Dependent Losses.  Refer to PCI’s Bridge 
Design Manual for suggested time at release, age of deck placement, final age, and relative 
humidity values.  These parameters do not apply and are not used when calculating prestress 
losses when using the PCI Multiplier Method together with the AASHTO LRFD 5.9.5.3-
Approximate Estimate of Time-Dependent Losses.  

When estimating beam camber at release and at erection when using the PCI Multiplier 
Method together with the AASHTO LRFD 5.9.5.3-Approximate Estimate of Time-Dependent 
Losses, only the prestress losses at release are used to compute deflections and thus beam 
cambers so therefore the above prestress loss data are not utilized. 
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Florida Bulb-T Beam Section Properties 

Recommend adding the Florida Bulb-T beam section properties and available strand templates 
to MDOT’s Bridge Design Manual and/or Design Standards. 

Transformed Section Properties 

MDOT currently uses transformed section properties along with several other State DOTs.  The 
AASHTO LRFD bridge design specifications allow the use of transformed section properties so 
the use of transformed section properties for the design of prestressed concrete girders is 
recommended. 

With the premise that the prestress losses and jacking stress are equal for either a transformed 
or gross beam section; and as transformed section properties pertain to beam camber, a 
transformed section will have a larger moment of inertia compared to a gross section.  
Therefore, the computation of deflections for a transformed section should also be less than a 
gross section since the moment of inertia is considered part of the stiffness effect which when 
combined with the modulus of elasticity are used in the denominator of the deflection 
calculations.  Since the deflection is inversely proportional to the stiffness, a greater stiffness 
will result in a smaller deflection.  Under the premise that the prestress losses and jacking stress 
are equal for either a transformed or gross beam section, the resulting deflections should be 
similar and will become increasingly different as the ratio between the transformed to gross 
moment of inertia increases.  

Roadway Vertical Curve Ordinate 

The haunch/fillet thickness at the ends of the prestressed concrete girders and thus the beam 
seat elevations should account for the roadway vertical curve ordinate.  Therefore, it is 
recommended to include the roadway vertical curve ordinate in the beam camber 
computations used to establish bridge geometry and beam seat elevations.  The roadway 
vertical curve ordinate, beam camber, minimum haunch thickness, and deck cross-
slope/superelevation are used to calculate the haunch/fillet thickness at the end of the beam 
used to set beam seat elevations. 

Debonding Increments 

Recommend updating MDOT’s Bridge Design Manual to include MDOT’s current practice of 
using two (2) ft. debond increments when using straight strand. 
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Draped vs. Straight Strands 

According to MDOT Bridge Division Design Manual (Version 6.1), the current policy is to drape 
strands instead of debonding.  However, debonding may be used with permission from the 
Bridge Engineer on straight strands in certain situations to reduce stresses in the beam.  For 
designs that use either draped and/or straight strands that require top strands to satisfy 
stresses, the camber data sets indicated the estimated camber is only slightly reduced when 
top strands are added.  Therefore, recommend including top strand when estimating camber 
when top strand are required to satisfy stresses on a design-by-design basis.   

Camber Measurements 

Recommend requiring the Mississippi Concrete Girder Manufacturers to measure the beam 
camber and record the age of the girders prior to shipping the prestressed concrete girder to 
the project site.  This will provide MDOT additional historical beam camber data to compare 
with the estimated camber measurements at release and at erection. 

Since the 28-day concrete compressive strength is currently recorded by the Mississippi 
Concrete Girder Manufacturers; it is recommended to require the Mississippi Concrete Girder 
Manufacturers to also measure the beam camber at 28-days to begin collecting historical data 
related to beam camber. 

On select MDOT projects, require the Contractor to measure beam camber at erection after 
added dead load deflection to begin collecting historical data related to beam camber. 

Recommend when measuring beam camber to minimize the effects of temperature variations 
and/or temperature gradients by measuring camber in the early morning and then again in the 
early morning for subsequent camber measurements.  Also record the time of day and 
temperature. 

Girder Shipping Weight 

Recommend requiring the Mississippi Concrete Girder Manufacturers to record the weight of 
the prestressed concrete girder prior to and/or during shipping.  This requirement will provide 
historical data related to the unit weight of the prestressed concrete girders which influences 
beam camber estimates. 

Additional Concrete Cylinder Breaks 

In addition to the current release and 28-day concrete cylinder break requirements; and on 
select MDOT projects, recommend obtaining additional concrete cylinder breaks at a later 
timeframe (e.g., 90, 120, 200, 365 days) to begin to collect historical data related to strength 
gain of the prestressed girder concrete.  Acquiring knowledge related to strength gain on the 
prestressed girder concrete can assist with future load ratings and decisions related to service 
life of bridge structures. 
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Aggregate Types 

Recommend requiring the Mississippi Concrete Girder Manufacturers to record the type of 
aggregate and include with the concrete test pour documentation records.  The type of 
aggregate is a consideration in the AASHTO LRFD equation for calculating the Modulus of 
Elasticity, which influences beam camber.  Having historical data for the type of aggregate can 
aid with computations used for estimating beam camber. 

Actual/Measured Modulus of Elasticity 

On select MDOT projects, recommend obtaining the actual/measured modulus of elasticity at 
release and at 28-days to begin collecting historical data related to the modulus of elasticity.  
The modulus of elasticity influences the beam camber estimate and the actual/measured 
modulus of elasticity can be compared with values obtained from the current AASHTO LRFD 
Equation 5.4.2.4-1. 

Increased Concrete Strengths 

Consider allowing increased concrete strengths on select MDOT projects to optimize 
superstructure designs and/or eliminate a girder line, which can reduce construction costs.  
MDOT to coordinate new FX mix design approvals with Mississippi Concrete Girder 
Manufacturers to take advantage of current production capabilities and increased concrete 
strengths. 

According to MDOT Bridge Division Design Manual (Version 6.1) current design parameters, the 
28-day compressive strength for beam concrete shall be 5,000 psi.  Strengths of 5,500 psi and 
6,000 psi can be used as required by design.  Recommend updating MDOT’s Bridge Design 
Manual to include MDOT’s current practice of designing Florida I-Beams (FIBs) using 8,500 psi 
for the 28-day compressive strength. 

As shown in Table 5 Historic Material Data – Concrete Strength Summary; for design 28-day 
concrete strengths of 6,500 psi, 5,625 psi, and 8,500 psi, the average actual 28-day concrete 
strengths manufactured by the Mississippi Concrete Girder Manufacturers were 9,501 psi, 
10,644 psi, and 10,441 psi.  The average actual 28-day concrete strengths were 10,195 psi; 
therefore, an upper-bound of 10,000 psi for the 28-day design concrete compressive strength is 
recommended on select MDOT projects. 

With a new FX mix design for the recommended 10,000 psi 28-day design concrete compressive 
strength, the PCI multipliers will need to be revisited and revised accordingly based on project 
data/records. 
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Estimating Camber 

Both approaches are recommended to supplement MDOT’s current practices for estimating 
camber of Bulb-T and Florida girders. 

1. Continue using the PCI Multiplier Method; and based on the historic material data 
provided by the Mississippi Concrete Girder Manufacturers, recommend using adjusted 
concrete strengths and adjusted modulus of elasticity values based on the average 
actual strengths, and a unit weight of 155 pcf when calculating camber estimates. 

The research data sets used an increase value of 1.27 times the design release concrete 
compressive strength and an increase value of 1.53 times the design 28-day concrete 
compressive strength for the various analyses designated as average f’ci and f’c.  For 
implementation, suggest rounding the adjusted values to 1.25 for the release and 1.50 
for the 28-day concrete compressive strengths.  MDOT to continue to collect historic 
material and beam camber data from the Mississippi Concrete Girder Manufacturers to 
compare with the historic average values for f’ci and f’c and update the f’ci and f’c 
average values accordingly. 

2. Modify the PCI Multipliers to match the camber estimates using the average actual 
strengths provided by the Mississippi Concrete Girder Manufacturers and a unit weight 
of 155 pcf.  An adjusted multiplier of 1.65 applied to both the deflection and camber 
components at release provided comparable erection camber estimates (after added 
dead load deflections) for the BT-54 (Marshall County) and BT-72 (Leake County) 
girders. 
 

Recommend using both approaches initially to compare with actual/measured field data on 
future MDOT projects before deciding which approach correlates best with the 
actual/measured cambers. 
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Implementation Plan 
 

The following items are for MDOT’s consideration part of an Implementation Plan based on the 
research findings. 

1. Disseminate the research findings within MDOT including the Bridge Design Division, 
Construction Division, Materials Division, and District staff.  Update MDOT research 
library to include final report. 

2. Share research findings with contractors, concrete girder manufacturers, consultants, 
and industry and discuss whether MDOT will change their current methods for 
estimating camber. 

3. Update MDOT’s Bridge Design Manual with reference to the research for best practices 
for estimating camber of Bulb T and Florida girders. 

4. Coordinate with Mississippi Concrete Girder Manufacturers and Contractors any new 
information required to be provided and/or collected in reference to the research. 

5. Continue to collect historical material and beam camber data and update MDOT’s 
knowledge-base/database accordingly. 

6. Develop Technical Brief that summarizes the research. 
7. Pursue publications. 
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B. Literature Review  
B-1  Literature Review Document 
B-2  Literature Review Items Related to Research Topic Table 

C. Other State DOT Guidelines and Practices  
C-1  Strand profile (draped, straight, debonding, top strand) 
C-2  Fillet/haunch thickness 
C-3  Roadway vertical curve ordinate 
C-4  Camber Estimating Method (PCI Multiplier, time-dependent) 
C-5  Dead Load Distribution 
C-6  Girder section properties & strand templates 
C-7  Material Properties (f’ci, f’c, E, unit weight, aggregate type) 
C-8  Prestress Loss Data (time, humidity, curing method) 
C-9  Temperature Gradient 
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C-11  Camber 
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Aspects that can effect prestress losses and/or beam camber and/or related topics 

1.  Curing 

“Study of Prestress Losses Conducted by Lehigh University” 

Ti Huang 

PCI Journal/September-October 1982 

p.56 

The effect of elevated temperature during the curing period on prestress losses in pretensioned 

strands was also studied.  There was concern that as temperature decreases after curing, the 

steel stress loss due to thermal expansion may not be fully recovered.  During the fabrication of 

the experimental bridge beams for the field study, measurements were made on the strand 

tension until transfer and on concrete compressive strains at transfer.  The results indicated 

virtually full recovery of the thermal loss of strand stress.  To further verify this finding, small 

specimens were fabricated and tested to decompression immediately after transfer.  These tests 

also indicated nearly complete recovery of the thermal loss of strand stress.   
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2. Concrete Compressive Strength-gain and high strength concrete 

“High Strength Prestressed Concrete Bridge Girder Performance” 

Charles W. Dolan, Ph.D., P.E., Craig A. Ballinger, P.E., Robert W. LaFraugh, P.E. 

PCI Journal/May-June 1993 

pgs 88-89 

Compliance with the release strength and economic requirements for daily production resulted 

in an actual 28-day concrete strength well above the specified design strength.  The actual 

attained strength in many girders is in the range of high strength concrete.  This higher strength 

allows greater design flexibility and has been used by several states and provinces to increase 

the span length or to reduce the number of girders in a bridge. 

p.89 

High strength concrete is not clearly defined and is dependent upon the production capacities 

and practices in various parts of North America.  However, high strength concrete may be 

defined as any concrete with a specified 28-day strength over 8000 psi (55 MPa).  Bridge girder 

design and construction often consider any concrete in excess of 6000 psi (41 MPa) as the 

transition point to high strength concrete.  The definition of high strength concrete in the 

precast, prestressed concrete industry is also influenced by the need for a high early strength at 

transfer of the strand prestress to the girder concrete.   

The maximum attainable strength of precast concrete bridge girders varies with the quality of 

available aggregates and with plant production techniques.  This paper examines the 

development of high strength concrete girders from the perspective of the industry capability to 

manufacture high quality and high strength members. 

Twelve to 16 hours are needed for curing the concrete prior to transfer of the prestressing force 

to the girder. 

The amount of time available for curing prior to the application of the prestressing force has a 

marked influence on the type of cement and the strength of the concrete used in the girder.  

Extended initial curing time reduces the energy requirements for accelerated curing and can 

lower production costs. 

 

The higher the initial prestressing force is specified, the greater are the demands on the initial 

concrete strength.  The initial concrete strength may be “high” if it is high in terms of the final 

specified concrete strength, e.g., 70 percent of the final strength, or if it is high in absolute 

value, i.e., f’ci > 5000 psi (34 MPa) at 18 to 20 hours.   

Production operations using a one-day work cycle will require a concrete that gains strength 

very rapidly in the first few hours after casting.  The strength gain is obtained by using more 

cement, Type III cement, lower water-cement ratios, accelerating the concrete cure by using 

admixtures, and by heating the concrete after the initial set.  Multiple-day production cycles can 

use Type I cement and ambient curing temperature more effectively and may not have to resort 

to accelerated curing.   

p.90 

Table d1 summarizes both the release strength and the design strength for several states, and 

provides a projected 28-day strength.  The projected 28-day strength is based on the 

assumption that the one-day release strength is 50 percent of the 28-day strength.  The one-day 

Appendix Page 274



value of 50 percent is high for normally cured concrete, but is reasonable for accelerated curing 

used in the precast concrete industry. 

Actual available design strength must allow for the properties and strength variation within the 

actual concrete mix. 

Several important issues are raised in Table 1.  First, approximately 4000 psi (28 MPa) of 

additional strength is projected to be available for design use.  Second, if this strength is 

available, what is the best method to utilize it in design?  Fig. 1 shows a typical strength gain 

curve for a concrete girder produced in Washington State.  The specified 28-day strength is 7000 

psi (48 MPa) and the actual strength is 9190 psi (63 MPa). 

Allowing for a 1.34 x standard deviation reduction in strength to satisfy the specified 

performance guidelines, the concrete would meet an 8500 psi (59 MPa) design strength, 1500 

psi (10 MPa) above the specified strength.  This concrete mix did not use a high range water 

reducing (HRWR) admixture, but did use a low water-cement ratio and a high cement factor.   

p.91-92 

The strength gain that is available for a given mix is a function of the mix design and the 

accelerated curing.  

Thus, historically, two types of concrete emerged: 

1.  Concrete with high quality aggregate and high cement factors continued to have substantial 

strength gain at 28 days. 

2. Concrete with lower cement factors and HRWRs had much less strength gain between 18 

hours and 28 days.   

This behavior led to an investigation of the strength gain beyond 28 days and the 

performance of newer high strength concrete girders. 

Since concrete continues to gain strength with time, additional strength gain beyond the 28-day 

standard may be available. 

In considering strength gain in excess of 28 days, it is noted that the initial uses of high strength 

concrete in building design were specified at 56 and 90 days.  Since many precast girder bridges 

do not need their full strength until well past 56 days, a 56-day concrete strength is a pragmatic 

possibility.   

The post-28-day strength gain is a function of the mix design.  Mixes that gain their strength 

from a high cement factor, e.g., Type I cement and/or which use pozzolanic fly ash, are more 

favorable candidates for supplemental strength gain. 

Strength gain of moist-cured cylinders is widely documented for laboratory conditions.  Field 

conditions offer highly variable curing environments and it is logical to question if the laboratory 

strength gain is available in actual structures.  Tests at CTL on a 25-year-old prestressed concrete 

girder removed from the Illinois Tollway, provided data indicating that a 5000 psi (34 MPa) 

increase in compressive strength occurred over the originally specified 5000 psi (34 MPa) design 

strength.  Tests of two 30-year-old bridge girders in Belgium indicated a 77 percent increase in 

compressive strength beyond the original specified strength.  The actual strength at the time of 

testing was 13,800 psi (95 MPa). 

p.95 
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Under normal construction sequencing, deferring the application of full live load for 56 days 

appears quite reasonable.  If the extra strength gain can be specified and utilized during the 

bridge design, then the increased strength due to aging is particularly valuable.   

p.96-97  Strategies for Using High Strength Concrete

2. Examine the historical strength gain to determine if a higher final design strength is available.

If a significant strength gain is present, high strength concrete may be “free”.

3. Increase the cure time before the prestress transfer to two days in order to obtain a higher

initial strength compared to the design strength requirements.

4. If cementitious fly ash or Type I cement is used in the mix, consider using a 56-day strength to

allow the cementitious material to react more completely.

7. When evaluating the condition of older prestressed concrete bridges, consider time-

dependent strength increases.  The increased strength may allow the bridge to continue to

function at its full capacity or for a higher load capacity than the original design.

p.97  Conclusions

Many prestressed concrete girders display an actual concrete strength in excess of the specified 

strength.  The additional strength is available to the designer and has economic benefits in the 

form of longer spans and greater girder spacing.   

The analyses in this paper and past performance of prestressed concrete girders suggest that 

high strength concrete and bulb-tee girders are very cost-effective bridge members. 
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3. Prestress Losses

“Prestress Losses In Pretensioned High-Strength Concrete Bridge Girders”

Maher K. Tadros, Nabil Al-Omaishi, Stephen J. Seguirant, James G. Gallt

NCHRP Report 496

Transportation Research Board, 2003

p.1

It was concluded that local material properties significantly impacted the prediction of

modulus of elasticity, shrinkage, and creep.  The proposed formulas produce national

averages:  factors are given to adjust these averages for the four states covered in the

project.

p.3

If one underestimates prestress losses, there is a risk of cracking the girder bottom fibers

under full service loads.  On the other hand, if prestress losses are overestimated, a higher

prestress force must be provided, which will result in larger amounts of camber and

shortening than is necessary.  It is, therefore, important to have a reasonably accurate

estimate of prestress losses.

p.5

The prestress losses prediction formulas are used by current AASHTO-LRFD and AASHTO

Standard Specifications for considering the effects of variation in material properties,

especially concrete strength.

p.6

In early-age concrete, the strength of the cement paste is the primary contributor to the

strength while the stiffness of the coarse aggregates is the primary contributor to the

modulus of elasticity.

Accurately estimating the value of Ec allows for accurate prediction of the initial camber and

initial elastic prestress loss and helps improve the accuracy of the prediction of creep loss.

The modulus of elasticity increases approximately with the square root of the concrete

compressive strength; empirical equations have been developed to estimate the modulus of

elasticity based on the compressive strength of the concrete.

p.13

The AASHTO-LRFD provisions need to be updated (1) to consider high-strength concrete in

Sections 5.4.2.3 and 5.4.2.4, (2) to improve the prestress loss calculation methods of Section

5.9.5 for high-strength concrete, and (3) to link the material property formulas of Sections

5.4.2.3 and 5.4.2.4 with prestress loss prediction formulas of Section 5.9.5 into one

integrated approach.

p.50

Whether gross or transformed section properties are used, the calculated concrete stresses

are essentially the same if the proper components of the prestress loss are used.  Either

long-term losses due to creep, shrinkage, and relaxation in conjunction with transformed

section properties, or total losses (including elastic losses and gains) in conjunction with

gross section properties should be used.

p.56-57  Conclusions

(a) The prestress losses prediction formulas used by current AASHTO Specifications do not

account for the variability in material properties.
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(b) The modulus of elasticity of concrete has been shown to have a high degree of

variability, attributed to such factors as properties and the proportion of the coarse

aggregates used, moisture content and temperature of the constituents at time of mixing,

methods of mixing and curing, method of testing, size and shape of specimens tested, and

difference between compaction of concrete in the precast member and that in a test

cylinder.  A formula has been proposed for estimating modulus of elasticity that assumes a

concrete unit weight relationship to concrete strength.  The proposed formula has been

shown to give more accurate estimates than those obtained by the current AASHTO-LRFD

and ACI-363 formulas.

( c) The research has determined that concrete compressive strength, V/S ratio, curing

methods, and time elapsed after the end of curing influence shrinkage.  A proposed

shrinkage formula produced results that averaged 105% of the measured values, compared

to 174% when using the AASHTO-LRFD method and 155% when using the ACI-209 method.

(d) The creep coefficient is influenced by the same factors that influence the shrinkage

coefficient in addition to the age of the concrete at the time of loading and time elapsed

after loading.  A proposed creep formula produced results that averaged 98% of the

experimental values, compared to 161% for AASHTO-LRFD and 179% for those estimated

using ACI-209.

( e) Predictions of modulus of elasticity, shrinkage, and creep are influenced by local

materials and practices.  Therefore, data for local materials and mixture proportions should

be used when available.

(k) Test results reported in the literature showed that the total prestress losses averaged

38.5 ksi; the initial elastic loss was 19.0% of the jacking stress of 202.5 ksi.

(l) The AASHTO-LRFD Refined method tends to over-estimate creep effects because it does

not consider the reduction in the creep coefficient associated with the increase in concrete

strength.

(m) The AASHTO-LRFD Lump-Sum method results showed a better agreement with test

results that the Refined method, because it accounts for the variability of the loss with

concrete strength.

(n) The proposed approximate method produces better estimates of long-term prestress

losses than those obtained by the AASHTO-LRFD Lump-Sum method because the Lump-Sum

method does not account for the level of prestressing or ambient relative humidity.

Further research is also needed to investigate initial and long-term girder camber.  Data 

from field installations could be used to calibrate the analytical results obtained on the basis 

of the theory developed in this project. 
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4. Girder camber variability

“Precast, prestressed girder camber variability”

Maher K. Tadros, Faten Fawzy, and Kromel E. Hanna 

PCI Journal/Winter 2011 

p.135

Precast concrete girder camber can vary significantly between the time of prestress release and

the time of erection.

The variations in camber become more significant as the use of high-strength concrete, longer

spans, and more heavily prestressed concrete girders continues to increase.

This paper addresses several issues related to prediction, design, and construction to

accommodate variability in prestressed concrete girder camber.

