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ABSTRACT 

 

Effective determination of long-term prestress losses is important in the design of 

prestressed concrete bridges.  Over-predicting prestress losses results in an overly conservative 

design for service load stresses, and under-predicting prestress losses, can result in cracking at 

service loads.  Creep and shrinkage produce the most significant time-dependent effect on 

prestress losses, and research has shown that high performance and high strength concretes (HPC 

and HSC) exhibit less creep and shrinkage than conventional concrete.  For this reason, the 

majority of traditional creep and shrinkage models and methods for estimating prestress losses, 

over-predict the prestress losses of HPC and HSC girders.   

Nine HPC girders, with design compressive strengths ranging from 8,000 psi to 10,000 

psi, and three 8,000 psi lightweight HPC (HPLWC) girders were instrumented to determine the 

changes in strain and prestress losses.  Several creep and shrinkage models were used to model 

the instrumented girders.  For the HPLWC, each model over-predicted the long-term strains, and 

the Shams and Kahn model was the best predictor of the measured strains.  For the normal 

weight HPC, the models under-estimated the measured strains at early ages and over-estimated 

the measured strains at later ages, and the B3 model was the best-predictor of the measured 

strains.  The PCI-BDM model was the most consistent model across all of the instrumented 

girders. 

Several methods for estimating prestress losses were also investigated.  The methods 

correlated to high strength concrete, the PCI-BDM and NCHRP 496 methods, predicted the total 

losses more accurately than the methods provided in the AASHTO Specifications.  The newer 

methods over-predicted the total losses of the HPLWC girders by no more than 8 ksi, and 

although they under-predicted the total losses of the normal weight HPC girders, they did so by 

less than 5 ksi. 
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1 Introduction 

In recent years, long-term durability has become a major concern in the design and 

specification of bridge structures.  As a result, high performance concrete (HPC) has gained 

popularity and has achieved widespread use throughout the United States.  HPC is generally 

defined as any concrete that is more durable than conventional concrete.  The Federal Highway 

Administration (FHWA) defines HPC as “concrete that has been designed to be more durable 

and, if necessary, stronger than conventional concrete,” while the American Concrete Institute 

(ACI) defines HPC as “concrete meeting special combinations of performance and uniformity 

requirements that cannot always be achieved routinely with conventional constituents and 

normal mixing, placing, and curing practices.” 

The increased durability and strength of HPC is generally achieved through the use of 

chemical and mineral admixtures.  The primary admixtures used in HPC in Virginia are water 

reducers, air entrainers, and pozzolanic and supplemental cementitious materials such as flyash, 

ground granulated blast furnace slag, and microsilica.  The water reducers (normal and high 

range) allow a reduction in the water-to-cementitious materials ratio to increase the concrete 

strength without sacrificing the fluidity and workability of the concrete mix.  Air entrainers form 

microscopic bubbles in the cement paste during mixing, which improves the freeze-thaw 

durability of the hardened cement paste.  The pozzolanic materials have the general effect of 

densifying the cement paste resulting in increased strength, reduced void ratio and permeability, 

and increased long-term durability. 

Virginia has undertaken several projects to investigate the advantages of HPC and high 

strength concrete (HSC).  These projects included the design and construction of two bridges.  

The Richlands Bridge (Ozyildirim and Gomez, 1999) demonstrated the use of normal weight 

HPC, while the Chickahominy River Bridge (Nassar, 2002) demonstrated the use of lightweight 

HPC.  These projects examined several of the design and implementation issues relating to HPC; 

however, prestress losses were generally ignored and design recommendations for conventional 

concrete were applied to these bridges for determination of prestress losses. 

This study investigates the long-term losses for two bridges in Virginia constructed 

utilizing normal weight HPC and one bridge utilizing lightweight HPC.  The measured long-term 

losses are compared to losses determined from the AASHTO Standard (AASHTO, 1996) and 

LRFD (AASHTO, 1998) Specifications, the PCI Bridge Design Manual (BDM) (PCI-1997), and 
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NCHRP Report 496 (Tadros et. al., 2003), as well as several creep and shrinkage models 

including ACI-209 (ACI, 1992), CEB-FIP MC90 (CEB, 1990), PCI Committee on Prestress 

Losses (PCI, 1975), PCI-BDM, B3 (Bazant and Baweja, 1995a, b, c), GL2000 (Gardner and 

Lockman, 2001), AFREM (Le Roy et. al., 1996), AASHTO LRFD, Shams and Kahn (2000), and 

NCHRP Report 496.  These specification and model comparisons are then used to provide 

design recommendations for the determination of prestress losses for Virginia’s HPC.  In 

conjunction with this project, creep and shrinkage studies of the HPC mixes used in the three 

bridges of this project were conducted at Virginia Tech.  The results from these studies are also 

used in modeling prestress losses to aid in the determination of a correlation between standard 

creep and shrinkage results and field performance. 

 

1.1  Motivations 

Effective determination of long-term prestress losses is an integral part of the design of 

prestressed concrete bridges.  Elimination of cracking at service loads controls the design of 

many prestressed girders, and prestress losses directly influence the service load stresses.  An 

over-prediction in prestress losses results in an overly conservative design for service load 

stresses, while an under-prediction in prestress losses, depending on the severity of the under-

prediction, could result in significant cracking at service loads.  An over-prediction of prestress 

losses can also cause further design inefficiencies by limiting the span length of a girder, and by 

requiring a larger initial prestressing force to resist the applied loads, which, in turn, produces 

excessive camber. 

Initial research studies have shown that HPC tends to exhibit less creep and shrinkage 

than does conventional concrete.  The reduced creep and shrinkage tends to reduce the total long-

term prestress losses below that exhibited by conventional concrete.  The current creep and 

shrinkage models used by the AASHTO Specifications were developed for conventional 

concrete; therefore, they should over-predict the creep and shrinkage characteristics, and in turn, 

the long-term prestress losses of HPC.  This study aims to determine if this is true and to provide 

recommendations for the determination of prestress losses for HPC girders in Virginia. 
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1.2  Prestress Losses 

Prestress losses are a reduction in the initial prestressing force in the strands (the jacking 

force) and can be grouped into two general categories, instantaneous losses and long-term losses.  

Instantaneous losses occur quickly upon release of the tendons and include anchorage slip, 

elastic shortening, and friction.  Time-dependent losses occur more slowly over the life of the 

girder and include steel relaxation and concrete creep and shrinkage.   

For the pretensioned girders investigated in this research, elastic shortening is the only 

instantaneous loss of significant importance.  When the prestressing force is transferred from the 

end blocks of the casting bed to the girder after the concrete has sufficiently hardened, the 

concrete undergoes elastic shortening.  This shortening, in turn, reduces the force in the 

prestressing strands.  Elastic shortening losses are easily determined by applying the prestressing 

force at the time of release (the jacking force minus the appropriate amount of steel relaxation) to 

the transformed girder section.  This is accomplished without directly calculating the 

transformed girder properties using a mechanics of materials approach resulting in the following 

equations presented in the PCI Bridge Design Manual (PCI, 1997): 
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 where fpo is the stress in the strand after elastic shortening losses in ksi, fpi is the stress in the 

strand at the time of release in ksi, Ep is the elastic modulus of the prestressing steel in ksi, Eci is 

the chord elastic modulus of the concrete at the time of release in ksi, Msw is the self-weight 

moment of the girder at midspan in k-in., enet is the eccentricity of the prestressing force at 

midspan relative to the centroid of the net section in in., Icnet is the net moment of inertia of the 

concrete girder in.4, Ap is the area of the prestressing steel in in.2, and Acnet is the net cross-

sectional area of the concrete girder in in.2.  This method of determining the elastic shortening 

losses is used throughout the research, regardless of the creep and shrinkage model being 

investigated. 

The time-dependent losses of steel relaxation and concrete creep and shrinkage are all of 

significant importance in pretensioned girders.  However, since the rate and extent of steel 
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relaxation is dependent only on the type of prestressing strand used and time, a single model for 

steel relaxation, expressed as a function of time, is used throughout the research.  The 

phenomenon of steel relaxation is generally well understood and is characterized by the 

following equation for the low-relaxation strands used in the girders in this study: 
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where ∆frel is the loss in stress due to relaxation in ksi, tn is the time at the end of the desired 

interval in hr, tr is the time at the beginning of the desired interval in hr, fpi is the strand stress at 

the beginning of the desired interval in ksi, and fpy is the yield stress of the strand in ksi.  It 

should be noted that in this equation is only valid for fpi/fpy greater than 0.55. 

 

1.2.1 Concrete Creep 

Concrete creep and shrinkage produce the most significant time-dependent effect on 

prestress losses.  When subjected to a sustained stress concrete first deforms elastically then 

continues to deform for a prolonged period of time.  This prolonged deformation under a 

sustained stress is called creep.  Concrete creep may be separated into two components, basic 

creep and drying creep.  Basic creep is the continued deformation that occurs in a sealed 

specimen subjected to a hydro-equilibrium environment.  An unsealed specimen, one that is free 

to exchange moisture with the environment, experiences greater creep because of the addition of 

drying creep, which results from drying induced stress.  In a prestressed girder, creep results in a 

prolonged shortening of the girder.  The prolonged shortening of the girder reduces the stress in 

the strands and results in a loss of prestress.   

Compressive creep of concrete has been the focus of a great deal of research for quite 

some time, and this research has resulted in several models for concrete creep, several of which 

are presented in Chapter 2.  The extent and rate of creep depends not only on time, but also on 

the maturity of the concrete when the load is first applied, the magnitude of the applied stress, 

the ambient relative humidity, the curing conditions, and the mixture proportions including the 

amount and type of cement, the aggregate properties, and the water-to-cement ratio.   

The maturity of the concrete at the application of the applied load influences the creep 

characteristics of the concrete.  The more mature a concrete specimen is at the application of the 

applied load, the better able that specimen is to resist creep.  In particular, researchers have 
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observed that HSC is more sensitive to early-age loading than is normal strength concrete (Kahn, 

et. al., 1997). 

The magnitude of the applied stress also influences the creep characteristics of concrete.  

ACI-209 (ACI, 1992) suggests that the amount of creep is proportional to the applied stress level 

for applied stresses up to 40% of the concrete strength at the time the load is applied.  Other 

researchers (Smadi et. al., 1987) have suggested that the limit of proportionality for HSC is as 

high as 65%.  Still others (Shams and Kahn, 2000) have suggested that the creep strains are 

proportional to the applied stress for stresses up to 60% of the compressive strength.  The 

maximum allowable compressive stress according the AASHTO LRFD Specifications 

(AASHTO, 1998) is 60% of the compressive strength of the concrete at the time of load 

application; therefore, the creep of HSC is generally taken as proportional to the applied stress. 

The ambient relative humidity affects the amount of drying creep, and in turn, the total 

creep of a concrete specimen.  ACI-209 (ACI, 1992) and the AASHTO LRFD Specification 

(AASHTO, 1998) indicate that at an ambient relative humidity of 40%, the ultimate creep 

coefficient is 36% higher than the ultimate creep coefficient at 80% relative humidity. 

The curing conditions also affect the creep characteristics of concrete.  The common 

practice of steam curing can reduce creep by 30% to 50% by accelerating the hydration of the 

cement (Neville, 1970).  Kahn, et. al. (1997) found that air-cured specimens exhibit higher creep 

strains than mist-cured specimens, and Mokhtarzadeh and French (2000) found that specimens 

cured at higher temperatures exhibit more creep than specimens cured at lower temperatures as a 

result of increased porosity and internal cracking. 

The concrete mixture proportions and components also significantly affect creep.  The 

majority of concrete creep occurs in the cement paste surrounding the aggregate; therefore, the 

cement type significantly affects creeps.  Rapid-hardening cements (Type III) exhibit less creep 

than slower-hardening cements because the cement matrix gains stiffness more quickly and is 

better able to resist creep at earlier ages (Neville, 1970).  The inclusions of supplemental 

cementitious materials, such as ground granulated blast furnace slag (GGBFS) and microsilica 

also influences creep.  The inclusion of GGBFS slightly decreases basic creep but increases 

drying creep, resulting in an increase in total creep (Chern and Chan, 1989).  Conversely, the 

inclusion of microsilica, in proportions below 10% by weight, decreases the total creep 

(Wiegrink, et. al, 1996). 
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Aggregate properties, including stiffness, size, absorption, and surface roughness also 

affect creep.  The aggregate stiffness influences creep as the cement paste deforms and load is 

transferred to the aggregate.  Stiffer aggregates resist more load as it is transferred from the 

cement paste and thus reduce creep (Alexander, 1996).  Collins (1989) examined the effect of 

aggregate size on creep and found that concrete mixtures with 1.5 in. aggregates exhibit 15% less 

creep after 90 days than similar concrete mixtures with 0.75 in. aggregates.  Aggregate 

absorption can affect creep by influencing the moisture movement in the concrete if the 

aggregate is not fully saturated during mixing.  In this case, the aggregate may absorb water from 

the cement paste, increasing the amount of creep (Neville, 1970).  Finally, the surface roughness 

of the aggregate affects creep because the aggregate-paste interface influences the aggregates’ 

ability to resist deformation.  As the cement paste creeps, load is transferred more efficiently to 

aggregates with a rougher surface; therefore, rougher-surface aggregates have a tendency to 

reduce creep (Mokhtarzadeh and French, 2000). 

The ratio of water-to-cementitious materials (w/cm) in a concrete mixture significantly 

influences creep.  Lower w/cm ratios reduce the volume of the hydrates and also reduce the free 

water in the concrete.  Both of these characteristics have the effect of reducing creep 

deformations (Neville, 1970).  Since the majority of the creep models were developed 

empirically from studies of conventional concrete mixtures, they tend to over-predict the creep 

associated with HPC and HSC mixtures because of the lower w/cm ratios of the HPC and HSC 

mixtures needed to achieve higher strength. 

 

1.2.2 Concrete Shrinkage 

The volumetric change in a concrete specimen in the absence of load is called shrinkage.  

Shrinkage consists of three components, drying shrinkage, autogenous shrinkage, and 

carbonation.  Drying shrinkage occurs when water not consumed during hydration diffuses into 

the environment, resulting in a decrease in the volume of the concrete specimen.  Autogenous 

shrinkage is a result of the hydration of cement.  The volume of the hydrated cement paste is 

smaller than the solid volume of the unhydrated cement and water.  Finally, carbonation occurs 

when carbon dioxide from the atmosphere reacts with the calcium hydroxide in the cement paste 

in the presence of moisture, resulting in a decrease in the volume of the concrete specimen.  



 7

Shrinkage, like creep, causes the girder to shorten over time, thus reducing the stress in the 

strands and causing prestress losses. 

Shrinkage has been the focus of a great deal of research along with creep, and several 

shrinkage models have also been published.  The ambient relative humidity, curing conditions, 

the size and shape of the specimen, and mixture proportions affect the rate and extent of 

shrinkage.  Drying shrinkage occurs when the ambient relative humidity is less than the internal 

relative humidity of the concrete, as a result of water loss to the environment.  Therefore, a lower 

ambient relative humidity will increase shrinkage.  ACI-209 (ACI, 1992) and the AASHTO 

LRFD Specification (AASHTO, 1998) indicate that shrinkage will increase 67% at 40% relative 

humidity compared to 80% relative humidity. 

Researchers have found that accelerated curing using high temperatures reduces the 

observed shrinkage.  When compared with standard curing, Mak, et. al. (1997) found specimens 

cured using heat to accelerate the curing process exhibit 75% less shrinkage, and Mokhtarzadeh 

and French (2000) found that specimens cured at 150 ºF exhibit less creep than specimens cured 

at 120 ºF. 

Since drying shrinkage is the result of water loss, the size and shape of a specimen also 

influence the amount of shrinkage.  Thicker specimens and those with larger volume-to-surface 

area ratios lose less moisture to the environment than do thinner, smaller specimens.  This is 

because the water near the surface of the specimen is lost quite easily; while the water in the 

interior of the specimen must first diffuse through the concrete before it can be lost to the 

environment.  Therefore, larger specimens exhibit both a slower rate and a lower magnitude of 

shrinkage when compared to smaller specimens (Shah and Ahmad, 1994). 

Finally, the mixture proportions, most notably the water content and w/cm ratio, also 

influence shrinkage.  Lower w/cm ratios result in less free water in the concrete and, therefore, 

reduce drying shrinkage (Shah and Ahmad, 1994).  Lower water contents result in fewer pores in 

the mature cement, which, in turn, results in increases rigidity of the solid matrix and lower 

shrinkage deformations (Smadi, et. al., 1987).  Since many of the shrinkage models were 

developed empirically from data for conventional concrete mixtures, they tend to over-predict 

shrinkage of HPC mixtures, which typically have lower w/cm ratios. 
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2 Literature Review 

Prestress losses and the effects of concrete creep and shrinkage have been studied since 

the earliest days of prestressed concrete.  Recently, the prediction of prestress losses, especially 

the models that account for the effects of creep and shrinkage have been questioned in their 

application to high performance and high strength concrete (HPC and HSC).  Several studies 

have shown that the current models tend to over-predict the long-term prestress losses associated 

with these concretes.  This over-prediction is not desired because the models are designed to 

predict the mean behavior of the concrete, and the design specifications do not rely on over-

predicted prestress losses to insure the overall safety of the structure.  In the following sections, 

the relevant projects that have measured prestress losses for HPC or HSC are presented along 

with the various models for prestress losses and creep and shrinkage currently in the literature. 

 

2.1 Prestress Losses and High Performance Concrete 

Creep, shrinkage, and prestress losses in girders utilizing HPC and HSC have been 

investigated in several states, including Georgia, Nebraska, New Hampshire, Texas, Washington, 

Pennsylvania, Ohio, Illinois, Louisiana, and Minnesota.  These projects have compared both 

creep and shrinkage measured in the laboratory and prestress losses measured in the field to 

losses determined from several creep and shrinkage models and several methods for estimating 

prestress losses.  A summary of the projects discussed in this section and how the measured 

losses compare to the losses calculated using various methods for estimating prestress losses is 

presented in Table 2.1. 

 

2.1.1 Georgia Institute of Technology Studies 

Two studies investigating creep, shrinkage, and prestress losses associated with HPC 

were conducted at the Georgia Institute of Technology.  The first study (Shams and Kahn, 2000) 

investigated normal weight HPC and recommends new creep and shrinkage models for HPC.  

The proposed models are discussed in Section 2.3.5.  The ultimate creep coefficient was found to 

be between 0.78 and 0.83 for HPC with a 56 day compressive strength of 13,000 to 16,000 psi, 

loaded between one and two days.  These ultimate creep coefficients represent between 33% and 

35% of the ultimate creep coefficient recommended by ACI-209 (ACI, 1992).  The creep models 

of the AASHTO LRFD Specification (AASHTO, 1998) and CEB- FIP MC90 (CEB, 1993) were 
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Table 2.1 – Summary of Projects Investigating Prestress Losses of HPC and/or HSC 
Ratio of Calculated Prestress Losses to Measured Prestress Losses 

Researcher Project Location 

Concrete 
Strength 

Release / Cast 
Deck 
psi 

AASHTO
LRFD 

Refined 

AASHTO 
LRFD 

Lump Sum 

AASHTO 
Standard 

PCI 
1975 

PCI 
BDM 

NCHRP 
496 
Est. 

NCHRP 
496 

Refined 

Grade 2 HPC 12,380 / 13,430 1.58 1.65 -- -- -- -- -- Georgia 
(Type II) Grade 4 HCP 14;400 / 16,110 1.74 1.67 -- -- -- -- -- 

Grade 2 HPC 12,380 / 13,430 1.68 1.52      

Shams and 
Kahn 

Georgia 
(Rect. beam) Grade 4 HPC 14;400 / 16,110 2.01 1.43      

8,000 psi LWC 7,465 / 9,084 1.42 0.93 -- -- -- -- -- Lopez, et. al. Georgia 
(test girders) 10,000 psi LWC 9,040 / 10,590 1.75 1.13 -- -- -- -- -- 

Albion, NE 6,250 / 9,025 1.55 1.49 -- -- 1.11 1.20 1.16 
Rollinsford, NH 5,790 / 10,050 1.27 1.18 -- -- 0.93 0.97 0.97 

Harris County, TX 7,230 / 10,670 2.07 1.93 -- -- 1.27 1.35 1.09 
Tadros,  
et. al. 

Clark County, WA 7,530 / 10,280 1.63 1.29 -- -- 0.99 0.93 0.96 
Greuel, et. al. Cincinnati, OH 5,892 / 10,410 1.23 0.85 -- -- 0.91 0.95 1.00 
Pessiki, et. al. Philadelphia, PA 4,772 / 7,476 1.30 1.39 -- -- 1.17 0.97 0.95 
Mossiossian 
and Gamble Douglas County, IL 3,690 / 5,781 1.36 1.54 -- -- 1.01 1.07 1.04 

Kebraei,  
et. al. Sarpy County, NE 7,856 / 12,307 1.52 1.62 -- -- 0.98 0.99 0.98 

Shenoy, and 
Frantz Eat Hartford, CT 3,380 / 5,296 1.26 1.31 -- -- 1.48 1.28 1.46 

5,000 / 10,000 1.02 1.21 -- -- 0.78 0.79 0.93 Stanton, et. al. Kent, WA 7,400 / 10,000 1.01 0.87 -- -- 0.64 0.61 0.62 
Seguirant and 

Anderson WA 4,436 / 6,306 1.35 1.39 -- -- 1.19 0.98 1.21 

Louetta, TX 7,700 / 11,600 1.98 1.56 -- -- 1.22 1.23 1.05 
Eastbound 8,050 / 13,500 1.96 1.22 -- -- 1.02 1.16 0.93 Gross and 

Burns San Angelo, TX Westbound 5,770 / 7,850 1.82 1.79 -- -- 1.25 1.44 1.15 
Limestone 9,300 / 12,100 -- -- 0.94 1.22 -- -- -- Ahlborn,  

et. al. 
Minnesota  

(test girders) Gravel 10,400 / 11,300 -- -- 1.19 1.50 -- -- -- 
Roller, et. al. Louisiana (test girders) 7,940 / 9,380 -- -- 1.91 -- -- -- -- 
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also found to over-estimate the creep of HPC.  The ultimate shrinkage strains ranged from 384 to 

536 microstrain, representing 49% to 69% of the ultimate shrinkage strain recommended by 

ACI-209.  Furthermore, approximately one-half of the measured shrinkage occurred during the 

first two weeks compared to 20% of the ultimate shrinkage predicted by ACI-209 during the first 

two weeks.  The shrinkage strain of HPC was also over-estimated by the AASHTO LRFD 

Specification, but was under-estimated by CEB-FIP MC90. 

In addition to the creep and shrinkage measurement conducted in the laboratory, prestress 

losses were investigated using four 401.5 in. long AASHTO Type II girders and six 9 in. wide by 

18 in. deep by 14 ft long beams.  The AASHTO LRFD Refined method for estimating prestress 

losses over-estimated the measured prestress losses by 64%, on average, for the four AASHTO 

Type II girders and by 82%, on average, for the six beams.  In addition the elastic shortening 

losses were under-predicted by as much as 17%.   

Creep, shrinkage, and prestress losses associated with high performance, lightweight 

concrete (HPLWC) were also recently studied at the Georgia Institute of Technology (Lopez, et. 

al., 2003).  The creep and shrinkage characteristics of an 8,000 psi and a 10,000 psi design 

compressive strength, lightweight concrete were measured in the laboratory for 620 days and 

were compared to the estimates of creep and shrinkage determined utilizing available models.  

Comparisons were made with the following models for creep and shrinkage: ACI-209 (ACI, 

1992), AASHTO LRFD (AASHTO, 1998) AFREM (Le Roy, et. al., 1996), B3 (Bazant and 

Baweja, 1995a, b, c), CEB-FIP (CEB, 1993), GL2000, (Gardener and Lockman, 2001), Sakata 

(1993), and Shams and Kahn (2000). 

For the 8,000 psi HPLWC, the estimated 620-day shrinkage strain ranged from 62% less 

than the measured shrinkage strain for the Sakata model to 5% less than the measured strain for 

the AASHTO LRFD model.  On average, the models under-predicted the 620-day shrinkage  

strain by 35% for the 8,000 psi HPLWC.  The Sakata and AAHSTO LRFD models were again 

the lower and upper bound respectively for the predicted shrinkage strain for the 10,000 psi 

HPLWC.  The Sakata model estimated a 620-day shrinkage strain that was 62% less than the 

measured strain, and the AASHTO LRFD model predicted a 620-day shrinkage strain that was 

19% greater than the measured strain.  The only other model to over-predict the shrinkage strain 

for the 10,000 psi HPLWC was the ACI-209 model.  For the 10,000 psi HPLWC, the models, on 

average, under-predict the 620-day shrinkage by 24%.   
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The estimated creep coefficient at 620-days for the 8,000 psi HPLWC ranged from 32% 

less than the measured creep coefficient for the AFREM model to 208% greater than the 

measured creep coefficient for the GL2000 model, with only the AFREM and Shams and Kahn 

models under-predicting the creep coefficient.  The models, on average, over-predict the creep 

coefficient at 620-days by 75% for the 8,000 psi HPLWC.  For the 10,000 psi HPLWC, the 

estimated 620-day creep coefficient ranged from 56% less than the measured creep coefficient 

for the AFREM model to 296% greater than the measured creep coefficient for the GL2000 

model, with only the AFREM model under-predicting the creep coefficient.  For the 10,000 psi 

HPLWC, the models over-predict the 620-day creep coefficient by 103%, on average. 

In addition to the laboratory study of the creep and shrinkage characteristics of the two 

HPLWC mixtures, three AASHTO Type II girders were cast utilizing each mix to determine the 

prestress losses associated with the HPLWC mixtures.  Four of the girders were 39 ft long and 

the remaining two girders were 43 ft long.  Each girder was prestressed with ten 0.6 in. diameter, 

grade 270, low relaxation strands.  A deck slab was placed over each girder after approximately 

two months, and the strain in each girder was monitored for approximately six months, before 

the girders were tested to failure. 

The strains recorded from the girders were then used to estimate the prestress losses for 

each girder, and those losses were compared with the losses determined according to the 

AASHTO LRFD refined and lump sum methods.  For the 8,000 psi HPLWC, the AASHTO 

LRFD refined method over-predicted the total losses by 42% and the lump sum method under-

predicted the total losses by 7%.  For the 10,000 psi HPLWC, the AASHTO LRFD refined 

method over-predicted the total losses by 75%, and the lump sum method over-predicted the 

total losses by 13%. 

 

2.1.2 NCHRP 496 

The most comprehensive study of prestress losses associated with HSC, to date, is 

NCHRP 496 (Tadros, et. al., 2003).  This study measured prestress losses and experimental creep 

and shrinkage results from bridges and concrete mixes used in Nebraska, New Hampshire, 

Texas, and Washington and compared these results to the recommendations of ACI-209, the 

AASHTO LRFD Specifications, and the PCI Bridge Design Manual (PCI-BDM) (PCI, 1997), as 

appropriate.  These results were then used to establish proposed detailed and approximate 
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prestress loss methods, as well as proposed creep and shrinkage formulas for high strength 

concrete.  These proposed methods for prestress losses and formulas for creep and shrinkage are 

presented in Sections 2.2.4 and 2.3.6 respectively.  Finally, the study compared previously 

published prestress loss measurements from bridges in Ohio, Pennsylvania, Illinois, Nebraska, 

Connecticut, Washington, and Texas to those determined using the recommendations of the PCI-

BDM, AASHTO LRFD Specifications, and the proposed methods. 

The four bridges investigated in this study were the HWY91 Bridge east of Albion, 

Nebraska, the Rollinsford 091/085 Bridge in New Hampshire, the Harris County FM-1960 

Underpass in Texas, and the La Center Bridge in Clark County, Washington.  The HWY91 

Bridge was constructed using NU2000 girders spaced 10.5 ft apart and spanning 127 ft with 

girder placement occurring approximately 11 months after casting.  The girder concrete had a 

specified strength at release and at 28-days of 5,500 psi and 8,000 psi respectively, while the 

deck was constructed of 4,000 psi concrete.  The actual concrete strength at release was 6,250 psi 

and, the concrete strength at deck placement was 9,025 psi. 

The Rollinsford 091/085 Bridge was constructed utilizing NE 1400 BT spaced at 7.42 ft 

and spanning 110 ft with the placement of the girders and the casting of the deck occurring 

approximately four months after casting of the girders.  The specified concrete strength at release 

and 28-days were 5,700 psi and 8,000 psi respectively with 5,000 psi concrete specified for the 

deck. The actual concrete strength at release was 5,790 psi and, the concrete strength at deck 

placement was 10,050 psi. 

The Harris County FM-1960 Underpass was constructed using the Texas U54B girders 

spaced 11.22 ft apart and spanning 129.2 ft with deck placement occurring approximately seven 

months after the girders were cast.  The specified concrete strengths were 6,960 psi and 9,410 psi 

at release and 28-days respectively; while, the specified 28-day strength of the deck was 5,000 

psi. The actual concrete strength at release was 7,230 psi and, the concrete strength at deck 

placement was 10,670 psi. 

Finally, the La Center Bridge was constructed using W74G girders spaced 7.17 ft apart 

and spanning 159 ft with the deck placed approximately six months after the girders were cast.  