Camber at prestress release is not affected by creep and shrinkage estimates, but it is highly

influenced by the modulus of elasticity.  Also, accurate estimates of elastic shortening losses at

prestress release would allow for more accurate prediction of camber at release.

With the increased use of high-strength concrete, most of the creep and shrinkage takes place in

the first few months of the concrete age.

p.136-137

The 2005 interim revision to the American Association of State Highway and Transportation

Officials’ AASHTO LRFD Bridge Design Specifications introduced extensive revisions to the

formulas for prestress losses, as well as those for modulus of elasticity, creep, and shrinkage.

These revisions extended the application of these formulas to concrete strengths from 5000 psi

to 15,000 psi (34,000 kPa to 100,000 kPa).

This paper also discusses camber variability.  It recommends user-friendly detailing and

construction methods to acknowledge camber variability and minimize conflicts between

designers, producers, and contractors.

Instantaneous camber, which occurs at the time of release of the prestressing force from the

bed to the concrete member, is well defined.  The prestressed concrete member cambers

upward because the upward bending due to initial prestress is generally larger than the

downward deflection due to member self-weight.  The camber at that time is a result of the

combination of these two effects.  Due to the assumed linear elastic behavior of the system, the

conventional theory of elasticity and method of superposition are valid.  Thus, deflection due to

self-weight is calculated separately from camber due to initial prestress, though the two

quantities cannot be physically separated.

For camber analysis at prestress release, common practice historically uses the following

assumptions:

 The span length is assumed to equal the overall member length.  The reasoning behind

this assumption is that when prestress is released, the member cambers and bottom of

the girder separates from the bed except at the extreme ends.  Some design guides use

the span length between bearings on the bridge.  This is done for convenience and is

illustrated in this paper.

 The modulus of elasticity is the concrete modulus at time of prestress release.  This

quantity is most often predicted from the density of the member and the specified

concrete strength at prestress release.
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 The prestressing force is assumed to be the force in the concrete after allowance for

elastic shortening losses.  As the prestress transfers to the concrete, the member

shortens due to two equal and opposite forces:  tension in the prestressing strands and

compression in the concrete.  At the time of release, the prestressing-strand tension is

smaller than the tension before release due to the member deformation.

 The properties ec, ee, and I are the gross cross-section properties.  Theoretically, they

should be the net section properties because the calculation of elastic loss presumes

separation of the steel and concrete.  However, the two sets of properties are close.

p.137

A more rigorous approach would be to use the prestressing force just before release

and apply it to the transformed section properties when calculating the initial camber.

With this approach it is not necessary to calculate the elastic shortening loss.  Because

the elastic loss varies from one section to another along the span, this helps avoid the

error of assuming constancy.  This approach was introduced in 2005 in the AASHTO

LRFD specifications.  Proposed equations in this paper follow this design approach.

Equation (2) does not take into account the loss of prestressing force due to strand

shielding.  The proposed formula includes this effect.

As discussed earlier, the span length at this stage is usually assumed to be the full

member length.  This may be true during the short duration when the prestess is

released and before the member is removed from the bed.  However, when the

member is stored in the precasting yard, it is usually placed on hard wood blocking.  This

condition remains until the member is shipped for erection on the bridge.  It is

important to model the storage support condition due to the increasing use of long-

span girders over 150 ft (45 m) long.  Optimal placement of wood blocking is at a

distance of about 7% to 10% of the member length.

There is a need to standardize storage conditions in order to allow for more accurate

camber prediction.  At a minimum, the designer should recognize that support location

during girder storage is a factor in estimating camber at release and at erection.

p.139-140

Most designers ignore the overhangs in estimating the initial deflection due to self-

weight.  This is reasonable for conventional beam lengths with supports near the beam

ends.  However, long girders, approaching 200 ft (60 m) in length, have been produced

in recent years.  These long girders should be supported at a distance about 7% to 10%

of the length.  This helps improve stability, camber, and sweep during storage.  Ignoring

the overhangs for these conditions may underestimate the elastic loss effect and

overestimate camber.  Equation (15) yields more-accurate results than equations

developed for a simple span.

The prestressing force just before release along with section properties of the

transformed section should be used in the aforementioned analysis.  This is the method

promoted by the AASHTO LRFD specifications, section 5.9.5.  A common alternate

method is to use gross section properties along with prestressing force just after

release, which is equal to the initial prestressing force less the elastic shortening loss.

This proposed method is theoretically equivalent to the assumption that the elastic loss

is constant for the entire length.
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p.142

With CONSPAN, the modulus of elasticity was 90% of that predicted by AASHTO LRFD

specifications, to reflect the Florida Department of Transportation design guide for soft

Florida limerock aggregates.

Studies by Tadros et al. (NCHRP project 18-07 report 496) and Al-Omaishi et al.4,5

demonstrated that the values of Eci can vary by +/-22% relative to the mean value for

levels of confidence between the 10th and 90th percentiles.

p.143

Impact of coarse aggregates on Eci

The impact of coarse aggregates on Eci is a well-documented but often ignored factor.

The NCHRP project 18-07 report 496 gives recommendations for this effect for the

states of Nebraska, Washington, Texas, and New Hampshire.  In Florida, the use of soft

native limerock is frequent enough to have a standard recommendation use a 0.9 factor.

If this factor is used, the camber changes from 3.01 in. (76 mm) to 3.34 in. (85 mm).

Because of these factors, it is recommended that records of the modulus of elasticity be

kept for concrete mixture proportions used in precast concrete bridge girder

production.

Actual concrete strength versus specified strength

Designers specify a minimum concrete strength at prestress release.  For Example 1, this

strength is 6 ksi (40 MPa).  However, it is not an uncommon practice or a code violation

release the prestress at higher concrete strengths of 7 ksi or 8 ksi (50 MPa to 55 MPa).

Occasionally, precast concrete fabricators leave girders scheduled for release on

Saturday in the bed until the following Monday morning, two days later than the due

date.  Actual initial concrete strength can change dramatically in a short period,

depending on the mixture, and the designer may not know the actual time for camber

prediction.  Its variability significantly affects the value of Eci.

Differential temperature at prestress release

Concrete temperature is elevated in the first hours after concrete placement.

Temperature rise is caused by the heat generated through the cement hydration

process and also due to externally applied heat for curing.  The temperature is higher

with increased cement content.

Cooling of the girder concrete is not uniform as it balances with the ambient

temperature. The top flange and web cool more quickly than the bottom flange.  The

temperature gradient through the girder depth can create a deflection that is generally

not considered in estimating the initial camber.  This deflection component eventually

diminishes, but creep and shrinkage effects begin to take place.

p.144

Storage span length versus final span length

Often the girders are placed on hardwood supports in storage at a significant distance

away from the ends.  They are kept in storage in this manner until they are moved for

shipping to the jobsite.  This is recommended for long girders to enhance their stability.

Friction at girder ends due to prestress release

The friction effect is highly variable.  There is no guidance in the literature to quantify it.

It is more related to quality-control issues than to true camber variability.  To reduce the
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difference between theoretical and actual initial camber, recommendations are to lift 

the girder off the bed and reset it on the bed before measuring camber. 

Initial prestress and girder weight 

A designer may specify strands to be tensioned to a specific stress, but the actual stress 

will be higher or lower.  Strand locations can alter specified stresses on the design drawings, 

which can lead to a difference in initial prestressing force by 5%.  The density of concrete is 

usually specified between 0.14 kip/ft^3 to 0.15 kip/ft^3 (22 kN/m^3 to 24 kN/m^3), but it can 

be lower or higher based on aggregate type and the use of mild reinforcement with the strands.  

This can result in a 5% change in the density of concrete.  The corresponding net camber when 

assuming initial prestress is 5% lower and member weight is 5% higher is calculated: 

9.462 up – 6.132 down = 3.33 in. (85 mm).   

The resulting 13% increase validates the effect that initial prestress and girder weight may have 

on the actual initial net camber. 

p.145

Background and methods of long-term camber prediction

The PCI Bridge Design Manual has a detailed discussion in sections 8.7 and 8.13 of both the

approximate and detailed methods of time-dependent analysis for prestress loss, camber, and

deflection.  The discussion includes the simple constant multiplier method originally proposed

by Martin in 1977.  This method is still predominant in current commercial software because of

its extreme simplicity and the belief that it is difficult to accurately predict time-dependent

effects.  Some believe that if modulus of elasticity, creep, and shrinkage can only be predicted

within +/- 20% at best, one should not worry about fine turning the camber equations.

However, as explained in the following discussion, one should never worry about the random

variables that cannot be controlled.  Errors from controllable and/or know variable can and

should be minimized as much as possible.

In 1985, Tadros et al.10 published a paper on the topic of multipliers in terms of creep variability.

The contents of the paper were extensively covered as the improved multiplier method in

section 8.7.2 of the PCI Bridge Design Manual.  This method was further advanced in the study

for NCHRP project 18-07 report 496, which was adopted in the 2005 interim AASHTO LRFD

specifications and covered previously in this paper.  The variable multiplier method allows for

adjustment due to high-strength concrete and high levels of prestress as currently used in

bridge practice.  High-strength concrete can cause significant reduction in the creep coefficient.

However, high-strength concrete also allows for use of high prestress levels.  Thus, it is observed

in current practice that initial camber can be significantly greater than cambers from a decade

ago.  However, camber growth as a percentage of initial camber is somewhat slower.  High-

strength concrete tends to undergo most of its creep in the first several months, as opposed to

the more slowly developing creep in lower-strength concrete.  For these reasons, it is important

to accurately model modulus of elasticity, creep, and, to a lesser degree, shrinkage in order to

obtain reasonable camber averages.

p.147

Variability of long-term camber

There are a number of causes for variability of camber growth between the time of prestress

release and the time of erection.  Time of erection is defined here as the time at which the deck

placement operation is completed.
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Rose et al. 12 completed a study in 2007 that included analysis as well as field measurements.  It 

concluded with a recommendation to endorse the new AASHTO LRFD specifications prestress-

loss provisions to directly account for loss effects on camber and to apply modification factors to 

the modulus of elasticity and creep multipliers in AASHTO LRFD specifications.  The study 

reflects conditions in the state of Washington related to the environment and to local materials.  

The recommended factors are 1.15 for modulus of elasticity and 1.4 for creep.  The report 

makes an important observation of the impact of support conditions.  The camber measured 

41% to 46% smaller with temporary oak blocking that with the permanent elastomeric bearing 

pads.  

Accuracy of long-term multipliers 

Martin’s multipliers are simply 1.85 and 1.80 for girder weight and initial prestress. They were 

derived from the assumption that the creep coefficient is a constant 2.00 with additional 

constants to account for prestress loss, change in elasticity modulus, and partial development at 

an intermediate time.  Proposed multipliers separate these effects and allow for actual 

conditions to be incorporated.  Even with this refinement, concrete properties are random 

variables and cannot be deterministically accounted for in calculations.  The NCHRP project 18-

07 did not come to a specific recommendation for upper- and lower-bound values, as was done 

for the modulus of elasticity, because of a lack of data for high-strength concrete creep at the 

time of the study.  It is reasonable to assume these bounds to be +/- 25%. 

Girder support condition while in storage 

Girder support condition while in storage affects the initial camber, as previously discussed.  

This, it affects the long-term camber as well. 

p.147-148

Time elapsed before girder installation

Most designers do not and cannot enforce a specific girder age at the time of deck placement.

At best, some state highway agencies require that the girder be at least 28 days old when the

deck concrete is placed.  Few agencies require a minimum age of 90 days.  None of the

specifications, to the authors’ knowledge, require an upper limit on girder age at time of deck

placement.  It is possible that the girders will be six months old before they are erected.  While

this variability is outside of the control of the designer, construction documents should be

prepared to minimize conflicts and delays during construction.

p.149-150

Variability of deflection due to superimposed dead loads

Whether the forms are permanent stay-in-place metal forms or temporary wood forms, their

weight should be included in predicting net camber immediately after deck placement.  Sources

of variability of deflection include magnitude of superimposed dead load, estimate of modulus

of elasticity Ec, bearing resistance, and support condition.

Magnitude of superimposed dead load

The diaphragms, forms, and deck weight can be assumed to be relatively accurately.  The

haunch buildup can be a significant load that is a function of the camber itself.  Density of

concrete containing normal weight aggregates is assumed to be 0.15 kip/ft3 (24 kN/m3).  This is

reasonable and consistent with AASHTO LRFD specifications for concrete strength in the 4000

psi to 5000 psi (28,000 kPa to 34,000 kPa) range.

Estimate of modulus of elasticity Ec
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The modulus of elasticity is subjected to the same +/- 22% random variability discussed earlier. 

p.151-152

Detailing and construction considerations

Assuming the best possible preconstruction data, assumptions, and camber prediction theories,

there is still a likelihood of significant variation in the camber prediction.  Camber at the time of

deck placement is an important measurement during construction, yet it may vary by as much

as +/- 50%.  This range could be even larger if a girder is stored in the yard for several months.

For example, if theory predicts a 3 in. (80 mm) camber immediately after deck placement, it

could end up ranging from 1.5 in. to 4.5 in. (40 mm to 110 mm).  If the camber is larger than

predicted, the girder could have a negative haunch at midspan or even interfere with the

bottom mat of deck reinforcement.  If camber is lower than predicted, it would increase the

quantity of concrete in the haunch, which is often an item of contractual disagreement.

Increasing the quantity also increases the load on the girder.

Another important factor is the possibility of infringement on vertical clearances below the

bridge.  Furthermore, camber that is too small may be a cause for aesthetic concern, especially if

the long-term camber ends up being negative, or a downward deflection.  Girder sag, while

acceptable for structural capacity, may not be as accepted for serviceability by the general

public.

The following guidelines are recommended in design to alleviate some of the camber variability

concerns:

 Design for a minimum haunch of 2.5 in. (60 mm) over the girder.  This would allow for

an actual camber that is 3.5 in. (90 mm) higher than estimated without interfering with

deck reinforcement.  For a 4-ft-wide (1.2 m) girder top flange and a 2 % deck cross

slope, the available distance is actually 3 in. (80 mm), not 3.5 in. (90 mm).

 Detail shear reinforcement in girder to accommodate camber variability.  Some

designers use a different hook height above the top flange and in the outer quarter

lengths of the girder.

 The height of girder seats should be finalized only near the time of girder installation.  At

that time, the actual girder camber can be measured and the seat elevation determined.

For example, if the estimated camber is 3 in. (80 mm) and the actual camber is 1.5 in.

(40 mm), the seat elevations can be raised 1.5 in. (40 mm) using cementitious grout,

steel plates, or other means.

 The contractor pay item for concrete quantities in the haunches could be structured in a

way that it is not adjustable during construction.  The contractor would have to assume

the variability and account for it in the initial bid.  This is a small item in the overall cost

of the bridge and arguments during construction could be avoided if both parties

acknowledge that the engineer estimate of haunch thickness is highly variable.

p.152

Conclusion

It is not possible to have the actual camber at prestress release or at deck placement match the

calculated estimates.  Random variability beyond the control of the engineer does not allow for

such precision.
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 The 2005 interim AASHTO LRFD specifications (and later editions) include prestress loss,

modulus of elasticity, creep, and shrinkage prediction formulas that can be effectively

used to improve camber prediction.

 Local material properties, girder storage, and construction practices should be

considered in design, as much as is practical, rather than defaulting to embedded

conditions in commercial design software.  This recommendation may not be easy to

implement while owners do not have specifications that govern storage and erection

conditions.  Currently, there are unique practices of specific producers and contractors

that cannot be regulated by the designer unless the project is design-build, not the

conventional design-bid-build.

 In design, allow for variability of camber by 50%.  Future research may offer refinements

of this figure.

 Allowance in design should include flexibility in adjusting the horizontal shear

reinforcement and the girder-seat elevations.
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5. Commercial Software

PSBeam V4 Prestresed Concrete Bridge Girder Design software by Eriksson technologies

The following items are noted in the features brochure that are related to the MDOT research 

study. 

Section Properties 

 Option to transform strands

Include Rebar in Design 

 Top tension rebar at release

 Bottom tension tie (shear)

Debonding 

 End debonding

 All effects accounted for in analysis

 Debond straight and draped patterns

All Critical Design Checks 

 Camber and deflections
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6. Commercial Software 

Comparison of Precast Prestressed Bridge Girder Design Software 

The following items are noted (as related to the MDOT research study) in the feature 

comparison between PGSuper and two other popular precast prestress girder design 

programs, ConSpan and PSBeam.   

 Girder camber 

 Girder deflections 

 Bursting in anchorage zones 

 Straight patterns 

 Harped patterns 

 Debonded patterns 

 Longitudinal reinforcement for shear 

 Slab haunch offset (“A” Dimension) 

 Release and final concrete strength 

 Prestress losses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Page 287



7. Early age behavior, SCC, high strength concrete, instrumentation & monitoring, integrated 

sensing systems  

“Evaluating the early-age behavior of full-scale prestressed concrete beams using 

distributed and discrete fibre optic sensors” 

Liam J. Butler, Niamh Gibbons, Ping He, Campbell Middleton, Mohammed Z.E.B. Elshafie 

Construction and Building Materials 126 (2016) 894-912 

p.894 

An analysis of the curing strains within the beams revealed the significant effect that 

ambient temperature, curing duration, and formwork restraint has on the development of 

prestress losses prior to detensioning. 

p.895 

Introduction and Background 

Permanently integrating FOS into one or more of these critical elements before they are 

placed in service allows the entire load history of these elements to be captured over time.  

Therefore, engineers and researchers can assess design assumptions against measurements 

of real behavior and asset manager can more confidently address future questions about an 

assets’ existing and/or remaining capacity and its potential for reuse I other structures. 

Research into the time-dependent behavior of precast prestressed concrete beams has 

been ongoing for several decades.  Prestressed concrete offers many advantages over 

reinforced concrete in terms of controlling cracking and minimizing long-term deflections  In 

addition, by using high strength self-consolidating concrete (SCC) mixtures, the overall 

constructability and quality of the finished product can be greatly improved.  The use of high 

strength concrete in bridge beams offers economic advantages over traditional mixes due to 

increased stiffness and reduced deflections, permitting longer spans and smaller section 

sizes.  However, accurate prediction of the prestress losses in high-strength concrete, in 

particular at an early age, is required for design.  An underestimation of the prestress losses 

may lead to cracking uner service conditions and an associated reduction in section 

efficiency which can lead to long term durability issues.  In contrast, overestimating 

prestress losses in a beam can lead to excessive camber and unnecessary additional elastic 

shortening.  Therefore, it is important to provide accurate prestress loss predictions to 

ensure that the remaining prestressing force is adequate to control deflections of 

prestressed members under permanent load.  Guidance in current European (EN 1992-1-

1:2004) and American (AASHTO-LRFD) standards pertaining specifically to high strength 

concrete is limited and has been identified as an area requiring further investigation.  

Calculating reasonable estimates of early age prestress losses in prestressed beams that use 

high strength SCC before they are made composite with the concrete bridge deck has also 

not been studied extensively.  There have been several experimental studies that have 

investigated quantifying early age time-dependent behavior in prestressed concrete beams. 

Examining the prestress losses that occurred during the first year, it was found that 90% of 

the 1 year prestress loss took place within the first 4 months and that the prestress losses 

were highly influenced by the concrete stiffness properties. 

It was found that the measured prestress losses were 4-24% lower that the losses predicted 

using Eurocode 2. 
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Khayat and Mitchell [7] investigated the structural performance of four full-scale AASHTO 

Type II precast pretensioned beams constructed using SCC.  Using embedded vibrating wire 

strain gauges, it was identified that the SCC mixtures developed higher autogenous 

shrinkage in the first 28 days and higher drying shrinkage and creep strains in the first 300 

days compared to the control beams.  The authors concluded that due to the greater drying 

shrinkage values, SCC beams may experience higher prestress losses and smaller camber 

values. 

p. 896 

Fibre optic sensor technology 

In general, FOS offer several advantages over conventional sensors including being relatively 

small and lightweight, resistant to corrosion and electromagnetic interference, and readily 

embeddable into structural materials.  When used in combination, these systems can 

provide a highly detailed strain profile of a structural element. 

p. 898 

Monitoring programme 

Table 1 also describes the time-dependent effects that were captured as part of the 

recorded data at each of the monitoring stages. 

p. 899 

Fibre optic monitoring results and discussion 

The following section presents the results recorded from the monitoring of the prestressed 

beams during their first six months following casting.  Results are presented chronologically 

beginning with a summary of the tested concrete and prestressing steel properties, the 

beam manufacturing process which includes the casting, curing and detensioning process of 

the beams, and then presents the overall strain changes including readings taken at 

approximately 3 months (storage outdoors in casting yard) and at approximately 6 months 

(after beams were transported to site and lifted onto the bridge abutments).  By recording 

data at each of these stages, this study presents a detailed evaluation of the internal strain 

evolution within the beams prior to being placed in service. 

Self-compacting concrete was used to eliminate the need for mechanical consolidation and 

to attain a higher quality finished concrete surface. 

p. 903 

Beam storage, transport and installation 

Following the detensioning process, the beams were transported to an outdoor temporary 

storage area within the prestressing yard prior to being transported to the bridge site.  The 

beams were cast in January 2015 and were not transported to site until July 2015 and 

therefore, continued to undergo strain changes due to concrete shrinkage, creep and steel 

relaxation. 

p. 904 

Similar to the TY7 beams these results indicate that the majority of the early age creep and 

shrinkage experienced by the TYE7 beams occurred within the first 3 months after casting. 

Early-age prestress loss estimation 

Prestress loss predictions 

Total prestress losses are divided into two components: instantaneous losses and time-

dependent losses.  Instantaneous losses for prestressed concrete include the relaxation of 
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steel prior to detensioning, losses associated with shrinkage of concrete, and the losses due 

to elastic shortening of the concretet at the time of prestress transfer.  The time-dependent 

losses include long-term losses due to relaxation of steel, shrinkage and creep.  Formulae 

provided in Eurocode 2 have been used as the basis for calculating the predicted prestress 

losses.  Losses due to steel relaxation, elastic shortening of concrete, shrinkage, and creep 

were all considered. 

Tendon relaxation 

Relaxation of the tendons, due to the loss of tension over time for a fixed length and 

temperature, is a property of the steel and a function of the ratio between the initial 

prestressing force and the tensile strength.  Relaxation progresses more rapidly than either 

concrete shrinkage or creep. 

p. 905 

Elastic shortening of concrete 

After the concrete has reached adequate compressive strength, usually between 80 and 

90% of fck, the prestressing strands are detensioned at the jacking head and the prestress is 

transferred as a compressive force into the concrete.  Both the concrete and the bonded 

tendons shorten due to the applied compressive force, thereby reducing the prestressing 

tension in the tendons.  In cases where the tendon arrangements is such that the centroid of 

the prestressing steel and the centroid of the concrete section are not concurrent, an 

eccentricity, e, exists which causes an additional moment equal to the product of the total 

prestressing force and the eccentricity  This moment creates bending stresses in the section 

and generates curvature in the beam resulting in an upward (negative) deflection or 

camber. 

p. 906 

Combined calculation of time-dependent losses 

Time-dependent losses are often calculated in a combined form to account for the 

interaction between creep, relaxation and shrinkage as presented in Eq. (9). 

p. 910-911 

Conclusions 

This study evaluated the early-age behavior of four full-scale prestressed concrete bridge 

beams utilizing the combined technologies of distributed (BOTDR) and discrete (FBG) fibre 

optic sensors.  The entire curing and detensioning process of the beams were captured in 

great detail along their length.  Additional monitoring data captured the strain evolution of 

the beams from just after they were detensioned up until they were lifted onto the bridge 

abutments. 

The fibre optic cables themselves could last as long as the structure itself with only the 

optical connectors and analysers requiring long term attention. 

It was hypothesized that the restraint created by the beam formwork led to locked-in 

thermal strains that caused net tension in the top of the beam and net compression in the 

bottom of the beam.  Overall, this effect counteracted the early-age concrete shrinkage 

strains and created insignificant prestress losses within the TYE7 beams prior to the transfer 

of prestress. 

The TY7 beams experienced slightly higher average prestress losses due to elastic shoreing 

as compared to the TYE7 beams. 
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In both the TY7 and TYE7 beams, the majority of the time-dependent losses (creep, 

shrinkage and relaxation) occurred within the first three months after the beams were cast.  

Strains along the lengths of the beams were uniform along both the tops and bottoms of all 

beams during each stage of measurement. 

Measured prestress loss values for the TY7 and TYE7 beams approximately 6 months after 

casting were 79% and 72% of the ultimate prestress losses predicted by Eurocode 2, 

respectively. 

The theoretically calculated cambers (at time of detensioning) were within 9% of the 

estimated cambers 9based on fibre optic sensor data) for the TY7 beams.  In the case of the 

TYE7 beams, the theoretically calculated cambers (at time of detensioning) overestimated 

the estimated cambers (based on fibre optic sensor data) by 32%.  By estimating the 

cambers at various times up until the beam erection, they were found to increase 

significantly (between 1.2 and 1.7 times the estimated camber at detensioning).  This 

preliminary study demonstrated the possibility of using the installed sensor system in 

combination with simple beam theory to measure deflections under service load conditions. 

The primary aim of this research was to demonstrate that integrated sensing systems can 

become viable tools for monitoring strain evolution in concrete bridges and can be used to 

establish comprehensive baselines to inform long term bridge monitoring and asset 

management programmes. 
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8.  High Strength Concrete, Welded Wire Reinforcement (WWR), benefit/cost analysis, the 

value of research 

“Use of High Performance, High Strength Concrete (HPC) Bulb-Tee Girders Saves Millions on 

I-10 Twin Span Bridge in New Orleans District” 

Louisiana Transportation Research Center (LTRC) Implementation Update:  Research in 

Practice, Technology Transfer Program Final Reports 310, 382, and 395 

By using high performance, high strength concrete, wider girder spacing was achieved for 

the I-10 Twin Span Bridge.  The use of 8,500 psi (59 MPa) design compressive strength 

concrete allowed the use of six lines of girders spaced at 10 ft.-9 in. (3.28 m) rather than 

seven spaced at 8 ft.-10 in. (2.69 m), which would have been required with a concrete 

compressive strength of 6,500 psi (45 MPa).  Furthermore, the use of 8,500 psi (59 MPa) 

concrete allowed the BT-78 girder to span a length of 135 ft. (41 m).   

In addition, with the lower permeability associated with high performance concrete, the 

Louisiana Department of Transportation and Development (LADOTD) expects a minimum 

75-year service life for the bridge instead of the standard 50-year service life for concrete 

structures. 

History 

LADOTD has been gradually introducing high performance, high strength concrete into its 

bridge construction program.  At the same time, LTRC has been sponsoring research work to 

address design and construction issues related to the utilization of high performance 

concrete. 

In 1988, a bridge project was used as an experiment to determine if a concrete compressive 

strength of 8,000 psi (55 MPa) could be obtained on a production project.  The contractor 

achieved strengths over 6,000 psi (41 MPa), an improvement over standard strengths, but 

generally fell short of the 8,000 psi (55 MPa) target. 

In 1992, a 130-ft (39.6-m) long, square, prestressed concrete pile with a compressive 

strength of 10,453 psi (72 MPa) was produced, shipped, and successfully driven without 

damage as part of the State Route 415 Bridge over the Missouri Pacific Railroad. 

In 1993, two bridges on the Inner Lop Expressway near Shreveport were built using AASHTO 

Type IV girders with a 28-day specified compressive strength of 8,500 psi (59 MPa).  A 1994 

LTRC report recommended that LADOTD consider the implementation of concrete with 

compressive strengths up to 10,000 psi (69 MPa) in a bridge and that the bridge should be 

instrumented to measure long-term behavior [1].  This recommendation was implemented 

with the design and construction of the Charenton Canal Bridge, which opened to traffic 

November 1992 [2].  The successful construction of the Charenton Canal Bridge 

demonstrated that a high performance concrete bridge could be designed and built in 

Louisiana using locally available materials. 

Research Results 

Based on the results of the shear tests, it was determined that the existing limitation of 

60,000 psi (414 MPa) for the design yield stress of transverse reinforcement cited in both 

AASHTO specifications is conservative.  Higher reinforcement yield strengths can be utilized 

in the design of prestressed concrete beams.  Welded wire deformed reinforcement can be 

used as an equally effective alternate to deformed bars as shear reinforcement. 

Benefit/Cost Analysis 
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The value of research is sometimes hard to quantify.  But in this case, using just one project, 

researchers found huge savings.  The calculations below are based on initial cost savings in 

bulb-tee girders alone and do not include the reduction in bent locations and increase in 

structure design life. 
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9. Temperature variations on camber 

“The effect of temperature variations on the camber of precast, prestressed concrete 

girders”  

Hang Nguyen, John Stanton, Marc Eberhard, and David Chapman 

PCI Journal/September-October 2015 

Abstract 

It is important to estimate girder camber accurately because differences between expected 

and actual camber can lead to construction challenges or girder rejection.  Field 

measurements of daily variations in temperature profile and camber for two precast, 

prestressed concrete girders provided data with which to calibrate models of the effect of 

temperature variations on camber.  Using measured temperature profiles over the height of 

the girder, the associated camber history was accurately computed, assuming a coefficient 

of thermal expansion of 5.5 x 10-6 degree Fahrenheit.  Two practical methods were also 

developed using 164 observations from 24 girders.  To implement the simpler method (peak 

temperature camber method), the designer needs only to know the girder’s length and 

depth and to estimate the maximum change in air temperature during the day, which is 

available from meteorological stations.  The errors in the resulting models had root mean 

square average camber over time of about 0.1 in. (2.5 mm). 

p. 48-49 

The prediction of girder camber at a particular time is difficult because it depends on the 

concrete properties, curing conditions, prestress losses, and temperature variations within 

the girder, all of which vary with time.  One contributor to this difficulty is the effect of 

variations in the profile of internal temperatures over a day.  Such variations induce thermal 

strains, which, if they vary over the height of the girder, result in camber even in the 

absence of external loads. 

Thermal camber typically has the most important consequences during construction. 

The methods proposed herein may be used for estimating thermal camber for a known 

temperature environment.  Knowledge of the thermal camber is expected to be helpful for 

making appropriate elevation allowances when setting formwork for the cast-in-place deck 

slab, for estimating the additional concrete required in the haunch over the girder, and, in 

extreme cases, for ensuring that girders are not rejected for having camber that lies outside 

the specified range. 

p. 49-50 

Previous Work 

For the purpose of design, the American Association of State Highway and Transportation 

Officials’ AASHTO LRFD Bridge Design Specifications provide four temperature gradients 

corresponding to four solar radiation zones in the United States.  The gradient depends on 

the location of the bridge girder, the superstructure depth, and the materials in the 

superstructure. 

Barr monitored changes in camber of five simply supported I-girders during a day to 

evaluate the bridge’s response to daily temperature variations.  He found that the camber 

varied by 0.63 in. (16 mm) between 9:00 a.m. and 9:00 p.m. in one day. 

Hinkle observed that the cambers of three girders with an average length of 128 ft (39.0 m) 

varied by up to 0.50 in. (13 mm) between 7:45 a.m. and 1:25 p.m. in the same day. 
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The camber of the monitored girders varied during each day by 0.70 to 0.95 in. (18 to 24 

mm) for girders ranging in length from 119 to 132 ft (36.3 to 40.2 m). 

p. 50 

Experimental program 

All of the measurements discussed in this paper were taken approximately two months after 

the prestressing force had been applied to the girder concrete, by which time the effects of 

creep, shrinkage, and relaxation were expected to be constant over the course of any one 

day. 

p. 60 

Conclusion 

 The temperature profile in a precast concrete girder can be highly nonlinear during 

the afternoon, with a large temperature gradient within the top flange. 

 Both the temperature history camber model and the peak temperature camber 

model had root mean square average camber errors over time of about 0.1 in. (2.5 

mm) when applied to a range of girders, all with I-shaped cross sections.  Such small 

errors would not significantly affect the installation of girders onsite. 

 The accuracy of the camber prediction depended on the details of the girder’s 

exposure to the sun.  It is possible that the differences in accuracy arise from 

differences in temperature, humidity, or solar radiation conditions. 
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10. Predicting camber 

“Improving the Accuracy of Camber Predictions for Precast Pretensioned Concrete Beams” 

Tech transfer summary 

Iowa State University, Institute for Transportation 

Bridge Engineering Center 

Problem Statement 

Construction schedule delays and additional costs are common problems when the actual 

camber of precast pretensioned concrete beams (PPCBs) are different from those expected 

during bridge design. 

Background and Research Overview 

The camber of PPCB is relatively complex because it is sensitive to variations in several 

parameters, including the mix design, tolerances on prestressing forces and moisture 

control, bed configuration, curing process and handling, storage environment, and support 

location during storage.  In addition, the aggregate types, cement, and admixtures used on 

the concrete mix play a significant role in the mix’s creep and shrinkage behavior, which in 

turn significantly affect the long-term camber. 

The method that the Iowa Department of Transportation (DOT) was using to formulate the 

camber for PPCBs frequently overpredicted the long-term camber of some of the most often 

used long PPCBs in Iowa bridges, while it underestimated the long-term camber of shorter 

PPCBs. 

Therefore, a systematic study was undertaken to identify the key parameters affecting 

camber, needed improvements to construction practices, and potential refinements to the 

predictive analytical models.  The discrepancy between the predicted and actual camber is 

reduced by addressing the concerns associated with each of these areas. 

Objectives 

 Quantify the engineering and time-dependent properties of concrete to reduce the 

uncertainties associated with the variability of material properties in the camber 

prediction of PPCBs 

 Propose suitable refinements to the measurement approach to accurately capture 

the instantaneous camber and recommend appropriate modifications to the PPCB 

fabrication process to decrease variations in the camber of identical PPCBs 

 Improve the method for predicting the instantaneous camber and verify the 

accuracy of the method using data collected from PPCBs produced at three local 

precast plants 

 Address the long-term camber variability resulting from thermal effects and the 

locations of temporary supports 

 In conjunction with the measured field data and the accurate analyses of PPCBs, 

develop a new set of multipliers to predict the camber accurately when the PPCBs 

are erected in the field 

Material Characterization 

Three normal concrete (NC) and four high-performance concrete (HPC) mix designs, 

which were representative mixes from three precast plants, were investigated for their 

engineering and time-dependent properties. 
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 The AASHTO LRFD creep and shrinkage models were found to give the best 

estimates when compared to the measurements taken from the four HPC and 

three NC mixes over one year. 

 Shrinkage strains taken from sealed specimens corresponded well with the 

strains obtained from a segment of full-scale PPCB, suggesting that strains taken 

from sealed rather than unsealed specimens would produce more realistic 

creep and shrinkage strains for PPCBs. 

Instantaneous Camber Measurements 

Using data collected for 105 PPCBs from three precast plants, the causes of error 

associated with the instantaneous camber measurement were investigated.  The 

following conclusions were drawn: 

 Values obtained from field measurements showed that the camber on 

average is affected by 0.030 in. +/- 0.062 in. due to bed deflection, 0.392 in. 

+/- 0.294 due to friction between the beam and steel bed, 0.099 in. +/- 

0.142 in. due to the inconsistent top flange surfaces along the beam length, 

and 0.113 in. +/- 0.119 in. due to inconsistencies in the top flange surfaces 

resulting from local effects. 

 Data obtained from the PPCBs at the transfer of the prestress by tape 

measure, rotary laser level, and string potentiometers showed good 

agreement when adjusting for possible camber measurement errors.  

Despite good agreement between the tape measure and rotary level, tape 

measure data are easily affected by human error and are not 

recommended. 

 The reverse friction is small in magnitude and can be ignored.  The 

contribution of vertical displacement due to the friction can be obtained by 

lifting/setting the PPCBs on the precast bed and then taking the camber 

measurement. 

Instantaneous Camber Predictions 

Challenges faced in predicting the instantaneous camber during design are related 

to the designer’s ability to accurately estimate the material properties and model 

the applied forces exerted on the PPCB after accounting for the effect of the 

prestress losses.  Therefore, using the moment area method, different parameters 

affecting the instantaneous camber prediction, including the modulus of elasticity, 

prestress force, prestress losses, transfer length, influence of sacrificial strands, and 

section properties, were investigated. 

The instantaneous camber was consequently predicted using the AASHTO modulus 

of elasticity based on the measured compressive strength with due consideration 

given to the applied prestress force, prestress losses, the AASHTO transfer length, 

sacrificial prestressing strands, and transformed moment of inertia. 

Comparing these results with the measured camber of 50 PPCBs, for which 

measurement errors were eliminated, produced an agreement of 98.2 +/-14.9%, 

which is a significant improvement in the predictive accuracy of the instantaneous 

camber. 
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Long-Term Camber Measurements 

The resulting overhang length was found to vary from less than 20 in. (0.015 L, 

where L is the overall length of the beam) to as high as 87 in. (0.05 L), with a mean 

overhang length of L/30.  As a consequence, the researchers found that long-term 

camber is affected by the overhang length. 

Variations from expected trends in the long-term camber data, including unusually 

high camber at early ages and a reduction or no significant increase in camber, were 

frequently observed.  Because the camber measurements were performed at 

different times during the day, the thermal effects created by the vertical 

temperature gradients down the beam depth were suspected to be contributing to 

the scatter in the data. 

An investigation of the thermal effects of 22 PPCBs confirmed the effects of the 

temperature gradients on the long-term camber.  The researchers found that 

temporary camber growth of as much as 0.75 in. is possible on a warm summer day, 

which explains the unusual trends in long-term camber. 

Long-Term Camber Predictions 

 Based on a sensitivity analysis, the scatter in the long-term camber data was 

adequately captured by using a linear temperature gradient down the beam 

depth with a temperature difference of 15 degrees Fahrenheit between the 

top and bottom flanges. 

 By incorporating the 15 degrees Fahrenheit temperature difference in the 

long-term camber predictions, the corresponding errors were reduced to -

1.2% +/- 10.7% and -14.7% +/- 22.5% for the large- and small- camber 

PPCBs, respectively. 

Key Findings 

 When AASHTO LRFD is used to estimate the modulus of elasticity, the 

release strength should be taken 40% and 10% higher than the specified 

concrete strength for PPCBs when the design value is in the 4500-5500 psi 

and 6000-8500 psi range, respectively. 

 The sources of errors caused by the current instantaneous camber 

measurement techniques were identified and subsequently eliminated by 

the proposed measurement technique. 

 By isolating the measurement errors from the errors caused by the 

prediction methods, the accuracy of the instantaneous camber prediction 

was improved using a combination of appropriate material properties and 

design procedures. 

 Using the FEM of the PPCBs developed with consideration given to 

measured creep and shrinkage, thermal effects, and changes in the 

prestress and support locations significantly improved the accuracy of the 

long-term camber predictions. 

 The multipliers, which include adjustments for the overhang and thermal 

effects, improved the long-term camber predictions compared to those 

from the method used by the Iowa DOT. 
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Recommendations for Precasters and Contractors 

To eliminate the differences in the camber due to the measurement technique, a 

simplified procedure was formulated that can be used by both precasters and 

contractors to accurately measure the camber. 

Observations and independent camber measurements at three separate precast 

plants led to the following recommendations for minimizing the difference between 

the expected and measured camber of PPCBs: 

 The camber is highly sensitive to the prestress force; therefore, monitor and 

apply the designed prestress force as accurately as possible. 

 Aim for reaching and not exceeding the design strength of concrete at the 

transfer of prestress. 

 Ensure consistency of the concrete mixes and base materials (e.g., 

aggregates) regardless of the time and day of casting. 

 Ensure consistent curing conditions and ensure that PPCB curing conditions 

match those of the sample cylinders used for obtaining the release strength. 

 When there is change in material or the curing process, time-dependent 

properties including creep and shrinkage behavior of concrete should be 

appropriately revised. 

 Minimize the error in the instantaneous camber of identical PPCBs cast on 

different beds or at different times or days. 

 Use the proposed camber measurement procedure to measure 

instantaneous camber. 

 When PPCBs are stored in precast plants, use an overhang length of zero or 

L/30 (where L is the PPCB length). 

Implementation Benefits 

Implementing the study recommendations is expected to significantly improve the 

accuracy of the camber measurements and predictions. 

As a result, the difficulties during bridge construction by the inaccurate camber 

values when the PPCBs are erected on-site will be alleviated, thereby reducing 

construction schedule delays, improving bridge serviceability, and decreasing costs. 
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11.  Prestress losses, Camber Growth, Self-Consolidating Concrete (SCC) 

“Prestress losses and camber growth in wing-shaped structural members” 

Marco Breccolotti and Annibale L. Materazzi 

PCI Journal/January-Febrary 2015 

p.98 

 An experimental program on pretensioned wing-shaped members has investigated 

the evolution of prestressing stresses and camber during the different stages of 

concrete hardening. 

 The result allowed the careful evaluation of prestress losses in the first three weeks 

during concrete placement and curing, emphasizing the influence of temperature 

history on prestress losses and calibrating parameters for the prediction of camber 

growth. 

 Calculations based on Eurocode 2 equations compared favorably with the data, 

indicating that these equations can be applied to prestressed wing-shaped members 

made of self-consolidating concrete as investigated in the present work. 

The exploitation of the mechanical properties of the materials, the prestress force necessary 

to ensure an appropriate load-carrying capacity and the requirement for in-service camber 

for aesthetic and functional reasons necessitate monitoring of prestress and camber.  

Inaccurate prediction of the camber can lead to unsatisfactory service conditions. 

p. 99 

According to their findings, current analytical techniques, such as the time-step method, can 

correctly predict the camber provided that the material properties are accurately known. 

The found that high curing temperatures during fabrication can reduce the calculated 

prestress by up to 7%, reduce the initial camber by up to 40%, and increase the in-service 

bottom tensile stress by up to 27%. 

p. 100 

Attention was also placed on the use of self-consolidating concrete (SCC).  In fact, while 

most of the properties of hardened SCC are comparable with those of conventional 

concrete, the modulus of elasticity at release Eci, which plays an important role in the 

evaluation of prestress losses, has been found to be less than that of conventional concrete 

mixtures with comparable compressive strength of concrete at release fci. 

p. 112 

Calibration of the corrective terms for camber prediction 

The numerical procedure to evaluate the total camber at release and at time t was adjusted 

to take into account the effective material properties and the effective prestress losses that 

depend on the ambient temperature, on the strand tensioning procedure, and so on, but 

also on the uncertainties due to variation in relative humidity, temperature distribution, 

effective surface area in contact with the environment, and manufacturing tolerances 

(mainly referring to the actual geometry of the sections). 

p. 113 

No corrective term has been used for the deflection due to self-weight because the 

theoretical estimate can be considered reliable. 

Figure 15 plots the ratios between the experimental camber and the camber predicted by 

Eq. (7) and Eq. (8).  Good agreement has been found for the camber at 14 days, with a ratio 
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between the experimental and the theoretical values between 0.95 and 1.10.  Slightly worse 

results have been found for the camber at release. 

p. 113-114 

Conclusion 

 The temperature history has a non-negligible influence on the development of 

prestress losses for steel relaxation and concrete creep. 