The specified concrete strengths at release and 28-days were 7,500 psi and 10,000 psi 

respectively with the deck constructed of 4,000 psi concrete. The actual concrete strength at 

release was 7,530 psi and, the concrete strength at deck placement was 10,280 psi. 
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The measured creep coefficients and shrinkage strains were compared to those 

determined using the recommendations of ACI-209 and the AASHTO LRFD Specifications.  

ACI-209 was found to result in an ultimate creep coefficient ranging from 50% greater than the 

measured value for the New Hampshire mixes to 106% greater than the measured value for the 

Texas mixes, with an average of 79% greater than the average measured value for all the mixes.  

The AASHTO LRFD Specifications were found to result in an ultimate creep coefficient ranging 

from 31% greater than the measured value for the Nebraska mixes to 89% greater than the 

measured value for the Texas mixes, with an average of 61% greater than the average measured 

value for all the mixes. 

The shrinkage strain results followed a similar trend, with ACI-209 producing shrinkage 

strains that ranged from 5% greater than the measured values for the Washington mixes to 126% 

greater than the measured values for the Texas mixes, with an average of 55% greater than the 

average measured values for all the mixes.  Finally, the AASHTO LRFD recommendations 

resulted in shrinkage strains that ranged from 18% greater than measured for the Washington 

mixes to 160% greater than measured for the Texas mixes, with an average of 74% greater than 

measured for the average shrinkage strain for all the mixes. 

The proposed formulas for creep and shrinkage were calibrated to the measured data, and 

therefore, predict the creep coefficient and shrinkage strain better.  The creep coefficients 

determined from the proposed formula ranged from 16% less than the measured values for the 

Washington mixes to 8% greater than the measured values for the Texas mixes, with an average 

of 2% less than the average measured values for all the mixes.  The shrinkage strains determined 

from the proposed formula ranged from 36% less than the measured values for the Washington 

mixes to 57% greater than the measured values for the Texas mixes, with an average of 5% 

greater than the average measured values for all the mixes. 

The measured prestress losses from the four bridges were compared to those determined 

using the recommendations of the PCI-BDM, and the AASHTO LRFD refined and lump sum 

methods using the concrete material properties estimated from the specified concrete strengths.  

The PCI-BDM method produced total losses that ranged from 8% less than the measured losses 

for a New Hampshire girder to 27% greater than the measured losses for a Texas girder, with an 

average total loss of 5% greater than the measured values.  The AASHTO LRFD refined method 

produced total losses ranging from 25% greater than the measured losses for a New Hampshire 
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girder to 107% greater than the measured losses for a Texas girder, with an average over-

prediction in prestress loss of 57%.  Finally, the AASHTO LRFD lump sum method resulted in 

total losses ranging from 16% greater than the measured losses for a New Hampshire girder to 

93% greater than the measured losses for a Texas girder, with an average over-prediction in total 

losses of 41%. 

The proposed estimated and detailed methods, calibrated from the four sets of bridge 

data, not surprisingly, produced better results.  The total losses determined using the proposed 

detailed method and estimated concrete properties ranged from 15% less than the measured 

losses for the Washington girder to 20% greater than the measured losses for a Nebraska girder, 

with an average over-prediction in prestress losses of 1%.  The total losses determined using the 

proposed detailed method and measured girder properties ranged from 16% less than the 

measured losses for a New Hampshire girder to 27% greater than the measured losses for a 

Nebraska girder, with no average over-prediction or under-prediction in the average total losses. 

Tadros, et. al. (2003) also compared the losses determined using the recommendations of 

the PCI-BDM, AASHTO LRFD Specifications, and the proposed detailed and approximate 

methods to prestress losses reported in the literature, and the results are presented in the 

following sections.  These projects included measurements of prestress losses from bridges in 

Cincinnati, Ohio (Greuel, et. al., 2000), Philadelphia, Pennsylvania (Pessiki, Kaczinski, and 

Wescott, 1996), Douglas County, Illinois (Mossiossian and Gamble, 1972), Sarpy County, 

Nebraska (Kebraei, Luedke, and Azizinamini, 1997), East Hartford, Connecticut (Shenoy and 

Frantz, 1991), Washington (Stanton, Barr, and Eberhard, 2000 and Seguirant and Anderson, 

1998), and Texas (Gross and Burns, 1999).   

 

2.1.3 Greuel, et. al., 2000 

The bridge in Cincinnati, Ohio was constructed using ODOT B42-48 girders spanning 

115.5 ft.  The girders had a concrete strength at release of 5,892 psi, a concrete strength at deck 

placement of 10,410 psi, and were prestressed with low relaxation strands stressed to 202.5 ksi.  

The measured prestress losses, adjusted to the end of service life, for a girder in this bridge were 

37.74 ksi.  The prestress losses determined using the PCI-BDM were 9% less than the measured 

losses, while the losses predicted using the AASHTO LRFD lump sum and refined methods 

were 15% less than and 23% greater than the measured losses respectively.  The losses predicted 
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using the NCHRP 496 proposed approximate and detailed methods were 5% less than and equal 

to the measured loss respectively. 

 

2.1.4 Pessiki, Kaczinski, and Wescott, 1996 

The bridge in Philadelphia was constructed using PennDOT 24x60 prestressed I-girders 

spanning 89 ft.  The girders had a concrete strength at release of 4,772 psi, a strength at deck 

placement of 7,476 psi, and were prestressed with stress-relieved strand tensioned to 201 ksi.  

The total losses for this bridge, measured in two girders and adjusted to the end of service life, 

averaged 36.55 ksi.  The losses predicted using the PCI-BDM methods were 17% greater than 

the measured losses, and the losses predicted using the AASHTO lump sum and refined methods 

were 39% greater and 30% greater than the measured losses respectively.  The losses predicted 

using the NCHRP 496 proposed approximate and detailed methods were 3% less than and 5% 

less than the measured values respectively. 

 

2.1.5 Mossiossian and Gamble, 1972 

The Illinois bridge was constructed using Illinois Bx-4 girders spanning 71.75 ft.  The 

girders were cast using concrete with a strength at release of 3,690 psi, a strength at deck 

placement of 5,781 psi, and were prestressed using stress-relieved strands stressed to 169 ksi.  

The losses predicted using the PCI-BDM method were 1% greater than the measured losses, 

adjusted to the end of service life, averaging 33.83 ksi for two girders.  The losses predicted by 

the AASHTO LRFD lump sum and refined methods were 54% greater than and 36% greater 

than the measured losses respectively.  The losses predicted by the NCHRP 496 proposed 

approximate and detailed methods were 7% greater and 4% greater than the measured losses 

respectively. 

 

2.1.6 Kebraei, Luedke, and Azizinamini, 1997 

The Nebraska bridge was constructed using NU1100 girders spanning 75 ft.  The girders 

were cast using concrete with a 7,856 psi strength at release, a 12,307 psi strength at deck 

placement, and were prestressed using low relaxation strands stressed to 202.5 ksi.  The total 

measured losses for the Nebraska bridge, adjusted to the end of service life, averaged 27.35 ksi 

for the two girders measured.  The PCI-BDM predicted losses that were 2% less than the 
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measured losses, and the AAHSTO lump sum and refined methods predicted losses that were 

62% greater and 52% greater than the measured losses respectively.  The NCHRP 496 proposed 

approximate and detailed methods predicted losses that were 1% less and 2% less than the 

measured losses respectively. 

 

2.1.7 Shenoy and Frantz, 1991 

The East Hartford bridge was constructed using a box girder spanning 54 ft.  The girder 

was prestressed using stress-relieved strand stressed to 182 ksi and was cast utilizing concrete 

with a compressive strength at release of 3,380 psi and a concrete strength at deck placement of 

5,296 psi.  The total losses, measured in one girder, for the East Hartford bridge were 25.18 ksi, 

adjusted to the end of service life.  The PCI-BDM, AASHTO LRFD lump sum and refined 

methods and the NCHRP 496 proposed approximate and detailed methods predicted losses that 

were 48% greater, 31% greater, 26% greater, 28% greater and 46% greater than the measured 

losses respectively. 

 

2.1.8 Washington State Studies 

Two bridges were studied in Washington.  The first bridge (Stanton, Barr, and Eberhard, 

2000) was constructed using W74G girders spanning 80 ft.  The concrete strength at release was 

5,000 psi for two girders and 7,400 psi for three of the girders studied, while the concrete 

strength at deck placement was 10,000 psi for all 5 girders.  The girders were prestressed using 

low-relaxation strands stressed to 202.5 ksi.  The total losses, adjusted to the end of service life, 

averaged 34.09 ksi for two girders and 63.32 ksi for the other three girders.    The PCI-BDM, 

AASHTO LRFD lump sum and refined methods, and the NCHRP 496 proposed approximate 

and detailed methods predicted losses that were 22% less, 21% greater, 2% greater, 21% less and 

7% less than the measured losses respectively for two of the girders, and losses that were 36% 

less, 13% less, 1% greater, 39% less and 38% less than the measured losses respectively for the 

other three girders. 

The second Washington bridge (Seguirant and Anderson, 1998) was constructed using 

WS60 girders spanning 45.5 ft.  The concrete strength at release was 4,436 psi, and at deck 

placement the concrete strength was 6,306 psi.  The girders were prestressed using stress-

relieved strands stressed to 189 ksi.  The total losses for this bridge, adjusted to the end of service 
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life, averaged 37.60 ksi for three girders.  The PCI-BDM, AASHTO LRFD lump sum and 

refined methods, and the NCHRP 496 proposed approximate and detailed methods predicted 

losses that were 19% greater, 39% greater, 35% greater, 2% less and 21% greater than the 

measured losses respectively. 

 

2.1.9 Gross and Burns, 1999 

Three projects were examined in Texas.  The first project, in Louetta, utilized U54B 

girders spanning between 118.15 ft and 132.89 ft.  The concrete strength at release was 7,700 psi 

and at deck placement the concrete strength was 11,600 psi.  The girders were prestressed using 

low relaxation strands stressed to 194.4 ksi.  The total losses for this project, adjusted to the end 

of service life, averaged 31.13 ksi for four girders.  The PCI-BDM, AASHTO LRFD lump sum 

and refined methods, and the NCHRP 496 proposed approximate and detailed methods predicted 

losses that were 22% greater, 56% greater, 98% greater, 23% greater and 5% greater than the 

measured losses respectively. 

The two remaining projects in Texas were in San Angelo and examined eastbound and 

westbound sides of the same bridge.  The bridge was constructed utilizing AASHTO Type IV 

girders spanning between 127.79 ft and 152.17 ft.  The concrete strength at release averaged 

8,050 psi for the eastbound girders and 5,770 psi for the westbound girders.  The concrete 

strength at deck placement averaged 13,500 psi for the eastbound girders and 7,850 psi for the 

westbound girders.  The girders were prestressed with low relaxation strand stressed to 194.4 ksi.  

The total losses for the eastbound side, adjusted to the end of service life, averaged 47.48 ksi for 

the seven instrumented girders.  The PCI-BDM, AASHTO LRFD lump sum and refined 

methods, and the NCHRP 496 proposed approximate and detailed methods predicted losses that 

were 2% greater, 22% greater, 96% greater, 16% greater and 7% less than the measured losses 

respectively.  The total losses for the westbound side, adjusted to the end of service life, 

averaged 26.60 ksi for the four instrumented girders.  The PCI-BDM, AASHTO LRFD lump 

sum and refined methods, and the NCHRP 496 proposed approximate and detailed methods 

predicted losses that were 25% greater, 79% greater, 82% greater, 44% greater and 15% greater 

than the measured losses respectively. 
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2.1.10 Ahlborn, French, and Leon, 1998 

A project undertaken in Minnesota (Ahlborn, et. al., 1998) investigated the prestress 

losses of two MnDOT 45M girders cast using HSC, by placing vibrating wire gages at the 

centroid of the prestressing force, and monitoring these gages for 200 days.  One girder was cast 

using concrete with limestone aggregate, and another girder was cast using concrete with glacial 

gravel and microsilica.  The required concrete strength at release for both girders was 9,000 psi.  

The limestone concrete reached 9,300 psi at 18 hrs., and the gravel concrete reached 10,400 psi 

in 18 hrs.  The required 28 day compressive strength was 10,500 psi, and the limestone concrete 

achieved 12,100 psi, while the gravel concrete achieved 11,300 psi, at 28 days.  

Prestress losses for each of the girders were determined from the vibrating wire gages at 

release, 28 days, and 200 days.  These losses were then compared to losses predicted using the 

recommendations of the PCI Committee on Prestress Losses (PCI, 1975) and the AASHTO 

Standard Specifications (AASHTO, 1996).  For the limestone girder, the initial losses were 

determined to be 25 ksi.  The initial losses determined according to the recommendations of the 

PCI Committee and the AASHTO Standard Specification were 6% greater and 12% less than the 

measured losses respectively.  The losses at 28 days were 36 ksi, and the PCI predicted losses 

were again 6% greater than the measured losses.  Finally, for the limestone girder, the losses at 

200 days were 40 ksi.  The losses predicted by PCI were 22% greater than the measured losses, 

and the long-term losses predicted by the AASHTO Standard Specification were 6% less than 

the measured losses. 

For the gravel girder, the initial losses were measured at 23 ksi.  The initial losses 

determined by the recommendations of the PCI Committee and the AASHTO Standard 

Specifications were 9% greater and 13% less than the measured losses respectively. The losses at 

28 days were 29 ksi, and the PCI predicted losses were 24% greater than the measured losses at 

28 days.  Finally, for the gravel girder, the losses at 200 days were 31 ksi.  The losses predicted 

by PCI were 50% greater than the measured losses, and the long-term losses predicted by the 

AASHTO Standard Specification were 19% greater than the measured losses. 

 

2.1.11 Roller, et. al., 1995 

Prestress losses in HSC girders were also studied in Louisiana (Roller, et. al., 1995).  

Two bulb-tee girders were fabricated and instrumented for long-term study.  The Louisiana DOT 
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designed the girders using the AASHTO Standard Specifications for a bridge spanning 70 ft.  

The design 28-day compressive strength of the girders was 10,000 psi, with a design 

compressive strength at release of 6,000 psi.  The actual strength at release averaged 7,940 psi, 

and the actual 28-day strength averaged 9,380 psi.  The girders were instrumented with Carlson 

concrete strain meters to determine the internal state of strain and subjected to the full design 

dead load for 18 months to determine prestress losses. 

The prestress losses for the girders averaged 18 ksi at release, 19.7 ksi after six months, 

21.8 ksi after 12 months, and 23 ksi after 18 months.  According to the PCI Committee on 

Prestress Loss recommendations, 74% of the ultimate creep and 86% of the ultimate shrinkage 

should have occurred in 18 months.  This along with the provisions of the AASHTO Standard 

Specifications and the measured material properties, results in an estimated prestress loss of 44 

ksi over 18 months.  The AASHTO Standard Specification predicted losses are then 91% greater 

than the measured losses over the 18 month period. 

This study also examined the creep and shrinkage characteristics of the concrete mix used 

in the girder fabrication.  The creep coefficient, after one year of loading, was 1.11.  This is 

outside the range for the ultimate creep coefficient suggested by ACI-209 of 1.30 to 4.15.  If it is 

assumed that, as recommended by PCI, 74% of the creep occurred in the first year, the ultimate 

creep coefficient would then be 1.5, still at the low end of the range recommended by ACI.  The 

shrinkage strain after one year was 262 microstrain.  If the PCI recommendations are assumed to 

be accurate and 86% of the ultimate shrinkage had occurred in the first year, the ultimate 

shrinkage would be 305 microstrain.  This is again below the range recommended by ACI-209 of 

415 to 1,070 microstrain.  This reduced creep and shrinkage suggests why the prestress losses 

were lower than expected. 

 

2.1.12 Summary 

Several projects have investigated prestress losses in HPC, HPLWC, and HSC.  In 

general, the losses predicted by the AASHTO Specifications, the ACI-209 committee 

recommendations, and the CEB-FIP recommendations over-predict the losses associated with 

these concretes.  However, new methods are being developed, most recently that of Tadros, et. 

al. (2003), to better estimate the creep and shrinkage characteristics and, therefore, the prestress 

losses associated with HPC and HSC.  
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2.2 Prestress Loss Recommendations 

The following section presents the recommendations for estimating prestress losses 

included in the AASHTO Standard (AASHTO, 1996) and LRFD (AASHTO, 1998) 

Specifications, and the PCI Bridge Design Manual (PCI, 1997), as well as the recommendations 

of the PCI Committee on Prestress Losses (PCI, 1975), and the recommendations of NCHRP 

Report 496 (Tadros, et. al., 2003).  A summary of the methods for determining prestress losses 

discussed in this section is presented in Table 2.2.  In addition to listing the various methods 

discussed in this section, the summary indicates whether or not each method determines loss 

components individually or in a lump sum fashion, at what times prestress losses can be 

determined using the particular method, and the section in which the associated creep and 

shrinkage model is located, if it is required for the determination of prestress losses. 

Table 2.2 – Summary of Prestress Loss Recommendations 

Method How Components 
are Determined 

When Losses can 
be Determined 

Required Creep and 
Shrinkage Model 

General Individually End of Service -- AASHTO 
Standard Lump Sum Lump Sum End of Service -- 

Refined Individually Any Time Section 2.3.4 
General Individually End of Service -- AASHTO 

LRFD Lump Sum Lump Sum End of Service -- 
PCI-BDM Individually Any Time Section 2.3.2 

PCI – 1975 Individually Any Time Included in loss 
recommendations 

Detailed Individually Any Time Section 2.3.6 NCHRP 496 Approximate Lump Sum End of Service -- 
 

2.2.1 AASHTO Standard Specification 

Article 9.16.2 of the AASHTO Standard Specifications (AASHTO, 1996) provides two 

methods for determining the prestress losses at the end of service life, and provides no 

recommendations for determining the prestress losses at any other time or for determining the 

losses of lightweight concrete girders.  The first method, referred to as the general method in the 

Specifications involves determining the total loss from the following equation: 

 scs CRCRESSHf +++=∆   (2.1) 
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where, ∆fs is the total loss excluding friction, SH is the loss due to concrete shrinkage, ES is the 

loss due to elastic shortening, CRc is the loss due to concrete creep, and CRs is the loss due to 

steel relaxation.  All losses are in psi. 

The loss due to shrinkage for pretensioned members is determined as follows: 

 RHSH 150000,17 −=  (2.2) 

where RH is the mean relative humidity in percent. 

The loss due to elastic shortening for pretensioned members is given by: 

 cir
ci

s f
E
E

ES =  (2.3) 

where, Es is the modulus of the prestressing steel in psi, Eci is the modulus of the concrete at 

transfer in psi, and fcir is the concrete stress at the center of gravity of the prestressing steel due to 

the prestressing force and the dead load of the beam immediately after transfer.  Determining fcir 

requires estimating the prestress losses due to elastic shortening and the determination of any 

initial steel relaxation losses to determine the prestressing force immediately after transfer, and 

then iterating until the estimated elastic shortening losses equal the calculated losses.  As an 

alternative, Equations 1.1 and 1.2, presented in Section 1.2 can be used to achieve the same 

result without iterating. 

The loss due to creep for pretensioned members is determined using: 

 cdscirc ffCR 712 −=  (2.4) 

where fcds is the concrete stress at the center of gravity of the prestressing steel due to all dead 

loads except the dead load present at the time the prestressing force is applied. 

Finally, the loss due to steel relaxation for pretensioned girders using 250 to 270 ksi low 

relaxation strand is given by: 

 ( )cs CRSHESCR +−−= 05.001.0000,5  (2.5) 

The second method for determining prestress losses is by using the lump sum estimate of 

losses provided in the Specification.  The only lump sum estimate provided for pretensioned 

girders is for girders using 5,000 psi concrete, for which the lump sum losses of 45,000 psi are 

recommended. 
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2.2.2 AASHTO LRFD Specification 

Article 5.9.5 of the AASHTO LRFD Specifications (AASHTO, 1998) provides three 

methods for determining prestress losses.  Two of these methods are for calculating the prestress 

losses at the end of service life, and more detailed method for predicting the prestress losses at 

any time is also given.  Each method requires the determination of elastic shortening losses 

according to the following equation: 

 cgp
ci

p
pES f

E
E

f =∆  (2.6) 

where Ep is the modulus of elasticity of the prestressing steel in ksi, Eci is the modulus of 

elasticity of the concrete at transfer, and fcgp is the sum of the concrete stresses at the center of 

gravity of the prestressing tendons due to the prestressing force at transfer (including losses due 

to initial steel relaxation and elastic shortening) and the self-weight of the member at the section 

of maximum moment in ksi. This method requires iteration in the same manner as the Standard 

Specification.  In lieu of this method, Equations 1.1 and 1.2 of Section 1.2 can be used to obtain 

the same result without iteration.  

The simplest of the three methods for determining the time-dependent losses provides an 

approximate lump sum estimate of time-dependent losses and is described in Article 5.9.5.3 of 

the AASHTO LRFD Specifications.  This method is allowed for pretensioned members stressed 

after attaining a compressive strength of 3.5 ksi, provided that the concrete is either steam-cured 

or moist-cured, the prestressing is by bars or strands with normal or low relaxation properties, 

and average exposure conditions and temperatures characterize the bridge site.  The lump sum 

losses, in ksi, for an I-girder using 270 ksi strands are given by: 

 PPR
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where f'c is the design 28-day compressive strength of the concrete in ksi and PPR is the partial 

prestressing ratio defined as follows: 
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+

=  (2.8) 

where Aps is the area of prestressed reinforcement in in.2, fpy is the yield strength of the 

prestressed reinforcement in ksi, As is the area of the non-prestressed reinforcement in in.2, and fy 

is the yield strength of the non-prestressed reinforcement in ksi.  For low relaxation strands, 6 ksi 
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should be subtracted from the estimate provided by Equation 2.7, and for lightweight concrete 5 

ksi should be added to the estimate provided by Equation 2.7. 

The second method presented in the AASHTO LRFD Specification is similar to the 

general method of the Standard Specification (AASHTO, 1996).  Here, the total prestress loss is 

determined using the following equation: 

 2pRpCRpSRpESpT fffff ∆+∆+∆+∆=∆  (2.9) 

where ∆fpT is the total loss, ∆fpES is the elastic shortening loss, ∆fpSR is the loss due to shrinkage, 

∆fpCR is the loss due to creep, and ∆fpR2 is the loss due to steel relaxation after transfer.  All 

losses in the preceding equation are in ksi.  This method is applicable to members with spans less 

than 250 ft, constructed of normal density concrete, with concrete strength in excess of 3.5 ksi at 

the time of prestress transfer, and constructed and prestressed in a single stage, relative to the 

stress immediately before transfer. 

The loss due to shrinkage for pretensioned members is defined as follows: 

 Hf pSR 15.00.17 −=∆  (2.10) 

where H is the average relative humidity in percent. 

The loss due to creep is given by: 

 cdpcgppCR fff ∆−=∆ 0.70.12  (2.11) 

where fcgp is as defined for the elastic shortening loss and ∆fcdp is the change in stress at the 

center of gravity of the prestressing steel due to permanent loads with the exception of the load 

acting at the time the prestressing force is applied.  Values of ∆fcdp should be calculated at 

sections for which fcgp is calculated. 

Finally, the loss due to steel relaxation after transfer for pretensioned members with low 

relaxation strainds is determined by: 

 ∆f pR 2 = 0.3 20.0 − 0.4∆f pES − 0.2(∆f pSR + ∆f pCR )[ ] (2.12) 

The final method for determining prestress losses presented in the AASHTO LRFD 

Specifications also determines the total prestress loss by Equation 2.9.  However, the creep and 

shrinkage losses are determined using the creep and shrinkage models presented in Article 

5.4.2.3 of the LRFD Specification.  These creep and shrinkage models will be discussed in more 

detail in Section 2.3.4. 
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2.2.3 PCI Bridge Design Manual 

The method for determining prestress losses described in the PCI Bridge Design Manual 

(PCI, 1997) is based on a method proposed by Tadros, et. al. (1985) and uses the age-adjusted 

effective modulus concept of Trost (1967) and Bazant (1972).  The effective modulus is defined 

as follows: 
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where, Ec(t0) is the elastic modulus of the concrete at transfer, χ(t,t0) is the aging coefficient, and 

C(t,t0) is the creep coefficient at the time for which losses are to be determined.  The aging 

coefficient, χ(t,t0), accounts for the fact that the concrete is gaining stiffness as it ages, and for 

the fact that in a given environment, the creep potential for loads applied to young concrete is 

greater than loads applied to older concrete.  The aging coefficient, χ(t,t0), should be taken as 0.7 

for loads applied at a relatively young concrete age and 0.8 for all other situations.  The creep 

coefficient presented in the PCI-BDM will be described in Section 2.3.2. 

The total prestress loss for a pretensioned member is again composed of losses due to 

elastic shortening, creep (CRC), shrinkage (SH), and steel relaxation (CRS).  The elastic 

shortening losses are determined according to Equations 1.1 and 1.2 in Section 1.2.  The 

calculation of the losses due to creep, shrinkage, and steel relaxation all require the determination 

of a coefficient, K.  This coefficient is used to adjust the losses to reflect the small regain in steel 

stress that is due to the interaction between the concrete and steel.  The coefficient, K, is defined 

as follows: 
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where Ep is the modulus of elasticity of the prestressing steel in ksi, Ap is the area of the 

prestressing steel in in.2, A is gross cross-sectional area of the concrete in in.2, ep is the 

eccentricity of the prestressing strand with respect to the centroid of the member in in., and r is 

radius of gyration of the member in in. 

The loss due to shrinkage is defined by: 

 pshu EKSH ε=  (2.15) 
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where εshu is the ultimate free shrinkage strain in the concrete adjusted for member size and 

relative humidity and will be defined in Section 2.3.2. 

The loss due to creep is given by: 
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where Cu is the ultimate creep coefficient to be defined in Section 2.3.2, fcir is the average 

concrete stress at the center of gravity of the prestressing due to the prestressing force and dead 

load immediately after transfer in ksi, Eci is the modulus of elasticity of the concrete at transfer in 

ksi, C'u is the ultimate creep coefficient at the time of application of the superimposed dead 

loads, fcds is the concrete stress at the center of gravity of the prestressing steel due to 

superimposed dead loads in ksi, and Ec is the 28-day modulus of elasticity of the concrete in ksi. 

The loss due to steel relaxation is defined as: 

 rS KLCR ψ=  (2.17) 

where Lr is the intrinsic relaxation loss of the strand as is defined by Equation 1.3 in Section 1.2 

in ksi, and ψ is the relaxation reduction factor accounting for the steady decrease in the strand 

stress over time due to creep and shrinkage losses: 
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where fpo is the stress in the prestressing steel immediately after transfer, defined by Equations 

1.1 and 1.2 in Section 1.2 in ksi. 

 

2.2.4 NCHRP 496 

In a report prepared for the National Cooperative Highway Research Program (NCHRP) 

Tadros, et. al. (2003) have proposed two methods for the determination of prestress losses for 

HSC, a detailed method, and an approximate method.  The detailed method is similar to the PCI-

BDM method and involves the determination of prestress in four stages.  The first is the 

instantaneous loss due to elastic shortening.  The second is the long-term prestress loss due to 

shrinkage, creep, and steel relaxation between transfer and deck placement.  The third is the 

instantaneous gain in prestress at the placement of the deck and superimposed dead load, and the 

fourth is the long-term prestress loss due to creep of the girder, shrinkage of the deck and girder, 

and steel relaxation from the deck placement to the end of service life. 
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The elastic shortening loss is determined by applying the prestressing force just before 

transfer to the transformed girder section and determining the concrete stress, fcgp.  The concrete 

stress is then multiplied by the modular ratio to determine the change in steel stress. 
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where fcgp is the concrete stress at the center of gravity of the prestressing force in ksi, Pi is the 

prestressing force just before release in kips, Ati is the transformed area of the girder in in.2, Iti is 

the transformed moment of inertia of the girder in in.4, epti is the eccentricity of the prestressing 

force with respect to the transformed section in in., Mg is the self-weight moment in k-in., Ep is 

the modulus of elasticity of the prestressing strand in ksi and Eci is the modulus of elasticity of 

the concrete at release in ksi. 

The prestress loss between transfer and placement of the deck is determined in three 

stages using the net section properties of the non-composite girder.  The prestress loss due to 

shrinkage is given by: 

 idpbidpSR KEf ε=∆  (2.21) 

for which: 
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where εbid is the concrete shrinkage strain between transfer and deck placement (see Section 

2.3.6 for the shrinkage model), Kid is the transformed section age-adjusted effective modulus of 

elasticity factor, Aps is the area of prestressing steel in in.2, An is the net area of concrete in in.2, 

epn is the eccentricity of the strands with respect to the net concrete section in in., In is the net 

moment of inertia in in.4, χ is the aging coefficient, taken as 0.7 for loading between 1 and 3 

days, and ψbif is the ultimate girder creep coefficient (see Section 2.3.6 for the creep model).   

The loss due to concrete creep is given by: 

 idbidcgp
ci

p
pCR Kf

E
E

f ψ=∆  (2.23) 
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where ψbid is the creep coefficient at the time of deck placement (Section 2.3.6).   

Finally, the prestress loss due to steel relaxation is given by: 

 idiipR KLf φ=∆ 2  (2.24) 

for which: 

 
( )

po

pCRpSR
i f

ff ∆+∆
−=φ

3
1  (2.25) 

where φi is the a reduction factor representing the steady-state loss in prestress due to creep and 

shrinkage and Li is the intrinsic relaxation loss between transfer and deck placement given by 

Equation 1.3. 

The instantaneous gain in prestress at the time of the placement of the deck and the 

superimposed dead loads does not need to be explicitly determined provided the stress analysis is 

carried out on the transformed sections. 

The long-term prestress loss between the time of deck placement and the end of service 

life is divided into five steps.  The loss due to shrinkage of the girder concrete in the composite 

section is given by: 

 dfpbdfpSD KEf ε=∆  (2.26) 

for which: 
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where εbdf is the girder shrinkage strain from deck placement to final time, Anc is the net concrete 

area of the composite girder section in in.2, epnc is the eccentricity of the strands with respect to 

the centroid of the net composite section at service in in. (always positive), Inc is the moment of 

inertia of the net composite section in in.4, and Kdf is the transformed section factor based on the 

age-adjusted effective modulus of elasticity of the concrete.   

The prestress loss due to creep of the girder composite section caused by initial 

prestressing and self-weight is given by: 

 ( ) dfbidbifcgp
ci

p
pCD Kf

E
E

f ψ−ψ=∆ 1  (2.28) 



 28

The prestress loss due to creep of the composite section caused by the deck and 

superimposed dead loads is given by: 

 dfbdfcdp
c

p
pCD Kf

E
E

f ψ∆=∆ 2  (2.29) 

where Ec is the modulus of elasticity of the concrete at the time of the placement of the deck and 

superimposed dead loads in ksi, ∆fcdp is the change in concrete stress at the centroid of the 

prestressing strands due to dead loads in ksi (deck on the non-composite transformed section and 

superimposed dead loads on the composite transformed section), and ψbdf is the ultimate creep 

coefficient for a load applied at the time of deck placement. 

The prestress loss due to steel relaxation between the time of deck placement and the end 

of service may be determined in a similar manner as was done for the time of transfer to deck 

placement, or it may be assumed that the total relaxation losses are 2.4 ksi. 

The prestress gain due to shrinkage of the deck in the composite section is given by: 

 ( )bdfdfcdf
c

p
pSS Kf

E
E

f χψ+∆=∆ 1  (2.30) 

for which: 

 ∆fcdf =
εddf Ad Ecd

Anc 1+ χψddf( )
−

εddf Ad Ecdedcepnc

Inc 1+ χψddf( )
 (2.31)  

where ∆fcdf is the change in concrete stress at the centroid of the prestressing force due to 

shrinkage of the deck concrete in ksi, εddf is the ultimate shrinkage strain of the deck concrete, Ad 

is the area of the deck in in.2, Ecd is the modulus of elasticity of the deck in ksi, ψddf is the 

ultimate creep coefficient of the deck concrete, and edc is the eccentricity of the deck with respect 

to the transformed composite section at the time of application of superimposed dead loads in in. 

(always negative). 

Tadros, et. al. (2003) also propose a simplified approximate method for determining 

prestress losses based on a parametric study of pretensioned HSC bridge girders.  The total long-

term prestress losses, given by the approximate method are: 

 5.2120.10 +γγ+γγ=∆ sthsth
g

pspi
pLT A

Af
f  (2.32) 

for which: 
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 Hh 01.07.1 −=γ  (2.33) 
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where fpi is the initial stress of prestressing steel in ksi, Aps is the area of the prestressing steel in 

in.2, Ag is the gross area of the girder cross-section in in.2, γh is the correction factor for humidity, 

and γst is the correction factor for concrete strength. 

 

2.2.5 PCI Committee on Prestress Losses 

The PCI Committee on Prestress Losses published “Recommendations for Estimating 

Prestress Losses” in 1975.  This publication details a general and simplified method for the 

determination of prestress losses.  The general method for pretensioned members involves the 

determination of losses due to elastic shortening (ES), concrete creep (CR), concrete shrinkage 

(SH), and steel relaxation (REL).  The total prestress loss is then defined as the sum of these 

individual losses and any anchorage loss (ANC) that may occur.  At a minimum, the 

determination of prestress losses is broken into four time steps for pretensioned girders.  The first 

step is to determine losses at transfer, the second step is losses between transfer and the 

application of superimposed dead loads, the third step is between the application of 

superimposed dead loads and one year, and the final step is between one year and the end of 

service life.  If a more detailed analysis is desired, shorter time steps could be used. 

The elastic shortening loss is defined as: 
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where fcr is the concrete stress at the center of gravity of the prestressing force immediately after 

transfer in psi, Es is the modulus of elasticity of the prestressing steel in psi and Eci is the 

modulus of elasticity of the concrete at transfer in psi, and ES is in psi.  As with the 

determination of elastic shortening losses described earlier this method involves iteration to 

determine the exact force in the prestressing steel after transfer.  Using Equations 1.1 and 1.2 

from Section 1.2 yields the same result without iteration. 

The loss due to creep, in psi, for accelerated cure concrete is given by: 

 ( )( )( ) cfPCRSCFUCRCR =  (2.36) 
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where fc is the net concrete stress, in psi, at the center of gravity of the prestressing force at the 

beginning of the time interval for which prestress losses are to be determined, taking into account 

the loss in prestress force occurring over the preceding time interval and any change in the 

applied load during the preceding time interval.  UCR is the ultimate creep loss, and for 

accelerated cure lightweight and normal weight concrete is given by: 

 11102063 6 ≥⋅−= −
cEUCR  (2.37) 

where Ec is the 28-day modulus of elasticity of the concrete in psi.  SCF is the size correction 

factor and is presented in Table 2.3, and PCF is the portion of creep occurring over each time  

interval, and is given by: 

 ( ) ( ) 1tt AUCAUCPCR −=  (2.38) 

where AUC represents the variation of creep with time and is given in Table 2.4. 

  

 

 

 

 

 

 

 

 

 

 

 

The loss due to shrinkage, in psi is given by: 

 ( )( )( )PSHSSFUSHSH =  (2.39) 

where USH is the ultimate shrinkage loss, and is determined as follows: 

for normal weight concrete: 

 000,1210000,3000,27 6 ≥⋅−= −
cEUSH  (2.40) 

for lightweight concrete: 

 000,1210000,10000,41 6 ≥⋅−= −
cEUSH  (2.41) 

Table 2.3 –  Size Correction 
Factors for Creep 

Volume to surface 
area ratio, in. 

Creep Factor, 
SCF 

1 1.05 
2 0.96 
3 0.87 
4 0.77 
5 0.68 

>5 0.68 

Table 2.4 – Variation of Creep 
with Time 

Time after 
transfer, days 

Portion of ultimate 
creep, AUC 

1 0.08 
 2 0.15 
5 0.18 
7 0.23 
10 0.24 
20 0.30 
30 0.35 
60 0.45 
90 0.51 
180 0.61 
365 0.74 

End of service 1.00 
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SSF is the size correction factor for shrinkage and is given in Table 2.5, and PSH is the portion 

of the ultimate shrinkage occurring over the desired time interval, and is given by: 

 ( ) ( )
1tt AUSAUSPSH −=  (2.42) 

where AUS is the variation of shrinkage with time and is given in Table 2.6. 

  

 

 

 

 

 

 

 

 

 

 

 

Finally, Equation 1.3 in Section 1.2 gives the loss due to steel relaxation for low 

relaxation strand, where the time for the desired prestress loss interval is input in hours. 

The simplified method described by the PCI Committee on Prestress Losses, provides a 

lump sum estimate of losses for various combinations of lightweight or normal weight concrete 

with stress relieved or low relaxation strands in pretensioned or post-tensioned members.  For 

this research, only the lump sum losses for pretensioned lightweight and normal weight concretes 

with low relaxations tendons are relevant, and are as follows: 

for pretensioned lightweight concrete and low relaxation tendons: 

 cdscr ffTL 8.44.205.17 −+=  (2.43) 

for pretensioned normal weight concrete and low relaxation tendons: 

 cdscr ffTL 4.53.168.19 −+=  (2.44) 

where fcr is the is the stress in concrete at the centroid of the prestressing force immediately after 

transfer in ksi, fcds is the concrete stress at the centroid of the prestressing force due to all 

superimposed dead load in ksi, and TL is in ksi. 

Table 2.5 –  Size Correction 
Factors for Shrinkage 

Volume to surface 
area ratio, in. 

Creep Factor, 
SCF 

1 1.04 
2 0.96 
3 0.86 
4 0.77 
5 0.69 
6 0.60 
  
  
  
  
  
  

Table 2.6 –  Variation of 
Shrinkage with Time 

Time after 
transfer, days 

Portion of ultimate 
creep, AUS 

1 0.08 
3 0.15 
5 0.20 
7 0.22 
10 0.27 
20 0.36 
30 0.42 
60 0.55 
90 0.62 
180 0.68 
365 0.86 

End of service 1.00 
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The total loss determined using the simplified method is based on a volume to surface 

area ratio (V/S) of 2.0 in., a concrete strength at release of 3,500 psi, a concrete strength at 28-

days of 5,000 psi, transfer after 18 hours, and an additional dead load applied 30 days after 

detensioning.  The PCI Committee recommendations include adjustments only for various V/S 

ratios.  Table 2.7 gives the appropriate adjustment in total loss for various V/S ratios. 

Table 2.7 – Adjustment to TL for V/S Ratios Other Than 2.0 in. 
V/S Ratio 1.0 2.0 3.0 4.0 

Adjustment, % +3.2 0.0 -3.8 -7.6 

 

2.3 Creep and Shrinkage Models 

In conjunction with the prestress loss recommendations presented in the previous section, the 

creep and shrinkage models described in this section will be used to determine the creep and 

shrinkage losses associated with each bridge.  A summary of the creep and shrinkage models 

discussed in this section is presented in Table 2.8.  The summary not only lists each creep and 

shrinkage model but indicates the input parameters used for the determination of creep and 

shrinkage in each model.  The creep and shrinkage losses are then be combined with the elastic 

shortening losses and steel relaxations losses described in Section 1.2 to determine the total loss 

of prestress.  These calculated losses and girder strains will then be compared to the recorded 

girder strains. 

 

2.3.1 ACI-209R-92 

ACI Committee 209 (ACI, 1992) provides recommendations for the determination of the 

creep coefficient, shrinkage strain, and total strain at any time.  This involves determining the 

ultimate creep coefficient and ultimate shrinkage strain using the properties and mix proportions 

of the concrete and then modifying these values by the appropriate time ratio to get the creep 

coefficient and shrinkage strain for the desired time.  The creep coefficient is the ratio of the 

creep strain to the elastic strain; therefore, the total strain (at constant temperature) is given by: 

 ( ) ( )ttsh E
t ν+

σ
+ε=ε 1)(

0

 (2.45) 

where σ is the applied stress and E0 is the modulus of elastic of the concrete when the load is 

applied. 
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Table 2.8 – Summary of Creep and Shrinkage Models 
Input Parameter 

Concrete Composition 
Model Loading 

Age 
Humidity Size Strength 

Slump FA% Air 
Cement 

Content 

Water 

Content 
w/c a/c 

Cement 

Type 

ACI-209 Creep 
Creep 

Shrinkage 

Creep 

Shrinkage 
-- 

Creep 

Shrinkage 

Creep 

Shrinkage 

Creep 

Shrinkage 
Shrinkage -- -- -- -- 

PCI-BDM Creep 
Creep 

Shrinkage 

Creep 

Shrinkage 

Creep 

Shrinkage 
-- -- -- -- -- -- -- -- 

CEB-FIP-90 Creep 
Creep 

Shrinkage 

Creep 

Shrinkage 

Creep 

Shrinkage 
-- -- -- -- -- -- -- Shrinkage 

AASHTO 

LRFD 
Creep 

Creep 

Shrinkage 

Creep 

Shrinkage 
Creep -- -- -- -- -- -- -- -- 

Shams and 

Kahn 
Creep 

Creep 

Shrinkage 

Creep 

Shrinkage 
Creep -- -- -- -- -- -- -- -- 

NCHRP 496 Creep 
Creep 

Shrinkage 

Creep 

Shrinkage 

Creep 

Shrinkage 
-- -- -- -- -- -- -- -- 

B3 Creep 
Creep 

Shrinkage 

Creep 

Shrinkage 

Creep 

Shrinkage 
-- -- -- -- Shrinkage Creep Creep Shrinkage 

GL2000 Creep 
Creep 

Shrinkage 

Creep 

Shrinkage 
Shrinkage -- -- -- -- -- -- -- Shrinkage 

AFREM -- 
Creep* 

Shrinkage 

Creep* 

Shrinkage 

Creep 

Shrinkage 
-- -- -- -- -- -- -- -- 

*  Humidity and member size are input parameters for shrinkage which is used to calculate drying creep. 
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The creep coefficient at any time for a loading age of 7 days for moist cured concrete or 

1-3 for steam cured concrete is given by: 

 ut t
t

ν
+

=ν 60.0

60.0

10
 (2.46) 

where νt is the creep coefficient at time t, and νu is the ultimate creep coefficient determined by: 

 cu γ=ν 35.2  (2.47) 

where γc is the product of the correction factors for loading age (γla), ambient relative humidity 

(γλ), size (γvs), and concrete composition including slump (γs), fine aggregate percentage (γψ), 

and air content (γα).  These correction factors are described later in this section. 

The shrinkage strain after 1-3 days for steam cured concrete is determined according to: 

 ( ) ( )ushtsh t
t

ε
+

=ε
55

 (2.48) 

where (εsh)t is the shrinkage strain at time t, and (εsh)u is the ultimate shrinkage strain given by: 

 ( ) 610780 −×γ=ε shush  (2.49) 

where γsh is the product of the correction factors for ambient relative humidity (γλ), size (γvs), and 

concrete composition including slump (γs), fine aggregate percentage (γψ), cement content (γc), 

and air content (γα). 

The correction factors for non-standard conditions for the ultimate creep coefficient and 

shrinkage strain are as follows: 

For loading ages later than 1-3 days for steam cured concrete, γla, for creep is given by: 

 concrete cured steamfor  )(13.1 094.0−=γ lala t  (2.50) 

where tla is the loading age in days. 

For ambient relative humidity greater than 40%, γλ is determined according to: 

 λ−=γ λ 0067.027.1 :Creep  (2.51) 

 
⎩
⎨
⎧

≤λ<λ−
≤λ≤λ−

=γ λ 100    80for 030.000.3
80    40for 010.040.1

 :Shrinkage  (2.52) 

where λ is the relative humidity in percent. 

The correction factor for size is based on the volume to surface ratio of the member.  For 

members with volume to surface ratios other than 1.5 in., the correction factor, γvs, is given by: 
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ACI Committee 209 also recommends correction factors for concrete composition.  

However, since the concrete composition is often unknown at the design stage and, in most 

cases, according to ACI Committee 209, these correction factors are not excessive and tend to 

offset one another, they are often neglected for design purposes.  The correction factors for 

concrete composition are as follows: 

For slump, the correction factor for creep and shrinkage, γs, is defined by: 

 ss 067.082.0 :Creep +=γ  (2.55) 

 ss 041.089.0 :Shrinkage +=γ  (2.56) 

where s is the slump of the concrete in inches. 

The correction factor for fine aggregate percentage, γψ, is given by: 

 ψ+=γ ψ 0024.088.0 :Creep  (2.57) 

 
⎩
⎨
⎧

>ψψ+
≤ψψ+

=γ ψ 50%  for 002.090.0
50%  for 014.030.0

 :Shrinkage  (2.58) 

where ψ is the ratio of the fine aggregate to the total aggregate, by weight, expressed as a 

percent. 

For cement content, the correction factor, γc, for shrinkage is determined according to: 

 cc 00036.075.0 +=γ  (2.59) 

where c is the cement content in pounds per cubic yard.  ACI Committee 209 has 

determined that cement content has a negligible impact on the creep coefficient, so no 

correction factor for creep is given. 

Finally, the correction factor for air content, γa, is given by: 

 0.109.046.0 :Creep ≥α+=γα  (2.60) 

 α+=γ α 008.095.0 :Shrinkage  (2.61) 

where a is the air content in percent. 
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2.3.2 PCI Bridge Design Manual 

In conjunction with the recommendations provided in the PCI-BDM for prestress loss, 

recommendations are given for the determination of the creep coefficient and shrinkage strain at 

any time.  The PCI-BDM (PCI, 1997) provides two methods for the determination of creep 

coefficient and shrinkage strain.  This first method is based on the recommendations of ACI-209 

(ACI, 1992) and is applicable to concrete strengths ranging from 3 to 5 ksi.  The second method 

is based on modifications to the recommendations of ACI-209 by Huo (1997) and is applicable 

for concrete strengths ranging from 4 to 12 ksi.  The appropriate creep coefficients and shrinkage 

strains are then used in Equation 2.45 to determine the total strain at any time. 

For concrete strengths ranging from 3 to 5 ksi, the creep coefficient C(t,t0) is given by: 

 ( ) ( )
( ) uC

tt
tt

ttC 6.0
0

6.0
0

0 10
,

−+

−
=  (2.62) 

for which: 

 cu kC 88.1=  (2.63) 

where kc is the product of correction factors for loading age (kla), average relative humidity (kh), 

and the size of the member (ks).  These correction factors are presented later in this section.  For 

concrete strengths ranging from 4 to 12 ksi, the creep coefficient C(t,t0) is defined as: 

 C t, t0( )=
t − t0( )0.6

12 − 0.5 fc
'( )+ t − t0( )0.6 kstCu (2.64) 

for which: 

 ( )'045.018.1 cst fk −=  (2.65) 

where f'c is the 28-day concrete compressive strength in ksi and kst is a correction factor for 

concrete strength accounting for the fact that high strength concretes exhibit less total creep. 

The shrinkage strain after 1 to 3 days of steam curing for concrete strengths ranging from 

3 to 5 ksi in defined by: 

 S t,t0( )=
t − t0( )

55 + t − t0( )
Su  (2.66) 

for which: 

 610545 −×= shu kS  (2.67) 
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where ksh is the product of correction factors for the average relative humidity (kh) and size of the 

member (ks).  For concrete strengths ranging from 4 to 12 ksi, the shrinkage strain is given by: 

 S t, t0( )=
t − t0( )

65 − 2.5 fc
'( )+ t − t0( )

kstSu  (2.68) 

for which: 

 '05.02.1 cst fk −=  (2.69) 

The correction factors for determining kc and ksh are as follows: 

 094.0)(13.1 −= lala tk  (2.70) 

 100H40for  ,0084.0586.1 :Creep ≤≤−= Hkh  (2.71) 
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2.3.3 CEB-FIP-90 

The CEB-FIP model code (CEB, 1993) recommendations are applicable to concretes 

with design compressive strengths ranging from 1,700 to 11,600 psi subjected to compressive 

stresses less than 40% of the strength at the application of the load and exposed to an average 

relative humidity in the range of 40 to 100% at an average temperature ranging from 41 to 86° F. 

The notional creep coefficient, φ0, and notional shrinkage strain, εcso, are determined from 

the concrete properties then are applied to the appropriate time ratio to determine the creep 

coefficient, φ(t,t0), and shrinkage strain, εcs(t,t0), at any time.  The total strain is then given by: 

 ( ) ( ) ( )
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for which: 
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where Ec(t0) is the modulus of elasticity of the concrete at the time of application of the load in 

psi and fcm is the mean concrete compressive strength in psi, which may be taken as f'c +1,200 

psi if it is not known. 

The creep coefficient is given by: 

 ( ) ( )000, tttt c −βφ=φ  (2.77) 

where φ0 is the notional creep coefficient and βc(t-t0) represents the development of creep with 

time.  The notional creep coefficient may be estimated from: 

 ( ) ( )00 tf cmRH ββφ=φ  (2.78) 

for which: 
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1− RH
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=β  (2.81) 

where RH is the ambient relative humidity, h is 2 times the member’s cross-sectional area 

divided by the perimeter in contact with the environment, and t0 is the concrete maturity at 

application of the load for which one day of accelerated curing is approximately equal to seven 

days of moist curing.  The development of creep with time is given by: 

 ( ) ( )
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tt
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for which: 

 βH =150 1+ 0.012RH( )18[ ]h
4

+ 250 ≤1500  (2.83) 

The shrinkage strain as a function of time is represented by: 

 ( ) ( )sscsoscs tttt −βε=−ε  (2.84) 

where εcso is the notional shrinkage coefficient and βs(t-ts) represents the development of 

shrinkage with time.  The notional shrinkage coefficient is given by: 

 ( ) RHcmscso f βε=ε  (2.85) 
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for which: 
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where βsc is a factor accounting for cement type and is 4 for slow hardening cement, 5 for normal 

or rapid hardening cement, and 8 for rapid hardening high strength cement.  Finally, the 

development of shrinkage with time is represented by: 
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2.3.4 AASHTO LRFD 

The AASHTO LRFD Specification (AASHTO, 1998) allows the use Articles 5.4.2.3.2 

and 5.4.2.3.3 for the determination of the creep coefficient and shrinkage strain, as well as the 

recommendations of the CEB-FIP model code and ACI 209, presented previously.  The creep 

and shrinkage models contained Articles 5.4.2.3.2 and 5.4.2.3.3 in the AASHTO LRFD 

Specifications are taken from Collins and Mitchell (1991), and are modified versions of the ACI-

209 models based on more recent data.  The total strain is determined using Equation 2.45 with 

the following creep coefficient and shrinkage strain. 

The creep coefficient, ψ(t,ti), is given by: 

 ( ) ( )
( ) 6.0

6.0
118.0

0.10120
58.15.3,

i

i
ifci tt

tt
tHkktt

−+

−
⎟
⎠
⎞

⎜
⎝
⎛ −=ψ −  (2.89) 

for which: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

9
67.0

1
'

c
f f

k  (2.90) 

 
587.2
77.180.1

45

26
54.036.0 s

v
s

v

c
e

t
t

te

t

k
−

+

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

+

+=  (2.91) 



 40

where kc is a factor for the effect of the volume-to-surface ratio of the member, kf is a factor for 

the effect of concrete compressive strength, H is the relative humidity in percent, ti is the 

concrete maturity at application of the creep inducing load in days, for which one day of 

accelerated curing is equivalent to seven days of moist curing, and t is concrete maturity at which 

the creep coefficient is desired. 

Recommendations for the determination of the shrinkage strain at any time are provided 

in Article 5.4.2.3.3.  The shrinkage strain at time t, εsh, for steam cured concrete devoid of 

shrinkage-prone aggregates is given by: 
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where ks is a size factor, kh is a factor for the relative humidity, and t is the concrete maturity at 

the time for which the shrinkage strain is to be determined in days. 

 

2.3.5 Shams and Kahn 

Shams and Kahn (2000) developed modifications to the AASHTO LRFD expressions for 

creep and shrinkage to account for the reduced creep and shrinkage strains exhibited by HPC.  

The modifications include new factors to account for the ratio of stress-to-strength at the time of 

loading, the length of the moist curing period, and the concrete maturity at the onset of drying.  

Additionally, the factors for concrete strength and concrete maturity at the time of loading have 

been modified.  The total strain is given by Equation 2.45, with the following models for creep 

coefficient and shrinkage strain. 

The creep coefficient is given by: 
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where kvs is the size factor and is equivalent to kc of Equation 2.91, kfc is the concrete strength 

factor, kh is the ambient relative humidity factor, kt' is the maturity at loading factor, kσ is the 

stress-to-strength ratio factor, km is the moist curing period factor, t is the concrete maturity in 

days, for which one day of accelerated curing is equivalent to three or four days of maturity, t' is 

the concrete maturity at loading, f'c is the concrete strength at 28 days in ksi, h is the ambient 

relative humidity expressed as a decimal, Γ is the ratio of the applied stress at loading to the 

concrete strength at loading, and m is the moist curing period in days (0 for accelerated cure 

concrete). 

The shrinkage strain is given by: 
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for which: 
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where esh∞ is the ultimate shrinkage strain, kvs is the volume-to surface area factor defined by ks 

in Equation 2.93, kH is the ambient relative humidity factor as defined in Equation 2.94, kt0 is a 
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factor accounting for the concrete maturity at the onset of drying, t is the concrete maturity in 

days, and t0 is the concrete maturity at the onset of drying in days. 

 

2.3.6 NCHRP 496 

In conjunction with the prestress loss models developed by Tadros et. al. (2003) and 

presented in the NCHRP report, are creep and shrinkage models for HSC.  The models are 

similar to those given in by ACI-209 with modifications made to the various components and 

correction factors.  The total strain is as given in Equation 2.45.  The creep model is defined by 

the creep coefficient, which is the ratio of the strain at any time after loading to the elastic strain 

at the time of loading.  The creep coefficient is given by: 

 ( ) critt γ=ψ 90.1,  (2.105) 

for which: 
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where ktd is the time development factor, kla is the loading age factor for which seven days of 

moist curing is equivalent to one day of accelerated curing, ks is the size factor, khc is the 

humidity factor for creep, kf is the concrete strength factor, f'ci the concrete strength at release in 

ksi, V/S is the volume-to-surface ratio in in., and H is the relative humidity in percent. 

The shrinkage strain is given by: 

 shsh γ×=ε −610480  (2.112) 

for which: 

 fhsstdsh kkkk=γ  (2.113) 
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 Hkhs 0143.000.2 −=  (2.114) 

where ktd, ks, and kf are as defined for creep, and khs is the humidity factor for shrinkage. 

 

2.3.7 B3 

The B3 model for creep and shrinkage (Bazant and Baweja, 1995a,b,c) was developed at 

Northwestern University by Zdenek Bazant and Sandeep Baweja.  The B3 model was calibrated 

for, and therefore limited to, mean concrete compressive strengths ranging from 2,500 to 10,000 

psi, with an aggregate to cement ratio by weight ranging from 2.5 to 13.5, cement content 

ranging from 10 to 45 pcf, and a water to cement ratio ranging from 0.30 to 0.85.  The model is 

further limited by empirical data to creep occurring at a relative humidity ranging from 40 to 100 

percent. 

The B3 model, while calibrated and based on empirical data, does incorporate equations 

based on the modeling of physical properties of creep and shrinkage, most notably diffusion 

processes, making it the most theoretically based model available.  This model does not 

formulate expressions for creep strain using the traditional creep coefficient.  Instead, the creep 

compliance function, J(t,t'), or the creep strain at time t, in microstrain per psi, caused by a unit 

axial stress applied at time t' are determined directly from the concrete material properties.  

Therefore, the determination of the creep strain does not necessitate the determination of the 

elastic modulus of the concrete, except to determine the initial elastic strain, as this value is 

implicitly included in the determination of the creep compliance function.  The shrinkage strain, 

εsh(t), is determined in a manner similar to the preceding models, that is, the shrinkage strain at 

any time t is the product of the ultimate shrinkage, εsh∞, and a time ratio, S(t).  The total strain at 

constant temperature is then given by: 

 ( ) ( ) ( )tttJt shε+σ=ε ',  (2.115) 

where σ is the applied uniaxial stress. 

The creep compliance function can be decomposed into three parts: 

 ( ) ( ) ),',(',', 001 tttCttCqttJ d++=  (2.116) 

in which q1 is the instantaneous elastic strain due to a unit stress, C0(t,t') is the compliance 

function for basic creep for a load applied at time t', and Cd(t,t',t0) is the compliance function for 

additional creep for a load applied at time t' due to drying begun at time t0.   
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The instantaneous elastic strain is defined as: 
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for which E28 is the 28-day elastic modulus and defined as: 

 '
28 000,57 cfE =  (2.118) 

where f'c is the 28-day concrete compressive strength, in psi.   

The basic creep compliance function is given by: 
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where Q(t,t') is a binomial integral that cannot be expressed analytically, but is given in Table 1 

of Bazant and Baweja (1995a) for m = 0.5 and n =0.1 (the values for the creep compliance 

function is valid) and can be approximated by the following equations: 
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in which: 
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 Z t, t '( )= t'( )−m ln 1+ t − t '( )n[ ] (2.122) 

 ( ) ( ) 8'7.1' 12.0 += ttr  (2.123) 

and q2, q3, and q4 are defined as follows: 
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where c is the cement content of the concrete mix in pcf, w/c is the water cement ratio by weight, 

and a/c is the aggregate to cement ratio by weight. 

The compliance function for drying creep is given by: 

 ( ) ( ) ( )[ ] 2
1'88

50,', tHtH
d eeqtttC −− −=  (2.127) 

for which: 
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where εsh∞ is the ultimate shrinkage strain, which will be defined later, h is relative humidity 

express as a decimal, and S(t) is the time function for shrinkage, which will be defined later. 

The B3 model determines the shrinkage strain at time t in the same manner as the 

preceding models.  This requires the determination of the ultimate shrinkage, εsh∞, a humidity 

modification factor, kh, and the shrinkage time function, S(t).  The shrinkage at time t is then 

defined as: 

 ( ) ( )tSktt hshsh ∞ε−=ε 0,  (2.130) 
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The time function for shrinkage is given by: 
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where τsh is a factor based on the size and shape of the member, and is represented by: 

 ( )2Dkk stsh =τ  (2.133) 

for which 

 ( ) 225.0'08.0
0 days/inin  ,8.190 −−= ct ftk  (2.134) 

 s
vD 2=  (2.135) 

and ks is the cross-section shape factor and is defined for regular shapes in Bazant and Baweja 

(1995a), and should be taken as 1.0 for simplified analysis. 