Appropriate corrective actions are proposed as well to reduce as much as possible the 

prestress loss during concrete casting, curing, and hardening, and suitable values for the 

design parameters have been calibrated to correctly predict prestress losses and camber 

growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Page 301



12. Camber, prestress losses, High Performance Concrete (HPC) 

“Camber and Prestress Losses in Alabama HPC Bridge Girders” 

J. Michael Stallings, Ph.D., P.E., Robert W. Barnes, Ph.D., Sam Eskildsen 

PCI Journal/September-October 2003 

p.90-91 

Overestimation of camber and prestress losses for high performance precast concrete 

bridge girders may discourage the efficient use of longer spans. 

Current analytical techniques can result in accurate predictions of camber and prestress 

losses for HPC girders if the material properties used in the analysis are representative of 

the actual concrete used in girder production. 

The combination of longer span lengths and higher prestressing forces may lead to large 

calculated cambers and prestress losses.  Overestimating camber and prestress losses 

during the design stage may unfairly discourage the use of high strength concrete and long 

spans – ultimately nullifying the potential increase in efficiency. 

Camber is a function of time-dependent concrete creep and loss of prestress force.  

Prestress loss is also a function of creep, as well as concrete shrinkage and steel relaxation.  

Research in North America has shown that HPC tends to exhibit less creep and shrinkage 

than conventional concrete1-3.  This improved performance results in reduced time-

dependent effects on camber and prestress losses.  Methods for estimating camber and 

prestress losses that were developed for conventional concrete mixes may not provide 

accurate results for HPC bridge girders.   

The work presented here constitutes an investigation of the accuracy of existing methods 

for calculating camber at the time of erection for standard AASHTO girders fabricated with 

HPC.  Applications of these methods to predict the time-dependent behavior of actual HPC 

bridges are scarce in the literature. 

p.92 

Although the design 28-day compressive strength for the girder concrete was approximately 

6500 psi (45 MPa), actual strengths averaged approximately 9300 psi (64 MPa).  These 

researchers recommended that prestress loss prediction techniques be updated to reflect 

the properties of the rapidly changing materials used in pretensioned concrete construction. 

Prestress losses predicted by incorporating measured material properties into the PCI 

general time-step approach14 were 5 to 10 percent larger than measured in the 

instrumented girders.  Camber measured at an age of 60 days for the girder containing a 

limestone coarse aggregate was well predicted by the PCI multiplier method.15  However, 

this method over-estimated the 60-day camber by approximately 2 in. (50 mm), or 40 

percent, for the girder containing a glacial gravel coarse aggregate. 

Predicted values of initial camber were significantly higher than those measured.  However, 

the difference between experimental and analytical results remained approximately 

constant with time, indicating that the time-dependent growth of camber predicted by the 

time-step analysis closely matched that exhibited by the instrumented beams.  Thus, the 

researchers suggested that the disagreement between measured and predicted values 

might be due to an underestimation of the modulus of elasticity of the concrete in the 

beams. 
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p.93 

The coarse aggregate was No. 67 crushed limestone for the first twelve castings.19 

Specified minimum release and 28-day compressive strengths were 8000 and 10,000 psi (55 

and 69 MPa), respectively. 

p.94 

The HPC mix used in this study appears to undergo roughly half as much creep as predicted 

by the ACI 209 method for standard conditions. 

p.95 

Modeling of Prestress Losses 

Prestress losses in pretensioned girders result from five primary factors: seating at the 

strand anchorages, elastic shortening, strand relaxation, concrete shrinkage, and concrete 

creep. 

Relaxation is a reduction in strand stress without a corresponding change in strain. 

p.98 

Material and Geometric Properties 

The ACI 209R-92 correction factors for these girders are listed in Table 5.  An average 

relative humidity of 70 percent was taken from Reference 23 for the central Alabama area. 

p.99 

TEST RESULTS 

Camber 

Use of the standard parameters results in overestimation of camber.  The average age for 

the measured cambers is 200 days; the average camber is 4.44 in. (113 mm), and the 

standard deviation is 0.27 in. (7 mm). 

The 200-day camber calculated using the HPC parameters is 4.18 in. (106 mm), which is 6 

percent less than the average measured camber.  The calculated 200-day camber resulting 

from use of the standard parameters is 5.49 in. (139 mm), which is 24 percent greater than 

the average measured camber. 

Erection cambers are generally considered to correspond to ages of 30 to 60 days.  Final 

cambers correspond to long-term cambers years into the future. 

p.100 

These results indicate that both the incremental time-steps method and the approximate 

time-steps method can produce good estimate of girder cambers when material parameters 

are accurately known.  Data from this study suggest that accurately modeling the creep 

characteristics of the concrete is a necessary step towards accurately estimating camber. 

Strains 

As it did for camber, use of the standard parameters significantly overestimates the strains. 

p.101 

Prestress Losses 

For example, a loss in prestress force causes a loss in camber and an increase in tensile 

strain at the level of the prestress. 

p.102 

CONCLUSIONS 

1. Accurate predictions of camber are possible using the incremental time-steps 

method and the approximate time-steps method with material parameters that are 
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representative of the actual concrete used in girder production.  Cambers calculated 

by both methods using the HPC material parameters agreed well with the measured 

cambers. 

2. New analytical techniques for camber prediction are not required for HPC.  

However, accurate predictions require the use of accurate material parameters.  

Cambers calculated using standard material parameters consistently exceeded 

measured values.  This error resulted primarily from overestimation of the shrinkage 

and creep characteristics of the HPC. 

3. Measured cambers were significantly less than the camber at erection estimated 

using the PCI multipliers method. 

5.    Time-dependent losses calculated using the incremental time-steps method with   

HPC material parameters showed good agreement with measured time-dependent 

losses. 

6.    AASHTO bridge design specifications may overestimate prestress losses due to 

creep and shrinkage in HPC girders. 

p.102-103 

RECOMMENDATIONS 

1.  If accurate estimate of camber or prestress losses in HPC girders are required, tests 

of representative concrete should be performed to assess the relevant material 

properties. 

2.  Currently available analytical techniques for computing camber and prestress losses 

are adequate provided that the correct time-dependent material properties are 

appropriately integrated into the selected procedure. 
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13.  prestress losses 

“Prestress loss calculations:  Another perspective” 

David B. Garber, Jose M. Gallardo, Dean J. Deschenes, and Oguzhan Bayrak 

PCI Journal/May-June 2016 

p.68 

The accuracy, precision, and conservatism of prestress loss estimation must be carefully 

balanced to ensure a safe, serviceable, durable, and economically viable girder.  When 

prestress loss is underestimated, the designer assumes a greater stress in the strands 

than is actually present.  This underestimation can lead to service-load cracking and 

long-term durability concerns due to corrosion.  Overestimation of prestress loss may 

lead to uneconomical designs and large cambers, which are both a result of an excessive 

number of strands being required. 

p.69 

Attempting to improve the accuracy of prestress loss estimation and applicability to 

modern materials and structural shapes, the National Cooperative Highway Research 

Program (NCHRP) project 18-07 was funded in 2000.1  The end product of this research 

was NCHRP Report 496,1 which provided new approximate and refined methods to 

estimate prestress losses.  The NCHRP Report 496 methods were then incorporated into 

the American Association of State Highway and Transportation Officials’ AASHTO LRFD 

Bridge Design Specifications, 3rd Edition-2005 Interim Revisions with minimal 

modifications.  

The prestress loss procedure found in the PCI Bridge Design Manual will also be used as 

a point of comparison in this paper to show differing design philosophies.  

Experimental procedure 

The research conducted for this project was accomplished through full-scale 

experimental testing,7 the assembly of a comprehensive experimental database,8 and an 

analytical study investigating the sensitivity of the refined AASHTO LRFD specifications 

procedure and the design implications of its use. 

Experimental program 

In total, 30 full-scale pretensioned, precast concrete beams were fabricated to provide a 

relevant experimental basis for investigating the parameters influencing prestress loss 

and in order to assess the existing prestress loss provisions. 

The concrete and coarse aggregate types were intentionally varied from series to series 

to investigate their effect on prestress loss.  Series I and III were fabricated in San 

Antonio, Tex., with conventional concrete and limestone coarse aggregate; series II was 

fabricated in Elm Mott, Tex., using conventional concrete and river gravel coarse 

aggregate; and series IV was fabricated near Eagle Lake, Tex, using both conventional 

and self-consolidating concrete with river gravel coarse aggregate.   

The specimens were conditioned at a total of five different storage locations across the 

state of Texas in order to investigate the effect of different relative humidities: San 

Antonio (average relative humidity RH of 63%), Austin (62%), Lubbock (51%), Elm Mott 

(63%), and Eagle Lake (75%). 
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p.70 

The relative humidity of the conditioning sites and the modulus of elasticity of concrete 

at time of release Eci for each of the different concrete mixtures is also included in the 

figure.  The stiffness of the concrete had the most effect on the development of 

prestress loss.  The beams made with concrete with a greater modulus of elasticity 

(series II and IV) developed significantly smaller prestress losses than those made with 

concrete with a lesser modulus of elasticity (series I and III).  The relative humidity had 

only a slight effect on the prestress loss development, with a higher relative humidity 

generally resulting in slightly smaller prestress losses. 

p.72 

The average relative humidity of the conditioning locations varied from 45% to 80%, 

with the majority of the specimens being conditioned in climates with an average 

relative humidity between 60% and 70%.  

In addition, a variety of concrete mixtures with different types of aggregates are 

captured within the evaluation database.  The majority of the specimens were 

fabricated using conventional concrete, though some specimens were fabricated using 

self-consolidating concrete.  The two main types of coarse aggregate used in common 

practice (river gravel and limestone) make up the majority of the specimens in the 

database.  Concrete release strengths within the database range from 4.0 to 13 ksi (28 

to 90 MPa) and concrete 28-day strengths range from 5 to 15 ksi (34 to 103 MPa), with 

89 of the 140 specimens attaining a 28-day compressive strength of more than 10 ksi 

(69 MPa). 

Analytical investigation 

A parametric study was undertaken to investigate the influence of various inputs on 

output loss estimation parameters (sensitivity analysis) and assess the impact of 

prestress loss estimation on beam design (impact analysis). 

Sensitivity analysis 

A sensitivity analysis was conducted on the 2012 AASHTO LRFD specifications’ loss 

procedure using an extreme value analysis.  In an extreme value analysis, the effect of 

the maximum and minimum possible values for the input variables on the output 

parameters is investigated.  For this study, the extreme value analysis was used to 

investigate the effect that various input parameters have on the calculation of the 

different component of prestress loss. 

Two different factorial designs were used in the experimental design for the extreme 

value analysis, one factor at a time (Table 1) and full factorial (Table 2).  The one factor 

at a time design was used to investigate the effect of each individual input variable on 

the output variables.  For this analysis, only one variable is set to a design extreme while 

the other input variables are kept at an average value (Table 1). 

p.73 

The general trends observed in the one factor at a time analysis can be observed in the 

input parameters’ effect on the total prestress loss (Fig. 3).  A larger spread in the plot 

signifies that the input variable (for example, cross-section type) has a significant effect 

on the output (for example, the total prestress loss).  The concrete release strength and 

the beam length were found to have the largest impact on the total prestress loss 
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estimate.  The cross-section size, relative humidity, and coarse aggregate correction 

factor were each found to have a relatively similar impact on the loss estimate.  The 

time of deck placement does not significantly affect the loss estimate. 

p.74 

Optimizing existing methods 

The concrete material models13-15 typically have been developed and calibrated based 

on comprehensive creep and shrinkage databases primarily composed of standard 

concrete cylinder size samples (4 in. [100 mm] diameter and 8 in. [200 mm] length).  The 

researchers found that these models did not adequately represent the observed 

behavior in full-scale prestressed beam specimens (when directly implemented). 

p.76 

The simplicity of the various proposals was investigated by comparing the total variables 

and total number of mathematical operations required to estimate the final prestress 

loss for each of the procedures, 

 The PCI Design Manual has approximately 40 operations and 14 variables. 

 The 2004 AASHTO LRFD specifications has approximately 40 operations and 12 

variables. 

 The 2012 AASHTO LRFD specifications has approximately 600 operations and 70 

variables. 

 The proposed method has approximately 60 operations and 24 variables. 

p.77 

Consideration of typical construction details 

Two different variables introduced in the 2012 AASHTO LRFD specifications procedure 

were found to have minimal variation throughout the analytical investigation, the 

transformed section coefficient Kid and the shape factor ks.  Figure 7 shows a small 

sample of these results.  The transformed section coefficient was found to always fall 

between 0.8 and 0.9 for typical bridge configurations in which the prestress loss would 

affect design.  The shape factor was found to nearly always be 1.0 (other than in a few 

situations where it was only up to 1.05).  With these two observations in mind, the 

procedure was simplified by setting the transformed section coefficient to 0.9 (a 

conservative simplification) and setting the shape factor to 1.0. 

p.78 

As the concrete release strength increases, the conservatism of the 2012 AASHTO LRFD 

specifications’ prestress loss estimate decreases, as demonstrated by the line of best fit. 

From the investigation of the elastic shortening procedures, there was little variation 

observed between the performances of each of the methods.  For this reason, a gross-

section approximation was chosen because it offered both conservatism and simplicity. 

p.82 

Conclusion and recommendations 

In the authors’ opinion, additional complexity is warranted if a benefit from it can be 

derived in terms of accuracy and/or precision.  The 2012 AASHTO LRFD specifications do 

not offer additional precision over the procedure proposed in this paper and is 10 times 

more computationally intensive.  Approximately 600 mathematical operations are 
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required for the AASHTO LRFD specifications’ prestress loss procedure compared with 

the 60 operations required for the proposed procedure. 
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14.  probabilistic comparison of prestress loss methods, variability of prestress losses 

“A Probabilistic Comparison of Prestress Loss Methods in Prestressed Concrete Beams” 

Christopher G. Gilbertson, P.E and Theresa M. (Tess) Ahlborn, Ph.D., P.E. 

PCI Journal/September-October 2004 

P.52-53 

Camber and long-term deflections are directly linked to the loss of prestressing force, a 

characteristic of all prestressed concrete members.  In this investigation, the effects of 

the inherent variability of the parameters used to estimate prestress loss was studied 

for two typical bridge beam cases using several prestress loss predictive methods at final 

service conditions:  A parametric study was conducted to assess the general effect of 

single parameter variation on the calculation of prestress loss.  Monte Carlo simulations 

were used to assess the distribution of prestress loss considering the variability of all 

parameters simultaneously.  Results of the Monte Carlo simulations were also used to 

evaluate the impact of loss variability on deflection and cracking moment calculations.  

Results show that the variability of parameters has a notable effect on prestress loss 

variation and that this variation significantly influences the estimated deflection and 

cracking moment of prestressed concrete beams.  Indeed, the variation in camber 

between beams cast on the same prestressing bed can be partially explained through 

the variability of materials and predictive methods used. 

Loss of prestress is a characteristic of all prestressed concrete members wherein the 

level of prestress force first applied to the member is reduced over time due to short-

and long-term conditions.  Many methods have been used to estimate the prestress 

losses in prestressed concrete members.  These methods produce discrete values 

representing the expected losses, and vary considerably in both length and complexity 

of calculations.  The methods consider many factors in their respective calculations but 

do not consider the effect of variability due to the parameters such as concrete 

strength, strand stress, strand area, dimensional properties, and environmental 

conditions.  The purpose of this study was to investigate the effect of input variation on 

the computed losses from six common methods used to estimate prestress losses. 

BACKGROUND 

An accurate prediction of the prestress loss in a prestressed concrete member is 

important in the design phase to assess the expected behavior of the member over its 

life.  Calculated losses are used to predict service conditions such as expected concrete 

stress levels, camber, deflection, and cracking loads.  However, an accurate prediction of 

prestress loss is difficult because of the complex interaction between the various source 

of losses and the inherent non-homogeneity of concrete members. 

The primary objective of the research presented herein was to compare the variability 

of total prestress losses computed by several methods while accounting for parameter 

variability through a probabilistic assessment. 

p.61 

DISCUSSION OF RESULTS 

Those parameters having the greatest effect on total losses were initial strand stress, 

initial concrete strength at release, relative humidity, and strand eccentricity. 
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p.62-63 

CONCLUDING REMARKS 

Prestress losses, as well as camber and deflection, are affected by several parameters 

with inherent variability.  This study compares predictive methods for prestress losses 

and the impact of losses on predicted camber and deflection due to the variability of 

parameters used for such predictions. 

For the two typical bridge systems studied herein, the primary influencing parameters 

were jacking stress (fpj), compressive strength of concrete at strand release (f’ci), 

relative humidity (RH), and eccentricity of strand €.  The inherent variability of these and 

all prestress loss parameters, compounded by the complex interactions of prestress loss 

predictions, helps to justify camber and deflection variations often seen in the field. 

Lastly, the authors hope that this study will provide designers with some insight into the 

relative importance of the various factors that influence the determination of prestress 

losses. 
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15.  effects of production practices on camber 

“Effects of production practices on camber of prestressed concrete bridge girders” 

Tyler K. Storm, Sami H. Rizkalla, and Paul Z. Zia 

PCI Journal/Winter 2013 

p.96-97 

 This paper presents the results of research to investigate factors related to 

prestressed concrete girder production that could affect the camber and to 

recommend camber prediction methods. 

 These factors include higher concrete compressive strengths that specified, 

curing method, girder type, changes in cross section due to deformation of 

internal void forms, strand debonding, and transfer length. 

 A refined camber prediction method was developed that uses creep coefficients 

and prestress losses based on the 2010 AASHTO LRFD Bridge Design 

Specifications.  An approximate method based on the PCI camber multipliers 

was also proposed.  Both methods compared well with the measured cambers 

of 382 prestressed concrete bridge girders, though the former was more 

accurate for the majority of girders. 

Accurate predictions of camber and deflection often pose a challenge for bridge 

engineers.  Excessive discrepancy between the predicted and actual camber can 

cause problems for deck construction.  Many state departments of transportation 

(DOTs) have previously investigated some aspects of this problem1-5 and found 

considerable variations between the predicted and actual cambers.  For example, 

Kelly et al.1 noted that the camber for eight identical American Association of State 

Highway and Transportation Officials (AASHTO) Type IV girders that were 127 ft 

(38.7 m) in length varied from 2 to 6 in. (50 to 150 mm) at the time of prestress 

transfer.  Several other studies3,6-9 also examined this issue relative to the use of 

high-strength concrete. 

To predict camber accurately is difficult because camber depends on many random 

variables, some of which are interdependent and change over time.  Some of the 

most important variables are the compressive strength and elastic modulus of 

concrete, amounts of creep and shrinkage, thermal gradients within the girder, and 

the time-dependent variations in prestressing force.  When predicting camber at the 

design stage, bridge engineers typically calculate prestress losses and concrete 

properties based on the specified concrete strength at various ages because they 

have no knowledge of the actual concrete properties prior to manufacture.  Camber 

is also influenced by the time history of loading and environmental conditions.  

Complicating matters further is that camber is the net result of two large opposing 

quantities:  upward deflection due to prestress and downward deflection due to 

dead loads.  Because these two quantities are each subject to some inherent 

variability, one cannot expect to always predict the net camber accurately. 

p.97-98 

The 2010 AASHTO LRFD Bridge Design Specifications provide both simplified and 

detailed methods for estimating creep, shrinkage, and prestress losses.  They also 

require camber and deflection to be calculated but do not provide specific 
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procedures.  The PCI Design Handbook:  Precast and Prestressed Concrete 

recommends the approximate method developed by Zia et al.12 for estimating loss 

of prestress and provides a simplified procedure for camber and deflection 

calculation using multipliers, a concept originally developed by Martin.13 

These PCI methods were developed more than 30 years ago, largely based on the 

properties of lower-strength concrete than what is typically used today and 

calibrated primarily against the performance of prestressed concrete building 

members.  The specified constant multipliers account for the creep effect due to 

sustained load and are suitable for conventional building designs under average 

environmental conditions.  For bridges, more detailed analysis methods are needed 

to account for widely varying environmental conditions and other time-dependent 

factors.  However, many commercially available design software programs and even 

in-house developed design software programs used by state departments of 

transportation and others have used the constant multiplier method because of its 

simplicity.  These programs are still being used today by many bridge designers in 

both the public and private sectors. 

In 1985, Tadros et al, 14developed refined time-dependent multipliers for long-term 

deflection calculations and a refined method for estimating prestress losses.  These 

refined approaches, unlike the PCI method, would account for the effects of various 

environmental conditions and the presence of nonprestressed steel reinforcement, 

which tends to restrain creep and shrinkage of concrete. 

The PCI Bridge Design Manual provides excellent commentaries on the complexity 

of estimating prestress losses and its implications on design.  Methods for 

estimating loss of prestress prescribed by the AASHTO LRFD Bridge Design 

Specifications are described and illustrated by examples.  The PCI Bridge Design 

Manual also recommends a set of multipliers for computing long-term camber and 

deflection but cautions that the use of the multipliers only gives “reasonable 

estimates of cambers at the time of erection” and “the method does not properly 

account for the significant effects of a large cast-in-place deck.”  It also warns 

designers that “prestressing levels should not be increased in order to reduce or 

eliminate long-term downward deflection that might be predicted if the give 

multipliers are used.” 

Based on the camber measurements, it was shown that the PCI Design Handbook 

multiplier method significantly overestimated the camber at the time of girder 

erection.  Both the approximate time-step method and the incremental time-step 

method predicted camber reasonably well. 

The most important factors in camber prediction are the elastic modulus and creep 

of the concrete, which vary with its constituents, the production process, and age.  

For example, Tadros et al.6 showed that the stiffness of the coarse aggregate used in 

the concrete, which typically varies with the aggregate source, can introduce 

significant variations when estimating elastic modulus.    They recommended the 

application of an elastic modulus adjustment factor K1, applied to the 2004 AASHTO 

LRFD specifications equation to account for aggregate stiffness.  Their 

recommendation was subsequently adopted in the AASHTO LRFD specifications 
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beginning with the 2005-2006 interim revisions.  Kelly et al.1 also noted that the 

actual concrete compressive strength is often much higher than the specified 

strength. 