Finally, the ultimate shrinkage is given by: 

 εsh∞ = α1α2 26w 2.1 f c
'( )−0.28

+ 270[ ],  in microstrain  (2.136) 

in which: 
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and w is the water content of the concrete in pcf. 

 

2.3.8 GL2000 

Gardener and Lockman (2001) developed the GL2000 method for predicting creep and 

shrinkage based on a method previously proposed by Gardener and Zhao (1993) and later 

modified by Gardener (2000).  The model estimates creep and shrinkage using data that is 

available to the engineer in the design phase of a project.  The primary inputs to the model are 

the mean compressive strength, the relative humidity, the type of cement to be used, the age at 

which drying commences, the age at which the load is applied, the volume-to-surface ratio of the 

member being loaded, and the stress being applied. 

The model determines the creep and shrinkage strains in a manner similar to the method 

recommended by ACI-209 (1992).  The shrinkage strain is determined from the ultimate 

shrinkage value, with the appropriate modification factors and the time ratio of shrinkage.  The 

specific creep strain (strain/psi) is determined through the use of a creep coefficient, similar to 

that proposed by ACI-209.  The total strain for constant temperature is then given by: 

 ( ) σ⎟⎟
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⎛ φ
++ε=ε

28

281

cmcmto
sh EE

t  (2.139) 

where εsh is the shrinkage strain as a function of time, Ecmto is the modulus of elasticity of the 

concrete at the application of the load in psi, φ28 is the creep coefficient as a function of time, 

Ecm28 is the modulus of elasticity of the concrete at 28-days in psi, and σ is the stress applied to 

the concrete in psi.  If experimental data for the modulus of elasticity is unavailable, the 

following equation should be used: 

 cmtcmt fE 000,52000,510 +=  (2.140) 
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where Ecmt is the modulus of elasticity at time t in psi and fcmt is the compressive strength at time 

t in psi. 

The creep coefficient is given by: 

φ28 = Φ tc( ) 2
t − t0( )0.3

t − t0( )0.3 +14

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ +

7
t0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0.5
t − t0

t − t0 + 7
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0.5

+ 2.5 1−1.086h2( ) t − t0

t − t0 + 97 V
S( )2

⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 

0.5⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
 (2.141) 

for which: 
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where t0 is the concrete maturity at which the load is applied, for which one day of accelerated 

curing is equivalent to seven days of moist curing, tc is maturity at which drying commences in 

days, h is the relative humidity expresses as a decimal, and V/S is the volume-to-surface ratio of 

the member in inches. 

The shrinkage strain is determined by: 

 ( ) ( )thshush ββε=ε  (2.143) 

for which: 
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where fcm28 is the average compressive strength of the concrete at 28 days, and K is given by: 
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For blended flyash or slag cement concretes, the concrete strength should be measured over time 

and compared to the following equations to determine which K factor is appropriate.  The type of 
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concrete providing the best match for the strength gain with time should be used to determine the 

factor K. 
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where a and b are defined as follows: 
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2.3.9 AFREM 

The AFREM model, described by Le Roy et. al. (1996), was specifically developed for 

estimating the creep and shrinkage of HSC.  The primary inputs into the model are the concrete 

compressive strength at release, the concrete compressive strength at 28-days, the ambient 

relative humidity, the size of the member, and whether or not the concrete contains microsilica. 

The total strain in the concrete is again the sum of the elastic strain, the creep strain, and 

the shrinkage strain.  However, for this model, the creep strain is determined using the 28-day 

elastic modulus of the concrete rather than the elastic modulus of the concrete at the time of 

loading, and the creep coefficient is divided into a basic creep portion and a drying creep portion 

according to the following equation: 

 ( ) ( ) ( )( )',',)'(',
28

tttt
E

ttt dbcr φ+φ
σ

=ε  (2.151) 

where σ(t') is the stress applied to the concrete in ksi, E28 is the 28-day elastic modulus of the 

concrete in ksi, φb(t, t') is the basic creep coefficient, φd(t, t') is the drying creep coefficient, t is 

the age of the concrete in days, and t' is the age of the concrete at the time the load is applied in 

days. 

As shown in Equation 2.151, the total creep is composed of a term representing the basic 

creep and a term representing the drying creep.  The basic creep is defined as: 
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where f'ci is the concrete strength at the time of application of the load in ksi and f'c is the 28-day 

concrete strength in ksi.  Whereas, the drying creep is given by: 

 ( ) ( ) ( )[ ]0000 ,',,', ttttttt shshdd ε−εφ=φ  (2.155) 

for which: 
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where εsh(t,t0) is the drying shrinkage from the start of drying to time t and εsh(t',t0) is the drying 

shrinkage from the time of application of load to time t.  The drying shrinkage over the 

appropriate time interval is determined using Equations 2.157 – 2.159 

The drying shrinkage is defined as: 
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where h is the ambient relative humidity expressed as a decimal, Ac is the gross cross-

sectional area of the concrete in in.2, and u is the exposed perimeter of the concrete in inches.
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3 Research Methods 

Girders from three HPC / HSC bridges in Virginia were instrumented with strain gages to 

determine the long-term prestress losses associated with HPC, and a summary of the three 

bridges and instrumented girders is presented in Table 3.1.  The concrete strain at the level of 

centroid of the prestressing force was recorded and was used to determine the long-term prestress 

losses for each bridge.  The strains from the three bridges were compared with the strains 

estimated using the creep and shrinkage models presented in Section 2.3, and the prestress losses 

calculated from the measured strains were compared with the prestress losses calculated utilizing 

the methods presented in Section 2.2. 

Table 3.1 – Summary of Research Bridges 

Bridge Girder 
ID 

Casting 
Date 

Interior 
or 

Exterior 

Girder 
Type 

Design f'c 
Release / 
28-day 

psi 

Girder Span Girder 
Spacing 

1 Exterior 82' – 10" 
2 

Chickahominy 
River 

(LWC) 3 

Mar. 12, 
2001 Interior 

AASHTO 
Type IV 

4,500 / 
8,000 81' – 10" 

10' – 0" 

F 85' – 4" 8' – 8" 
T 

Interior 
86' – 2" 

U 

Sept. 12, 
2002 

Exterior 

6,400 / 
8,000 

86' – 9" 
7' – 11" 

G 86' – 0" 
H 

Interior 
86' – 8" 

Pinner’s Point 

J 

Sept. 17, 
2002 

Exterior 

AASHTO 
Type V 

8,000 / 
10,000 

87' – 4" 

8' – 8" 

B Aug. 18, 
2003 Interior 

A 
Dismal Swamp  

C 
Sept. 9, 

2003 Exterior 
PCBT-45 4,000 / 

8,700 63' – 2" 9' – 2" 

 
In addition to the instrumentation and monitoring of the bridge girders, a study of the 

concrete mixtures used in the three bridges was completed under laboratory controlled 

conditions.  The concrete compressive strength, tensile strength, elastic modulus, and creep and 

shrinkage characteristics were all analyzed in the laboratory. 
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3.1 Chickahominy River Bridge 

The Chickahominy River Bridge is located on Virginia Route 106 in Charles City 

County, near Richmond, and is a three-span structure, made continuous for live-loads, that 

carries two lanes of traffic.  The two end spans are 81 ft 10 in. long, and the center span is 82 ft 

10 in. long.  Each span consists of five AASHTO Type IV high performance, lightweight 

concrete (HPLWC) girders prestressed with 38, 0.5 in. diameter, grade 270, low relaxation 

prestressing strands with eight strands harped 8 ft 3 in. on either side of midspan.  The girders are 

transversely spaced 10 ft on-center and are topped with an 8.5 in. 4,000 psi lightweight concrete 

(LWC), composite deck.  The complete superstructure and girder details are provided on select 

sheets from the bridge plans in Appendix A.  The bridge was constructed in the spring of 2001 

and is the first bridge in Virginia to utilize HPLWC, prestressed girders and a LWC Deck.   

   

3.1.1 Laboratory Testing 

A study of the mechanical properties, including the creep and shrinkage characteristics, 

of the HPLWC mixture used in the Chickahominy River Bridge was conducted by Edward 

Vincent at Virginia Tech in 2002, and a complete description of the testing procedures is 

available in his Master’s Thesis (Vincent, 2003).  It should be noted, however, that all of the 

concrete specimens in this study were made from concrete mixed in the laboratory at Virginia 

Tech, utilizing the same materials as were used in the bridge girders, and were cured utilizing the 

Sure-Cure system with a temperature profile matching the curing of instrumented girders. 

 

3.1.2 Girder Instrumentation 

Three girders from the Chickahominy River Bridge were instrumented to determine the 

long-term changes in strain in the girder.  The girders were cast at Bayshore Concrete Products 

in Cape Charles, Virginia, in March of 2001.  As shown in Figure 3.1, girder 1 was an exterior 

girder in the center span, and Girders 2 and 3 were interior girders in the end spans.  Each girder 

was instrumented with three vibrating wire gages, as shown in Figure 3.2, placed inline at 

midspan, at the level of the centroid of the prestressing force, as shown in Figure 3.3,.  Each 

vibrating wire gage also contained a thermistor so that the raw strain measurements could be 

corrected for the difference between the coefficient of thermal expansion of the vibrating wire 

gage and the concrete eliminating thermal strains from the vibrating wire gage readings.   
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(25.4 mm = 1in.) 

Figure 3.1 – Location of the Instrumented Girders in the Chickahominy River Bridge 

Figure 3.2 – Vibrating Wire Gages 

Figure 3.3 – Chickahominy River 
Bridge Gage Plan 

4.89"

3 Vibrating 
Wire Gages

19.84"

Girder Cross-section at Midspan
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The strain and temperature measured 

by each gage were recorded every two hours, 

using a Campbell Scientific CR10X 

datalogger (Figure 3.4), throughout the 

detensioning of the girders and the storage of 

the girders at the precasting yard.  Recording 

of the data from the gages was then suspended 

while the girders were moved from the 

precasting yard to the bridge site and resumed 

once the girders were placed in the bridge.  

Strains and temperatures were then again 

recorded at a two hour frequency through the 

placing of the deck, and for over two years 

following the placing of the deck. 

In addition to the three girders from the Chickahominy River Bridge, three identical test 

girders were cast in May of 2000 and instrumented in the same fashion as the bridge girders.  

These girders were part of a study conducted at Virginia Tech (Nassar, 2002), prior to the 

construction of the Chickahominy River Bridge, to determine the feasibility of constructing 

girders utilizing HPLWC.  The three test girders never left the precasting yard and never had any 

additional dead load (i.e. deck weight) placed on them.  These girders were monitored in the 

same fashion as the Chickahominy River Bridge girders, with data recorded every two hours, for 

almost two years. 

 

3.2 Pinner’s Point Bridge 

The Pinner’s Point Bridge is a twin bridge structure that carries Virginia Route 164 over 

the Western Branch of the Elizabeth River to U.S. Route 58, bypassing downtown Portsmouth.  

The bridge utilizes AASHTO Type V and Type VI Modified girders and connects to an existing 

concrete bridge at the west end and a new steel girder bridge at the east end interchange with 

U.S. 58.  The instrumented girders are located in the eastbound structure, in the two spans 

adjacent to the new steel superstructure, denoted as spans 1E and 2E in the plans provided in 

Appendix A.  Construction on the superstructure for this section of the bridge began in the 

Figure 3.4 - Datalogger 
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summer of 2003 and was completed in the summer of 2004.  These spans are part of a four span 

unit that is made continuous for live load with continuity diaphragms placed in conjunction with 

the 8.5 in., 4,000 psi composite, concrete deck.  Spans 1E and 2E consist of nine AASHTO Type 

V girders, each prestressed with 37 or 40, 0.5 in. diameter, grade 270, low-relaxation prestressing 

strands with either 9 or 12 strands harped 9 ft on either side of midspan.  The six instrumented 

girders utilize the 40 strand pattern and range in length from 85 ft 4 in. to 87 ft 3 in. with a 

transverse spacing varying from 8 ft 7.5 in. on-center at the east end of span 1E to 7 ft 11 in. on-

center at the west end of span 2E.   

 

3.2.1 Laboratory Testing 

A study of the mechanical properties, including the creep and shrinkage characteristics, 

of the 8,000 psi HPC mixture used in the Pinner’s Point Bridge was completed at Virginia Tech 

in 2003, and a complete description of the testing procedures is available in Brad Townsend’s 

Master’s Thesis (2003).  The concrete in this study was mixed in the laboratory utilizing the 

same materials as were used in the bridge girders, and the concrete specimens were cured using 

the Sure-Cure system with a temperature profile matching the curing of the bridge girders. 

 

3.2.2 Girder Instrumentation 

Six girders from the Pinner’s Point Bridge were cast at Bayshore Concrete Products in 

Cape Charles, Virginia, in September of 2002 and instrumented to determine the long-term strain 

change in the girder.  Girders F, T, and U were cast with an 8,000 psi HPC, and Girders G, H, 

and J were cast with a 10,000 psi HPC.  As shown in Figure 3.5, girders F, G, H, and J were 

placed side-by-side in the span 1E, with Girder J as the exterior girder in that span, and Girders T 

and U were placed side-by-side in the adjacent span (2E), with Girder U as the exterior girder in 

that span. 

As indicated on the gage plan in Figure 3.6, each of the six girders was instrumented with 

three vibrating wire gages, placed in-line at the centroid of the prestressing force at midspan.  In 

addition to the vibrating wire gages, Girders T, U, H, and J were instrumented with a series of 

thermocouples as shown in Figure 3.6.  These thermocouples were added to provide a profile of 

the temperature gradient through the girder, so the raw strains recorded by the vibrating wire 

gages could be more accurately corrected for the changes in temperature in the girder. 
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During casting and 

detensioning of the girders, the 

vibrating wire gages in all six 

girders and the thermocouples in 

girders J and T were connected to a 

Campbell Scientific CR10X 

datalogger, and strain and 

temperature readings were logged 

every 15 minutes.  After 

detensioning, the girders were 

disconnected from the datalogger 

and moved into storage at the 

precasting yard, at which time the 

vibrating wire gages in all six 

girders and the thermocouple in 

girders J and T were again 

connected.  The girders remained 

in storage for approximately six 

months during which time the 

girder strains and temperatures 

were logged every two hours.   

In the summer of 2003, the six girders were disconnected from the datalogger, shipped to 

the bridge site, and erected.  Once access to the bridge site was granted by the contractor, three 

additional thermocouples were placed in the deck at midspan, over-top of girder J, as indicated in 

the gage plan (Figure 3.6), and two thermocouples were placed along-side girder J at midspan to 

measure the ambient air temperature at the top and bottom of the girder.  The vibrating wire 

gages in all six girders, the five thermocouples in girder J, and the five new thermocouples in the 

deck over-top of girder J and along-side girder J at midspan were connected to the datalogger, 

which continued to log data every two hours. 

 

Figure 3.6 – Pinner’s Point Gage Plan 

2"

3 Vibrating Wire Gages 
3 Thermistors 
(All six girders)

Thermocouple 
(Girders H, J, T, and U

2.75"

6"

15.5"

15.5"

15.6"

4.4"

Tie to top and bottom mat

4"

3.54"
Girder Centroid

4.5"6.5"

Girder Cross-section at Midspan
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3.3 Dismal Swamp Bridge 

The Dismal Swamp Bridge, located on U.S. 17, in Chesapeake, Virginia, was constructed 

in the summer of 2004 and is the first bridge in Virginia to utilize prestressed concrete bulb-T 

(PCBT) girders.  The bridge is a twin bridge structure composed of three, five span units in each 

bridge, made continuous for live load.  Each span is composed of five PCBT-45 girders spanning 

62 ft. 2 in. and prestressed with 26, 0.5 in. diameter, grade 270, low-relaxation prestressing 

strands with six strands harped at 40% of the girder length.  The girders are transversely spaced 9 

ft 2.25 in. on-center and are topped with an 8.5 in., composite, concrete deck with a design 

compressive strength of 4,400 psi. 

 

3.3.1 Laboratory Testing 

In conjunction with the instrumentation of the Dismal Swamp Bridge, a study of the 

mechanical properties of the concrete used in the girders was undertaken.  Concrete cylinders 

were made during the casting of the Dismal Swamp Bridge girders at Bayshore Concrete 

Products in Chesapeake, Virginia and cured along-side the instrumented girders.  These cylinders 

were then brought back to Virginia Tech and testing was conducted to determine the concrete’s 

compressive strength, tensile strength, elastic modulus, and creep and shrinkage characteristics. 

 

3.3.1.1 Mixing and Fresh Concrete Properties 

 The concrete used for the 

laboratory testing associated with 

the Dismal Swamp Bridge was 

mixed by Bayshore Concrete 

Products at their Chesapeake, 

Virginia casting yard, according to 

the proportions shown in Table 3.2.  

The concrete batches ranged in size 

from three to five cubic yards, and a 

random sample of the batches 

placed into the instrumented girders 

was taken to determine the fresh 

Table 3.2 – Dismal Swamp Bridge Mix Proportions 
Material Quantity* per yd3 

Portland Cement 510 lb 
Slag Cement 340 lb 
Course Aggregate 1,887 lb 
Fine Aggregate 912 lb 
Water 280 lb+ 
Air Entraining Agent (Daravair) 6 oz 
Water Reducer (Hycol) 24 oz 
High Range Water Reducer (Adva) 65 oz 
Corrosion Inhibiter (DCI) 2 gal 
* – All material quantities are for the SSD condition 
+ – 2 gal. of DCI contributes 7 lbs. of water to this total 
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concrete properties.  The fresh concrete properties for each of the instrumented girders are shown 

in Table 3.3 along with the VDOT specification for each of the fresh concrete properties. 

The placing of girder B was interrupted by thunderstorms, and as a result, approximately 

an hour passed between the placing of the second batch and the third batch of concrete into the 

girder.  For this reason, two sets of fresh concrete properties are shown for girder B.  The first set 

was taken from the concrete placed prior to the rain, and the second set was taken from the 

concrete placed after the rain. 

Table 3.3 – Fresh Concrete Properties 
Property Girder A Girder B 

(1st batch) 
Girder B 

(2nd batch) 
Girder C VDOT 

Spec. 
Slump (in.) 6 ¼ 6 7 7 0-7 
Air Content (%) 4.1 5.5 4.4 4.4 3-6 
Concrete Temperature (ºF) 78 80 80 80 40-90 
Ambient Temperature (ºF) 77 82 78 77 -- 

 

3.3.1.2 Compressive Strength Testing 

Compressive strength testing, following the 

procedures of ASTM C39 (2001), was conducted on 4 

in. x 8 in. cylindrical specimens, as shown in Figure 

3.7, made during the casting of the Dismal Swamp 

Bridge girders.  After being cured along-side the bridge 

girders and transported to Virginia Tech, the cylinders 

were sulfur-capped, in accordance with ASTM C617 

(2001), and placed in the temperature and humidity 

controlled room used for the creep and shrinkage 

testing so that the strength specimens experienced the 

same environment as the creep and shrinkage 

specimens .  Compressive strength tests were performed 

on a minimum of two cylinders at 2 days (when the 

creep specimens were loaded), 7 days, 28 days, and 56 

days after the cylinders were cast. 

 

Figure 3.7 –  Compressive Strength 
Testing 
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3.3.1.3 Tensile Strength Testing 

The concrete tensile strength was determined 

using the split cylinder tensile test, as shown in Figure 

3.8, following the procedures of ASTM C496 (2001).  

As with the compressive strength testing, the cylinders 

were sulfur-capped and stored in the temperature and 

humidity controlled room used for the creep and 

shrinkage testing after being cast and cured along the 

bridge girders.  Split cylinder tensile tests were 

performed on two, 4 in. x 8 in. cylindrical specimens, 

after the sulfur caps had been removed, at 2 days, 28 

days, and 56 days after the cylinders were cast. 

 

3.3.1.4 Elastic Modulus Testing 

Elastic modulus testing, as shown in Figure 3.9, 

was also conducted on two, 4 in. x 8 in. cylindrical 

specimens from each instrumented girder, following the 

procedures of ASTM C469 (2001).  The six cylinders 

used for elastic modulus testing were sulfur-capped 

after being cured along-side the bridge girders and 

transported to Virginia Tech and stored in the creep 

room, just as the compression and tensile testing 

specimens were.  The same set of six cylinders was 

used for determining the elastic modulus at 2 days, 7 

days, 28 days, and 56 days after casting. 

 

3.3.1.5 Creep and Shrinkage Testing 

Creep testing of three, 6 in. x 12 in. cylindrical specimens for each instrumented girder 

was performed in accordance with ASTM C512 (2001).  Brass inserts were cast into the 

cylinders on diametrically opposite faces, 8 in. apart, so that Whittemore gage points could later 

be attached, as shown in Figure 3.10, to measure the change in length of the specimen.  Each of 

Figure 3.8 –  Split Cylinder Tensile 
Test Apparatus. 

Figure 3.9 –  Elastic Modulus 
Testing Apparatus  
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the specimens was sulfur-capped after being cured 

along-side the bridge girders and transported to Virginia 

Tech.  The specimens were then placed into the creep 

frames (2 days after casting), as shown in Figure 3.11, 

in a controlled environment of 73 ºF ± 3 ºF and 50% ± 

4% relative humidity.  The specimens from girder B 

were loaded to 30% of their 2-day compressive 

strength; while, the cylinders from girders A and C 

were loaded to a compressive stress of 1.85 ksi, 

matching the stress at the centroid of the prestressing 

force of the girders.  The applied stress was held 

constant throughout the creep testing. 

In addition to the three creep 

specimens cast for each girder, three, 6 in. x 

12 in. cylindrical shrinkage specimens were 

cast.  These specimens were identical to the 

creep specimens, and also had brass inserts 

on diametrically opposite faces, 8 in. apart, 

which held Whittemore gage points, for the 

measuring of changes in the cylinder length.  

These specimens were stored in the creep 

room near the creep frames and remained 

unloaded throughout the testing. 

Measurements of the creep and shrinkage cylinders were taken immediately after the 

creep cylinders were placed in the creep frames, immediately after the load was applied, 2 hours 

and 6 hours after the load was applied, daily until 7 days after casting, and then weekly for over 

6 months.  Measurements were taken using a Whittemore gage, shown in Figure 3.12, to 

determine the change in length between the gage points on each side of the cylinder.  Four 

reading were taken on each side, and the eight readings were averaged to determine the distance 

between the gage points.  The total strain for each creep specimen and the shrinkage strain for 

each shrinkage specimen was then determined by subtracting the initial reading, taken before any 

Figure 3.10 – Creep Specimen with 
Whittemore Points 

Figure 3.11 – Creep Frames 
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load was applied, from the reading at any 

given time and dividing the result by the 

initial gage length.  The Whittemore gage 

reads in increments of 0.0001 in., which 

correlates to a strain of approximately 13 

microstrain over the approximate 8 in. gage 

length of the cylinders.   

The creep strain for a cylinder was determined by pairing each creep specimen with a 

shrinkage specimen from the same girder according to the relative magnitude of the measured 

strains.  The creep specimen exhibiting the largest total strain over the first several weeks was 

paired with the shrinkage specimen exhibiting the largest strain over the first several weeks, and 

so on.  The creep strain was then determined by subtracting the elastic strain, measured when the 

creep cylinders were loaded, and the strain measured in the unloaded shrinkage specimen from 

the total strain measured in the creep specimen. 

 

3.3.2 Girder Instrumentation 

Three girders from the Dismal Swamp Bridge were instrumented with vibrating wire 

gages and thermocouples to determine the long-term changes in strain in the girders.  The three 

girders were cast by Bayshore Concrete Products at their Chesapeake, Virginia plant on two 

different days.  Girder B, an interior girder, was cast on August 18, 2003, and girders A and C, 

both exterior girders, were cast on September 9, 2003.  The girders were to be placed at the 

southern-most span of the southbound bridge, as shown in Figure 3.13.  However, due to 

confusion between the contractor and the casting yard, girder B was placed at the southern end of 

the middle unit of the bridge, 328 ft from its intended location. 

The girders were instrumented according to the plan shown in Figure 3.14, with three 

vibrating wire gages, at midspan, across the bottom flange of the girder, at the level of the 

centroid of the prestressing force, one at the girder centroid, and one in the top flange of the 

girder.  Each girder also contained an embedment type electrical resistance gage, as shown in 

Figure 3.15, at midspan at the centroid of the prestressing force.  Additionally, girders A and B 

were instrumented with thermocouples at midspan, as shown in Figure 3.14, to determine the 

temperature profile through the girders.   

Figure 3.12 – Whittemore Gage, Calibration 
Bar, Brass Inserts, and 
Whittemore Points 
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During casting, curing, and 

detensioning of girder B, the vibrating 

wire gages were connected to a Campbell 

Scientific CR-10X datalogger, with 

readings taken every two hours.  The 

electrical resistance gage and the 

thermocouples were not connected at this 

time due to problems with the datalogger.  

Readings from the vibrating wire gages 

were also taken, at a two hour frequency, 

between the casting of girder B and girders 

A and C.  During casting, curing, and 

detensioning of girders A and C, the 

vibrating wire gages and the electrical 

resistance gages of girders A and C, as well as 

the two thermocouples at the top of girder A 

were connected to the datalogger, and readings 

were taken every 15 minutes.  Once girders A 

and C were moved to storage, all the vibrating 

wire gages and electrical resistance gages in 

girders A, B, and C, along with the top two 

thermocouples in girder A were monitored, and 

measurements were recorded every two hours 

for approximately 8 months. 

After approximately 8 months in storage, in the spring of 2004, the datalogger was 

disconnected so that the girders could be shipped to the bridge site and placed in the bridge.  In 

August of 2004, the vibrating wire gages and electrical resistance gages in girders A and C, 

along with the top two thermocouples in girder A were again connected to the datalogger, and 

readings were recorded every two hours.  However, because girder B was placed in a different 

span than was intended, 328 ft from its intended location, as discussed in previously, it was not 

possible for it to be connected to the datalogger. 

Figure 3.14 – Dismal Swamp Bridge Gage Plan 

Figure 3.15 – Embedment Strain Gage 

18 3/4"

3 3/4"

Girder Centroid

18 1/2"

13"

20"

6"

4"

Vibrating Wire Gage 
(All three girders)

Thermocouple 
(Girders A and B)
Vibrating Wire Gage and 
Electrical Resistance Gage

Girder Cross-section at Midspan

4"



 64

3.4 Time-Step Modeling 

To compare the various creep and shrinkage models discussed in Chapter 2 with the 

strains recorded in the bridge girders, a time-step analysis of the girders was conducted using 

each of the creep and shrinkage models.  The superposition method, developed by McHenry 

(1943) by modifying Bolzmann’s principle of superposition for viscoelastic materials to include 

the aging effect of concrete, is one of the most common methods utilized for performing a time-

step analysis of creep under a varying state of stress.  Bolzmann stated that the strain produced at 

any time t by a stress applied at time t', which is less than t, is independent of the effects of any 

stress applied earlier or later.  Therefore, McHenry surmised, superposition of the creep curves 

for loads applied at different times, accounting for the aging effect of concrete, can be used to 

determine the state of strain at any time t under a varying state of stress.  To account for the 

aging effect of concrete a new creep function must be determined for each time at which new 

load, or a change in load is applied.  The total strain at any time t is then given by: 
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where t' is the time at which the initial stress is applied and drying begins, σ(t') is the initially 

applied stress, E(t') is the concrete modulus of elasticity at time t', φ(t, t') is the creep coefficient 

at time t for a load applied at time t', ti is a time between t' and t when a change in stress is 

applied, ∆σ(ti) is a change in stress applied at time ti due either to an applied load or the change 

in prestress over the preceding time interval, E(ti) is the concrete modulus of elasticity at time ti, 

φ(t, ti) is the creep coefficient at time t for a load applied at time ti, and εsh(t, t') is the shrinkage 

occurring between time t' and t.  Therefore, the first term in equation 3.1 accounts for the elastic 

and creep strains due to the initial prestressing force over all time intervals, the second term 

accounts for the elastic and creep strains due to the changes in the prestressing force resulting 

from prestress losses over each time interval and any changes in the applied loads at the start of 

each time interval, and the third term accounts for the shrinkage of the girder.  These terms are 

shown graphically in Figure 3.16. 

This method of determining the strain at any time t through the superposition of creep 

curves for loads applied at different times agrees well with experimental data for increasing 

stresses and slightly decreasing stresses (Neville, et. al., 1983).  However, for a complete 

removal of load, the creep recovery is overestimated.  For a typical precast, pretensioned, 
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concrete beam, the complete removal of load is unusual.  Instead, the beam typically shows a 

slow decreasing state of stress due to the continuous loss of prestress, and another slight loss in 

stress due to the application of superimposed dead load.  Therefore, this method is widely used  

for the time-step analysis of precast, pretensioned, concrete beams. 

For a member subjected to a continually varying state of stress, as is the case for a 

prestressed beam undergoing a loss of prestress due to creep and shrinkage, equation 3.1 must be 

evaluated numerically with the loss of prestress over each time step being applied as a change in 

stress at the beginning of the next time step.  The accuracy of the solution, therefore, depends on 

the number of time steps undertaken in the analysis in addition to the accuracy of the creep and 

shrinkage models.  Each time step added to the analysis, while increasing the accuracy of the 

result for a given creep and shrinkage model, also makes the analysis more complicated, as a 

new creep curve must be determined for each time step.  Since the incremental stresses applied at 

each time step must be applied using a different creep curve, this method is not very well suited 

to analysis using a spreadsheet, having short time steps over a long period.  Therefore, it was 

desired to try and simplify the time step analysis without losing significant accuracy. 

For the time-step analyses in this research, the following procedure, modeled after the 

recommendations of the PCI Committee on Prestress Losses (PCI, 1975) was used: 

Figure 3.16 – Components of Equation 3.1 
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1. The steel relaxation prior to detensioning is determined and subtracted from the 

jacking force to determine the initial prestressing force. 

2. The initial prestressing force is used with Equations 1.1 and 1.2 to determine the 

prestressing force after elastic shortening, which is then used to determine the stress 

and strain in the concrete at the centroid of the prestressing force at midspan using the 

net section properties of the girder. 

3. The change in strain due to creep and shrinkage over the first time step is determined 

using the desired model from Chapter 2.  Strain compatibility is used to determine the 

associated loss in prestress.  A strand modulus of 28,500 ksi was used to convert 

strains to prestress losses, and changing the strand modulus from 27,000 ksi to 29,000 

ksi results in less than a 1 ksi difference in the estimated losses at 750 days. 

4. The change in tendon stress due to steel relaxation over the first time step is 

determined using Equation 1.3. 

5. The nominal loss in prestress over the time step is then determined as the sum of the 

losses due to creep, shrinkage, and steel relaxation. 

6. The change in strain at the centroid of the prestressing force at midspan due to the 

nominal loss in prestress (elastic rebound of concrete due to prestress losses) is 

determined as is the associated small gain in prestress. 

7. The total change in strain and the total prestess loss over the time step is calculated by 

summing the effects of creep, shrinkage, steel relaxation, and elastic rebound. 

8. The total change in strain is added to the strain in the concrete at the beginning of the 

time step to determine the strain in the concrete at the end of the time step. 

9. The prestress force and concrete strain at the end of the time step become the inputs 

for the next time step, and steps 3 through 8 are repeated for each time step until the 

superimposed dead load is placed on the bridge. 

10. Once the deck is placed on the bridge, step 3 through 8 are repeated using the 

composite girder properties to determine the changes in stress and strain in the 

concrete caused by changes in prestress (step 6), and the effect of the superimposed 

dead load is modeled separately and added to the effect of the prestressing force. 

At the application of the superimposed dead load, the time step method is altered to 

account for the application of this load on a more mature concrete and the effect of differential 
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shrinkage between the deck and girder concrete.  The procedure for determining the changes in 

prestressing force and concrete strain due to the superimposed dead load is as follows: 

1. A new creep model is determined for loads applied at the time of application of the 

superimposed dead load. 

2. The change in prestressing force and the stress and strain at the centroid of the 

prestressing force, at midspan, due to the superimposed dead loads are determined. 

3. The change in strain over the time step due to creep caused by the superimposed dead 

load (tensile creep) is determined using the appropriate creep model. 

4. The prestress gain associated with the creep caused by the superimposed dead loads is 

determined using strain compatibility. 

5. The elastic strain of the concrete due to the prestress gain is determined using the 

composite girder properties and is used to determine the associated prestress loss. 

6. The total prestress gain due to creep resulting from the superimposed dead loads for 

the time step is determined by combining the prestress gain resulting from creep with 

the prestress loss resulting from elastic deformation due to the prestress gain. 

7. The total strain in the concrete at the end of time step is determined from the creep 

strain over the time step and the elastic strain due to the gain in prestress. 

8. The gain in prestress and strain at the end of the time step become the change in 

prestress and strain used at the beginning of the next time step, and step 3 through 7 

are repeated for each time step. 

A similar approach is used to account for differential shrinkage of the deck and girder 

concrete.  This approach is well suited for the short time steps used in the modeling of the girders 

in this research, but is not suited to large time steps: 

1. The horizontal force in the deck due to differential shrinkage for the first time interval 

is estimated as the shrinkage strain of the deck for the time interval times the area of 

the deck associated with one girder times the modulus of the deck for the interval. 

2. The creep of the deck is determined as the creep coefficient for the time interval times 

the strain in the deck due to the horizontal force determined in step 1 for the first time 

step and step 9 for all other time steps.  The reduction in the horizontal force in the 

deck due to creep is the creep strain times the area of the deck associated with a 

single girder times the modulus of the deck for the time interval.  The net horizontal 
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force in the deck for the time interval is then the horizontal force calculated in step 1 

for the first time step or step 9 for all other time steps minus the reduction in the 

horizontal force due to creep. 

3.  The change in prestressing force and the stress and strain at the centroid of the 

prestressing force, at midspan, due to the horizontal force located at the centroid of 

the deck are determined using the net composite properties of the deck/girder system. 

4. The change in strain in the girder over the time step due to creep caused by the forces 

associated with differential shrinkage is determined using the creep model for the 

girder for loads applied at the time of deck placement. 

5. The prestress gain associated with the creep caused by the forces associated with 

differential shrinkage is determined using strain compatibility. 

6. The elastic strain of the concrete due to the prestress gain is determined using the 

composite girder properties and is used to determine the associated prestress loss. 

7. The total prestress gain at the end of the time step is determined by combining the 

elastic prestress gain associated with the horizontal deck force, the prestress gain 

associated with creep in the girder due to the horizontal deck force, and the prestress 

loss associated with elastic deformation due to the prestress gain. 

8. The total strain in the concrete at the end of time step is determined by combining the 

elastic strain due to the horizontal deck force, the creep strain over the time step, and 

the elastic strain due to the gain in prestress. 

9. The additional horizontal force in the deck for the next time step is determined from 

the shrinkage strain for the time step as was done in step 1.  This force is then added 

to the reduced horizontal force from the previous time step to determine the total 

horizontal force for the time step. 

10. Finally, steps 2 through 8 are repeated for each time step. 

Once the changes in the prestressing force and concrete strain due to the creep associated 

with the superimposed dead loads and differential shrinkage are determined, the total changes in 

the prestressing force and concrete strain for each time step can be determined using 

superposition.  The changes in prestressing force and concrete strain due to the creep associated 

with the initially applied prestressing force, the shrinkage of the girder, steel relaxation of the 

tendons, and the elastic gain due to prestress losses are added to the tensile creep and elastic 
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losses associated with the superimposed dead loads and the elastic strains and creep associated 

with differential shrinkage to determine the total strain at the end of each time step.  Using this 

method, plots of the prestressing force and concrete strain, at the centroid of the prestressing 

force, at midspan, versus time can be created for each creep and shrinkage model of Chapter 2.  

These plots can then be compared to the data recorded from each bridge to determine the best 

model for predicting prestress losses of Virginia’s HPC. 

This method is better suited to a spreadsheet analysis using short time steps over a long 

period than is the method of superposition proposed by McHenry because only two creep 

functions are needed, one for loads applied at detensioning and one for loads applied at the time 

of deck placement.  The results of this method agree well with results obtained using the 

superposition method of McHenry, as shown in Figure 3.17.  The two methods differ by no more 

than 2% when using the same time steps for the 8,000 psi Pinner’s Point girders.  Similar results 

were obtained for the other girders in this study.  Therefore, since accuracy is improved by 

increasing the number of time steps, and the method described above, is easier to implement with 

many short time steps over a long period, this method is used throughout this research. 

Figure 3.17– Comparison of Time-Step Methods 
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4 Laboratory Results and Discussion 

As discussed in Chapter 3, a study of the mechanical properties of the three concrete 

mixtures used in the instrumented bridges was conducted in conjunction with the monitoring of 

the long-term strains in the bridges.  Testing in the laboratory was conducted to determine the 

compressive strength, tensile strength, elastic modulus, and creep and shrinkage characteristics 

of the concrete mixtures.  Additionally, the fresh concrete properties of the concrete mixtures 

were measured for each batch prepared in the laboratory, and for a random sampling of the 

concrete batches prepared at Bayshore Concrete Products and placed into the bridge girders. 

 

4.1 Chickahominy River Bridge 

  The laboratory testing of the 8,000 psi HPLWC used in the Chickahominy River Bridge 

was conducted at Virginia Tech in 2002, as described in Section 3.1.1, and the results of this 

study, and a complete analysis and discussion of the results, are available in Edward Vincent’s 

Master’s Thesis (2003). 

 

4.2 Pinner’s Point Bridge 

The laboratory testing of the 8,000 psi HPC used in the Pinner’s Point Bridge was 

conducted at Virginia Tech in 2002 and 2003, as noted in Section 3.2.1, and the results of this 

study, and a complete analysis and discussion of the results, are available in Bradley Townsend’s 

Master’s Thesis (2003).  A laboratory analysis of the 10,000 psi HPC used in the Pinner’s Point 

Bridge was not conducted.  The 8,000 psi and 10,000 psi concrete mixtures differed only in the 

amount of DCI (a corrosion inhibitor, which also tends to act as an accelerator) used in the 

mixture.  As a result, it was speculated that the creep and shrinkage characteristics of the 

mixtures would not be vastly different since the water/cement ratio, cement type and content, and 

aggregate type and content were the same for each mixture.  This was confirmed by the nearly 

identical long-term strains recorded in the two sets of instrumented girders. 

 

4.3 Dismal Swamp Bridge 

The laboratory testing of the 8,700 psi HPC used in the Dismal Swamp Bridge was 

conducted at Virginia Tech in 2003 and 2004 according to the procedures described in Section 

3.3.1 and Sub-Sections 3.3.1.1 through 3.3.1.5.  The fresh concrete properties recorded while 
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casting the girders and laboratory test specimens were reported in Section 3.3.1.1.  The results of 

the compressive strength, tensile strength, elastic modulus, and creep and shrinkage testing, and 

an analysis and discussion of those results, are presented in the following sections. 

 

4.3.1 Compressive Strength Testing 

Compressive strength tests were conducted on cylinders made from a random sampling 

of the concrete placed into the three instrumented girders, according to the procedures of Section 

3.3.1.2.  Testing was conducted at 2 days, at loading of the creep specimens (strands were release 

after 1 day), 7 days, 28 days, 56 days, and 6 months after the girders were cast.  Figure 4.1 shows 

the results of the tests conducted on cylinders associated with each of the three girders.  Each 

compressive strength shown in Figure 4.1 is the average of two cylinders, with the exception of 

the 56 day compressive strength of Girder B, which is the average of three cylinders. 

Each of the girders attained the required release strength of 4,000 psi; however, the 

compressive strength of Girder B never reached the 28 day design strength of 8,700 psi.  

Additionally, the three individual 56 day compressive strength tests performed on the cylinders 

associated with Girder B varied by more than 1,300 psi, while the largest variation seen in the 

individual tests for the other girders was less than 700 psi.  This was most likely due to the rain 

Figure 4.1 – Compressive Strength Results 
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that occurred while placing Girder B and molding the cylinders for Girder B.  Some of the 4 in. x 

8 in. cylinders used for the strength testing were cast before the rain, some during the rain, and 

some after the rain.  As a result, several of the cylinders received a significant amount of extra 

water during molding in each lift, some received additional moisture after being cast before they 

could be moved out of the rain, and some received no additional moisture.  Girder B, on the 

other hand, was covered shortly after the rain began, and received little additional moisture from 

the rain.  This lead to the decision to perform pulse velocity testing on several of the remaining 

cylinders from each girder and on the instrumented girders to determine if Girder B had 

significantly lower strength than Girders A and C and to determine if the variation seen in the 

cylinders associated with Girder B was present in Girder B as well. 

Figure 4.2 shows the results of the pulse velocity testing done on two cylinders associated 

with each instrumented girder (A17, A20, B19, B20, C17, C20).  Pulse velocity measurements of 

the cylinders were taken by placing an ultrasonic transmitter at one end of the cylinder and a 

receiver at the other.  The travel time of the ultrasonic pulse was then recorded and used to 

determine the pulse velocity.  Each point in Figure 4.2 is the average of three pulse velocity 

readings on the cylinder plotted against the cylinder’s measured compressive strength, and the 

error bars represent the 95% confidence limits on the mean pulse velocity.  The equation of the 

best-fit line through the six points is also shown, and this equation was used to estimate the 

compressive strength of the girders from pulse velocity measurements on the girders. 

Figure 4.2 – Pulse Velocity Versus Strength From Cylinders 
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Pulse velocity measurements were taken five feet from each end and at midspan of each 

of the instrumented girders.  The readings were taken along the top of the bottom bulb on Girders 

A and C with the ultrasonic transmitter and receiver placed 4 in., 8 in., 12 in., and 16 in. apart.  

For Girder B, the readings were taken across the top of the girder, since the girder was already 

placed in the bridge at the time the readings were taken, with the transmitter and receiver placed 

4 in., 8 in., and 12 in. apart.  For each location in each girder, the ultrasonic pulse travel time was 

plotted against the travel distance, and a line was fit through the data.  The slope of this line was 

then used to determine the pulse velocity in feet per second.  Finally, the pulse velocities from 

each location were averaged to determine the mean pulse velocity of the girder, and this pulse 

velocity was used with Figure 4.2 to determine the estimated compressive strength of the 

concrete in the girder.  

Figure 4.3 shows the estimated girder compressive strengths determined from the pulse 

velocity readings.  The error bars on the compressive strength represent the maximum and 

minimum compressive strengths determined from the upper and lower 95% confidence limits on 

the mean of the pulse velocity recorded from each girder.  Figure 4.3 shows that although Girder 

B is estimated to have a lower compressive strength than Girders A and C, the lower strength is 

not significantly lower, as the error bars from all three girders overlap.  Furthermore, although 

Figure 4.3 –  Compressive Strength of the Girder Concrete Estimated 
from Pulse Velocity 
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the estimated compressive strength of Girder B is still below the design strength of 8,700 psi, 

Girder B is shown to have an estimated compressive strength that is approximate 900 psi higher 

than the measured compressive strength after 56 days and 6 months.  This, along with the fact 

that cylinders prepared by Bayshore from concrete placed after the rain had a measured 28 day 

compressive strength of 9,550 psi, indicates that the preparation of the compressive strength 

cylinders in the rain may have caused the low measured compressive strengths or that a single 

batch of concrete, from which the compressive strength cylinders were made, exhibited a lower 

compressive strength.  However, on average, the concrete in Girder B is consistent with the 

concrete placed in Girders A and C.  

Table 4.1 shows the 

measure of the standard of 

concrete control provided by ACI 

214 (ACI, 2002), ranked from 

excellent control to poor control, 

based on the overall variation of 

strength data at 28 days.  Table 

4.2 gives the mean compressive 

strength of the concrete sampled 

from all three girders along with 

the standard deviation and 

coefficient of variation for the 

compressive strength tests.  At 28 

days, the data show “excellent” 

control; however, at 56 days and 6 months, the data show only “good” control.  This increase in 

variation in the data is due to the decrease in measured compressive strength of the cylinders 

associated with Girder B at 56 days and 6 months, which was discussed previously.  However, 

given that the data still indicate “good” control, the concrete in Girder B is again shown to be 

consistent with the concrete in Girders A and C.  Lastly, since each of compressive tests 

conducted at Bayshore exceeded the design compressive strength, with the lowest test on the 

concrete from this study measuring 9,230 psi in Girder A, no girders were rejected in the project. 

 

Table 4.1 – Standards of Concrete Control (ACI 214) 
Coefficient of variation for different 

control standards Class of 
Operation Excellent Very 

Good Good Fair Poor 

General 
Construction 

Testing 
< 7.0 

7.0 
to 
9.0 

9.0 
to 

11.0 

11.0 
to 

14.0 
> 14.0 

 Table 4.2 – Compressive Strength Results  

Age 
Average 
Strength 

(psi) 

Standard 
Deviation 

(psi) 

Coefficient 
of 

Variation 
(%) 

2 days 6,810 310 4.6 
7 days 8,040 690 8.6 
28 days 8,600 520 6.1 
56 days 8,680 890 10.3 

6 months 8,710 880 10.1 
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4.3.2 Tensile Strength Testing 

Tensile strength tests were also performed on specimens randomly sampled from the 

concrete placed into the instrumented girders, and the procedures for the tensile strength testing 

are given in Section 3.3.1.3.  The concrete tensile strength was measured 2 days, 28 days, and 56 

days after the specimens were cast, and Figure 4.4 shows the resulting tensile strengths as 

compared to the design modulus of rupture at release (475 psi) and at 28 days (700 psi).  The 

design modulus of rupture is calculated as 7.5 times the square root of the design compressive 

strength.  The tensile strengths measured at 2 days were all significantly higher than the design 

modulus of rupture at release, and at 28 days, the measured tensile strengths were all higher than 

the design modulus of rupture. 

In addition to determining if the measured tensile strengths exceeded the design values, 

the ratio of the measured tensile strength to the square root of the measured compressive strength 

was determined for each set of specimens at each tested age.  Figure 4.5 shows the results of this 

analysis.  Each tensile strength determined using the split cylinder test exceeded the ACI-318 

(2002) and AASHTO Standard (1996) and LRFD (1998) Specification estimate of 7.5 times the 

square root of the compressive strength.  The average ratio was 9.6 with a high of 10.7 at 28 days 

for Girder C and a low of 8.3 at 2 days for Girder B. 

Figure 4.4 – Split Cylinder Tensile Strength Results 
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4.3.3 Elastic Modulus Testing 

The elastic modulus of the concrete used in the instrumented girders was measured 2 

days, 7 days, 28 days, and 56 days after the cylinders were cast, according to the procedures 

outlined in Section 3.3.1.4.  Figure 4.6 presents the results of the elastic modulus testing and 

compares the measured elastic moduli with the design elastic moduli calculated according to the 

AASHTO Standard (1996) and LRFD (1998) Specifications (Equation 4.1), and the 

recommendations of ACI 363 (1992) (Equation 4.2) for normal weight concrete (w = 145 pcf). 

 ksi)in  E and (f                         044.1 c
'
c

'5.1
cc fwE =  (4.1) 

 Ec = 1,265 fc
' +1,000[ ] w

145( )1.5
             (fc

'  and Ec in ksi)  (4.2) 

The tested cylinders exceed the design modulus of both the AASHTO Specifications and 

ACI 363 at 2 days using the design compressive strength of 4,000 psi at release.  This is not 

surprising since the actual compressive strength at 2 days is significantly higher than the design 

compressive strength at release.  The measured modulus of Girder B is below the design 

modulus of both the AASHTO Specifications and the recommendations of ACI 363 when these 

moduli are calculated using the design compressive strength of 8,700 psi.  However, this is also 

Figure 4.5 –  Ratio of the Tensile Strength to the Square Root of 
Compressive Strength 
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not surprising since the measured compressive strength of the Girder B cylinders is over 10% 

lower than the design compressive strength.  The measured moduli of the Girder A and Girder C 

cylinders also fail to meet the design modulus calculated in accordance with the AASHTO 

Specifications using the design compressive strength of 8,700 psi.  However, the measured 

modulus of the Girder A and Girder C cylinders at 28 and 56 days exceeds the design modulus 

calculated in accordance in ACI 363, with the exception of the Girder A cylinders at 28 days for 

which the measured modulus is 1% less than the ACI 363 design modulus. 

 Table 4.3 gives the measured modulus for each modulus test performed, along with the 

moduli calculated according to Equations 4.1 and 4.2 using the measured compressive strengths 

instead of the design strength.  The modulus calculated in accordance with the AASHTO 

Specifications is, on average, 15.7% higher than the measured modulus with the difference 

between the measured modulus and calculated modulus ranging from 12.2% to 20.9%.  

However, the modulus calculated in accordance with the recommendations of ACI 363 is only 

3.0% higher than the measured modulus with the difference between the measured modulus and 

Figure 4.6 – Elastic Modulus Results 
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calculated modulus ranging from -1.0% (calculated lower than measured) to 9.0%.  This 

indicates that for these specimens, the equation given by ACI 363 is a better predictor of the 

elastic modulus than is the equation given by AASHTO. 

Table 4.3 – Comparison of Calculated and Measured Elastic Modulus 

Girder Testing 
Age 

Measured 
Modulus 

(ksi) 

AASHTO 
Modulus 

(ksi) 
(Eq. 4.1) 

Ratio of 
AASHTO to 

Measured 
(Eq. 4.2) 

ACI 363 
Modulus 

Ratio of 
ACI 363 to 
Measured 

2 days 4,200 4,750 1.13 4,300 1.02 
7 days 4,500 5,200 1.16 4,600 1.02 
28 days 4,700 5,300 1.13 4,700 1.00 A 

56 days 4,850 5,550 1.14 4,850 1.00 
2 days 3,900 4,650 1.19 4,250 1.09 
7 days 4,150 4,900 1.18 4,400 1.06 
28 days 4,300 5,200 1.21 4,600 1.07 B 

56 days 4,300 5,050 1.17 4,500 1.05 
2 days 4,350 4,900 1.13 4,400 1.01 
7 days 4,600 5,350 1.16 4,700 1.02 
28 days 4,750 5,500 1.16 4,850 1.02 C 

56 days 4,900 5,500 1.12 4,850 0.99 
   Average 1.16 Average 1.03 

 

4.3.4 Creep and Shrinkage Testing 

Creep and shrinkage testing was conducted on cylindrical specimens made from a 

random sampling of the concrete batches placed into the instrumented girders.  The procedures 

used for the creep and shrinkage testing were presented in Section 3.3.1.5.  The results of the 

creep and shrinkage testing, and a comparison of the results with several creep and shrinkage 

models from Section 2.3 are presented in the following sub-sections.  

 

4.3.4.1 Measured Strains 

Figures 4.7 through 4.9 present the creep, shrinkage, and total strains measured in the 

laboratory.  One set of data points is presented for each set of samples taken during the casting of 

the instrumented girders.  Each data point is, therefore, the average of three loaded or unloaded 

specimens for total strain and shrinkage strain respectively, and is the average of the difference 

between the three pairs of loaded and unloaded specimens, paired according to the procedure 

defined in Section 3.3.1.5, with the elastic strain also subtracted, in the case of the creep strains. 
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Figure 4.7 – Measured Creep Strains 

Figure 4.8 – Measured Shrinkage Strains 
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The error bars represent the 95% confidence limits on the mean of each set of 

measurements assuming a normal distribution.  This limit is the range of values around the 

sample mean within which there is a 95% certainty that the population mean lies.  Therefore, if 

the error bars from the three samples overlap, there is a 95% confidence that the samples are 

from the same populations.  For the total strain, almost all of the points exhibit some overlap of 

the 95% confidence limits, indicating that the three samples are from the same population of data 

as would be expected for samples taken from different batches of the same concrete mix design.   

For the shrinkage strain, the results for the Girder A cylinders and the Girder C cylinders 

exhibit overlap of the error bars at every point, however, the results for the Girder B cylinders do 

not always overlap the others, indicating that the Girder B cylinders may be from a different 

population.  It is likely that the difference seen in the Girder B cylinders is the result of the 

excess moisture these cylinders obtained during the rain described earlier.  It is also possible that 

not all of the Girder B cylinders were affected by this excess moisture since the error bars for the 

Girder B cylinders are significantly larger than the error bars for the Girder A and Girder C 

cylinders, indicating more variability in the individual measurements of the three Girder B 

cylinders.  Therefore, from this data alone, it is not possible to establish that the shrinkage 

Figure 4.9 – Measured Total Strains 
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specimens are all from the same population.  The experimental precision of the specimens will 

be examined further in the next section. 

The shrinkage results also show more variation from a smooth curve than do the results 

for total strain.  This is because the shrinkage results are more sensitive to the changes in the 

ambient temperature of the testing room, which fluctuated more than desired due to faulty 

equipment, than are the total strain results.  The shrinkage cylinders are free to expand and 

contract with changing temperatures, while the loaded specimens are not.  The load on the creep 

specimens is maintained with a closed hydraulic system; therefore, as the temperature in the 

room increased or decreased, the load on the cylinders would increase or decrease slightly and 

counteract any thermal expansion or contraction of the cylinders.  As a result, the measurements 

of total strain are much less sensitive to thermal changes. 

Finally, the creep strain results show a pattern similar to the shrinkage strain results.  That 

is, the error bars for the Girders A and C cylinders overlap at every point, but the error bars for 

the Girder B cylinders only overlap the others at certain points.  This is not unexpected since the 

creep strains are simply the total strain minus the shrinkage strain and the elastic strain.  As with 

the shrinkage strains, it is not possible to determine if the creep results represent results from the 

same population or not, given just this plot, and further analysis of the experimental precision is 

presented in the next section. 

 

4.3.4.2 Experimental Precision 

According to ASTM C 512 (2001), the single-operator, multi-batch coefficient of 

variation is 9.0% for creep strains from 250 to 2,000 microstrain.  To determine the expected 

variation in the test results, the coefficient of variation is multiplied by the correct factor from 

Table 1 of ASTM C 670 (2001).  For three test results, this factor is 3.3.  Therefore, the three 

creep results, where a test result is defined as the average creep strain for each set of girder 

cylinders, should not vary by more than 15% from their average (30% from maximum to 

minimum) if the results represent different batches of the same material.  To determine the 

expected variation in the individual test results of each pair of loaded and unloaded cylinders, the 

coefficient of variation is multiplied by the correct factor from Table 2 in ASTM C670.  For test 

results determined from the average of three measurements, this factor is 5.7.  Therefore, the 

individual creep results should not vary by more than 26% from the overall average.   
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The average creep strain for the three Girders exceeded 250 microstrain on day 12 and 

never exceeded 2,000 microstrain; therefore, the variation of the measurements taken on day 12 

and on all the following days should meet the limits established by ASTM C 512 and C 670.  

From day 12 to day 208, only two sets of measurements varied by more than 15% from their 

average, day 12 (20%) and day 47 (17%), and the average variation from day 12 to day 208 was 

9.6%.  Therefore, since the variation is within the limits given in ASTM C 512 and C 670, it is 

likely that the creep results represent different batches of the same material.  Also, the maximum 

variation in the individual creep results for each pair of loaded and unloaded cylinders after day 

12 was 24% on day 47, and the average variation for days 12 to 208 was 15%.  Again, since this 

variation is within the limits established by ASTM C 512 and C 670, the results are likely 

representative of different batches of the same material, as would be expected.  Finally, since the 

creep results were determined to be representative of different batches of the same material, as 

expected, and the creep results include the effect of the shrinkage results, it was decided to use 

the average creep, shrinkage, and total strain for three sets of cylinders, as shown in Figure 4.10 

with the 95% confidence limits on the mean, to compare the observed behavior with the creep 

and shrinkage models of Section 2.3. 

Figure 4.10 – Average Creep, Shrinkage, and Total Strains 

0

200

400

600

800

1000

1200

1400

1600

0 50 100 150 200 250
Time After Loading (days)

St
ra

in
 (m

ic
ro

st
ra

in
) Total

Creep
Shrinkage



 83

 

4.3.4.3 Predicted Strains and Model Residuals 

Figures 4.11 through 4.16 show the creep strains predicted by the nine models 

investigated along with the measured creep strains and the residual between the predicted and 

measured values.  The residual is defined as the predicted strain minus the average measured 

strain at a given time, so a positive residual indicates an over-prediction by the model.  Also 

shown in the figures, using error bars, are plus and minus two standard deviations (±2s) for the 

measured creep strains.  The majority of the models over-predict the average creep strains after 

50 days, with only the PCI-BDM (PCI, 1997) and Shams and Kahn (2000) models under-

predicting the average creep strains during this time.  AASHTO LRFD (1998) is the only model 

that predicts the creep strains within the error bars for the each of the measured points in the first 

208 days; while, the PCI-BDM model predicts creep strains between the mean and the lower 

error bars for the majority of the measured points.  The NCHRP 496 (Tadros, et. al., 2003) model 

predicts within the error bars after 12 days, and the ACI-209 (1992) model predicts with in the 

error bars before 70 days.  The AFREM model (Le Roy, 1996) significantly over-predicts the 

creep strain at later ages along with the CEB-FIP MC90 (CEB, 1990), GL2000 (Gardner and 

Lockman, 2001), and B3 (Bazant, 1995a,b,c) models. 

Figure 4.11 – ACI-209, PCI-BDM, and CEB-FIP MC90 Creep Strains 
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Figure 4.12 – ACI-209, PCI-BDM, and CEB-FIP MC90 Creep Residuals 

Figure 4.13 –  AASHTO LRFD, Shams and Kahn, and NCHRP 496 Creep 
Strains 
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Figure 4.14 –  AASHTO LRFD, Shams and Kahn, and NCHRP 496 Creep 
Residuals 

Figure 4.15 – B3, GL2000, and AFREM Creep Strains 
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Figures 4.17 through 4.22 show the shrinkage strains predicted by the nine models 

investigated along with the measured shrinkage strains and the residual between the predicted 

and measured values.  Also shown in the figures are the ±2s limits for the measured shrinkage 

strains.  Each model under-predicts, the shrinkage strains for approximately the first month.  

Only the B3 and AFREM models, however, consistently fall outside the error bars during this 

time.  After the first month, the B3, AFREM, and CEB-FIP MC90 models continue to under-

predict the shrinkage strain for the remainder of the 208 days observed.  The remaining models 

start to over-predict the shrinkage strains after the first month, with the AASHTO LRFD and 

ACI-209 models over-predicting the measured shrinkage strains by the widest margin.  The 

GL2000 model predicts within the error bars for each measured point with the exception of the 

measurements at 3 days; and the PCI-BDM, CEB-FIP MC90, and NCHRP 496 models also 

predict within the error bars for the majority of the data points.  Finally, the B3 model provides a 

good lower bound for the first 208 days; while, the Shams and Kahn model provides a good 

upper bound between approximately 60 days and 208 days. 