Based on their study of eight prestressed concrete girders with specified 28-day 

strengths of 6500 psi (45 MPa), they found that the average measured 28-day 

strength was approximately 9300 psi (64 MPa), more than 40% higher than the 

specified strength.  This discrepancy results in a higher elastic modulus than would 

be predicted using the specified strength, consequently reducing the measured 

camber compared with the predicted value.  Tadros et al,6 also observed that it is 

typically assumed by the designer that the time for prestress transfer s one day after 

girder casting, though it is fairly common in practice to allow girders to cure over the 

weekend, thus delaying the prestress transfer.  The extra curing time allows the 

elastic modulus of the concrete to become higher than the value predicted for early 

prestress transfer, resulting in poor predictions of initial camber.  Because creep is 

sensitive to the strength of the concrete at the time that prestress transfer occur, it 

could also lead to poor predictions of camber at later stages. 

The prestressing force may also be affected by the thermal expansion of the 

prestressing strands, prior to prestress transfer, caused by changes in the concrete 

temperature during curing.  Bruce et al.7 showed that due to cement hydration 

during concrete curing, the temperature of the strands can increase, causing a 

reduction of the prestress force by as much as 11% due to thermal expansion.  

However, because the concrete likely bonds to the steel within six to eight hours of 

casting, some portion of the force would likely be regained with cooling.  They 

estimated that the loss of prestress due to this effect was approximately 6%. 

Tadros et al.2 noted that thermal gradients can develop through the depth of the 

girder due to uneven heating and cooling or due to solar effects.  This gradient can 

temporarily cause additional camber or deflection in the girder, thereby introducing 

scatter into the camber measurements.  Byle et al.8 estimated that thermal gradient 

effects could produce deflections of approximately 0.5 in. (13 mm) for the U girders 

that they studied, which ranged from 115 to 145 ft (35.1 to 45.2 m) in length. 

This paper presents the results of study19 conducted by the authors, including field 

and laboratory measurements, to examine the various parameters affecting the 

camber predictions, with particular attention to factors related to girder production.  

Based on the finding of this study, two camber prediction methods are proposed 

and compared with the results obtained from the field. 

Field and laboratory measurements 

A large number of companion cylinders for each girder were also obtained from the 

producers to determine compressive strength, elastic modulus, and unit weight in 

the laboratory at different ages.  In general, camber was measured for each girder 

immediately after prestress transfer, at the beginning of storage in the yard, prior to 

shipment to the bridge site, and after erection. 

Factors affecting the prediction of camber 

Several factors related to the production of prestressed concrete girders were found 

to significantly affect the prediction of camber.  These include the concrete 
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properties, deformation of the internal voids of box beams and cored slabs during 

casting, strand debonding, prestress transfer length, temperature changes in the 

strands after initial stressing, production schedule, and curing method. 

p.99-100 

Concrete properties 

Predictions of prestress losses and camber depend on the properties of the concrete 

being used for the girder.  Important properties are the compressive strength and 

the elastic modulus. 

Compressive strength 

To ensure acceptance, each girder producer generally has several preapproved 

concrete mixture designs that will produce quality concrete with average 

compressive strength significantly higher than the minimum strength specified by 

the DOT.  Therefore, the elastic modulus is generally underestimated by using the 

specified strength.  Similarly, the prestress losses, which are also related to the 

concrete strength, may be overestimated.  Therefore, to improve the predictions of 

camber and prestress losses, it is critical to have a good estimate of the actual 

compressive strength. 

Based on the collected data for the girders included in this study, the average ratio 

of the measured compressive strength at prestress transfer to the specified strength 

at transfer was found to be 1.24 with a range of approximately 1.0 to 2.1 (Fig. 3).  

Based on this result, it is recommended that the concrete strength at prestress 

transfer to be used for predicting camber fci be calculated using Eq. (1). Fci* = 1.25 

fci 

A similar analysis of the test results for 78  sets of concrete cylinders showed that 

the average ratio of the measured 28-day compressive strength to the specified 28-

day strength was 1.45 with a range of approximately 1.0 to 2.2 (Fig. 4).  Based on 

this result, it is recommended that the 28-day compressive strength to be used for 

predicting camber fc should be calculated using Eq. (2). Fc* =1.45fc 

For production in other states, it is advisable to validate the two coefficient in Eq. (1) 

and (2) based on local/regional conditions. 

Elastic modulus 

To evaluate the accuracy of the AASHTO LRFD specifications equation for estimating 

the elastic modulus of concrete Ec, the average ratio of the measured elastic 

modulus to the predicted value for girders produced for North Carolina Dot 

(NCDOT) bridges was calculated.  The average ratio for 153 concrete cylinders 

tested in the laboratory was found to be 0.85 with a range of approximately 0.62 to 

1.15.  Based on this analysis, it is recommended that the 2010 AASHTO LRFD 

specifications equation be used to predict the elastic modulus for the camber 

predictions with the aggregate adjustment factor K1 taken as 0.85 and the unit 

weight of concrete wc taken as 150 lb/ft3 

p.101-102 

Debonding and transfer length 

Partial debonding of prestressing strands near the ends of prestressed girders 

reduces the prestressing moment in this region and thus reduces the camber.  The 
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prestressing moment is also reduced over the transfer length at the ends of a girder.  

However, both effects are typically ignored in camber calculations by the design 

engineers.  Based on an analysis of the 382 girders in the database, considering the 

effects of debonding and transfer length reduced the predicted camber by less than 

3% for the vast majority of the girders.  The effect was more pronounced, however, 

for girders having partial debonding lengths of approximately 10 ft (3 m) or greater 

at each end, for which the error could be as high as 13%.19,20  Based on this analysis, 

it is considered appropriate to include the effects of debonding and transfer length 

when calculating camber, particularly for girders with long debonding lengths. 

p.102 

Temperature of the strands 

Prior to prestress transfer, the prestressing force was found to vary according to the 

temperature in the strands after initial stressing due to thermal expansion of the 

strands.  Significant temperature fluctuations can be caused by exposure to the sun, 

cement hydration-induced heating during curing, or heat curing.  A theoretical 

analysis as well as direct measurements showed that the prestressing force could be 

temporarily reduced by more than 7% due to this effect. 

Girder production schedule 

It is typically assumed when predicting camber that transfer of the prestressing 

force will occur one day after casting, and the elastic modulus and prestress loss 

calculations are therefore based on this assumption.  However, it is often the case 

that the girders remain in the forms over the weekend, with prestress transfer 

occurring after three days.  Because creep is highly sensitive to the concrete 

properties and prestressing force at the time of prestress transfer and because both 

of these properties are changing rapidly during this time, the delay has the potential 

to affect the predictions of both the initial and long-term cambers.  In addition, the 

timing for casting the composite deck often varies greatly from project to project.  

Some girders are kept in storage for several months and in extreme cases up to a 

year before being shipped for installation, causing increased uncertainty in the 

predicted camber at the time of erection. 

Curing method 

Precast, prestressed concrete girders are typically cured either by moist curing or by 

heat curing using steam pipes.  The particular curing method used was found to 

significantly affect the net camber at the time of prestress transfer, as is discussed 

later in this paper. 

p.104-105 

Approximate method 

The approximate method is based on the PCI multiplier method.11,16  This method 

does not require calculation of the time-dependent losses.   

Calculate the camber at 28 days using 1.80 times camber due to prestressing and 

1.85 times deflection due to self-weight. 

Calculate the camber at one year using 2.45 times camber due to prestressing and 

2.70 times deflection due to self-weight. 
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This multiplier method gives reasonable estimates for cambers at the time of 

erection, but it does not properly account for the significant effects of a large cast-

in-place concrete deck.13 

Refined method 

The 2010 AASHTO LRFD specifications provide a detailed method for estimating the 

prestress losses at any given time.  However, they do not specify a procedure to 

predict camber.  Therefore, this paper introduces a detailed method for predicting 

camber that uses the time-dependent loss calculations given by the 2010 AASHTO 

LRFD specifications. 

This method can be used to predict camber at any time before placement of the 

deck or superimposed dead loads.  However, because the exact date of girder 

erection is often not known during design, it is recommended that prestress losses 

and camber be estimated at transfer, at 28 days, and at one year to obtain a 

representative range of values. 

p.106 

Evaluation of the proposed prediction methods 

The camber data were grouped by girder type, curing method, and the time at 

which camber was measured. 

Camber at prestress transfer 

The calculation of the camber at prestress transfer is identical for both methods.  

Figure 8 shows that the effect of the curing method on the camber at prestress 

transfer is significant.   

Because the predicted camber value is always equal for moist-cured and heat-cured 

versions of the same girder, it follows from the graph that the average measured 

camber at transfer for most girder types was significantly less for the head-cured 

versions that for the moist-cured versions.  This discrepancy may be caused by at 

least two factors that are potentially significant in head-cured girders:  the presence 

of a thermal gradient within the concrete at transfer due to uneven cooling and the 

reduction in the prestressing force due to the thermal expansion of the strands.  For 

modified bulb tees, the curing method did not seem to affect the camber at transfer 

as significantly as it did the other member types.  This could be due to a potentially 

less substantial thermal gradient effect in the modified bulb tee because its unique 

shape and greater depth result in a different thermal profile during cooling. 

p.107-108 

Camber at 24 days and later 

The data for camber measurements taken at 24 days after casting or later provide 

the best means to evaluate the prediction methods.  The focus for this research is to 

improve the prediction of camber at the time of girder erection, which typically 

occurs at least four weeks after casting.   

The analysis indicates that both the approximate method and the refined method 

provide reasonably accurate camber predictions, though the refined method is 

more accurate for most of the girder types and curing methods (Fig. 9).  When the 

refined method is used, the average error is less than 10% for most of the data 
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groups.  When the approximate method is used, the error is between approximately 

10% and 20% for most of the data groups. 

Conclusion 

 The camber predictions should account for the typically higher concrete 

strength at prestress transfer and at 28 days compared with the specified 

values. 

 The coefficients in Eq. (1) and (2), developed from this study based on 

concrete materials normally provided for NCDOT, should be validated or 

determined for concrete supplied from other localities and regions.  

However, these coefficients are simply the averages of a widely varying 

value and therefore should not be viewed as anything more than an 

estimate. 

 The camber predictions should consider the reduced curvature at the ends 

of the girder due to debonding and transfer length, especially for girders 

with long debonding lengths. 

 The camber of girders at the time of prestress transfer can be significantly 

affected by the curing method used.  Heat-cured girders-especially box 

beams and cored slabs-tend to have significantly less camber at transfer 

than moist-cured girders, though there was not a significant difference in 

the camber at later stages between girders cured using either method. 

 Due to production variables, the measured camber can vary significantly 

among girders that are identical in their design even if the girders are cast at 

the same time on the same casting bed, in part because multiple batches of 

concrete are typically used for a single casting. 

 The refined method provides the most accurate camber predictions for 

most girder types and curing methods.  The approximate method generally 

overestimates camber at erection slightly, but it is suitable for preliminary 

estimates and rough by-hand calculations. 
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16.   extending span capabilities WSDOT 

“New Deep WSDOT Standard Sections Extend Spans of Prestressed Concrete Girders” 

Stephen J. Seguirant, P.E. 

PCI Journal/July-August 1998 

p.93 

The primary goal of the study was to increase the span range capability of standard prestressed 

concrete girders, and to improve economy by increasing the allowable girder spacing over previous 

designs. 

p.96 

For safety reasons, the slope of the harped strands should not exceed 8 horizontal to 1 vertical. 

p.98-99 

Pretensioned Simple Span Capabilities 

The span capability envelope for the W21MG girder section is shown in Fig. 11.  This envelope assumes 

that the maximum pretensioning capability of precasting plants in the Northwest is sixty-four each 0.6 

in. (15.24 mm) diameter strands, and that 200 kips (889.6 kN) is the maximum weight that can be 

handled and shipped.  This translates into a maximum single-piece girder length of approximately 185 ft 

(56.39 m). 

Prestress Losses 

One of the most significant variables influencing the span capability of prestressed concrete girders is 

the method used to calculate long-term prestress losses. 

Pessiki et al.12 have recently evaluated the effective prestress force in two 28-year-old prestressed 

concrete bridge beams.  Their conclusion was that the average actual loss experienced by these beams 

was approximately 60 percent of the losses predicted using current calculation methods.  Similar results 

have been reported over the past decade. 

All predicted values overestimate the actual losses, with the ACI-ASCE Committee 423 Method providing 

the closest estimate.  For the purpose of this paper, subsequent sections will use either the AASHTO 

LRFD Approximate or Refined Methods, whichever results in the lesser value. 

Allowable Tension 

Another significant variable influencing span capability is the amount of tension allowed in the 

precompressed tensile zone at the service limit state. 

Currently, WSDOT allows no tension in the precompressed tensile zone under service loads. 

p.101-102 

Concrete Strengths 

Overnight strengths of up to 7.2 ksi (49.64 MPa) have been consistently attained at Concrete Technology 

Corporation (CTC) with concrete mixes containing silica fume.  Higher release strengths can be achieved 

on an every-other-day basis with added cost. 

As mentioned previously, the design concrete strength used to develop the span capability envelopes 

was 10.0 ksi (68.95 MPa).  This value is the maximum that PNW/PCI members feel they can consistently 

achieve at this time. 

The applied criteria of zero tension and simple spans results in the concrete strength at release 

governing the design. 

Additionally, industry statistics have shown a strong correlation between concrete release strength, 

curing time and temperature, and the design concrete strength.  For a given mix design, the more 
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aggressively the concrete is cured to achieve a high release strength, the lower the long-term strength 

will be. 

p.105-106 

Weight Limitations 

Girders shipped in some states have weighed in excess of 200 kips (889.6 kN).   The net weight limitation 

with trucking equipment currently available in Washington State is approximately 167 to 180 kips (742.9 

to 800.7 kN), if a reasonable delivery rate (number of pieces per day) is to be maintained. 

Product weights of up to 200 kips (889.6 kN) can be hauled with currently available equipment at a 

limited rate.   

Length Limitations 

Length limitations are generally governed by turning radii on the route to the jobsite.  Potential 

problems can be circumvented by moving the support points closer together (away from the ends of the 

girder), or by selecting alternate routes.  A rule of thumb of 130 ft (39.62 m) between supports is 

commonly used. 

p.108 

CONCLUDING REMARKS 

The development of new standard deep girder sections gives WSDOT the ability to extend spans and 

remove piers from environmentally sensitive areas, all with the superstructure material they prefer to 

specify. 
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17.  camber tolerances 

Committee on Bridges-Camber FAST Team 

PCI 2012 Committee Days 

Revision #0, dated 3/27/12 

Mission Statement 

To evaluate the current PCI tolerances for camber of bridge girders published in PCI 

MNL-116 and make recommendations for PCI tolerances with respect to predicted 

camber at time of prestress transfer. 

The PCI Manual for Quality Control for Plants and Production of Structural Precast 

Concrete Products (PCI MNL-116-99) defines the tolerance for camber variation from 

design camber as +/- 1/8” per 10 feet of girder length with a maximum of +/- ½” for 

girders up to 80 feet long and +/- 1” maximum for girders over 80 feet long.  Today, 

girder lengths commonly exceed 100 feet with some exceeding 200 feet.  Therefore, the 

current tolerances with their maxima are overly restrictive.  Furthermore, some 

agencies are arbitrarily applying these camber variation tolerances to girders at ages 

other than 72 hours within release.  The PCI Committee on Bridges formed a FAST Team 

to evaluate the current PCI tolerances for camber of bridge girders published in PCI 

MNL-116 and make recommendations for PCI tolerances with respect to predicted 

camber at time of prestress transfer.   

To gain a better understanding of actual camber variability, measured and predicted 

camber values at release were collected for a variety of girders from various regions 

around the United States.  The data represents I-girders ranging in depth from 35 to 100 

inches.  Girder lengths ranged mainly from 70 to 170 feet.  Locations represented in the 

data pool include CA, WA, SD, KS, IN, KY, VA, and VT.   

Evaluating or recommending a particular method of estimating camber was not within 

the scope of the FAST Team. 

The following language has been taken from Appendix B, page B.3 of the Manual for 

Quality Control for Plants and Production of Structural Precast Concrete Products, 

Fourth Edition, also known as MNL-116-99. 

“Camber – The deflection that occurs in prestressed concrete members due to the net 

bending resulting from the eccentricity of the prestress force.  For members with span-

to-depth ratio at or exceeding 25, the camber tolerance given herein may not apply.  If 

the application requires control of camber to the listed tolerance in beams with high 

span-to-depth ratio, special production measures may be required. 

Prediction of camber in a prestressed member is based on empirical formulas.  The 

accuracy of these estimated values decreases with time.  Measurement of camber for 

comparison of predicted design values should be completed within 72 hours of transfer 

of prestress. 

Temperature variation across a member section can have a significant impact on the 

measured camber.  Camber should be evaluated under conditions that minimize the 

effect of temperature variation due to solar radiation, such as early in the morning.” 

Camber FAST Team Recommendation #1: 

Revise the ‘g’ dimension on Page B.25 in Appendix B of PCI MNL-116 to: 

g = camber variation from design camber within 72 hours of release………… 
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+1/8 inch per ten feet, up to a maximum of 1-1/2 inches 

-1/8 inch per ten feet with no lower bound 

Camber FAST Team Recommendation #2: 

Add a footnote on Page B.25 in Appendix B of PCI MNL-116: 

Out of tolerance camber should not be a sole cause for rejection. 
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18.  bond behavior of debonded strands 

“Predicting the Bond Behavior of Prestressed Concrete Beams Containing Debonded 

Strands” 

Bruce W. Russell, Ph.D., P.E., Ned H. Burns, Ph.D., P.E., and Leslie G. ZumBrunnen 

PCI Journal/September-October 1994 

p.60 

This research also shows that the currently required multiplier of 2.0 for the 

development length of debonded strands can be significantly reduced for some cases. 

In the construction of pretensioned concrete beams, prestressing strands are 

concentrated in the bottom of the cross section to provide maximum efficiency to resist 

flexural loads.  Because of the concentrated prestressing forced, the allowable tensile 

and/or compressive stresses can be exceeded in the end regions of a simply supported 

beam. 

p.61 

The debonding, or blanketing, of strands is an alternative to draping strands in an effort 

to control the maximum tensile and compressive stresses in pretensioned concrete 

highway girders.  Debonding, by definition, is the intentional breaking of bond between 

prestresseing strand and concrete.  This can be done by applying grease to the strands 

in the regions requiring debonding; however, the most common practice is to wrap 

specially made split plastic tubing around the strand to prevent bond of the strand to 

the concrete.  Debonding strands can simplify girder construction; draping of strands is 

more difficult and more dangerous.  Debonding of strands like-wise exhibits economic 

advantages when compared to draping of strands. 

CURRENT AASHTO AND ACI CODE REQUIREMENTS 

Current code provisions of the American Concrete Institute (ACI) and the American 

Association of State Highway and Transportation Officials (AASHTO) governing the use 

of debonded strands are nearly identical. 

This provision requires that debonded strands be bonded for a length equal to twice the 

required development length for fully bonded strands. 

Even though the AASHTO Specifications allow debonded strands, many state DOTs do 

not specify their use because they fear that debonding strands significantly weakens the 

pretensioned beam.  The states of Texas and Oklahoma do not currently allow 

debonded strands as an alternative to draping strands for I-shaped girders. 

p.62 

Debonding Strands: Lower Effective Prestress Force 

By debonding strands, the effective prestress force is reduced in the end regions of the 

beams, when compared with beams that contain fully bonded strands.  

p.63 

Staggered Debonding vs. Concurrent Debonding 

However, the behavior of concurrently debonded specimens was quite different from 

specimens with staggered debonding.  Staggering the debonding has the effect of 

gradually increasing the effective prestress force through the debonded regions, thus 

improving the beam’s resistance to cracking. 
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p.66 

First, the embedment length necessary to prevent bond failures is dependent on the 

length of debonding.  Second, longer debonded lengths require greater embedment 

lengths to ensure strand anchorage.  Therefore, it is incumbent upon the designer to 

maintain the debonded lengths of strand at their shortest possible distance. 

p.74 

Staggered Debonding vs. Concurrent Debonding 

These tests clearly demonstrate that beams with staggered debonding can outperform 

beams with concurrent debonding. 

p.75-76 

CONCLUSIONS 

6.  The behavior of beams made with debonded strands is predictable and reliable.  

Therefore, the use of debonded strands should be considered safe, provided the 

transfer zone of debonded strands is not allowed to extend into regions where cracking 

will occur at ultimate limit states. 

7.  In general, staggered debonding should be employed; concurrent debonding may 

lead to premature anchorage failures.  Concurrent debonding results in a lower cracking 

moment in the debond/transfer zone when compared with staggered cutoff points.  

Consequantly, concurrent debonding can lead to bond failures where staggered 

debonding will not. 

RECOMMENDATIONS 

1.  Debonded strands may be employed as an alternative to draped strands; however, 

the debond/transfer zone should not extend into regions of flexural cracking.  In simply 

supported beams, strand debonding should be terminated within 15 percent of the span 

length, measured from the end of the beam. 

2.  Debond termination points should be staggered to increase the beam’s resistance to 

cracking in the debond/transfer zone. 

3.  Code provisions should be restructured to reflect the relationship between cracking 

and anchorage failures, and to more accurately reflect the behavior of beams made with 

debonded strands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Page 323



19.  strand development length, strand transfer length 

“A Review of Strand Development Length for Pretensioned Concrete Members” 

C. Dale Buckner, Ph.D., P.E. 

PCI Journal/March-April 1995 

p.84 

The specific objectives of the study were: (1) conduct a review of literature related to 

strand transfer and development length research; (2) analyze data from recent studies 

and rationalize discrepancies among conclusions drawn from these studies; and (3) 

recommend equations for strand transfer and development lengths consistent with the 

current state-of-knowledge. 

p.86 

In October 1988, the FHWA issued a memorandum that imposed the following 

restrictions on seven-wire strands in bridge applications:9 

1.  The use of 0.6 in. (15.2 mm) diameter strand in a pretensioned application shall not 

be allowed. 

2.  Minimum strand spacing (center-to-center) will be four times the nominal strand 

diameter. 

3.  Development length for all strand sizes up to and including 9/16 in. (14.3 mm) shall 

be determined as 1.6 times AASHTO Eq. (9-32). 

4.  Where strand is debonded (blanketed) at the end of a member in the precompressed 

tensile zone, the development length shall be determined as 2.0 times AASHTO Eq. (9-

32), as currently required by AASHTO Article 9.27.3. 

p.97 

SUMMARY AND RECOMMENDATIONS 

The objectives of the present study were to conduct a review of literature relating to 

transfer and development of seven-wire pretensioning strand, to rationalize 

discrepancies among conclusions drawn from various studies, and to recommend 

equations for strand transfer and development lengths.  At present, there are several 

research projects in progress related to strand development length.  Thus, 

recommendations made in this paper will need re-evaluation as additional data become 

available. 
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20.  Anchorage zone reinforcing 

“Design of Anchorage-Zone Reinforcement in Prestressed Concrete Beams” 

Peter Gergely and Mete A. Sozen 

PCI Journal/April 1967 

p.63 

The object of this paper is to introduce a simple method for the design of transverse 

reinforcement to restrain anchorage-zone cracks and to present a series of test results 

to confirm the validity of the method. 

p.69-72 

DESIGN RECOMMENDATIONS 

The steel stress is controlled by a limiting crack width through an approximate force-slip 

relationship.  The pivotal assumption is that there is a longitudinal crack in the 

anchorage zone.  The prime role of the reinforcement is to confine the crack. 

It is advisable not to have stirrup spacing larger than h/5 over a distance of h from the 

end of the beam. 

 

21.  horizontal cracking in the ends 

“Control of Horizontal Cracking in the Ends of Pretensioned Prestressed Concrete 

Girders” 

W. T. Marshall and Alan H. Mattock 

p.56-58 

SYNOPSIS 

This paper describes a limited investigation of the stresses which occur in the ends of 

pretensioned prestressed concrete girders at the time of transfer of prestress, and 

which can result in the formation of horizontal cracks in the ends of such girders.  Also 

reported is a study of the stresses set up in vertical stirrup reinforcement near the ends 

of pretensioned prestressed girders when horizontal end cracking does occur.  On the 

basis of experimental data obtained in this study, an equation is proposed for the design 

of vertical stirrup reinforcement necessary to restrict the size of any horizontal end 

cracks which may occur in a pretensioned prestressed concrete girder. 

When an adequate amount of vertical stirrup reinforcement is provided in the end 

regions of pretensioned prestressed girders, the development of the horizontal cracks is 

restricted. 

p.72 

The total cross-sectional area of stirrups necessary, At, will then be given by Eq. (4) as: 

At = S/(fs/2) = 0.021(T/fs)(h/lt)   Eq. (5) 

The amount of stirrup reinforcement calculated using Eq. (5) should be distributed 

uniformly over a length equal to one fifth of the girder depth, measured from the end 

face of the girder.  For most efficient crack control the first stirrup should be placed as 

close to the end face of the girder as possible, since surface crack width is to some 

extent controlled by concrete cover(6).  It is suggested that for design purposes lt may be 

assumed to be 50 times the strand diameter. 
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22.  Estimating camber and deflection 

“A Rational Method for Estimating Camber and Deflection of Precast Prestressed 

Members” 

Leslie D. Martin 

p.100 

The determination of long-time cambers and deflections in precast prestressed 

members is somewhat more complex because of the: 

1.  Effect of prestress and the loss of prestress over time; 

2.  Strength gain of the concrete after release of prestress; and the 

3.  Camber or deflection is important not only at the “initial” and “final” stages, but also 

at erection, which occurs at some intermediate stage, usually from 30 to 60 days after 

casting. 

Much research has been done on the effects of creep and shrinkage on prestressed 

concrete members, not only regarding camber/deflection behavior, but also on the 

related issue of prestress losses. 

Some relatively precise and complex equations have been developed for predicting 

these long-time behaviors.  However, the data on which these equations are based 

usually has a scatter of at least 15 to 10 percent,2,3 using laboratory controlled 

specimens. 

p.101-102 

Synopsis 

The author presents a step-by-step rational procedure for determining long-time 

multipliers for camber and deflection of precast prestressed concrete members. 

Table 2 illustrates the sensitivity of the equations to various variables and shows that 

except for extremely long members that variations are within the tolerances prescribed 

by the PCI Manual for Quality Control. 

Section 4.1 of the PCI Design Handbook, first edition, illustrates that use of “multipliers” 

for determining the long-time cambers and deflections. 

The Handbook suggest a range of 1.5 to 3.0 for these multipliers, but does not provide a 

guide to the designer for determining the values. 

It should be noted that because of the inherent variables that affect camber and 

deflection, such as concrete mix, storage method, time of release of prestress, time of 

erection and placement of superimposed loads, relative humidity, etc., and the data 

scatter under the most closely controlled tests, calculated long-time values should never 

be considered any better than estimates. 

Determination of Multipliers 

Since the release strength of precast, prestressed members is usually about 70 percent 

of the 28-day strength, Eci is about 85 percent of the final. 

p.103 

Erection Camber 

The camber at the time of erection is also important.  This occurs usually at 30 to 60 

days following casting.  Research has shown3 that creep and shrinkage, the primary 

factors in long-term behavior, will have reached about 40 to 60 percent of ultimate in 

that time.  
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Therefore, it is reasonable to assume that one-half of the long-time camber, deflection, 

and losses will have occurred by then.  The multiplier for the erection phase would then 

be: 

p.104-105 

Sensitivity of Cambers and Deflections to the Variables 

In order to determine the sensitivity of the foregoing equations to the variables 

encountered, cambers of five different precast prestressed members were computed 

using the stated assumptions, and then were recalculated by changing the variables one 

at a time. 

The changes in the variables and the results of the camber calculations are shown in 

Table 2.  Note that only with Member No. 5, which is an extremely long span for a 

precast product, does the difference exceed ¾ in., which is the maximum tolerance 

allowed (from the calculated value) by the PCI Manual for Quality Control. 
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23.  Estimating prestress losses 

“Recommendations for Estimating Prestress Losses” 

PCI Committee on Prestress Losses 

PCI Journal/July-August 1975 

p.46 

COMMITTEE STATEMENT 

This recommended practice is intended to give the design engineer a comprehensive 

summary of research data applicable to estimating loss of prestress.  It presents a 

general method whereby losses are calculated as a function of time.   

This report contains information and procedures for estimating prestress losses in 

building applications.  The general method is applicable to bridges, although there are 

some differences between it and the AASHTO Standard Specifications for Highway 

Bridges with respect to individual loss components. 

A precise determination of stress losses in prestressed concrete members is a 

complicated problem because the rate of loss due to one factor, such as relaxation of 

tendons, is continually being altered by changes in stress due to other factors, such as 

creep of concrete.  Rate of creep in its turn is altered by change in tendon stress.  It is 

extremely difficult to separate the net amount of loss due to each factor under different 

conditions of stress, environment, loading, and other uncertain factors. 

In addition to the foregoing uncertainties due to interaction of shrinkage, creep, and 

relaxation, physical conditions such as variations in actual properties of concrete made 

to the same specified strength, can vary the total loss.  As a result, the computed values 

for prestress loss are not necessarily exact, but the procedures here presented will 

provide more accurate results than by previous methods which gave no consideration to 

the actual stress levels in concrete and tendons. 

An error in computing losses can affect service conditions such as camber, deflection, 

and cracking.  It has no effect on the ultimate strength of a flexural member unless the 

tendons are unbonded or the final stress after losses is less than 0.5fpu. 
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24.  camber predictions 

“Improving Predictions for Camber in Precast, Prestressed Concrete Bridge Girders” 

Michael A. Rosa, John F. Stanton, and Marc O. Eberhard 

Washington State Transportation Center (TRAC) 

Research Report Agreement T2695, Task 68 Camber Prediction 

March 2007 

p.xi-xii 

EXECUTIVE SUMMARY 

This research was conducted to develop improved methods of predicting camber in 

prestressed concrete girders. 

The results showed that the response was sensitive to the predicted prestress losses 

and that the 2006 AASHTO values for prestress loss provided much better estimates 

than did the 2004 provisions.  In addition, the camber was found to depend on the 

elastic modulus of the concrete, its creep coefficient, and the use of the prestress losses 

in the calculation of creep camber.  Predicted cambers were compared to the measured 

cambers to calculate a predicted error.  To achieve the best match with the measured 

cambers, the AASHTO-recommended values for the elastic modulus and the creep 

coefficient had to be multiplied by adjustment factors.  The adjustment factor for the 

elastic modulus was found by minimizing the predicted error on the camber 

immediately after release, resulting in a factor of 1.15.  The adjustment factor for the 

creep coefficient was found by minimizing the predicted error on the second camber 

measurement, resulting in an adjustment factor of 1.4.  The prestress losses had to be 

taken into account when computing the creep component of camber. 

The cambers measured after placement of the girders in their final locations were 

compared with predicted values to evaluate the influence of the support conditions.  

The supports provided partial restraint to longitudinal movement of the girder’s bottom 

flange and clearly affected the camber.  However, significant scatter in the recorded 

data made trends difficult to see and reinforced the need for further measurement and 

analysis of the issue.  As an indication of the importance of the end conditions, it may be 

noted that, in the evaluation of the changes in camber due to release of the temporary 

strands and placement of the deck, the girders that were seated on oak blocks at both 

ends were 41 percent to 46 percent stiffer than those seated on elastomeric bearings. 

p. 1-2 

INTRODUCTION 

The Washington State Department of Transportation (WSDOT) has been using precast 

prestressed concrete girders in bridge applications for many years.  These girders have 

allowed for longer spans, provided economical design, and accelerated construction 

times by allowing precast fabricators to deliver ready-made products at the contractor’s 

convenience.  The girders are often built with an upward camber after initial stressing.  

However, because of material and environmental properties, this initial camber at 

release can change over time. 

WSDOT typically uses standard designs for prestressed concrete girder cross sections.  

These sections were designed in collaboration with precast fabricators to provide 

economical fabrication in conjunction with increased span capabilities.  WSDOT will 
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typically design a bridge by using design programs, such as PGSuper (PGSuper 2006), 

and provide the contractor with detailed plans and specifications to fabricate the 

girders.  The fabricator will then build the girder according to the details provided and 

deliver the girder to the contractor on site.  

1.2  Camber Prediction Challenges to WSDOT 

Most of the bridges built in Washington State today are constructed with precast, 

prestressed concrete girders.  However, the uncertainty of the predicted camber in 

precast, prestressed girders can lead to problems during construction.  Excessive 

camber leads to interference between the top of the girder and the deck reinforcement.  

Insufficient camber leads to an increase in the concrete required to meet the bottom of 

the deck slab, resulting in additional weight to the superstructure.  Both are undesirable 

conditions that can lead to construction delays, as well as increased material and labor 

costs. 

p.22-25 

2.8  WSDOT Practice for Camber Prediction 

The design length of the girder is defined as the length from the centerline of the final 

bearing at both ends.  All deflection calculations are based on the span length using a 

simply supported model.  The procedures of Concrete Technology and Central Pre-Mix 

Prestress for supporting the girders at release and storage were observed by the 

researches to be different than those assumed by WSDOT.  At release, the girder is 

typically supported by lifting loops that vary in distance from the ends.  When placed in 

the storage yard before shipping, the girder is supported on bunks anywhere from 2 to 3 

feet in from the ends.  Because creep deflection is proportional to the elastic deflection, 

small variations in elastic deflection caused by different support conditions carry over to 

the creep deflection. 

p.38-39 

4.3  Data Collection Procedure 

Camber measurements were taken only in the morning to minimize the effects of 

temperature differentials over the height of the girder caused by the sun.  

Measurements were taken between 6:00 AM and 10:00 AM. 

p.40-41 

4.4  Observed Behavior 

Temperature variations might also have contributed to the camber variations.  In 

particular, heating the tops of the girders creates a temperature gradient over the 

height.  To minimize this effect, camber measurements were taken only in the morning, 

before the ambient air temperature changed. 

p.43 

MATERIALS TESTING 

5.1  Purpose 

Both moist-cured and accelerated-cured cylinders were tested to compare the 

difference in curing methods and the influences on the material properties. 

p.45-46 

5.3  Concrete Compressive Strength 
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The AASHTO LRFD method suggests that one day of moist-cure is equivalent to seven 

days of accelereated-cure. 

p.48-49 

5.4  Elastic Modulus 

The equations recommended by the AASHTO LRFD and ACI underestimated nearly all 

the measured data.  This was consistent with the predicted camber data collected at 

release, as discussed in Chapter 4.  On average, the measured elastic modulus was 8 

percent higher than the value predicted by the AASHTO LRFD method. 

p.75 

6.5.1  Effect of Actual Concrete Strength 

According to Table 6.6, the measured cambers (on average) were smaller than the 

calculated ones when the design concrete strength was used.  This was true for exterior 

and interior girders, for one-end and two-end continuous spans, and for all three 

loading conditions (strand release, deck placement and deck creep).  The accuracy 

increased and the calculated cambers decreased significantly when the actual (rather 

than the design) concrete strength was used.  This trend was expected because the 

actual stiffness of the concrete was greater than the value assumed in design.  This 

resulted in smaller values of estimated deflection.  The use of the actual concrete 

strength thus improves the prediction accuracy. 

p.87-88 

CHAPTER 8 

EVALUATION OF FABRICATOR DATA 

8.2  Data Collection Procedure 

Most of the information obtained from the fabricator was related to the girder cross-

section, length, and prestressing strand size and quantity.  Those properties were taken 

from the fabrication drawing plans.  Quality control records were also reviewed.  These 

records documented the fabrication history, including the time and date of casting, time 

and date of the release of prestress, concrete cylinder strengths at release and 28 days 

after casting, and all camber measurements. 

8.3  Description of Dataset 

8.3.1  Data Collection from Concrete Technology Corporation 

The data set from Concrete Technology Corporation contained 103 girders from four 

projects and included the eight girders monitored for a detailed time history of camber 

and materials testing (see chapters 4 and 5). 

p.91 

8.3.4  Age at Release 

The age of the concrete at release influences the girder stiffness because the elastic 

modulus changes over time and with maturity. 

Therefore, while most girders will be released between 12 and 24 hours of casting, 

some girders will cure for between 48 and 96 hours prior to release. 

p.92-93 

8.3.5  Seasonal Variations 

Temperature during casting and curing is known to influence material properties and 

may affect prestress loss.  The two girder fabricators are located in areas that exhibit 
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very different annual temperature and humidity cycles.  Central Pre-Mix uses outdoor 

casting beds.  It covers the girders with thermal blankets and, if necessary, raises the 

concrete’s temperature by releasing steam adjacent to the form, under the blanket.  In 

the winter months, the temperature in Eastern Washington frequently drops below 

freezing, so special measures are needed to achieve proper concrete curing.  In the 

summer months, the climate is typified by high temperatures and low humidity, both of 

which might be expected to promote shrinkage and creep. 

Concrete Technology in Tacoma has a covered casting bed and heats the girders with 

electric elements inside insulated forms, even though the climate in Western 

Washington is much milder.  Girders made at both plants are susceptible to some 

thermal effects during casting and curing, but the seasonal differences suggest that the 

effects might be larger in girders cast by Central Pre-Mix Prestress. 

To illustrate the potential for seasonal effects on the data set, Figure 8.4 shows the 

number of girders that were cast in each month of the year. 

p.95 

8.4.2  Influence of Compressive Strength on Release Camber 

The compressive strength at release can influence the release camber by changing the 

stiffness of the girder.  Figure 8.7 illustrates this trend for the Black Lake Bridge project.  

As the compressive strength of the concrete increased at the time of release, the initial 

camber decreased. 

p.96 

8.4.3  Long-Term Camber 

The long-term trends were more difficult to distinguish.  The quantities that fabricators 

measure after the release measurements are 28-day compressive strengths and an 

additional camber measurement.  This additional camber measurement was not taken 

at a consistent time after casting because WSDOT requires only that one additional 

measurement be taken prior to shipping.  Shipping dates vary, and often change, in 

accordance with the contractor’s schedule.  This leads to a significant scatter in the age 

of the girder at the second camber measurement.  The effects of creep and shrinkage 

will also vary with time, material properties, environmental conditions, and even girder 

support conditions in the yard, so large scatter must be expected in this second camber 

measurement. 

p.98-99 

CALIBRATION OF CAMBER MODEL 

9.1  Introduction 

This chapter discusses calibration of the camber model with field data.  Those data 

consisted of reading from girders that were fabricated by the two major manufacturers 

in the state Of Washington and placed in six different bridges. 

9.2  Evaluation of Current Procedure 

Thus a negative error indicates that the predicted upward camber is larger than the 

measured, and that the real girder is flatter than the calculations suggest.  This was the 

outcome in most cases when the standard WSDOT method of calculation was used. 

The WSDOT method over-predicted the camber in almost all girders that were over 100 

feet long. 
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p.102-103 

9.3  Effect of Using Measured Concrete Compressive Strength 

Consequently, the girder tends to be stiffer and deflect less than would be the case if 

the actual strength had been based on the long-term requirements.   

Table 9.4 shows the average ratio of the measured concrete compressive strength to 

the design concrete compressive strength for all the girders and the two fabricators.  As 

expected, the average ratio was higher at 28 days than at release. 

Figure 9.3 shows how concrete strength affects the predicted camber for a W74G girder.  

A 10 percent increase in concrete strength results in decreases in the predicted camber 

of approximately 0.10 in. at release and 0.25 in. after 200 days. 

p.106-107 

9.4  Prestress Loss Deflection Adjustment 

By using the actual concrete compressive strength and including the effects of prestress 

loss on deflection, the error in the prediction was reduced as shown in Table 9.3. 

p.108 

9.5  Calibration of the Camber Prediction Model 

Creep deflection is affected by the elastic modulus, but the converse is not true. 

p.115 

9.5.3  Calibration of Prestress Losses Due to Creep 

After the initial optimization had been completed in this project with the AASHTO LRFD 

2004 equation, AASHTO adopted the recommendation in NCHRP Report 496, which 

generally predicts lower losses.  WSDOT has since adopted the AASHTO 2006 “Refined 

Methods of Time-Dependant Losses”.  

p.123-128 

10.2  Conclustions 

a)  Concrete strength.  On average, the measured concrete compressive strength 

exceeded the specified strength by 10 percent at release and 25 percent at 28 days.  The 

excess strength at release was particularly large when the girder was cured for more 

than one day, as often happens over weekends. 

4) a)  Girder support locations 

The girder is supported at different locations at different times, such as at release, 

during storage and on the bridge piers.  These support locations affect the camber, but 

are typically not accounted for during design. 

b)  Restrain by support 

Placement of a girder on a fixed support creates some restraint to the longitudinal 

shortening of the bottom flange.  Lifting and reseating a girder in the storage yard 

released that restraint and caused an increase in camber that averaged 0.15 in. 

d)  Environmental conditions 

Ambient air temperature, relative humidity, and temperature gradient in the girder 

could affect measured cambers but were not included in this research. 

1)  Effect of support conditions 

Some girder ends were supported on oak blocks and then built in to partial-height 

diaphragms, while others were seated on elastomeric bearings.  Girders supported on 
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oak blocks at both ends deflected less than those that were supported on an 

elastomeric bearing at one end.   

The lower deflections were attributed to fact that the bottom flange of the girder was 

partially restrained against longitudinal movement.  The restrained girders behaved as if 

they were 41 percent to 46 percent stiffer than those seated on elastomeric bearings. 

p.128 

10.3  Recommendations 

10.3.1  Recommendations for Practice 

The following recommendations are made for practice: 

1)  Concrete strength 

For deflection calculations, increase the specified concrete strengths by 10 percent at 

release and 25 percent at 28 days. 

2)  Elastic modulus 

Use 1.15 times the AASHTO LRFD 2006 equation for predicting the concrete elastic 

modulus (Ec) for a given concrete strength.  An alternative would be to adopt the 

methods recommended by NCHRP or CEB-FIP. 
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25.  camber, prestress losses, deflections 

“Predicting Camber, Deflection, and Prestress Losses in Prestressed Concrete Members” 

Dr. Sami Rizkalla, Dr. Paul Zia, and Tyler Storm 

North Carolina State University 

Final Report Research Project # 2010-05 

FHWA/NC/2010-05 

July 2011 

Abstract 

Accurate predictions of camber and prestress losses for prestressed concrete bridge 

girders are essential to minimizing the frequency and cost of construction problems.  

The time-dependent nature of prestress losses, variable concrete properties, and 

problems related to production variables make it difficult to predict camber accurately.  

The recent problems experienced by NCDOT during construction are mainly related to 

inaccurate prediction of camber.  In this report, several factors related to girder 

production are shown to have a significant impact on the prediction of camber. 

p.vi-viii 

SUMMARY 

In recent years, NCDOT has experienced increasing construction problems related to 

discrepancies between the predicted and measured camber for prestressed concrete 

bridge girders, as well as problems with differential camber between identical girders.  

In addition, current prestress loss predictions used by NCDOT are based on the 2004 

AASHTO LRFD Bridge Design Specifications, which has been superseded by the 2010 

edition.  

This report examines the accuracy of the current NCDOT method for predicting the 

prestress losses and camber for prestressed concrete girders as compared to field 

measurements.  Other methods available in the literature are also reviewed, including 

the PCI method and the AASHTO 2010 method. 