Figure 4.16 – B3, GL2000, and AFREM Creep Residuals 
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Figure 4.17 – ACI-209, PCI-BDM, and CEB-FIP MC90 Shrinkage Strains 

Figure 4.18 – ACI-209, PCI-BDM, and CEB-FIP MC90 Shrinkage Residuals 
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Figure 4.19 –  AASHTO LRFD, Shams and Kahn, and NCHRP 496 Shrinkage 
Strains 

Figure 4.20 –  AASHTO LRFD, Shams and Kahn, and NCHRP 496 Shrinkage 
Residuals 
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Figure 4.21 – B3, GL2000, and AFREM Shrinkage Strains 

Figure 4.22 – B3, GL2000, and AFREM Shrinkage Residuals 
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Figures 4.23 through 4.28 show the total strains predicted by the nine models investigated 

along with the measured total strains and the residual between the predicted and measured 

values.  Also shown in the figures are error bars representing the ±2s limits for the measured 

total strains.  The CEB-FIP MC90 and the GL2000 models over-predict the total strain at each 

point for the observed period with the CEB-FIP MC90 model predicting within the error bars for 

the first 26 days and the GL2000 model predicting within the upper error bars for only the first 

two days.  The Shams and Kahn and PCI-BDM models under-predict the total strain at each 

point with the Shams and Kahn model predicting within the lower error bars very early and for 

most measurements after 30 days.  The PCI-BDM model only slightly under-predicts the 

measured total strain after 150 days and predicts total strains that are within the lower error bars 

for each of the measured points with the exception of 12 days, for which the model predicts a 

total strain only slightly under the lower 2s limit.  Each of the other models under-predicts the 

total strain at early ages and over-predicts the total strain at later ages with the AASHTO LRFD, 

B3, and AFREM models predicting within the error bars for approximately the first 70 days, and 

the ACI-209 model predicting within the error bars for approximately the first 50 days.   

Figure 4.23 – ACI-209, PCI-BDM, and CEB-FIP MC90 Total Strains 
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Figure 4.24 – ACI-209, PCI-BDM, and CEB-FIP MC90 Total Residuals 

Figure 4.25 – AASHTO LRFD, Shams and Kahn, and NCHRP 496 Total Strains 
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Figure 4.26 – AASHTO LRFD, Shams and Kahn, and NCHRP 496 Total Residuals 

Figure 4.27 – B3, GL2000, and AFREM Total Strains 
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Table 4.4 presents a summary of the performance of each of the creep and shrinkage 

models by categorizing whether that model generally over-predicts or under-predicts the 

measured strains for the indicated time frame.  Since many of the models tend to under-predict 

the strains early and over-predict the strains later, Table 4.4 summarizes both behaviors where 

early is defined as before 50 days, and late is defined as after 50 days.  Furthermore, entries in 

bold in Table 4.4 indicate that the model is predicting within the upper and/or lower 2s limits for 

the entire time frame indicated. 

Table 4.4 – Summary of Model Behavior 
 Creep Shrinkage Total 

Model Early Late Early Late Early Late 
ACI-209 Over Over Under Over Under / 

Over 
Over 

PCI-BDM Under Under Under Over Under Under 
CEB-FIP MC90 Over Over Under Under Over Over 
AASHTO LRFD Under / 

Over 
Over Under Over Under / 

Over 
Over 

Shams & Kahn Under Under Under Over Under Under 
NCHRP 496 Under Over Under Over Under Over 
B3 Over Over Under Under Under Over 
GL2000 Over Over Under Over Over Over 
AFREM Over Over Under Under Under Over 

Figure 4.28 – B3, GL2000, and AFREM Total Residuals 
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4.3.4.4 Residuals Squared Analysis and Model Ranking 

The strain and residual plots presented previously (Figures 4.11-4.28) can be used to 

determine which model is the best predictor of creep, shrinkage, and total strain at any one point 

and to determine when the models over-predict and when they under-predict the measured creep, 

shrinkage, and total strains.  However, to rank the models based on their overall prediction of 

creep, shrinkage, and total strain, a residuals squared analysis is performed.  In this analysis the 

sum of the residuals squared for each model are compared to determine how well the models 

represent the measured data relative to each other.  The square of the residuals is summed, rather 

than the residuals themselves, so that negative and positive residuals are not cancelled out in the 

summation.  Therefore, the sum of the residuals squared provides a measure of how well the 

models match the data over the entire comparison period, in this case 208 days.  Figures 4.29 

through 4.31 show the sum of the residuals squared for creep, shrinkage, and total strain, plotted 

on a logarithmic scale, for each of the nine models investigated. 

Figure 4.29 – Sum of the Creep Residuals Squared 
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Figure 4.30 – Sum of the Shrinkage Residuals Squared 

Figure 4.31 – Sum of the Total Residuals Squared 
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Figures 4.29 through 4.31 are used to rank the model’s ability to predict the creep, 

shrinkage, and total strain of the cylinders, and Table 4.5 presents the ranking of the models.  

Although Table 4.5 presents the ranking of the models based on the sum of square of the 

residuals, in several 

instances, the 

performance of one 

model is not significantly 

different than the 

performance of another.  

For predicting the creep 

strain, the AFREM (6) 

and CEB-FIP MC 90 (7) models are similar.  For predicting the shrinkage strain, the NCHRP 

496 (2), PCI-BDM (3), and CEB-FIP MC90 (4) models are similar, as are the Shams and Kahn 

(5), AFREM (6), and B3 (7) models, and the ACI-209 (8) and AASHTO LRFD (9) models.  

Finally, for predicting the total strain, the Shams and Kahn (2) and NCHRP 496 (3) models are 

similar as are the AASHTO LRFD (4), B3 (5), and AFREM (6) models, and the ACI-209 (7) and 

CEB-FIP MC90 (8) models.  No single model is the best predictor of all three measurements.  

However, in the long-term analysis of pretensioned girders, it is the total strain that is most 

important; therefore, the PCI-BDM model is the best overall predictor of the long-term behavior 

of the laboratory specimens.  Furthermore, the three models correlated specifically to high 

strength concrete, PCI-BDM, NCHRP 496, and Shams and Kahn, predict the total strain of the 

laboratory specimens better than the other methods. 

Generally the first time-step in the long-term analysis of pretensioned girders covers the 

time period from release of the strands to the application of any dead load, usually the bridge 

deck.  Therefore, the creep and shrinkage of the girder must be estimated at the time the dead 

loads are applied, but at times between release and the application of dead load, the creep and 

shrinkage need not be explicitly determined.  Therefore, since pretensioned girders are generally 

not placed in a bridge and decked before 30 days of age, the creep and shrinkage at times 

between release and 30 days is not as important as the creep and shrinkage at 30 days and 

beyond.  In fact, the earliest any girders in this study were subjected to superimposed dead load 

was 117 days after the girders where cast.  Several of the models did not predict the early creep, 

Table 4.5 – Model Rankings 
Ranking Creep Shrinkage Total 

1 AASHTO LRFD GL2000 PCI-BDM 
2 PCI-BDM NCHRP 496 Shams and Kahn 
3 NCHRP 496 PCI-BDM NCHRP 496 
4 ACI-209 CEB-FIP MC90 AASHTO LRFD
5 Shams and Kahn Shams and Kahn B3 
6 AFREM AFREM AFREM 
7 CEB-FIP MC90 B3 ACI-209 
8 GL2000 ACI-209 CEB-FIP MC90 
9 B3 AASHTO LRFD GL2000 
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shrinkage, and/or total strains within the error bars, but did improve in accuracy at 30 days and 

later.  Therefore, a sum of the residuals squared analysis was also conducted on the 

measurements between 30 days and 208 days to determine any changes in the model rankings for 

this time period. 

Figures 4.32 through 4.34 show the sum of the residuals squared for 30 days through 208 

days, again plotted on a logarithmic scale.  Removing the first 30 days from the analysis removes 

nearly 40% of the data points; therefore, if the residuals are constant over the entire time interval, 

it is expected that the sum of the residuals squared for 30 days through 208 days would be 

reduced by a factor of 1.7 compared to the sum of the residuals squared for the entire 208 days.  

Several models, however, show considerably more improvement than expected, indicating that 

the residuals for the early data are, in fact, larger than the residuals for the later data.  The sum of 

the creep residuals squared for the NCHRP 496 model is reduced by a factor of 4, the sum of the 

shrinkage residuals squared for the PCI-BDM, CEB-FIP MC90, GL2000, and AFREM models 

are reduced by a factor of 2, and the sum of the total residuals squared for the PCI-BDM and 

NCHRP 496 models are reduced by a factor of 5. 

 Finally, Table 4.6 shows the model rankings based on the sum of the residuals squared 

for creep, shrinkage, and 

total strain from 30 days 

to 208 days.  Again, 

several of the models are 

not significantly different 

from one another.  For 

creep, the AFREM (6) 

and CEB-FIP MC90 (7) 

models are similar.  For shrinkage, the PCI-BDM (2), CEB-FIP MC90 (3), and NCHRP 496 (4) 

models are similar, as are the Shams and Kahn (6) and B3 (7) models and the ACI-209 (8) and 

AASHTO LRFD (9) models.  Finally, for total strain, the AASHTO LRFD (4), B3 (5), and 

AFREM (6) models are similar, as are the ACI-209 (7) and CEB-FIP MC90 (8) models.  Again, 

no single model is the best predictor for creep, shrinkage, and total strains, but the PCI-BDM 

model remains the best overall predictor for total strain, and again the three models correlated 

specifically to high strength concrete are the three best predictors of total strain. 

Table 4.6 – Model Rankings for 30 Days Through 208 Days 
Ranking Creep Shrinkage Total 

1 AASHTO LRFD GL2000 PCI-BDM 
2 NCHRP 496 PCI-BDM NCHRP 496 
3 PCI-BDM CEB-FIP MC90 Shams and Kahn 
4 ACI-209 NCHRP 496 AASHTO LRFD
5 Shams and Kahn AFREM B3 
6 AFREM Shams and Kahn AFREM 
7 CEB-FIP MC90 B3 ACI-209 
8 GL2000 ACI-209 CEB-FIP MC90 
9 B3 AASHTO LRFD GL2000 
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Figure 4.32 – Sum of the Creep Residuals Squared for 30 Days Through 208 Days 
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Figure 4.33 – Sum of  the Shrinkage Residuals Squared for 30 Days Through 208 

Days 
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Figure 4.34 – Sum of the Total Residuals Squared for 30 Days Through 208 Days 
 

4.4 Summary of the Laboratory Studies 

The creep and shrinkage characteristics of HPC mixtures were measured in the laboratory 

and compared to existing models for creep and shrinkage.  Vincent (2003) examined the 

HPLWC used in the Chickahominy River Bridge, Townsend (2003) examined the HPC used in 

the Pinner’s Point Bridge, and the results of the study conducted utilizing the HPC from the 

Dismal Swamp Bridge are presented in the preceding sections.  The concrete specimens for the 

study conducted by Vincent and Townsend were prepared in the laboratory using materials from 

the casting yard and were specimens were both moist cured for seven days and match cured 

following the curing temperatures recorded in the bridge beams.  The specimens for the Dismal 

Swamp Bridge study were prepared at the casting yard and cured alongside the bridge girders.  

Vincent compared the HPLWC measured strains to the strains predicted by the ACI-209, CEB-

FIP MC90, B3, and GL2000 models.  Townsend compared the measured strains of the Pinner’s 

Point specimens to the PCI-BDM, AASHTO LRFD, and NCHRP 496 models in addition to the 

model used by Vincent, and the creep and shrinkage for the Dismal Swamp Bridge specimens 

were compared Shams and Kahn and AFREM models in addition to the model used by 

Townsend and Vincent. 
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Vincent found the ACI-209 model to be the best predictor of creep, shrinkage, and total 

strains for the laboratory specimens prepared using the match curing method.  The models 

tended to over-predict the average creep strain and the average total strain and under-predict the 

average shrinkage strain.  Vincent did not investigate the PCI-BDM, NCHRP 496, or Shams and 

Kahn models, which are correlated to HSC.  It is likely that these models would have better 

predicted the average creep strain and total strain since these models tend to predict lower creep 

and thereby lower total strains than do the models investigated. 

Townsend found the PCI-BDM model to be the best predictor of the measured creep, 

shrinkage, and total strains of the match cure specimens followed closely by the NCHRP 496 

model.  All of the models tended to over-predict the creep strain and the total strain, and only the 

CEB-FIP MC90 and B3 models under-predicted the shrinkage strains.  The PCI-BDM and 

NCHRP 496 models predicted the creep, shrinkage, and total strains with the 95% confidence 

limits, assuming a normal distribution of the data, throughout the monitored period. 

The AASHTO LRFD model is the best predictor of the creep strains for the HPC used in 

the Dismal Swamp Bridge, the GL2000 model is the best predictor of the shrinkage strains, and 

the PCI-BDM model is the best predictor of total strain.  The models correlated to high strength 

concrete, PCI-BDM, NCHRP 496, and Shams and Kahn, predicted the average total strains 

better than the traditional models.  Also, the PCI-BDM model is the only model to predict the 

creep, shrinkage, and total strains within two standard deviations of the measured response 

throughout the observed period, although the NCHRP 496 and Shams and Kahn models did 

predict each response within two standard deviations for later concrete ages.  At the end of the 

observed period the PCI-BDM model predicts a reasonable estimate for the average total strain, 

and the NCHRP 496 and Shams and Kahn models predict reasonable estimates for the upper and 

lower bounds, respectively. 

Based on the results of the Pinner’s Point and Dismal Swamp studies, the PCI-BDM 

model is the best predictor of the average, total, long-term strains associated with these HPC 

mixtures, and in general, the more recent models developed for high strength concrete predict the 

long-term strains better than the traditional models.  This conclusion cannot, however, be 

extended, at this time, to the HPLWC investigated because the three models developed for high 

strength concrete were not investigated by Vincent.   
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5 Prestress Loss (Field Measurements) Results and Discussion 

As discussed in Chapter 3, three HPC bridges were instrumented to determine the long-

term changes in strain and the associated prestress losses.  Two of the bridges utilized normal-

weight HPC with design strengths ranging from 8,000 to 10,000 psi and the third bridge utilized 

a lightweight HPC with a design strength of 8,000 psi.  A summary of the bridges and the 

instrumented girders is presented in Table 3.1.  In the following sections, the measured strains 

are presented and are compared with the predicted strains and prestress losses determined using 

the recommendation of Section 2.2 and the creep and shrinkage models of Section 2.3, following 

the procedures of Chapter 3. 

 

5.1 Chickahominy River Bridge 

Three girders from the Chickahominy River Bridge and two similar test girders were 

instrumented by Adil Nassar (2002) as discussed in Section 3.1.2.  The three bridge girders were 

monitored for almost 900 days with the exception of approximately 2 months during the bridge 

construction while the girders were shipped to the bridge site and erected and while the bridge 

site was not accessible.  The test girders were monitored for approximately 200 days as part of 

the study conducted by Nassar, after which recording was suspended for approximately 200 

days.  The girders were then again monitored for approximately 300 days, providing data 

spanning almost 2 years. 

Although two test girders were cast, only one of those girders is examined in the 

following sections.  Both girders remained at the casting yard for the duration of the monitoring 

period, and one girder remained unloaded throughout this time.  The other girder was loaded, by 

others, with dead load sometime during the period between 200 and 400 days for which no data 

is available.  Unfortunately, the exact time this load was placed on the girder and the total weight 

of the load is not known.  Although the time of placement and the weight of the load placed on 

the girder could be estimated, a comparison of the models using these estimated quantities to the 

measured strains is of little value.  For this reason, only the unloaded girder is analyzed. 

 

5.1.1 Measured Strains 

Strains were recorded every two hours throughout the duration of the monitoring period, 

and the 12 strain readings from each day were averaged to reduce the data for analysis.  The 
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average strain from each of the three instrumented bridge girders is presented in Figure 5.1.  

However, in Figure 5.1, only the daily average strain for every 28 days is plotted to enable the 

error bars to be clearly depicted.  The error bars in Figure 5.1 represent the 95% confidence 

limits on the mean for each of the girders assuming a normal distribution.  Although there is a 

difference of approximately 160 microstrain between girders 1 and 2, the error bars for girders 1 

and 2 are always overlapping the error bars for girder 3.  Therefore, the difference in the three 

girders is not large enough to conclude that the girders are performing differently, and hence, the 

daily strains for the three girders are averaged for comparison with the prestress loss methods 

and creep and shrinkage models.  The variability in the response of the girders is likely related to 

variability in the batches of concrete produced by the precaster due to the experimental nature of 

the concrete mixture and the precaster’s unfamiliarity with the materials and mix design. 

The average strain of the three girders and the 95% confidence limits on that average are 

shown in Figure 5.2, and the average strain of the test girder and the 95% confidence limits on 

that average are shown in Figure 5.3.  In addition to the strains recorded every 28 days, the 

average daily strains are shown, overlaid on the strains recorded every 28 days for comparison.  

Plots of this form are used throughout this chapter so that error bars can be shown clearly while 

still showing the daily variation in strain. 
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Figure 5.1 – Comparison of the Chickahominy River Bridge Girders 
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Figure 5.2 – Average Strain for the Chickahominy River Bridge Girders. 
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Figure 5.3 –Average Strain for the Lightweight Concrete Test Girder. 
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5.1.2 Time-Step Modeling 

The time-step modeling procedure presented in Section 3.4 was used with the creep and 

shrinkage models of Section 2.3 and the recommendations of PCI (1975) presented in Section 

2.2.5 to predict the girder strains.  The predicted strains were then compared to the measured 

strains to determine the accuracy of the models with respect to the HPLWC used in this study. 

 

5.1.2.1 Test Girder Predicted Strains and Model Residuals 

Figures 5.4 through 5.9 show the predicted strains and the residual strains, defined as the 

magnitude of the predicted strain minus the magnitude of the average measured strain at a given 

time, for each model compared to the measured strains of the HPLWC test girder.  The error bars 

in the figures represent plus and minus two standard deviations of the measured strains.  The 

girder properties and parameters used for each model are presented in Appendices B and C, 

respectively.  Figures 5.4 and 5.5 show the predicted and residual strains, respectively, for the 

ACI-209 (1992), PCI-BDM (PCI, 1997), and CEB-FIP MC90 (CEB, 1990) models.  Each model 

significantly over-predicts the measured strains.  Between 400 and 700 days, the ACI model 

over-predicts the measured strains by 550 to 640 microstrain, the PCI-BDM model over-predicts 

by 410 to 500 microstrain, and the CEB model over-predicts by 630 to 740 microstrain. 

Figures 5.6 and 5.7 show the predicted and residual strains for the AASHTO LRFD 

(1998), Shams and Kahn (2000), and NCHRP 496 (Tadros et. al., 2003) models.  The Shams and 

Kahn model under-predicts the measured strains for early ages but over-predicts the measured 

strains, along with the other models, for the majority of the modeled period.  After 400 days, the 

AASHTO LRFD model over-predicts the measured strains by 370 to 490 microstrain, the Shams 

and Kahn model over-predicts by 200 to 290 microstrain, and the NCHRP 496 model over-

predicts by 530 to 600 microstrain. 

Finally, Figures 5.8 and 5.9 show the predicted and residual strains, respectively, for the 

B3 (Bazant and Baweja, 1995a,b,c), GL2000 (Gardener and Lockman, 2001), AFREM (Le Roy, 

et. al., 1996), and PCI-1975 models.  Each models over-predicts the measured compressive 

strains throughout the observed period.  After 400 days the B3 model over-predicts the measured 

strains by 320 to 400 microstrain, the GL2000 model over-predicts by 1,040 to 1,170 

microstrain, the AFREM model over-predicts by 470 to 570 microstrain, and the PCI-1975 

model over-predicts by 150 to 250 microstrain. 
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Figure 5.4 – HPLWC Test Girder Predicted Strains for the ACI-209, PCI-BDM, 

and CEB-FIP MC90 Models 
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Figure 5.5 – HPLWC Test Girder Residual Strains for the ACI-209, PCI-BDM, and 

CEB-FIP MC90 Models 
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Figure 5.6 – HPLWC Test Girder Predicted Strains for the AASHTO LRFD, 

Shams and Kahn, and NCHRP 496 Models 
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Figure 5.7 – HPLWC Test Girder Residual Strains for the AASHTO LRFD, Shams 

and Kahn, and NCHRP 496 Models 
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Figure 5.8 – HPLWC Test Girder Predicted Strains for the B3, GL2000, AFREM, 

and PCI-1975 Models 
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Figure 5.9 – HPLWC Test Girder Residual Strains for the B3, GL2000, AFREM 

and PCI-1975 Models 
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In addition to the existing creep and shrinkage models, a model based on the results of 

the creep and shrinkage testing conducted on the HPLWC by Edward Vincent (2003) was 

constructed.  The model was constructed by generating a best-fit curve for the creep coefficient 

and shrinkage strain using equations of the form given by ACI-209 (1992) shown in Equations 

5.1 and 5.2.  By minimizing the sum of the residuals squared between the models and the data, 

the models given in Equations 5.3 and 5.4 were established.  The laboratory data and best-fit 

curves for the creep coefficient and shrinkage strain are shown in Figures 5.10 and 5.11, 

respectively. 
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Figure 5.10 – Best-Fit Model for HPLWC Laboratory Creep Coefficient 
 



 109

0

50

100

150

200

250

300

350

400

450

0 20 40 60 80 100 120 140 160
Age (days)

Sh
rin

ka
ge

 S
tra

in
 (m

ic
ro

st
ra

in
)

Strain
Curve Fit

 
Figure 5.11 – Best-Fit Model for HPLWC Laboratory Shrinkage 
 
Once these models were established, they were used with the correction factors for 

relative humidity and size effects given by the ACI-209 model in Section 2.3.1 and AASHTO 

LRFD model in Section 2.3.4 to establish the predicted strains for the test girders.  Figures 5.12 

and 5.13 show the predicted strains and the model residuals, respectively.  The difference in the 

shape of the two models, given that they use the time development functions for creep and 

shrinkage given in Equations 5.3 and 5.4 is a result of the time dependence of the size effect 

factor in the AASHTO LRFD model.  As was seen with the standard models, the models 

generated from the creep and shrinkage properties of the HPLWC over-predict the compressive 

strains of the test specimens.  The models show both an increase in strain that is too rapid at early 

ages and an over-prediction of the compressive strain overall.  By 200 days the laboratory data 

model corrected using the ACI-209 factors over-predicts the compressive strain of the test 

girders by 590 microstrain, and the laboratory data model corrected using the AASHTO LRFD 

factors over-predicts the compressive strain of the test girders by 390 microstrain.  Between 400 

and 700 days, the laboratory data model corrected using the ACI-209 factors over-predicts the 

compressive strain by 500 to 570 microstrain; while, the laboratory data model corrected using 

the AASHTO LRFD factors over-predicts the compressive strain by 400 to 510 microstrain. 
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Figure 5.12 – HPLWC Test Girder Predicted Strains for the Models Correlated to 

the Measured Creep and Shrinkage Properties of the HPLWC. 
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Figure 5.13 – HPLWC Test Girder Residual Strains for the Models Correlated to 

the Measured Creep and Shrinkage Properties of the HPLWC. 
 



 111

The over-prediction of the strain in the test girders by the models correlated to the 

laboratory data indicates that either the correction factors for non-standard conditions do not 

accurately represent the changes in creep and shrinkage that occur with differences in specimen 

size and environmental conditions or that the laboratory specimens differ significantly from the 

test girders.  Differences between the laboratory HPLWC and the HPLWC used in the test girder 

and bridge girders were reported by Vincent (2003).  The most significant difference was seen in 

the measured compressive strengths.  The concrete produced at Bayshore exhibited a lower 

compressive strength at release, 4,710 psi compared to 5,460 psi, and a higher compressive 

strength at 28 days, 8,110 psi compared to 6,400 psi, when compared with the concrete prepared 

in the laboratory.   

Although the difference in compressive strength is significant at 28 days, the smaller 

difference at release indicates that the samples were of similar maturity at loading.  Also, 

although not shown in Figures 5.12 and 5.13, applying the AASHTO LRFD factor for 

compressive strength reduces the predicted strain at 700 days by only 70 microstrain.  Therefore, 

the difference in compressive strength does not fully account for the difference between the 

laboratory and field data indicating that the correction factors do not fully account for the 

changes in behavior due to differences between the environmental conditions in the laboratory 

and at the bridge site and the differences between the laboratory specimen size and the size of the 

bridge girders. 

 

5.1.2.2  Test Girder Residuals Squared and Model Ranking 

To determine which model is the best predictor of 

strain for the test girder, a residuals squared analysis was 

performed.  For this analysis the daily residuals were squared 

and summed over the modeled period.  Figure 5.14 shows 

these results, where the sums of the residuals squared are 

plotted on a logarithmic scale.  Table 5.1 shows the resulting 

ranking of the models where models with similar sums are 

ranked equally.  No model predicts within the error bars; 

however, the PCI-1975 model predicts the closest to the 

measured strains at 700 days, over-predicts by 150 microstrain. 

Table 5.1 –  Test Girder 
Model Ranking 

Ranking Model 
1 PCI-1975 
1 Shams and Kahn 
2 AASHTO LRFD 
2 B3 
2 Lab Data – LRFD 
2 PCI-BDM 
3 AFREM 
3 NCHRP 496 
3 Lab Data – ACI 
3 ACI-209 
3 CEB-FIP MC90 
4 GL2000 
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Figure 5.14 –  Sum of the Residuals Squared for the Models Compared to the 

HPLWC Test Girder 
 

5.1.2.3 Bridge Girder Predicted Strains and Model Residuals 

Figures 5.15 through 5.20 show the strains predicted by the creep and shrinkage models 

for the Chickahominy River Bridge girders and the residuals between the predicted and 

measured strains.  The girder properties and model parameters used in this analysis are given in 

Appendices B and C, respectively.  Figures 5.15 and 5.16 show the strains predicted by the ACI-

209, PCI-BDM, and CEB-FIP MC90 models.  As was the case with the test beams, each of these 

models over-predicts the measured strains throughout the observed period, and predicts 

compressive strains outside the range of two standard deviations of the measured data, shown by 

the error bars on the plots.  Each model shows too rapid an increase in compressive strain 

between loading and the deck placement at 120 days.  However, after 150 days the ACI-209 and 

PCI-BDM models show a fairly consistent residual indicating that the shape of the model curve 

after deck placement is similar to the measured strain, but at the wrong magnitude due to the 

over-prediction of compressive strains prior to deck placement.  The ACI-209 model over-

predicts the measured compressive strain by 360 to 460 microstrain and the PCI-BDM model 

over-predicts the measured strain by 240 to 320 microstrain between 150 and 890 days.  The 
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residual for the CEB-FIP MC90 model, however, continues to increase throughout the modeled 

period indicating that the shape of the model does not mirror the measured strains before or after 

deck placement.  Between 150 and 890 days, the residual for the CEB-FIP MC90 model steadily 

increases from 400 to 610 microstrain. 

Figures 5.17 and 5.18 show the predicted and residual strains, respectively, for the 

AASHTO LRFD, Shams and Kahn, and NCHRP 496 models.  The AASHTO LRFD and Shams 

and Kahn models under-predict the compressive strains for early ages and over-predict the 

strains after approximately 30 days.  Both models predict within the error bars, for the first 200 

days, and the Shams and Kahn model continues to predict within the error bars for the remainder 

of the modeled period.  The maximum residual for the Shams and Kahn model is approximately 

160 microstrain and occurs near the end of the modeled period.  The residuals for the AASHTO 

LRFD method increase throughout the modeled period reaching a peak of 370 microstrain at 890 

days, indicating that the shape of the modeled curve does not accurately mirror the shape of the 

measured strains.  The NCHRP 496 model over-predicts the measured strains for the entire 

modeled period.  The residuals for the NCHRP method remain consistently between 340 and 420 

microstrain after 150 days indicating that after deck placement, the shape of the NCHRP 496 

curve mirrors the measured strains, and that the majority of the difference between the model and 

the measured strains occurs prior to the placement of the deck. 