The report presents the findings from the testing of a large number of concrete 

cylinders that was conducted to evaluate the properties of the concrete.  It also 

presents the findings of several site visits to precasting plants that were conducted by 

the research team to identify factors related to girder production that could potentially 

affect the accuracy of the camber predictions.  Specific findings related to the concrete 

properties and other production factors include the following: 

1)  The concrete compressive strength at transfer was found to be on average 25% 

higher than the specified design value. 

2)  The concrete compressive strength at 28 days was found to be on average 45% 

higher than the specified design value. 

3)  The elastic modulus of the concrete was found to be on average 15% less than the 

value predicted by the AASHTO specifications using a unit weight of 150 pcf for the 

concrete. 

4)  Concrete properties can potentially vary from girder to girder within the same 

casting bed due to the use of multiple batches of concrete along the bed as well as 

delays in concrete batching that occasionally occur during a casting. 
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6)  The prestressing force was found to be significantly affected by the temperature 

fluctuations of the prestressing strands during fabrication. 

7)  Temporary thermal gradients in the girder could cause significant scatter of the 

measured camber data. 

8)  The debonding and transfer length of the prestressing strands were found to be 

significant sources of error in the camber predictions for girders with debonded lengths 

greater than ten feet and should therefore be considered in the prediction of camber. 

This report provides specific recommendations to account for several of these factors to 

enhance the prediction of camber. 

The research introduces two methods for the prediction of camber for prestressed 

concrete bridge girders, including an “approximate” method based on multipliers and a 

“refined” method based on the detailed losses calculations given in the 2010 AASHTO 

specifications.  The current NCDOT method was also modified to account for the factors 

related to girder production.  The current NCDOT method, the modified NCDOT method, 

and the two proposed methods were compared with measured cambers of 382 

prestressed concrete girders in the field, some of which were taken by the research 

team and others that were collected with the help of NCDOT inspectors and Resident 

Engineers.  The girder types that were considered in the study include AASHTO Type III 

and Type IV girders, box beams, cored slabs, and modified bulb-tees.  The findings from 

the comparison of the prediction methods are summarized briefly as follows: 

1)  The current NCDOT method was found to overestimate the camber of prestressed 

girders by an average of 52%.  The modified NCDOT method overestimated the camber 

by an average of 39%.  The proposed approximate method overestimated the camber 

by an average of 16%.  The proposed refined method underestimated the camber by an 

average of 6%.  

2)  The accuracy of the predictions of camber at prestress transfer was found to vary 

between different girder types and curing methods.  Steam cured box beams and cored 

slabs exhibit lower cambers at the time of prestress transfer than the moist cured 

members.  However, the accuracy of the predictions at later stages is less significantly 

affected by the curing method and girder type. 

Based on the findings of this research, the two proposed methods are recommended to 

provide the most accurate prediction of camber.  The proposed approximate method is 

more convenient for simple hand calculation, while the proposed refined method is 

suited for more accurate computer calculations. 

A spreadsheet program to predict prestress losses and camber using each of the 

methods considered in this research is provided.  A spreadsheet that calculates the 

modified section properties for box beams and cored slabs due to void deformation is 

also provided. 

p.8 

2.7  Camber Experiences of Other States 

A brief questionnaire was sent to bridge design engineers at the Nebraska Division of 

Roads (NDOR), the Texas Department of Transportation (TXDOT), and the Florida 

Department of Transportation (FDOT).  These questionnaires were designed to explore 

the methods used by these states to predict prestress losses and camber.  They also 
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requested information about any problems experienced with the prediction of camber.  

This section provides a summary of the responses.  The full text of the responses are 

provided in Appendix C. 

2.7.1  Nebraska Division of Roads (NDOR) 

NDOR uses both the “approximate method” and the “refined method” of the 2004 

AASHTO LRFD Bridge Design Specifications to estimate prestress losses.  In their 

experience, both give approximately the same prediction of camber at the time of the 

erection of the bridge, which is assumed to be 30 days after casting. 

NDOR has observed that the camber predictions are often higher than the measured 

values, particularly for very long spans (over 150 feet) when the specified concrete 

strength exceeds 10 ksi. 

p.9 

2.7.2  Texas Department of Transportation (TXDOT) 

TXDOT typically uses the “refined method” of the 2004 AASHTO LRFD Bridge Design 

Specifications to estimate prestress losses.  To predict camber, they use a single set of 

assumed creep values for all girders. 

In contrast with NDOR, TXDOT has observed that their camber predictions are often 

significantly lower than measured values for long span girders.  In rare cases, the girders 

had to be re-cast.  In addition, TXDOT has observed that girders cast at the same time 

will often have different cambers on the bridge if the project phasing requires that some 

girders remain in storage in the casting yard longer than others.  They observed that 

these differential camber problems are most problematic with box beam girders since 

these are placed immediately adjacent to each other on the bridge. 

2.7.3  Florida Department of Transportation (FDOT) 

FDOT uses the AASHTO equation (Equation 2-1) to calculate the elastic modulus of 

concrete.  They use the specified concrete strength and a concrete unit weight of 145 

pcf.  For concrete made with coarse aggregate native to Florida, which is typically 

limestone, the elastic modulus is factored by 0.9. 

FDOT estimates prestress losses using the refined calculations specified by the 2004 

AASHTO LRFD Bridge Design Specifications.  Camber is calculated using either the PCI 

multiplier method or the approximate time-step method.  FDOT engineers have not 

experienced persistent problems with camber prediction using either method, although 

construction difficulties related to camber occasionally occur.  

Problems related to camber prediction are prevented to some extent by FDOT’s practice 

of requiring that the contractor measure the camber of the girders before setting the 

seat elevations on the bridge bents. 

p.14 

3.2.2  PCI Method 

The method recommended by the Precast and Prestressed Concrete Institute for 

estimating prestress losses is similar to the current NCDOT method in that it only 

estimates the ultimate time-dependent losses rather than time-specific values.  

However, the prediction equations themselves are different. 
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p.25 

3.3.2  PCI Method 

The PCI method also uses multipliers to predict camber at prestress transfer, at bridge 

erection, and at an arbitrary “final” time in the distant future, which represents the 

ultimate deflection. 

3.3.2.1  Camber at Transfer 

The calculation of the camber at prestress transfer is identical to the NCDOT method 

(Equation 3-35). 

3.3.2.2 Camber at Time of Bridge Erection 

In estimating the camber at the time of bridge erection, the PCI method is similar to the 

NCDOT method except that the multipliers are reduced: 

3.3.2.3  Camber at Final Time 

The net camber at an arbitrary “final” time in the distant futre is estimated using 

additional multipliers for the initial deflections.  The deflection due to superimposed 

loads applied at bridge erection, if such loads are present, is also adjusted by a 

multiplier. 

If the superimposed load applied at bridge erection is a composite topping, then its 

contribution to deflection is multiplied by 2.30 instead of 3.00 in the above equation. 

p.26-27 

4 FIELD MEASURMENTS AND SITE VISITS 

4.1  Introduction 

A significant part of the effort of this study was the development of an extensive 

database of field measurements that could be used to evaluate the various prediction 

models.  The field data included camber, concrete properties, and production details.  

The development of the database is discussed in Section 4.2. 

4.2  Field Measurments 

To develop the extensive database of field measurements, it was necessary to enlist the 

help of NCDOT inspectors and Resident Engineers.  For quality assurance purposed, the 

inspectors are required to be present during the casting of every prestressed bridge 

girder produced for NCDOT.  Since there is an NCDOT inspector stationed at each 

precasting yard, they were well-positioned to take camber measurements before the 

girders were shipped.  The resident engineers, on the other hand, are present at the 

erection of the bridge and were thus able to take camber measurements once the 

girders were in place. 

4.2.1  Camber Data Sheets 

In order to collect the camber measurements and the related girder data, a data sheet 

was developed on which the inspectors would record the measurements and data at the 

precasting yards.  Once the girders were sent to the construction site, the data sheets 

were sent by the inspectors to the resident engineers so that the camber measurement 

of the in-place girder could also be recorded.   

The measurements and data included on the data sheets consisted of the following 

items: 

 Position of each girder along the casting bed 

 Curing method used 
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 Ultimate compressive strength of the concrete at transfer 

 Ultimate compressive strength of the concrete at a later age 

 Locations of the supports in storage 

 Exposure conditions and geologic orientation during storage 

 Measurements of the camber at transfer, at the beginning of storage, at the end 

of storage, and in place on the bridge 

 Weather and temperature at the time of each camber measurement 

 

p.37 

5  EVALUATION OF PRODUCTION FACTORS 

5.1  Introduction 

Throughout this research, several production variables were identified as factors that 

could affect the prediction of camber.  In this chapter, these production factors are 

evaluated to consider their effects.  Recommendations to account for these factors to 

improve the predictions are provided. 

p.41-42 

5.4  Concrete Properties 

Predictions of prestress losses and camber are highly depended on the properties of the 

concrete used for the girder.  The elastic modulus of the concrete is used for predicting 

deflections and prestress loss due to elastic shortening.  The compressive strength of 

the concrete is used to predict losses and elastic modulus.  The unit weight of concrete 

is also needed to determine the self-weight load, and it influences the elastic modulus 

equations provided by AASHTO, PCI, and ACI. 

Due to the importance of the concrete properties in the predictions, the research team 

used physical tests and collected data to evaluate these properties.  The following 

sections describe the tests, the collected data, and the analyses of these properties. 

5.4.2  Unit Weight of Concrete 

The 88 cylinders that were tested for unit weight were tested in 29 sets of three or four 

cylinders.  As shown in Figure 5-2, the average unit weight of the cylinder sets was 148 

pcf.  The data ranged from approximately 140 to 154 pcf. 

Currently, NCDOT engineers assume a unit weight of 150 pcf for the elastic modulus and 

deflection predictions.  Due to the weight of the reinforcing steel in the girder, it is 

reasonable to assume that the actual unit weight of the section will be slightly higher 

than the measured value of 148 pcf.  Therefore, the value of 150 pcf currently used by 

NCDOT engineers for design is considered appropriate. 

p.60 

5.7  Curing Method 

The two primary curing methods used for precast, pretensioned girders are moist curing 

and heat (or steam) curing.  Moist curing typically consists of using a hose to drip water 

on the top surface of the girder, while heat curing involves the use of steam lines to 

heat the girder, consequently accelerating the cement hydration process. 

As discussed in Section 5.3, the temperature of the strands can affect the prestressing 

force through thermal expansion and relaxation of the strands.  When heat curing is 

used, the temperature of the girders and strands rises very quickly after casting.  
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Therefore, girders that are heat cured could experience a greater reduction in the 

prestressing force than moist cured girders due to the effect of the strand temperature. 

In addition to affecting the prestressing force, heat curing can also generate a thermal 

gradient within the girder since the girder is typically heated from below while the top 

of the girder is more exposed to cooling.  This could reduce the camber of the girder at 

the time of prestress transfer due to differential thermal expansion, as discussed in 

Section 5.6. 

The effect of the curing method on camber is evidenced by the analysis of the collected 

camber data, which is discussed in detail in Section 7.3.  The data suggest that the 

camber at the time of prestress transfer is significantly reduced for heat cured members 

as compared to moist cured members.  The data also suggest that the effect seems to 

depend on the girder type.  For box beams, the camber at transfer for heat cured 

members is roughly 50% lower than for moist cured members; for cored slabs, the 

difference is approximately 75%; and for Type IV girders, the difference is approximately 

20%.  For modified bulb-tees, there is not a significant difference in the camber at 

transfer for head cured versus moist cured girders. 

Although the effect of curing method on the camber at the time of transfer is significant, 

analysis of the camber measurements at later ages suggest that the effect may be only 

temporary, since the difference between the camber measurements for heat cured and 

moist cured girders is significantly reduced at ages greater than 24 days. 

Based on these observations, it is concluded that the effect of curing method on camber 

prediction accuracy can be significant at the time of transfer, although it varies for 

different girder types.  In addition, the fact that the effect of the curing method is most 

significant for shallow girders such as cored slabs and box beams leads to the conclusion 

that thermal gradients present at the time of transfer may be a significant cause of 

camber discrepancy at this stage for head cured members.  This conclusion is drawn 

from the fact that thermal gradients with the same temperature differential tend to 

cause a greater deflection in shallow members that in deep members, as discussed in 

Section 5.6. 

This analysis leads to the further conclusion that the measured camber at the time of 

transfer is not necessarily a reliable indicator of the eventual long-term camber since 

the camber at this early stage may be temporarily reduced due to effects related to the 

curing method. 

Adjustments to the camber predictions due to this factor are not practical since the 

curing method is generally not known at the design stage.  However, for camber 

analysis, girder data should be grouped according to the curing method used. 

p.62 

5.9  Project Scheduling 

Factors related to project scheduling can also affect the camber predictions.  For 

example, predictions of the camber at the time of prestress transfer as well as 

predictions of losses are based on the assumption that prestress transfer occurs one day 

after casting, which is typically the case.  However, it is also common for girders cast on 

a Friday to have the prestressing transferred on the following Monday, three days after 

casting.  During this extra time, the strength and elastic modulus of the concrete 
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increases significantly.  As a result, these properties can be significantly greater than the 

specified values used in the camber and prestress loss predictions.  In addition, the 

increased strength could result in significantly less creep than predicted.  Therefore, two 

girders cast for the same bridge could have very different cambers if the prestressing 

force is transferred to the girders at different ages. 

Another factor related to project scheduling that could affect the camber predictions is 

the amount of time between prestress transfer and erection of the bridge.  There is 

often wide variation in this respect from project to project.  For example, it is not 

uncommon for cored slabs to be erected within 15 days of casting, while other girder 

types may be in storage for six months or more before being erected.  Due to the effects 

of creep on the measured camber, this could result in significant discrepancies between 

predicted and measured camber since the time of bridge erection is typically assumed 

to be 28 days in the predictions. 

Due to the inherent scheduling uncertainties involved with bridge projects, adjustments 

to account for the project scheduling at the design stage are not practical.  However, 

camber behavior will be more consistent among the girders in a particular bridge or 

span if they experience the same amounts of time between casting, prestress transfer, 

and bridge erection.   

p.63-64 

5.10  Summary of the Proposed Adjustments 

Many of the factors discussed in this chapter introduce errors in the camber predictions 

that are additive.  Specifically, the effects of neglecting debonding, transfer length, 

concrete over-strength, and void deformation in the camber predictions all tend to 

overestimate the actual camber.  When considered together, the impact of these effects 

can be significant.  Therefore, it is recommended that the adjustments for all four of 

these factors be included in the predictions. 

The following recommended adjustments should be used when predicting camber and 

when predicting prestress losses for the camber calculations.  The adjustments are 

summarized as follows: 

Concrete Strength 

The specified concrete strength at transfer, f’ci, should be adjusted to determine the 

best estimate of the actual concrete strength at transfer, f*ci, as follows: 

f*ci = 1.25f’ci 

The specified 28-day concrete strength, f’c, should be adjusted to determine the best 

estimate of the actual 28-day strength, f*c, as follows: 

f*c = 1.45f’c 

These adjusted strengths should replace the specified strengths in all of the calculations, 

including concrete elastic modulus, creep coefficients, shrinkage strains, losses, and 

deflections. 

Concrete Elastic Modulus 

The AASHTO equation to estimate the elastic modulus of concrete at transfer should be 

adjusted by a factor of 0.85 to account for local production factors, as follows: 

Eci = (0.85)33wc1.5sqrt(f*ci) 

The 28-day elastic modulus equation should be similarly adjusted: 
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Ec = (0.85)33wc1.5sqrt(f*c) 

p.64 

Debonding and Transfer Length 

The reduction in camber due to debonding and transfer length, discussed in section 5.2, 

is currently neglected by NCDOT engineers.  To account for this effect, the elastic 

deflection due to prestressing only should have the following general form: 

p.74 

7  EVALUATION OF PREDICTION METHOD 

7.1  Introduction 

To evaluate the accuracy of the methods for predicting camber, the predicted values 

from each method were compared to the field measurements.  The following four 

prediction methods were compared: 

1)  current NCDOT method 

2)  modified NCDOT method 

3)  proposed approximate method 

4)  proposed refined method 

The detailed calculations for these methods are given in Chapters 3 and 6.  All of the 

methods except the current NCDOT method include adjustments to account for the 

effects of the production factors and material properties as discussed in Chapter 5. 

7.2  Method of Comparison 

A series of spreadsheets was developed to predict the camber of each girder in the 

database using each prediction method.  Since no camber measurements were taken 

after placement of superimposed dead loads, the predictions were limited to consider 

only the camber up to the time of girder erection. 

p.78 

7.3.2  Camber at Transfer 

The calculation of the camber at prestress transfer is nearly identical for all methods.  

The primary difference is that the recommended adjustments to account for the effects 

of the production factors described in Chapter 5 are included for the modified NCDOT 

method, the proposed approximate method, and the proposed refined method, while 

they are not included for the current NCDOT method. 

p.80-81 

7.3.3  Camber at 24 Days and Later 

The data for camber measurements taken at 24 days or more after casting provide a 

more reliable comparison for the performance of the prediction methods since the 

bilinear approximations of the prediction curves more closely represent the realistic 

camber growth during this time.  This analysis is of primary importance since the focus 

for this research is to improve the prediction of the camber at the time of girder 

erection, which typically occurs several weeks after casting. 

The analysis indicates that both the proposed approximate method and the proposed 

refined method provide significant improvement to the camber predictions compared 

to the current NCDOT method and the modified NCDOT method, as shown by the data 

in Table 7-1 and Figure 7-5. 

 

Appendix Page 342



p.86-90 

8  CONCLUSIONS AND RECOMMENDATIONS 

8.1  Conclusions 

1)  Many factors related to the design of girders as well as the production process can 

have significant impacts on the prediction of camber and prestress losses.  Significant 

factors which should be considered at the design stage include the following: 

a)  Concrete properties 

The accurate estimation of the concrete properties is essential to obtaining reliable 

predictions of camber and prestress losses.  NCDOT currently uses the specified 

concrete strength in the predictions, which is often significantly lower than the actual 

concrete strength of the girder.  A survey of cylinder test data as well as tests conducted 

by the research team showed that the actual concrete strength at transfer was on 

average 25% higher than the specified strength for transfer, while the concrete strength 

at 28 days was 45% higher than the specified 28-day strength.  The cylinder tests also 

revealed that the elastic modulus for locally produced girders was on average 85% of 

the value predicted using the AASHTO equation.  In addition, concrete properties can 

vary from girder to girder on the same casting bed since multiple batches of concrete 

are used for a single casting. 

c)  Debonding and transfer length 

Neglecting the reduced curvature at the ends of the girder due to debonding and 

transfer length can result in overestimation of camber.  For most girders, the effect on 

camber is less than 3%.  However, for girders with especially long debonded lengths (10 

feet or greater), the camber may be overestimated by as much as 13% if this effect is 

not considered.  The effect is also more significant for short span girders since the 

affected end region comprises a larger proportion of the overall span. 

2)  Factors that are less significant or for which little can be practically done at the 

design stage to improve the predictions include the following: 

a)  Temperature of the concrete 

Temporary thermal gradients through the depth of the girder caused by heat curing or 

solar effects can result in temporary changes in camber.  This effect is most severe for 

box beams and cored slabs. 

b)  Curing method 

The camber of girders at the time of prestress transfer can be significantly affected by 

the curing method used.  Heat cured girders other than modified bulb-tees tend to have 

significantly less camber at transfer than moist cured girders, although there does not 

seem to be significant difference in the camber at later stages, suggesting that the 

discrepancy could be due to temporary thermal gradients. 

c)  Temperature of the strands 

The prestressing force can undergo significant fluctuations between the time of 

tensioning and the time of prestress transfer due to temperature changes in the strands 

caused by the ambient temperature, solar effects, and concrete curing temperatures.  

This can affect the camber of the girder. 

d)  Project scheduling 
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Girders that experience different amounts of time between casting and prestress 

transfer or between transfer and girder erection can have different cambers. 

3)  Due to the variations in production, some of which are unpredictable, the measured 

camber was observed to vary significantly among girders that were otherwise identical 

in design. 

4)  The measured camber at the time of transfer should not be used as a reliable 

indicator of the camber at later stages due to the variability caused by rapidly changing 

concrete properties and by thermal gradient effects. 

5)  The current NCDOT method was shown to significantly overestimate the camber for 

most girder types.  Camber was overestimated by an average of 52% among all of the 

girders studied. 

6)  The modified NCDOT method provided improved camber predictions compared to 

the current NCDOT method, but is still overestimated the camber by an average of 39% 

among all of the girders studied. 

7)  The proposed approximate method overestimated camber by an average of 16% 

among all of the girders studied, which was significantly better than the NCDOT 

methods. 

8)  The proposed refined method provided the best estimates of camber for most girder 

types.  It underestimated camber by an average of only 6% among all of the girders 

studied, although it underestimated the camber by an average of approximately 25% for 

head cured modified bulb-tee girders and moist cured Type IV girders. 

8.2  Recommendations for Practice 

Based on the findings of this research, the following design and production practices are 

recommended: 

1)  For deflection calculations, the specified concrete strength at transfer should be 

increased by 25%.  The specified 28-day concrete strength should be increased by 45%.  

These changes account for the average relationship between specified and actual 

concrete strength. 

2)  The concrete unit weight should be assumed to be 150 pcf. 

3)  To estimate elastic modulus, the equation provided in the 2010 AASHTO 

specifications should be multiplied by 0.85 and should be calculated using the adjusted 

concrete strength and the recommended unit weight of 150 pcf. 

6)  The effect of debonding and transfer length should be accounted for in the camber 

predictions.  The calculations for the proposed methods provided in Chapter 6 include 

this adjustment. 

7)  The proposed refined method provided in Section 6.5 should be used to predict 

camber.  The proposed approximate method provided in Section 6.4 may be used to 

predict camber when a simple rough estimate is desired.  The elastic shortening loss 

used in the approximate method may be calculated according to the AASHTO 2010 

method instead of the PCI method, since this will not significantly affect the camber 

predictions and will provide consistency with the losses calculations that are performed 

for the proposed refined method. 

8)  Whenever practical, camber should be measured before dawn before the sun 

induces thermal gradients within the girders. 
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9)  Girders should be stored with the supports as close as possible to their design 

bearing locations to minimize camber variability. 
 

  p.139-145 

Appendix C  Camber Experiences of Other States 

Texas Department of Transportation 

3.  What procedure or approach do you use to minimize the impact of the camber 

problem? 

Smart contractors will lower the bearing seat elevations on their own if they suspect 

there could be a camber issue.  Most contractors are aware that some fabricators have 

a history of producing beams with high cambers while others have a history of low 

cambers.  The problem occurs mainly with widenings or phased construction where 

profile grade adjustments are not usually possible. For new construction, it is usually 

easy to adjust the profile grade to account for higher cambers. 

6.  What code(s) and design software(s) do you currently use to calculate prestress 

losses, camber, and deflection? 

Camber 

The maximum camber calculations are derived from the hyperbolic function method 

developed by Sinno [6].  Sinno formulated hyperbolic functions for unit shrinkage and 

unit creep from field data of full-sized, Texas Type B, prestressed concrete bridge 

beams.  

The prestressing steel for the beams consisted of seven wire, 7/16-in. diameter, 250 ksi 

stress relived strands.  The beams were fabricated of both normal-weight and 

lightweight concrete and stored for a 300-day period.  At the end of the storage period, 

the beams were installed in the 40 ft. and 56 ft. spans of a bridge on IH-610 over South 

Park Boulevard in Houston, Texas.  The camber calculations are, therefore, strongly 

correlated with the particular structure they were calibrated to. 

The calculation method developed by Sinno was fully implemented in the TxDOT 

“Camber Prediction Program” – PSTRS11 (a.k.a. Prestressed Beam Stresses and 

Camber).  PSTRS11 was written by Sinno and employs empirically based unit hyperbolic 

creep and shrinkage functions and a step-wise time-increment numerical procedure.  

This program was never used for predicting camber in bridge design production, so the 

source code was not incorporated into PSTRS10 or PSTRS14.  Instead, a very simplified 

single step method of calculating the camber at mid-span, using a single set of assumed 

creep and shrinkage values, is included in PSTRS14.  The justification for this 

simplification is the presumption that camber calculation is inherently inaccurate so 

there is no need to improve the prediction of what cannot be reliably predicted.  The 

design engineer may not agree with this logic and may choose to employ other means 

to determine beam camber.  But in practice PSTRS14’s calculated camber is assumed to 

be good enough by most bridge design engineers in spite of some field data to the 

contrary. 

PSTRS14’s camber calculation method may not provide an adequately accurate 

prediction of beam camber for design purposes when applied to other beam types (i.e., 

volume/surface ratios) than I-beams, other material constituents, other storage periods, 

other final location and framing plan, as well as other factors not considered in Sinno’s 
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method.  Some of these factors and other factors described by Kelly, Bradberry, and 

Breen [7] significantly influence camber at erection.  Under no circumstances should the 

calculated camber be considered as having the same degree of certainty as, for 

example, the concrete strength required.  The value printed for erection camber should 

be considered a rough estimate only and is not applicable to all possible design options, 

beam types, aggregate types, etc. 

The user should verify the calculated camber versus the dead load deflection due to 

placement of all superimposed dead load results in a beam with a positive net camber.  

If the camber needs to be increased, the user may do so by adding additional strands 

using the analysis option.  This would not, however, guarantee that the profile of the 

beam will always have a net positive camber throughout the service life of the bridge. 

Camber calculations performed by the program are thus insensitive to the beam type 

and many other factors that affect the actual camber of prestressed concrete beams.  

Furthermore, final concrete strength alone is used to determine beam stiffness so the 

method is not affected by the initial concrete stiffness associated with f’ci. 

Deflections are simple span deflections and may be based on the moduli derived from 

final concrete strengths of beam and composite areas such as shear keys.  However, 

TxDOT policy is to set all concrete moduli to 5000 ksi for both stress and deflection 

calculations and to indicate on the plans that the deflections shown are calculated 

assuming an E’c of 5000 ksi. 

Nebraska Division of Roads 

3.  What procedure or approach do you use to minimize the impact of the camber 

problem? 

We have shown PCI tolerances (at release) on the plans so our inspectors can enforce it.  

We have required the fabricator to check the camber before shipping.  We are in 

process of identifying the “K” factors due to our local ingredients so we can use it in our 

calculation for losses. 

6.  What code(s) and design software(s) do you currently use to calculate prestress 

losses, camber, and deflection? 

We use CONSPAN software for design using LRFD.  We use approximate losses method 

and sometimes refined losses.  (Both give about the same camber prediction at 30 days) 

7.  How do you determine the modulus of elasticity of concrete at different ages?  If you 

calculate camber at prestress transfer, do you use the specified f’ci for the calculation?  

How do you determine shrinkage and creep in your calculations? 

We provide two camber numbers on the plans:  camber at release calculated based on 

the fci and camber at 30 days (assumed girder erection) based on the 28 days strength 

(design strength).  In general we use AASHTO LRFD approximate method to determine 

creep and shrinkage. 

Florida Department of Transportation 

3.  What procedure or approach do you use to minimize the impact of the camber 

problem? 

The contractor is required to monitor the camber in storage.  We are considering 

additional loads during design to allow for more tolerance when the camber is 

overestimated.  
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26.  “Estimating Camber, Deflection, and Prestress Losses in Precast, Prestressed Bridge 

Girders, TRC 1606” presentation provided at the 2018 ARDOT Transportation Research 

Committee Spring Meeting   

Ahmed Al-Mohammedi 

Micah Hale 

Department of Civil Engineering, University of Arkansas 

 

• The current design methods results in differences between the design and the actual camber. 

• The main goal of this project is to improve the accuracy of estimating camber and long-term 

deflection in precast prestressed concrete girders 

(1) Current Methods for Camber Prediction:   

          1.80 × initial camber – 1.85 × deflection  =  camber at erection 

          2.45 × initial camber – 2.70 × deflection – (others) = final camber 

(2) Underestimation of concrete properties. 

(3) Inaccurate prediction of strands stress. 

• All camber/deflection calculations are estimates 

• Affected by uncertainties relating to material properties 

• Time dependent  

• Temperature 

• Humidity 

• Load application 

• Several visits were made to two plants which are: (1) Coreslab Structures in Tulsa, OK (2) JJ 

Ferguson Prestress/Precast in Greenwood, MS.  

• The objectives from these visits are to: 

• Evaluate concrete properties.  

• Measure strand stress 

• Monitor camber in the field. 

• Evaluate the current design methods. 

Evaluating Concrete Properties 

Concrete was sampled during the casting of each girder. More than 30 cylinders and 6 prisms were cast 

from each mix. The specimens were brought to the lab the following day and tested for: 

1- Compressive strength. 2- Elastic modulus. 3- Unit weight. 4- Creep. 5- Shrinkage. 

 

Monitoring camber 

• The initial camber was measured immediately after release while the girders were still on the 

prestressing bed and again immediately after moving the girder to storage yard. 

• Camber was measured multiple times until the girders were shipped to the job site. 

• Once the girders arrived to the bridge site, camber was measured before and after casting the 

deck. 

• Current Methods for Camber Prediction:   

          1.80 × initial camber – 1.85 × deflection  =  camber at erection 

          2.45 × initial camber – 2.70 × deflection – (others) = final camber 
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• The ACI 363 equation and the AASHTO LRFD equation underestimated the modulus of elasticity 

of concrete by 15% to 20%. 

• Modification factors are proposed in the final report to overcome the underestimation.  

Recommended Changes to Camber Equations 

The recommended method utilizes a single multiplier of 1.4 times the elastic camber (initial camber at 

release) calculated using gross section properties as shown in the equation below. This multiplier was 

validated using the camber measurements conducted at girders erection.  

(1) Current Methods for Camber Prediction:   

          1.80 × initial camber – 1.85 × deflection  =  camber at erection 

          2.45 × initial camber – 2.70 × deflection – (others) = final camber 

Prestress Losses 

• The 2014 AASHTO LRFD Detailed Method overestimated the prestress losses by 45%.  

• The high compressive strength at release also affects modulus of elasticity.   

• The measured elastic shortening losses was very close to the predicted when using 

transformed section properties.  

• Results 

• The 2014 AASHTO LRFD detailed method overestimated the prestress losses at the time 

of deck placement by 154% and 121% for Type II and III, respectively. 

• The high compressive strength at release decreased the prestress losses. 

• Elastic shortening losses can be accurately estimated by applying the prestressing force 

directly to the transformed section properties. 

• Recommended Changes to Modulus of Elasticity Equations 

• The MOE of concrete is a significant parameter in determining the initial camber and 

deflection of prestressed concrete girders.  

• MOE of concrete at release is necessary for estimating both downward and upward 

defection components of initial camber.  

• MOE at service is more important for quantifying the downward component which 

directly affects the long-term deflection.   

• Coarse Aggregate Stiffness Coefficient  (K1) 

• The AASHTO LRFD (2014) gives a better estimate for the modulus of elasticity when the 

concrete compressive strength is higher than 6500 psi. Therefore, it was more realistic 

to derive two K1 coefficients with a range of applicability below and above 6500 psi. K1 

coefficients are summarized in the table below. 

 
• Conclusions 

• Use measured compressive strengths 

• Instead of specified 
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• Measured release strength were 26 to 80% higher than design strength 

• Use a multiplier of 1.4 vs 2.45 for final camber  

• Measure Modulus of Elasticity 

• Use recommended K1 values 

• Measured E’s at release were 20% to 50% greater than design 
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topics

A strength gain > 28 days

B material properties

C camber prediction methods

D camber variability

E section properties

F instrumentation & monitoring

G high strength concrete using local materials (LADOTD)

H temerature effects on camber

I design procedures

J measured camber

K prestress losses

L experimental program

M AASHTO specifications

N Sensitivity Study (TXDOT)

O probabalistic comparison/effect of variability on prestress losses and camber & deflections

P test data

Q transportation weight limits

R factors that influence span capabilities (prestress losses, allowable tension, local producer member capabilities f'c)

S camber tolerances

T debonded strands

U anchor zone reinforcing

V QC records (WSDOT)

W humidity

X historical material data

Y support conditions

Z modification factors for camber estimates

AA camber experiences by other State DOT's

BB when to measure initial camber

CC scheduling pours

DD recommendations for practice

EE curing

FF strand development and transfer lengths
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C-1  Strand profile (draped, straight, debonding, top strand)
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C-8  Prestress Loss Data (time, humidity, curing method)
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C-9  Temperature Gradient
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C-10  Prestressed Beam Detail Plan Sheet Information
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MDOT 

Camber Best Practices 

 

Camber Data Sets outline 

10-26-2018 

The following provides an outline to information that will be researched part of the camber data sets 

used to evaluate the effects on camber estimated based on; literature review, historic material 

information provided by the MS Concrete Girder Manufacturers, MDOT projects that have experienced 

“under-camber” on girders at erection, and MDOT’s current practices for estimating camber.   

AASHTO LRFD Code provisions related to estimating camber will be included along with considering 

other State DOT practices for estimating camber. 

 

Known information: 

1.  Actual concrete compressive strengths both at release and at 28-days are greater than design 

concrete compressive strengths. 

2.  Several MDOT projects have experienced under-camber on girders at erection.  Data provided by 

MDOT will provide insight to the amount of differences between the design camber compared to 

actual/measured camber at erection.  These differences will try to be simulated part of the camber data 

sets. 

 

Plan: 

Evaluate the differences between camber estimates using actual concrete compressive strengths based 

on the historic material information provided by the MS concrete girder manufacturers compared to 

design concrete compressive strengths. 

Various sets of data will be developed through example camber estimate calculations that capture the 

sensitivity of the difference in camber estimates between using actual concrete compressive strengths 

compared to using design concrete compressive strengths. 

For a particular girder type, evaluate the minimum and maximum span capabilities to capture the range 

of camber variations.  Vary both girder lengths and girder spacings.  Use AASHTO Type 4 girders and FL 

Bulb-T girders.  Use the bridge data provided by MDOT’s Bridge Division for the Leake County and 

Marshall County projects. 

 

 

 

Appendix Page 379



Items to evaluate that influence estimating camber: 

 Release concrete compressive strength (f’ci) 

 28-day concrete compressive strength (f’c) 

 Release modulus of elasticity (Eci) 

 28-day modulus of elasticity (Ec) 

 Unit weight (wc) 

o Vary the self weight of the girders by using different units weights (e.g., 150 pcf, 155 pcf, 

and 160 pcf) to evaluate the effect of unit weight on estimated camber. 

o Run a sample calculation on the girder self weight (for an AASHTO Type 4 and FL Bulb-T) 

by accounting for the additional weight of the strand to see if there is an appreciable 

difference in the girder self weight.   

 Recommend MS concrete girder manufactures collect all girder self weights to 

be able to have a historical database of unit weights produced.  Girder weights 

are required for shipping/hauling permits also and the girder weights may 

already be documented by the MS concrete girder manufactures.  

o Recommend further research be performed to obtain unit weights and modulus of 

elasticity information from the MS concrete girder manufactures.   

 Also note the type of aggregate used in the mix-design to further understand 

whether the AASHTO LRFD formula to compute the modulus of elasticity for 

concrete can be adjusted based on the type of aggregate and historic 

information.  Since historical information does not exist related to the types of 

aggregates used to manufacture the girders, the research will not utilize the 

adjustment factor in the AASHTO LRFD Bridge Design Specifications but the 

effect of adjusting the aggregate factor (K1) will be included. 

 The modulus of elasticity formula in the AASHTO LRFD Bridge Design 

Specifications will be used for both the design values of f’ci and f’c and the 

average actual values of f’ci and f’c to evaluate the effects on estimating 

camber. 

 Transformed section properties 

o Compare prestress losses with and without transformed section properties to evaluate 

whether prestress losses differ; if prestress losses differ between using gross section 

properties compared to transformed section properties then isolate the moment of 

inertia effects when using transformed section properties by manually entering the 

percentage of prestress losses (%) to be the same for gross section properties and 

transformed section properties. 
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Items to evaluate that influence estimating camber (continued): 

 Prestress losses 

o It is suggested to specify what the various parameters are to be used part of the 

prestress loss estimates (refer to ALDOT’s guidelines) 

 Time at release = 0.75 days 

 Age of deck placement = 60 days 

 Final age = 27500 days 

 Relative humidity = 75% 

o PCI’s Bridge Design Manual (design examples) assume the following construction 

schedule; 1-day at transfer, 90-days at erection/deck placement, and 20,000-days at 

final stage.  Section 9.0.1 Service Life discusses the assumed age for the various design 

examples as related to long-term (i.e., final) prestress losses 

o Age of girder at erection/deck placement 

o Time-dependent analysis 

 Haunch/fillet thickness 

o Compare deflections at erection with and without the haunch/fillet thickness in the 

composite section properties 

 PCI multipliers used in the PCI Multiplier Method for estimating camber 

 Temperature gradients 

 Straight vs. draped strand patterns 

 Where required to satisfy allowable stresses using straight strand patterns, top strand with 

and/or without reduced pull 

 Increased stiffness of girders using actual 28-day concrete compressive strengths 

o Evaluate the effect of increased stiffness of the girders when using the actual 28-day 

concrete compressive strengths on the live load distribution factor  

 Roadway Vertical curve ordinate 

o Although this item is not directly related to estimating camber, it could have an effect 

on the haunch thickness at the ends of girders and is related to calculating beam seat 

elevations, therefore procedures are recommended to include the roadway vertical 

curve ordinate in the calculation of the haunch/fillet thickness at the ends of the girders.  

o The research will not consider the roadway vertical curve ordinate. 
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Historic Material Information Provided by MS Concrete Girder Manufacturers:  

 Producer 1 Producer 2 Producer 3 

design f’ci 5600 psi 4480 psi 6800 psi 

Average actual f’ci 5622 psi 7503 psi 7725 psi 

Ratio of  
average actual f’ci/ design f’ci 

1.004 1.67 1.14 

Design f’c 6500 psi 5625 psi 8500 psi 

Average actual f’c 9501 psi 10644 psi 10441 psi 

Ratio of  
average actual f’c/design f’c 

1.46 1.89 1.23 

Ratio of 
Average actual f’ci/average 
actual f’c 

0.59 0.71 0.74 

 

Observations with respect to f’ci and f’c: 

1. Use the low, high, and average ratios to vary f’ci and f’c to evaluate the effects on 

camber estimates.   

a. Values for f’ci include; low = 1.004, average = 1.27, high = 1.66 

b. Values for f’c include; low = 1.23, average = 1.53, high = 1.89 

2. Producer 3 provided 2-day break data (not shown in the above table) that can be 

considered in utilizing higher design release strengths.  For example, the average 2-day 

actual concrete compressive strength was 8984 psi which is a ratio increase from the 

6800 psi design f’ci of 1.32. 

3. The relationship between f’ci/f’c can be used to understand the strength gain during 

design.  The above values based on historic material information can assist in 

establishing guidelines.  For example the lowest ratio was 0.59, the highest was 0.74, 

and the average ratio was 0.68.  Compare these values with other State DOT guidelines 

on design values for f’ci and f’c.   
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Historic Camber Data Provided by MS Concrete Girder Manufacturers:  

 Producer 1 Producer 2 Producer 3 

Estimated camber (at release) Data not provided 0.94 in. Data not provided 

Average measured camber (at 
release) 

no camber data 
provided 

0.74 in. Provided data on 15 
projects with 

difference beam 
types 

Average measured camber (28-
days) 

no camber data 
provided 

2.37 in.  

Ratio of  
Average measured camber (28-
days)/average measured 
camber (at release) 

no camber data 
provided 

3.2  

 

Observations with respect to camber: 

1. For Producer 2; use both the average actual f’ci and design f’ci to estimate camber at 

release for similar beam type and span length and compare the estimated camber 

differences at release to see if there is a correlation between the estimated camber and 

measured camber at release. 

a. Compare 28-day camber data to estimated camber data sets  

2. For Producer 3; the camber data shows variation in the measured camber; therefore 

calculate the range of variation (i.e., low and high values from the average measured 

camber).   

a. Look for consistencies between various beam types on the spread/magnitude 

the variations in the measured cambers. 

b. Vary f’ci and Eci using average actual f’ci values and compare effects with 

measured camber to see if there is a correlation to the relationship between 1) 

the design f’ci and estimated camber and 2) the actual f’ci and measured 

camber. 

i. Compare results with estimated camber using PCI multiplier method (at 

release only).  MDOT is currently adjusting the PCI multipliers when 

estimating camber; comment on this approach. 
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MDOT Guidelines for Estimating Camber: 

MDOT’s Bridge Division has beam design details published in the Bridge Design Manual (Version 6.1) and 

has a Bulb-T Design Procedure (revised 3/24/2017).  The following information is drawn from MDOT’s 

current procedures and guidelines for estimating camber and will be used as a basis to compare against 

other State DOT procedures and guidelines for estimating camber: 

 Maximum haunch/fillet check 

o MDOT’s maximum haunch/fillet check does not take into consideration the actual f’ci or 

the actual f’c 

o MDOT’s current guidelines do not consider the increase in the composite section 

properties (i.e., composite moment of intertia) as a result of increase in the composite 

section depth/height due to an “under-camber” girder at erection. 

 Minimum haunch/fillet thickness at edge of the girder top flanges.   

o MDOT currently does not provide guidelines on the minimum haunch/fillet thickness 

whereas other State DOT’s do. 

 Zero tension 

 Transformed section properties 

 Current procedures to set the PCI Multipliers to all 1.0 values 

 MDOT’s Bridge Design Manual currently does not include the FL Bulb-T beam section properties; 

it is recommended to include the FL Bulb-T beams 

 Allows the use of either #5 reinforcing bars or 0.5-inch strands with 2 kip pull in the top of the 

beam when required to satisfy release stresses 

 Use 2-inch haunch/fillet as added dead load.  Do not include the haunch/fillet thickness in the 

composite section properties. 

o Part of the camber data sets, compare deflections at erection with and without the 

haunch/fillet thickness in the composite section properties 

 Distribute railings equally over all beams 

o Not included part of the research scope of work, recommend further analytical studies 

on distribution of the railings, which can effect deflections at erection.  Refer to ALDOT’s 

distribution guidelines. 

 Consider actual haunch/fillet thickness over the beam length (i.e., due to the upward camber of 

the girders, the shape of the haunch/fillet thickness varies over the length of the girder in a 

parabolic profile).  Therefore, the added thickness increases both the dead load and composite 

section properties near the ends of the girder, which can effect deflection estimates.  To simplify 

the calculation of the haunch/fillet dead load and section properties, an average thickness is 

typically used/assumed for the haunch/fillet. 

 MDOT’s Bridge Design Manual (Bulb-T Design Procedure, section 1.f) states “Use Debonding if 

necessary (Debond to nearest tenth points,………..”   

o Note:  MDOT’s current practice is to use 2 ft. debond increments; therefore suggest 

updating Bridge Design Manual to reflect this 

Comment on other State DOT practices to use 2 ft. debond increments. 
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 Camber limit (at release only).  Comment on the calculation and use of the camber limit 

compared to other State DOT practices and PCI’s Recommendations for Camber Tolerances (at 

release only). 

 Compare camber/deflection values placed on MDOT girder detail sheets vs. other State DOT 

values placed on the girder detail sheets. 
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