Figures 5.19 and 5.20 show the predicted and residual strains, respectively, for the B3, 

GL2000, AFREM, and PCI-1975 models.  Only the PCI-1975 model predicts within the error 

bars for the measured strains, predicting near the upper limit for the majority of the modeled 

period.  Between 150 and 900 days the PCI-1975 model over-predicts the measured strains by 60 

to 200 microstrain.  The B3 and AFREM models are very similar and both over-predict the 

compressive strains early and show a consistent residual after deck placement, indicating that 

after deck placement the shape of the B3 and AFREM models is similar to the measured data, 

but at the wrong magnitude.  After 150 days the B3 and AFREM models over-predict the strains 

by 260 t o390 microstrain.  The GL2000 model over-predicts the measured strains by the largest 

magnitude.  Prior to the girders being moved from the casting yard at 60 days, the GL2000 

model over-predicts the measured strains by as much as 790 microstrain.  After deck placement 

the residual between the measured strains and the GL2000 modeled strains continues to increase 

reaching a maximum of over 1,000 microstrain at 890 days. 
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Figure 5.15 –  HPLWC Bridge Girder Predicted Strains for the ACI-209, PCI-

BDM, and CEB-FIP MC90 Models 
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Figure 5.16 –  HPLWC Bridge Girder Residual Strains for the ACI-209, PCI-BDM, 

and CEB-FIP MC90 Models 
 



 115

-2200

-2000

-1800

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0
0 100 200 300 400 500 600 700 800 900

Girder Age (days)

St
ra

in
 (m

ic
ro

st
ra

in
)

AASHTO LRFD
Shams & Kahn
NCHRP 496
Measured
Time of Deck Placement

 
Figure 5.17 -  HPLWC Bridge Girder Predicted Strains for the AASHTO LRFD, 

Shams and Kahn, and NCHRP 496 Models 
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Figure 5.18 -  HPLWC Bridge Girder Residual Strains for the AASHTO LRFD, 

Shams and Kahn, and NCHRP 496 Models 
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Figure 5.19 -  HPLWC Bridge Girder Predicted Strains for the B3, GL2000, 

AFREM, and PCI-1975 Models 
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Figure 5.20 -  HPLWC Bridge Girder Residual Strains for the B3, GL2000, 

AFREM, and PCI-1975 Models 
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Finally, the models developed from the creep and shrinkage testing performed on the 

HPLWC, Equations 5.3 and 5.4, were used with the correction factors for relative humidity and 

specimen size given in the ACI-209 and AASHTO LRFD models to compare the laboratory 

measured creep and shrinkage properties to the measured compressive strains of the bridge 

girders.  Figures 5.21 and 5.22 show the predicted and residual strains, respectively for these 

models.  The models based on the laboratory data over-predict the compressive strains measured 

in the bridge girders throughout the observed period.  The model using the AASHTO LRFD 

corrections for non-standard conditions predicts within the error bars until just before deck 

placement.  This model exhibits residual strains that are consistently increasing, indicating that 

the shape of the model does not accurately mirror the compressive strains measured in the bridge 

beams.  From 150 to 890 days the residual for this model increases from 200 to 430 microstrain.  

The model corrected using the ACI-209 factors for non-standard conditions predicts outside the 

range of the error bars for the entire observed period.  This model does, however, exhibit 

generally consistent residuals after deck placement between 350 and 450 microstrain. 

As was the case with the HPLWC test girder, the poor correlation between the laboratory 

measured creep and shrinkage characteristics and the measured compressive strains of the 

Chickahominy River Bridge girders has two possible causes.  Either the laboratory prepared 

concrete mixture and the mixture prepared at the casting yard are significantly different or the 

correction factors for non-standard conditions do not accurately represent the changes in the 

behavior of concrete specimens of differing sizes under varying environmental conditions.  The 

differences between the laboratory concrete and the casting yard concrete were discussed 

previously, and the primary difference was in the 28 compressive strength.  The 28 day 

compressive strength of the laboratory concrete was 6,400 psi, while the 28 day compressive 

strength of the casting yard concrete was 8,110 psi.  Applying this difference in strength to the 

correction factor for strength given in the AASHTO LRFD model results in a reduction in the 

ultimate creep coefficient of 12% and a reduction in the predicted strain at 890 days of only 70 

microstrain, which reduces the residual from 430 to 360 microstrain.  Therefore, difference in the 

two concrete mixtures cannot account for the difference between the models and the data alone 

indicating that the correction factors likely do not accurately represent the changes in the creep 

and shrinkage properties due to varying sizes and environments. 
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Figure 5.21 –  HPLWC Bridge Girder Predicted Strains for the Models Correlated 

to the Measured Creep and Shrinkage Properties of the HPLWC 
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Figure 5.22 -  HPLWC Bridge Girder Residual Strains for the Models Correlated to 

the Measured Creep and Shrinkage Properties of the HPLWC 
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5.1.2.4 Bridge Girder Residuals Squared Analysis and Model Ranking 

Again, to determine which model is the best predictor of strain for the Chickahominy 

River Bridge girders a residuals squared analysis was 

performed.  Figure 5.23 shows the results of this analysis 

where the sums of the residuals squared are plotted on a 

logarithmic scale.  Table 5.2 shows the resulting ranking of the 

models, and the models with similar sums are ranked equally.  

The PCI-1975 and Shams and Kahn models predict within the 

error bars for the entire observed period.  The Shams and Kahn 

model most accurately predicts the mean response of the 

bridge girders, over-predicting the measured strains by a 

maximum of approximately 160 microstrain, and the PCI-1975 

model provides a good upper bound on the measured 

compressive strains, over-predicting by a maximum of approximately 200 microstrain during the 

observed period. 
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Figure 5.23 –  Sum of the Residuals Squared for the Models Compared to the 

HPLWC Bridge Girder 
 

Table 5.2 – Bridge Girder 
Model Ranking 

Ranking Model 
1 Shams and Kahn 
1 PCI-1975 
2 AASHTO LRFD 
2 PCI-BDM 
2 B3 
3 AFREM 
3 Lab Data – ACI 
3 Lab Data – LRFD 
4 NCHRP 496 
4 ACI-209 
5 CEB-FIP MC90 
6 GL2000 
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5.1.3 Prestress Loss Calculations 

In addition to the analysis carried out using the creep and shrinkage models, prestress 

losses were calculated for the Chickahominy River Bridge girders using the methods described 

in Section 2.2.  Table 2.2, connects the methods for estimating prestress losses that use a creep 

and shrinkage model from Section 2.3 to the appropriate model.  Also, only the PCI-1975 and 

AASHTO LRFD Lump Sum methods account for lightweight concrete in the determination of 

prestress losses.  Prestress loss calculations were not carried out for the HPLWC test girder since 

the methods for determining prestress losses, especially the simplified methods, are calibrated for 

bridge girders that experience the application of a significant amount of dead load during their 

design life.  The lack of any significant dead load on the test girders, therefore, renders many of 

the prestress loss calculation methods highly inaccurate.  Furthermore, although it is beneficial to 

compare the creep and shrinkage models against the test girders using a time-step method to 

determine their accuracy in predicting creep and shrinkage effects, predicting the prestress 

losses, especially using simplified methods, of a girder so differently loaded than a typical bridge 

girder is much less beneficial.  The total prestress losses predicted using the methods of Section 

2.2 and a comparison of those losses to the bridge girders is presented in the following sections. 

 

5.1.3.1 Predicted Prestress Losses 

The predicted total prestress losses, including both instantaneous losses and long-term 

losses, are presented in Table 5.3.  The predicted total losses range from 44.4 ksi for the PCI-

BDM method to 69.9 ksi for the AASHTO LRFD Standard Specification (AASHTO, 1996) 

Lump Sum method.  This is a difference of over 56% showing the tremendous variation in the 

various prestress loss calculation methods.  Also shown in Table 5.3 are the predicted girder 

strains at the end of service life due to the predicted prestress losses.  These values are 

determined through strain compatibility using the portion of prestress loss due to elastic 

shortening, creep, and shrinkage, but neglecting the portion of the prestress losses due to strand 

relaxation since relaxation occurs in the strand at a constant strain.  For example, for the NCHRP 

496 refined method, the total losses are 44.8 ksi and the strand relaxation losses are 3.5 ksi.  

Therefore, the total losses that cause changes in strain at the centroid of the prestressing force are 

41.3 ksi, and for an estimated strand modulus of 28,500 ksi, the strain at the centroid of the 

prestressing force is1,449 microstrain. 
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Table 5.3 – Predicted Prestess Losses for the Chickahominy River Bridge 
Initial Losses Long-Term Losses 
Initial 
Rel. ES Shrinkage Creep Add’l 

Rel. 
Total  

P/S 
Centroid 

Strain Method 

ksi ksi ksi ksi ksi ksi µε 
AASHTO Standard General 5.8 24.8 3.2 58.7 -1,874 

AASHTO Standard Lump Sum 45.0 69.9 -2,267# 
AASHTO LRFD Refined 10.7 19.8 1.4 56.8 -1,870 
AASHTO LRFD General 5.8 24.8 1.4 56.9 -1,874 

AASHTO LRFD Lump Sum 35.5 60.4 -1,996* 
PCI-BDM 6.6 11.2 1.1 43.8 -1,425 

NCHRP 496 Refined** 5.4 13.1 1.4 44.8 -1,449 
NCHRP 496 Approximate 21.7 46.6 -1,477+ 

PCI-1975 

2.1 22.8 

8.6 9.0 2.5 45.0 -1,418 
# - Additional steel relaxation losses of 3.2 ksi assumed per AASHTO Standard General method 
* - Additional steel relaxation losses of 1.4 ksi assumed per AASHTO LRFD General method 
+ - Additional steel relaxation losses of 2.4 ksi assumed per Tadros et. al., 2003. 
** - NCHRP 496 Refined shrinkage losses include the prestress gain due to differential 

shrinkage, and the creep losses include the elastic gain due to the deck slab. 
 

5.1.3.2 Comparison of Predicted and Measured Prestress Losses 

Table 5.4 presents a comparison of the predicted and measured prestress losses for the 

Chickahominy River Bridge.  The losses are separated into losses occurring before and after 

deck placement for the models that allow the prediction of losses at any time (see Table 2.2).  

Also, the long-term prestress losses presented in Table 5.4 do not include steel relaxation losses 

since these occur at constant strain and cannot be directly determined for the instrumented 

girders.  The measured losses are determined from the recorded strains assuming strain 

compatibility between the concrete and the prestressing strands.  For the predicted total losses to 

be compared to the losses determined from the measured strains, the measured strains must be 

adjusted to the end of service life of the bridge girders, which is estimated to be 75 years.  

Adjusting the measured girder strains to the end of service life is accomplished by fitting a 

logarithmic curve, which approximates the shape of time-dependent losses reasonably well, to 

the data and extrapolating an estimated value for the strain at 75 years.  Figure 5.24 shows the 

measured strains for the Chickahominy River Bridge recorded after the deck was cast and the 

corresponding best-fit logarithmic curve and equation.  From this equation, the estimated strain 

in the Chickahominy River Bridge at the end of service life (75 years) is 1,210 microstrain, 

which correlates to a total prestress loss of 34.5 ksi, excluding relaxation losses. 
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Table 5.4 –  Comparison of Predicted and Measured Prestress Losses (excluding relaxation) 
for the Chickahominy River Bridge Girders 

Elastic 
Shortening

Loss 
From 

Transfer 
To Deck

Elastic 
Gain 

Due To 
Deck 

Loss 
After 
Deck

Total 
Long-Term 

Loss 

Total 
Loss Method 

ksi ksi ksi ksi ksi ksi 

Ratio of 
Predicted 
to Meas. 

AASHTO Standard General -- -- 30.6+ 53.4 1.55 
AASHTO Standard Lump 

Sum -- -- 41.8+ 64.6 1.87 

AASHTO LRFD Refined 16.7 19.2 30.5 53.3 1.54 
AASHTO LRFD General -- -- 30.6+ 53.4 1.55 

AASHTO LRFD Lump Sum -- -- 34.1+ 56.9 1.65 
PCI-BDM 21.3 1.9 17.8 40.6 1.18 

NCHRP 496 Refined 21.2 2.7 18.5 41.3 1.20 
NCHRP 496 Approximate -- -- 19.3+ 42.1 1.22 

PCI-1975 

22.8 

15.2 

-5.4 

7.8 17.6 40.4 1.17 
Measured 26.5 5.1 -5.1 8.0 8.0 34.5 -- 

+ - The elastic gain due to the deck is implicitly included in the total long-term losses for these 
methods 
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Figure 5.24 –  Curve-Fit to Adjust the Measured Strains of the HPLWC Bridge 

Girders to the End of Service Life 
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The methods for estimating prestress losses shown in Table 5.4, over-predict the total 

losses of the Chickahominy River Bridge by 17% to 87%.  In general, the newer methods, PCI-

BDM and NCHRP 496, which are correlated to high strength concrete data, over-predict less 

than the methods presented in the AASHTO Specifications.  This is indicative of the trend that 

higher strength concretes exhibit less creep and shrinkage than lower strength concrete due to 

their more dense structures and lower water-cement ratios.  The exception to this is the PCI-1975 

method, which predicts total losses similar to the more recent methods.   

The PCI-1975 and PCI-BDM methods are the best predictors of the total prestress loss, 

excluding relaxation, over-predicting the total losses by 17% and 18%, respectively.  However, 

each of the methods for estimating prestress losses over-predicts the total long-term losses of the 

bridge girders.  The bridge girders exhibit total long-term losses of 8.0 ksi adjusted to the end of 

service life.  This is less than half of the lowest total long-term losses predicted by the prestress 

loss estimates.  The majority of the over-prediction in prestress loss occurs in the losses predicted 

before deck placement, where the measured losses of 5.1 ksi are approximately one third of the 

lowest estimated losses for this time period.  A similar result is seen when comparing the creep 

and shrinkage models with the girder strains.  The models over-predict the changes in strain prior 

to deck placement, but more accurately predict the changes in strain after deck placement.  This 

indicates not only that the prestress loss estimates and creep and shrinkage models over-predict 

the total long-term losses, but also that the estimated losses accumulate too quickly at early ages. 

Unlike the long-term losses, the elastic shortening losses observed in the Chickahominy 

River Bridge are under-predicted by the estimates.  The estimate of elastic shortening losses is 

86% of the measured elastic shortening loss, indicating that either the girder properties or 

prestressing force at release are not known with sufficient accuracy to provide a better estimate 

of the initial losses.  A difference between the elastic modulus of the bridge girders and tested 

specimens is a likely cause of the differences between the measured and predicted elastic 

shortening losses.  The elastic gain in the prestressing force due to the deck slab is slightly over-

predicted by the estimate, with the estimated value being 1.06 times the measured value.  

According to ASTM C469, the expected variation for the elastic modulus, between concrete 

batches, is 5%.  The variation in the deck weight due to construction tolerances is certainly more 

than 1%; therefore, the variation between the estimated and measured elastic gain in the 

prestressing force due to the deck placement is within the expected variation. 
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5.2 Pinner’s Point Bridge 

Six girders from the Pinner’s Point Interchange were instrumented with vibrating wire 

gages, as described in Section 3.2.2, to determine the long-term changes in strain in the girders.  

Girders F, T, and U utilized an 8,000 psi HPC, while girders G, H, and J utilized a 10,000 psi 

HPC.  The six girders were monitored for approximately 650 days with two periods of 

approximately 100 days each where no data was collected.  The first gap in the data occurs 

between 200 and 300 days while the girders were shipped from the casting yard to the bridge site 

and while the girders and deck forms were erected.  The second gap in the data occurs between 

400 and 500 days when the data loggers were removed from the site to protect them from 

damage while the contractor completed work in the area where the data loggers were stored. 

 

5.2.1 Measured Strains 

Strains were recorded at least every two hours throughout the duration of the monitoring 

period, and the strain readings from each day were averaged to reduce the data for analysis.  The 

average strains recorded every 28 days from girders F, T, and U are presented in Figure 5.25, and 

the average strains recorded every 28 days from girders G, H, and J are presented in Figure 5.26.  

The error bars in Figures 5.25 and 5.26 represent the 95% confidence limits on the mean for each 

of the girders assuming a normal distribution of the measured strains.  For girders F, T, and U, 

there is a maximum difference in the measured strains of the three girders of less than 55 

microstrain; however, the error bars overlap for the majority of the observed period indicating 

that the girders are similar enough to be combined for analysis.  For girders G, H, and J, there is 

a maximum difference between the measured strains of the three girders of less than 50 

microstrain, and, for these girders, the error bars overlap for the entire observed period, 

indicating that these girders can also be combined for analysis. 

Figures 5.27 and 5.28 present the average strains for the 8,000 psi and 10,000 psi design 

strength girders of the Pinner’s Point Interchange.  The daily average strains recorded every 28 

days are shown in Figures 5.27 and 5.28 with error bars representing the 95% confidence limits 

on the average assuming a normal distribution for the measured strains.  Also shown in Figures 

5.27 and 5.28, overlaid on top of the strains recorded every 28 days, are the daily average strains 

for the two sets of girders. 
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Figure 5.25 – Comparison of the 8,000 psi HPC Pinner’s Point Girders (F, T, & U) 
 

 

-1000

-900

-800

-700

-600

-500

-400

-300

-200

-100

0
0 100 200 300 400 500 600 700

Girder Age (days)

S
tra

in
 (m

ic
ro

st
ra

in
) Girder G

Girder H
Girder J
Time of Deck Placement

 
Figure 5.26 – Comparison of the 10,000 psi HPC Pinner’s Point Girders (G, H, & J) 
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Figure 5.27 – Average Strain for Pinner’s Point Girders F, T, and U 
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Figure 5.28 – Average Strain for Pinner’s Point Girder G, H, and J 
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5.2.2 Time-Step Modeling 

As was performed for the Chickahominy River Bridge, the time-step modeling procedure 

presented in Section 3.4 was used with the creep and shrinkage models of Section 2.3 and the 

variation of creep and shrinkage with time recommended by PCI (1975) presented in Section 

2.2.5 to determine the girder strain predicted by each model.  These predicted strains were then 

compared to the measured strains presented in the preceding section to determine which model is 

the best predictor of the behavior of the 8,000 psi and 10,000 psi design compressive strength 

girders of the Pinner’s Point Interchange. 

 

5.2.2.1 Girders F, T, and U Predicted Strains and Model Residuals 

Figures 5.29 through 5.34 present the predicted strains and the residuals for the models 

compared to girders F, T, and U with the error bars representing plus and minus two standard 

deviations of the measured strains.  Figures 5.29 and 5.30 show the predicted and residual 

strains, respectively, for the ACI-209, PCI-BDM, and CEB-FIP MC90 models.  Each model 

under-predicts the strains before 30 days and over-predicts the strains after 30 days.  None of the 

models accurately predict the trend of the measured strains.  Before deck placement the models 

increase in strain too slowly before 30 days and too quickly after 30 days.  Soon after deck 

placement the models each show a decrease in the compressive strain due to creep recovery and 

differential shrinkage, while the measured strains exhibit a continued increase in compressive 

strain.  After 500 days, the measured strains and the predicted strains all show only small 

changes in strain with the ACI-209 model over-predicting by 130 to 180 microstrain, the PCI-

BDM model over-predicting by 30 to 80 microstrain, and the CEB-FIP MC 90 model over-

predicting by 130 to 200 microstrain. 

Figures 5.31 and 5.32 show the predicted and residual strains, respectively, for the 

AASHTO LRFD, Shams and Kahn, and NCHRP 496 models.  Each of these models also under-

predicts the measured compressive strains at early ages and over-predicts at later ages.  The 

NCHRP 496 model under-predicts the measured strains for the first 40 days, the AASHTO 

LRFD model under-predicts for the first 110 days, and the Shams and Kahn model under 

predicts for the first 180 days.  After deck placement, the Shams and Kahn model predicts 

consistently within the error bars, but again, none of the models accurately predict the trend of 

the measured strains.  Each model shows too slow an increase in the compressive strains at very 
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early ages and too rapid an increase at later ages before deck placement.  Each model also shows 

a decrease in the compressive strains after deck placement, while the measured strains show a 

continued increase in the compressive strains.  After 500 days, the NCHRP 496 and Shams and 

Kahn models bracket the measured strains.  During this time frame, the NCHRP 496 model over-

predicts the measured strains by 40 to 90 microstrain and the Shams and Kahn model under-

predicts the measured strains by 20 to 80 microstrain.  The AASHTO LRFD model over-predicts 

the measured strains by 50 to 110 microstrain after 500 days. 

Figures 3.33 and 3.34 show the predicted and residual strains, respectively, for the B3, 

GL2000, AFREM, and PCI-1975 models.  The PCI-1975 model under-predicts the measured 

strains by as much as 100 microstrain between 2 days and 40 days and over-predicts the 

measured strains by as much as 250 microstrain during the remainder of the observed period.  

The AFREM model under-predicts by as much as 100 microstrain between 2 days and 60 days 

and over-predicts by as much as 100 microstrain until shortly after deck placement.  The 

AFREM model then predicts close to the measured strains for the remainder of the observed 

period, over-predicting by no more than 60 microstrain and under-predicting by no more than 30 

microstrain.  The B3 model predicts within the error bars between 2 days and 90 days and after 

deck placement.  During this time the B3 model over-predicts by no more than 50 microstrain 

and under-predicts by no more than 30 microstrain.  Between 90 days and deck placement, the 

B3 model over-predicts the measured strains by 50 to 100 microstrain.  The GL2000 model over-

predicts the measured strains by as much as 520 microstrain between 2 days and 650 days. 

Each of the models investigated over-estimates the creep recovery and differential 

shrinkage associated with the girders after deck placement, as evidenced by the constant or 

slightly decreasing compressive strains of the models, compared to the increasing compressive 

strains recorded in the bridge girders shortly after deck placement.  The increasing strains of the 

bridge girders for the period following deck placement can be partially explained by the removal 

of the deck forms during that period, but it is unlikely that the dead load of the deck forms is 

equivalent to the dead load of the deck as would be necessary to account for the entire increase in 

compressive strain after deck placement.  It is more likely that the girder experienced less creep 

recovery and differential shrinkage than is predicted by the models.  However, the complete 

nature of the increase in compressive strain after deck placement is not fully understood, 

considering the minimal changes in strain for the 100 days prior to deck placement. 
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Figure 5.29 –  Pinner’s Point Girders F, T, and U Predicted Strains for the ACI-209, 

PCI-BDM, and CEB-FIP MC90 Models 
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Figure 5.30 –  Pinner’s Point Girders F, T, and U Residual Strains for the ACI-209, 

PCI-BDM, and CEB-FIP MC90 Models 
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Figure 5.31 –  Pinner’s Point Girder F, T, and U Predicted Strains for the AASHTO 

LRFD, Shams and Kahn, and NCHRP 496 Models 
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Figure 5.32 –  Pinner’s Point Girders F, T, and U Residual Strains for the AASHTO 

LRFD, Shams and Kahn, and NCHRP 496 Models 
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Figure 5.33 –  Pinner’s Point Girders F, T, and U Predicted Strains for the B3, 

GL2000, AFREM, and PCI-1975 Models 
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Figure 5.34 –  Pinner’s Point Girders F, T, and U Residual Strains for the B3, 

GL2000, AFREM, and PCI-1975 Models 
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In addition to the existing creep and shrinkage models, models based on the results of the 

creep and shrinkage testing conducted by Townsend (2003) were constructed.  These models 

were constructed by performing a nonlinear regression analysis on the laboratory creep 

coefficient and shrinkage strain to determine the parameters of Equations 5.1 and 5.2 that 

minimize the sum of the square of the residuals between the data and the model.  The resulting 

models for the creep coefficient and shrinkage strain are given in Equations 5.5 and 5.6, 

respectively, and best-fit curves for the creep coefficient and shrinkage strain are shown in 

Figures 5.35 and 5.36, respectively.  When compared to the HPLWC, the ultimate creep 

coefficient for the Pinner’s Point concrete is lower (1.18 vs. 2.27), but the ultimate shrinkage 

strain is higher, (596 vs. 527 microstrain) but by less than 15%.  The higher ultimate creep 

coefficient of the HPLWC is expected since the lightweight aggregate is less stiff and less able to 

resist the loads transferred from the cement paste as a result of creep.  The development of both 

creep and shrinkage with are also slower for the Pinner’s Point concrete, as indicated by the 

larger constants in the denominator of Equations 5.5 and 5.6 compared to Equations 5.4 and 5.5. 
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The models established from the laboratory testing were used with the correction factors 

for humidity and size given by the ACI-209 and AASHTO LRFD models to predict the strains 

for Girders F, T, and U.  Figures 5.37 and 5.38 show the predicted and residual strains, 

respectively, for these models.  Both models under-predict the measured strains for the majority 

of the observed period.  The model corrected using the ACI-209 factors predicts within the error 

bars between 100 days and deck placement, under-predicting by less than 50 microstrain and 

over-predicting by less than 20 microstrain during this period.  Between 7 days and 100 days the 

model under-predicts by as much as 110 microstrain, but the residual rapidly decreases becoming 

less than 50 microstrain after 50 days.  The model corrected using the AASHTO LRFD factors 

only predicts within the error bars just prior to deck placement, and under-predicts by as much as 

210 microstrain and as little as 50 microstrain between 7 days and deck placement.  After deck 

placement, the two models follow similar trend, under-predicting by as much as 160 microstrain. 
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Figure 5.35 – Best-Fit Curve for the Pinner’s Point Laboratory Creep Coefficient 
 

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120 140 160
Specimen Age (days)

Sh
rin

ka
ge

 S
tra

in
 (m

ic
ro

st
ra

in
)

Shrinkage Strain
Curve Fit

 
Figure 5.36 – Best-Fit Curve for the Pinner’s Point Laboratory Shrinkage Strain 
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Figure 5.37 –  Pinner’s Point Girders F, T, and U Predicted Strains for the Models 

Correlated to the Measured Creep and Shrinkage Properties 
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Figure 5.38 –  Pinner’s Point Girders F, T, and U Residual Strains for the Models 

Correlated to the Measured Creep and Shrinkage Properties  
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The concrete produced in the laboratory for the creep and shrinkage study conducted by 

Townsend better represents the concrete used in the Pinner’s Point girders than was the case for 

the HPLWC study as indicated by the lower residuals of the laboratory data model for girders F, 

T, and U, as compared to the HPLWC girders.  The most significant difference between the 

specimens prepared in the laboratory and girders F, T, and U is the observed compressive 

strength.  The compressive strength at release for the laboratory specimens is 9,890 psi compared 

to 6,570 psi for the bridge girders.  The 28 day compressive strength for laboratory specimens is 

12,500 psi compared to 8,560 for the bridge girders.  As expected, the measured moduli are also 

different, but are modeled well by Equation 4.1 using the measured compressive strengths.  

Although not shown in Figure 5.37, applying the AASHTO LRFD correction factor for strength 

results in an increase in the ultimate creep coefficient and would increase the predicted long-term 

strains.  However, with this adjustment made, the models would still under-predict the early 

strains of girders F, T, and U and the strains after deck placement, and the maximum under-

prediction of the measured strains after deck placement would reduce from 160 to 130 

microstrain.  Therefore, the differences between the strengths of the laboratory specimens and 

bridge girders are not enough to fully account for the difference between the measured and 

modeled behavior.  The correction factors for non-standard conditions, then, do not fully account 

for the differences in environmental and geometric conditions for these girders. 

 

5.2.2.2 Girders F, T, and U Residuals Squared Analysis and Model Ranking 

The residual strains were squared and summed over 

the modeled period to rank the models with regard to their 

ability to predict the measured strains.  Figure 5.39 shows the 

sums of the residuals squared, plotted on a logarithmic scale, 

and Table 5.5 shows the model rankings.  Model with similar 

sums are again ranked equally.  The B3 model is the best 

predictor of the measured strains, predicting within the error 

bars between 2 days and 80 days and after deck placement.  

The AFREM model also predicts within the error bars for a 

significant period, predicting within the error bars between 40 

days and 140 days and between 300 days and 650 days. 

Table 5.5 –Girders F, T, and 
U Model Ranking 

Ranking Model 
1 B3 
1 AFREM 
2 Shams and Kahn 
2 Lab Data – ACI 
2 AASHTO LRFD 
2 PCI-BDM 
3 NCHRP 496 
3 Lab Data – LRFD 
4 CEB-FIP MC90 
4 PCI-1975 
5 ACI-209 
6 GL2000 
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Figure 5.39 –  Sum the Residuals Squared for the Models Compared to Pinner’s 

Point Girders F, T, and U 
 

5.2.2.3 Girders G, H, and J Predicted Strains and Model Residuals 

Figures 5.40 through 5.45 show the predicted and residuals strains for Pinner’s Point 

Girders G, H, and J, which are the 10,000 psi design strength girders.  As before, the error bars 

show two standard deviations above and below the average strains for the three girders.  Figures 

5.40 and 5.41 show the predicted and residual strains, respectively, for the ACI-209, PCI-BDM, 

and CEB-FIP MC90 models.  The ACI-209 model for girders G, H, and J is similar to the ACI-

209 model for girders F, T, and U since the concrete strength is not an input parameter for this 

model.  The difference between the two models results from a difference in the modeled elastic 

moduli of the two sets of girders, which are presented in Appendix B.  The ACI-209 model 

under-predicts the measured strains by as much as 200 microstrain between 7 and 50 days and 

over-predicts by as much as 250 microstrain for the remainder of the period before the deck is 

cast.  After the deck is cast, the model continues to over-predict the measured strains, over-

predicting by 130 to 200 microstrain between 500 and 650 days.  The PCI-BDM and CEB-FIP 

MC90 models predict similar strains prior to deck placement.  Both models under-predict the 

measured strains before 115 days, but predict within the error bars between 55 and 170 days.  
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Between 55 and 170 days the models transition from under-predicting by 50 microstrain to over-

predicting by 50 microstrain.  After deck placement, the models diverge, and the PCI-BDM 

model again predicts within the error bars between 500 and 650 days, predicting within plus and 

minus 30 microstrain of the measured strains.  The CEB-FIP MC90 model shows a more 

consistent residual between 300 and 650 days than do the other two models indicating that this 

model more closely mirrors the changes in strain of the bridge girders after deck placement.  

However, during this time, the absolute magnitude of the strains predicted by the CEB-FIP 

MC90 model over-predict the measured strains  by 40 to 120 microstrain. 

Figures 5.42 and 5.43 show the predicted and residual strains, respectively, for the 

AASHTO LRFD, Shams and Kahn, and NCHRP 496 models.  The AASHTO LRFD and 

NCHRP 496 models under-predict the measured strains at early ages with the AASHTO LRFD 

model under-predicting by as much as 290 microstrain between 7 and 200 days and the NCHRP 

496 model under-predicting by as much as 260 microstrain between 7 and 140 days.  After deck 

placement, the AASHTO LRFD model over-predicts by 20 to 100 microstrain, and the Shams 

and Kahn model under-predicts by 20 to 100 microstrain.  The NCHRP 496 model over-predicts 

the measured strains by as much as 80 microstrain immediately after deck placement and until 

approximately one year; however, after one year, the NCHRP model under-predicts by as much 

as 60 microstrain. 

Figures 5.44 and 5.45 show the predicted and residual strains, respectively, for the B3, 

GL2000, AFREM, and PCI-1975 models.  The B3 model under-predicts for the majority of the 

modeled period, predicting within the error bars after 150 days.  After 150 days, the B3 model 

under-predicts by less than 50 microstrain and over-predicts by less than 20 microstrain.  The 

AFREM model predicts similar strains to the B3 model under-predicting the measured strains 

with the exception of just before and shortly after deck placement.  The AFREM model predicts 

within the error bars after 120 days, under- and over-predicting by less than 50 microstrain.  The 

GL2000 model over-predicts the measured strains after 7 days, and over-predicts by as much as 

420 microstrain during the modeled period.  Finally, the PCI-1975 model under-predicts the 

measured strains for the first 50 days and over-predicts for the remainder of the modeled period.  

After deck placement, the PCI-1975 model most closely mirrors the changes in strain of the 

bridge girders, as evidenced by the consistent residuals, and the model over-predicts by 180 to 

250 microstrain. 
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Figure 5.40 –  Pinner’s Point Girders G, H, and J Predicted Strains for the ACI-209, 

PCI-BDM, and CEB-FIP MC90 Models 
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Figure 5.41 –  Pinner’s Point Girders G, H, and J Residual Strains for the ACI-209, 

PCI-BDM, and CEB-FIP MC90 Models 
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Figure 5.42 –  Pinner’s Point Girders G, H, and J Predicted Strains for the 

AASHTO LRFD, Shams and Kahn, and NCHRP 496 Models 
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Figure 5.43 –  Pinner’s Point Girders G, H, and J Residual Strains for the AASHTO 

LRFD, Shams and Kahn, and NCHRP 496 Models 
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Figure 5.44 –  Pinner’s Point Girders G, H, and J Predicted Strains for the B3, 

GL2000, AFREM, and PCI-1975 Models 
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Figure 5.45 –  Pinner’s Point Girders G, H, and J Residuals Strains for the B3, 

GL2000, AFREM, and PCI-1975 Models 
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As was the case for Pinner’s Point Girders F, T, and U, each model over-estimates the 

contribution of creep recovery and differential shrinkage after deck placement with the exception 

of the PCI-1975 model.  For the PCI-1975 model, creep recovery and differential shrinkage are 

not explicitly included as the creep over each time step is simply determined by the stress at the 

centroid of the prestressing force at the beginning of that time step, as stipulated in Section 2.2.5.  

Therefore, a new creep function for loads applied at the time the deck is placed is not 

determined, and the stress driving creep is simply reduced after the deck slab is cast.  Girders G, 

H, and J do not show as dramatic an increase in the compressive strains after deck placement, as 

do Girders F, T, and U, and again, some of this increase in compressive strain is due to the 

removal of the deck forms over several weeks after the deck was cast.  However, it is unlikely 

that the dead load of the deck forms is 65% to 70% of the dead load of the deck slab, as would be 

required for the increase in strain to be completely accounted for by the removal of the forms.  It 

is also unlikely that the removal of the deck forms proceeded slowly over the 100 day period 

where the increase in compressive strain occurs.  It is more likely that the girders experienced 

less tensile strains due to creep recovery and differential shrinkage than expected; however, the 

complete nature of the increase in compressive strains after deck placement, given the minimal 

changes in strain for the 100 days prior to the deck placement, is not completely understood. 

In addition to the models presented in Section 2.3, the model correlated to the laboratory 

study conducted by Townsend (2003), presented in Equations 5.5 and 5.6, was used to model 

Girders G, H, and J.  This model was again corrected for the non-standard conditions of the 

bridge site using the factors for relative humidity and specimen size recommended by ACI-209 

and the AASHTO LRFD Specification.  Figures 5.46 and 5.47 show the predicted and residual 

strains, respectively, for these models.  The difference between these models and those presented 

in Figures 5.37 and 5.38 is a result of the different modeled moduli of Girder G, H, and J and F, 

T, and U only.  The factor for compressive strength was not used with the AASHTO LRFD 

corrections because the correction factor is based on the design strength and correcting the model 

to the higher design strength of Girders G, H, and J would be contradictory to the trend of the 

measured 28 day compressive strengths of the laboratory specimens and the bridge girders.  

Although the bridge girders had a higher design strength of 10,000 psi compared to 8,000 psi for 

the laboratory specimens, the laboratory specimens had a higher average 28 day compressive 

strength of 12,500 psi compared to 10,800 psi for the bridge girders. 
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Figure 5.46 –  Pinner’s Point Girders G, H, and J Predicted Strains for the Models 

Correlated to the Measured Crrep and Shrinkage Properties 
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Figure 5.47 –  Pinner’s Point Girders G, H, and J Predicted Strains for the Models 

Correlated to the Measured Crrep and Shrinkage Properties 
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Both the models correlated to the measured creep and shrinkage properties under-predict 

the strains for the duration of the modeled period.  Neither model predicts within the error bars 

for an extended period, but the model corrected using the factors from ACI-209 more closely 

matches the magnitude and trend of the measured strains indicating that these factors for non-

standard conditions more accurately represent the changes in creep and shrinkage behavior due 

to changes in environmental conditions and specimen size.  The model corrected using the ACI-

209 factors under-predicts by 40 to 180 microstrain between 7 and 200 days, while the model 

corrected using the AASHTO LRFD factors under-predicts by 110 to 280 microstrain during this 

same period.  The ACI-209 corrected model under-predicts by 20 to 120 microstrain and 

AASHTO LRFD corrected model under-predicts by 70 to 130 microstrain between 300 and 400 

days.  Finally, both models under-predict by 80 to 150 microstrain between 500 and 650 days.   

The under-prediction of the measured strains by the models is partly related to the higher 

compressive strength of the laboratory specimens due to the unintended lower water-cement ratio 

of these specimens reported by Townsend (2003).  The water-cement ratio of the bridge girders 

was 0.33 while the water-cement ratio of the laboratory specimens was 0.30.  This difference is 

due to the absorption of the aggregate.  The concrete prepared at the casting yard was prepared 

with moist aggregates, approximately in the saturated surface dry (SSD) condition.  The concrete 

prepared in the laboratory was prepared with oven dried aggregates and additional water to 

account for aggregate absorption was not included in the mixture, thus reducing the water 

available for hydration.  However, the difference in compressive strength is not sufficient to 

account for the whole of the difference between the models and the measured strains.  If the 

AASHTO LRFD factor for compressive strength were applied to these models, the ultimate 

creep coefficient would increase by 10%, and, although not shown in Figure 5.46, the model 

curves would shift downward.  However, at 650 days the residual strain for the AASHTO LRFD 

corrected model would only be reduced 20 microstrain from 100 to 80 microstrain, and the 

residual strain for the ACI-209 corrected model would only be reduced 10 microstrain from 100 

microstrain to 90 microstrain.  Therefore, the rest of the difference between the predicted and 

measured strains is the result of differences in the creep and shrinkage behavior of the laboratory 

specimens and bridge girders, and a result of inaccuracies in the correction factors for 

environmental conditions and specimen size. 
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5.2.2.4 Girders G, H, and J Residuals Squared Analysis and Model Ranking 

The final step in the analysis of the creep and 

shrinkage models for the Pinner’s Point girders is to 

examine the sum of the daily residual strains squared to 

rank the prediction models.  As before, for this analysis, the 

square of the residual strains are summed over the modeled 

period, and the resulting sums are used to rank the models.  

Figure 5.48 shows the sums of the residuals squared for 

each model, on a logarithmic scale, and Table 5.6 shows the 

resulting ranking of the models, where models with similar 

sums are ranked equally.  The B3 model is again the best 

predictor of the measured strains; however, unlike Girders 

F, T, and U, several of the models, including the AFREM, PCI-BDM, and NCHRP 496 models 

predict within the error bars for a portion of the modeled period, most notably after 500 days. 
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Figure 5.48 –  Sum the Residuals Squared for the Models Compared to Pinner’s 

Point Girders G, H, and J 
 

Table 5.6 – Girders G, H, and J 
Model Ranking 

Ranking Model 
1 B3 
1 AFREM 
2 PCI-BDM 
2 NCHRP 496 
3 CEB-FIP MC90 
3 Lab Data - ACI 
4 AASHTO LRFD 
5 Shams and Kahn 
5 Lab Data – LRFD 
6 ACI-209 
6 PCI-1975 
7 GL2000 
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5.2.3 Prestress Loss Calculations 

A comparison of the prestress losses estimated by the methods of Section 2.2 was 

performed for the six girders of the Pinner’s Point Bridge, and is presented in the following 

sections.  As presented in Section 2.2, several methods account for compressive strength 

including the AAHSHTO LRFD Refined and Lump Sum, PCI-BDM, and NCHRP 496 Refined 

and Approximate methods.  Table 2.2 connects the methods for estimating prestress losses to the 

appropriate creep and shrinkage models from Section 2.3 where the models are needed.   

 

5.2.3.1 Predicted Prestress Losses 

The predicted losses for Pinner’s Point Girders F, T, and U and Girders G, H, and J are 

presented in Table 5.7 and Table 5.8, respectively.  The estimated total losses for Girders F, T, 

and U range from 31.3 ksi for the NCHRP 496 Refined method to 59.7 ksi for the AASHTO 

Standard Specification Lump Sum method, a difference of almost 100%, and the estimated 

losses for Girders G, H, and J range from 26.2 ksi for the NCHRP 496 Refined method to 58.4 

ksi for the AASHTO Standard Specification Lump Sum method, a difference of over 100%.  

These large differences indicate the wide variation in the estimates of the various methods.  Also, 

shown in Tables 5.7 and 5.8 are the predicted strains in the girders after all losses have occurred. 

 

Table 5.7 – Predicted Prestess Losses for Pinner’s Point Girders F, T, and U 
Initial Losses Long-Term Losses 
Initial 
Rel. ES Shrinkage Creep Add’l 

Rel. 
Total  

P/S 
Centroid 

Strain Method 

ksi ksi ksi ksi ksi ksi µε 
AASHTO Standard General 5.8 23.1 3.4 47.0 -1,470 

AASHTO Standard Lump Sum 45.0 59.7 -1,926# 
AASHTO LRFD Refined 11.2 12.4 3.0 41.3 -1,284 
AASHTO LRFD General 5.8 23.1 2.7 46.3 -1,470 

AASHTO LRFD Lump Sum 30.1 44.8 -1,418* 
PCI-BDM 7.6 8.1 2.8 33.2 -1,007 

NCHRP 496 Refined** 5.6 8.5 2.5 31.3 -947 
NCHRP 496 Approximate 18.8 33.5 -1,032+ 

PCI-1975 

1.7 13.0 

8.7 12.3 3.2 38.9 -1,193 
# - Additional steel relaxation losses of 3.1 ksi assumed per AASHTO Standard General method 
* - Additional steel relaxation losses of 2.7 ksi assumed per AASHTO LRFD General method 
+ - Additional steel relaxation losses of 2.4 ksi assumed per Tadros et. al., 2003. 
** - NCHRP 496 Refined shrinkage losses include the prestress gain due to differential 

shrinkage, and the creep losses include the elastic gain due to the deck slab. 
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Table 5.8 – Predicted Prestess Losses for Pinner’s Point Girders G, H, and J 
Initial Losses Long-Term Losses 
Initial 
Rel. ES Shrinkage Creep Add’l 

Rel. 
Total  

P/S 
Centroid 

Strain Method 

ksi Ksi ksi ksi ksi ksi µε 
AASHTO Standard General 5.8 23.2 3.4 45.8 -1,428 

AASHTO Standard Lump Sum 45.0 58.4 -1,870# 
AASHTO LRFD Refined 11.2 9.5 3.4 37.5 -1,137 
AASHTO LRFD General 5.8 23.2 2.9 45.3 -1,428 

AASHTO LRFD Lump Sum 28.5 41.9 -1,309* 
PCI-BDM 6.8 6.4 3.1 29.7 -874 

NCHRP 496 Refined** 4.6 6.2 2.0 26.2 -789 
NCHRP 496 Approximate 15.9 29.3 -884+ 

PCI-1975 

1.7 11.7 

8.7 12.8 3.4 38.3 -1,165 
# - Additional steel relaxation losses of 3.4 ksi assumed per AASHTO Standard General method 
* - Additional steel relaxation losses of 2.9 ksi assumed per AASHTO LRFD General method 
+ - Additional steel relaxation losses of 2.4 ksi assumed per Tadros et. al., 2003. 
** - NCHRP 496 Refined shrinkage losses include the prestress gain due to differential 

shrinkage, and the creep losses include the elastic gain due to the deck slab. 
 

5.2.3.2 Comparison of Predicted and Measured Prestress Losses 

Table 5.9 and 5.10 present a comparison of the predicted and measured prestress losses 

for Girders F, T, and U and Girders G, H, and J, respectively.  The losses are separated into 

losses occurring before and after deck placement for the models that allow the prediction of 

losses at any time (see Table 2.2), do not include steel relaxation losses.  For the estimated losses 

to be compared to the losses determined from the measured strains, the measured strains must be 

adjusted to the end of service life for the bridge girders, which is assumed to be 75 years.  To 

determine the approximate strain in the girders at the end of service life, a logarithmic curve is fit 

to the strains measured after deck placement and evaluated at 75 years (27,400 days).  Figures 

5.49 and 5.50 show the strains measured after deck placement for Girders F, T, and J and Girders 

G, H, and J, respectively, and the equations for the best-fit logarithmic functions for the 

appropriate data.  Using the equations given in Figures 5.49 and 5.50, the estimated strain at the 

end of service life for Girders F, T, and U is 970 microstrain, and the estimated strain at the end 

of service life for girders G, H, and J is 960 microstrain.  The measured total losses presented in 

Tables 5.9 and 5.10 are then determined from the estimated strains at the end of service life 

assuming strain compatibility between the concrete and the prestressing strands, or simply the 

strain at the end of service life times the estimated modulus of the prestressing steel. 



 147

Table 5.9 –  Comparison of Predicted and Measured Prestress Losses (excluding relaxation) 
for Pinner’s Point Girders F, T, and U. 

Elastic 
Shortening

Loss 
From 

Transfer 
To Deck

Elastic 
Gain 

Due To 
Deck 

Loss 
After 
Deck

Total 
Long-Term 

Loss 

Total 
Loss Method 

ksi ksi ksi ksi ksi ksi 

Ratio of 
Predicted 
to Meas. 

AASHTO Standard General -- -- 28.9+ 41.9 1.77 
AASHTO Standard Lump 

Sum -- -- 41.9+ 54.9 1.98 

AASHTO LRFD Refined 18.2 8.1 23.6 36.6 1.32 
AASHTO LRFD General -- -- 28.9+ 41.9 1.51 

AASHTO LRFD Lump Sum -- -- 27.4+ 40.4 1.46 
PCI-BDM 18.0 0.4 15.7 28.7 1.04 

NCHRP 496 Refined 17.5 -0.7 14.1 27.1 0.98 
NCHRP 496 Approximate -- -- 16.4+ 29.4 1.06 

PCI-1975 

13.0 

18.6 

-2.7 

5.1 21.0 34.0 1.23 
Measured 15.7 8.0 -2.3* 6.3 12.0 27.7 -- 

* - The deck slab was cast over Girders T and U 5 days after Girder F, and 2.3 ksi is the sum of the 
changes in tendon stress during the two deck placements. 

+ - The elastic gain due to the deck is implicitly included in the total long-term loss for these 
methods 

 

Table 5.10 – Comparison of Predicted and Measured Prestress Losses (excluding 
relaxation) for Pinner’s Point Girders G, H, and J. 

Elastic 
Shortening

Loss 
From 

Transfer 
To Deck

Elastic 
Gain 

Due To 
Deck 

Loss 
After 
Deck

Total 
Long-Term 

Loss 

Total 
Loss  Method 

ksi ksi ksi ksi ksi ksi 

Ratio of 
Predicted 
to Meas. 

AASHTO Standard General -- -- 29.0+ 40.7 1.49 
AASHTO Standard Lump 

Sum -- -- 41.6+ 53.3 1.95 

AASHTO LRFD Refined 15.9 7.2 20.7 32.4 1.18 
AASHTO LRFD General -- -- 29.0+ 40.7 1.49 

AASHTO LRFD Lump Sum -- -- 25.6+ 37.3 1.36 
PCI-BDM 13.5 2.1 13.2 24.9 0.91 

NCHRP 496 Refined 13.9 -0.7 10.8 22.5 0.82 
NCHRP 496 Approximate -- -- 13.5+ 25.2 0.92 

PCI-1975 

11.7 

18.6 

-2.4 

5.3 21.5 33.2 1.21 
Measured 15.7* 7.0 -2.4 7.1 11.7 27.4 -- 

* - Estimated from Girders F, T, and U as Girders G, H, and J were not monitored during the time 
when detensioning was completed until the girders were in final storage 2 hours later. 

+ - The elastic gain due to the deck is implicitly included in the total long-term loss for these 
methods 
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Figure 5.49 –  Curve-Fit to Adjust the Measured Strains of Girders F, T, and U to 

the End of Service Life 
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Figure 5.50 –  Curve Fit to Adjust the Measured Strains of Girders G, H, and J to 

the End of Service Life 
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The NCHRP 496 Refined method for estimating prestress losses is the only method 

examined that under-estimates the measured losses of Pinner’s Point Girders F, T, and U, 

predicting 98% of the measured losses.  The other methods examined over-estimate the 

measured losses for Girders F, T, and U by 4% to 98%.  The PCI-1975 method over-estimates 

the measured losses the least of the methods formulated for normal strength concrete, predicting 

23% more losses than measured.  When compared to the PCI-BDM and NCHRP 496 methods, 

which are formulated for high strength concrete, it is clear that the methods formulated for high 

strength concrete more accurately predict the losses of the 8,000 psi design strength Pinner’s 

Point girders, as expected. 

Although the methods for estimating prestress losses that are correlated to high strength 

concrete predict the measured losses within 6% at the end of service life, the distribution of the 

losses over the life of the girders for these methods or the methods formulated using normal 

strength concrete data does not match the measured losses.  The measured losses between 

transfer and deck placement are 8.0 ksi, which is less than half the lowest estimate of these losses 

(18.0 ksi for the PCI-BDM method).  The losses after deck placement are 6.0 ksi, and are 

estimated reasonably by the AASHTO LRFD Refined and PCI-1975 methods; however, the 

methods formulated using high strength data over-estimate the contribution of creep recovery 

and differential shrinkage, and predict losses far below the measured losses.  In fact, the NCHRP 

496 method predicts a 0.7 ksi gain in the prestressing force after the deck is cast. 

In addition to the difference in the measured and estimated long-term losses, there are 

significant differences in the measured and estimated elastic losses and gains.  The estimated 

elastic shortening losses are 83% of the measured elastic shortening losses, indicating that either 

the elastic modulus at release or the prestressing force at release are not known with enough 

accuracy to better predict the initial losses.  A modulus of 4,020 ksi at release is needed for the 

modeled losses to match the measured elastic shortening losses of 15.7 ksi; however, the 

estimated modulus at release of 4,850 ksi was determined using Equation 4.1 with a unit weight 

of 150 pcf, and Equation 4.1 accurately modeled the elastic moduli measured by Townsend 

(2003).  The measured elastic gain in the prestressing force is over-estimated by 17%.  This 

result is not surprising, and is most likely due to a higher modulus at deck placement than 

estimated, a difference in the estimated and actual dead load of the slab due to the complex 

geometry of the bridge, or a combination of the two. 
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All three of the methods for estimating prestress losses formulated using data from high 

strength concrete under-predict the measured losses of Pinner’s Point Girders G, H, and J, 

predicting between 82% and 92% of the measured total losses.  Although Girders G, H, and J 

have a design compressive strength of 10,000 psi at 28 days, and achieved this strength, the 

concrete mixture used in these girders is virtually the same as the concrete mixture used in 

Girders F, T, and U.  The only difference between the mixtures is the inclusion of five additional 

gallons of DCI in the mixture used for Girders G, H, and J.  The additional DCI accelerated the 

mixture, producing 7,500 psi at release, as opposed to 6,570 psi for Girder F, T, and U and 

10,800 psi at 28 days, as opposed to 8,560 psi at 28 days for Girders F, T, and U.  However, this 

additional compressive strength did not significantly change the long-term behavior measured in 

the bridge girders, and the estimated total losses at the end of service life differ by only 0.3 ksi 

(27.4 versus 27.7 ksi) for the two sets of girders.  Therefore, for the methods for estimating 

prestress losses formulated using data for high strength concrete, the estimates using a design 

strength of 8,000 psi more closely match the measured losses than do the estimates using a 

10,000 psi design strength, since Girders G, H and J are produced using an 8,000 psi design 

strength concrete mixture only slightly modified to yield an design 28 day strength of 10,000 psi. 

As was seen with girders F, T, and U, the trend of the estimated losses over the life of 

Girders G, H, and J does not match the trend of the measured losses.  The measured losses 

between transfer and deck placement for Girders G, H, and J are 7.0 ksi, similar to the 8.0 ksi 

measured for Girders F, T, and U, and the lowest estimated losses over this time period are 13.5 

ksi predicted by the PCI-BDM method.  The measured losses for Girders G, H, and J between 

deck placement and the end of service life are 7.1 ksi, again similar to the losses of 6.3 ksi for 

Girders F, T, and U over this time period, and while these losses are reasonably estimated by the 

AASHTO LRFD and PCI-1975 methods, the PCI-BDM and NCHRP 496 Refined methods 

significantly under-estimate these losses, with the NCHRP 496 Refined method again predicting 

a prestress gain over this time period due to creep recovery and differential shrinkage. 

The estimated elastic shortening loss using the properties given in Appendix B is 75% of 

the measured loss of Girders F, T, and U.  A direct comparison of the elastic losses of Girders G, 

H, and J is not possible because strains were not recorded at the completion of detensioning until 

several hours later after the girders were moved into storage.  However, it is reasonable to 

assume that the elastic losses of Girders G, H, and J are similar to the elastic losses of Girders F, 
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T, and U, since the measured strains in the two girders are similar at early ages.  Finally, the 

elastic gain in the prestressing force due to the deck slab is accurately predicted for Girders G, H, 

and J.  This indicates that the estimated elastic modulus of 6,060 ksi is closer to the modulus for 

both sets of girders than is the estimated modulus of 5,420 ksi for Girders F, T, and U, assuming 

the estimated dead load for the deck slab is representative of the actual dead load.  However, 

considering the complex geometry of the bridge, most notably the varying girder spacing and 

girder spans, the true accuracy of the estimates for the elastic modulus cannot be inferred from 

comparing the elastic gain in the prestressing force due to the deck slab. 

 

5.3 Dismal Swamp Bridge 

Three girders from the Dismal Swamp Bridge were instrumented with vibrating wire 

gages as described in Section 3.3.2, with three gages across the bottom flange at the level of the 

centroid of the prestressing force, one gage at the girder centroid, and one gage in the top flange, 

all at midspan.  The girders were monitored for 270 days while at the casting yard, then 

monitoring was ceased while the girders were shipped to the bridge site and erected.  Girders A 

and C were reconnected at the bridge site 60 days later and monitored for another 70 days, 

yielding strain readings spanning 400 days.  Girder B was not reconnected at the bridge site 

because the girder was placed in the wrong location in the bridge, as discussed in Section 3.3.2. 

 

5.3.1 Measured Strains 

Strains were recorded at least every two hours during the monitored periods, and the 

strain readings from each day were averaged to reduce the data.  The average strains for the three 

gages aligned with the centroid of the prestressing force are presented in Figure 5.51.  The error 

bars in Figure 5.51 represent the 95% confidence limits on the mean assuming a normal 

distribution.  The maximum difference in the measured strains is approximately 100 microstrain; 

however, the error bars overlap for the observed period indicating that the girders are similar 

enough to be combined for analysis.  The average strains for the three girders are shown in 

Figure 5.52 with error bars representing the 95% confidence limits on the average assuming a 

normal distribution for the measured strains.  No error bars are shown on the gages at the neutral 

axis after deck placement because only one gage was working after the girders were moved to 

the bridge site. 
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Figure 5.51 – Comparison of the Dismal Swamp Girders 
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Figure 5.52 – Average Strains for the Dismal Swamp Bridge 
 



 153

5.3.2 Time-Step Modeling 

As was done for the Chickahominy River Bridge and the Pinner’s Point Bridge, the time-

step modeling procedure presented in Section 3.4 was used with the creep and shrinkage models 

of Section 2.3 and the variation of creep and shrinkage with time recommended by PCI (1975) 

presented in Section 2.2.5 to determine the girder strain predicted by each model.  These 

predicted strains were then compared to the measured strains presented in the preceding section 

to determine which model is the best predictor of the behavior of the instrumented girders in the 

Dismal Swamp Bridge. 

 

5.3.2.1 Predicted Strains and Model Residuals 

Figures 5.53 through 5.58 present the predicted and residual strains for the various 

models for the Dismal Swamp Bridge, and the error bars in the figures represent plus and minus 

two standard deviations of the measured data.  Figures 5.53 and 5.54 show the predicted and 

residuals strains, respectively, for the ACI-209, PCI-BDM, and CEB-FIP MC90 models.  Each 

model under-predicts the measured strains at early ages, with the ACI-209 model under-

predicting for the first 50 days and the PCI-BDM and CEB-FIP MC90 models under-predicting 

for the first 100 days.  After 40 days the PCI-BDM model predicts within the error bars; 

however, the model transitions from the lower limit at 40 days to the upper limit at 240 days and 

then back towards the lower limit again after deck placement with a maximum under-prediction 

of 80 microstrain and a maximum over-prediction of 90 microstrain during this period.  The 

CEB-FIP MC90 model follows a trend similar to the PCI-BDM model over-predicting by a 

slightly larger margin (140 microstrain maximum) after 150 days.  The ACI-209 model does not 

consistently predict within the error bars during the observed period and under-predicts the 

measured strain by as much as 210 microstrain and over-predicts the measured strain by as much 

as 340 microstrain after 7 days. 

Figures 5.55 and 5.56 show the measured and residual strains, respectively, for the 

AASHTO LRFD, Shams and Kahn, and NCHRP 496 models.  Again, each model under-predicts 

the measured compressive strains at early ages with the AASHTO LRFD model under-predicting 

for the first 140 days and the NCHRP 496 model under-predicting for the first 60 days.  The 

Shams and Kahn model under-predicts the measured strains for the entire observed period, 

except for immediately before and after deck placement.  The maximum under-prediction of the 
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model is 290 microstrain.  The AASHTO LRFD model transitions from the lower two standard 

deviation limit to the upper two standard deviation limit between 90 and 230 days, and remains 

near or above the upper limit after 230 days with a maximum over-prediction of 140 microstrain.  

The NCHRP 496 model follows a trend similar to the AASHTO LRFD model and transitions 

from the lower to the upper two standard deviation limit between 40 and 120 days.  The model 

then predicts outside the error bars until after deck placement with a maximum over-prediction 

of 140 microstrain, but over-predicts by only 20 microstrain at 400 days. 

Figures 5.57 and 5.58 show the predicted and residual strains, respectively, for the B3, 

GL2000, AFREM, and PCI-1975 models.  The B3 and PCI-1975 models over-predict the 

measured strains after 100 days, the GL2000 model over-predicts the measured strains after 7 

days, and the AFREM model always under-predicts the measured strains.  The B3 model 

predicts within the error bars for the majority of the observed period over-predicting by at most  

250 microstrain.  The GL2000 over-predicts outside the error bars after 14 days, over-predicting 

by as much as 440 microstrain.  The PCI-1975 model predicts within the error bars between 50 

and 270 days; however, the model over-predicts outside the error bars by as much as 150 

microstrain after deck placement.  The AFREM model provides a good lower-limit on the 

compressive strains for the majority of the observed period, predicting near the lower limit 

between 100 and 270 days and after deck placement.  Just prior to and immediately after deck 

placement, the AFREM model predicts within 5 microstrain of the measured strains. 

As was seen with the Chickahominy River Bridge and the Pinner’s Point Bridge, each 

model over-estimates the gain in prestress after deck placement due to creep recovery and 

differential shrinkage as evidenced by the predicted decrease in the compressive strain for a short 

period following deck placement.  A decrease in compressive strain due to creep recovery and 

differential shrinkage is expected due to the nearly constant strains just prior to deck placement 

indicating that the creep and shrinkage of the girders has nearly stopped.  However, the girders 

show an increase in compressive strain during the 50 days following deck placement, the reason 

for which is not completely understood.  In the absence of creep and shrinkage in the girder due 

to the prestressing force, the creep recovery due to the deck weight and the differential shrinkage 

of the deck concrete should induce a downward movement of the girder and, therefore, a net 

decrease in the compressive strain at the bottom of the girder; however, this is not the case for 

the three instrumented bridges. 
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Figure 5.53 –  Dismal Swamp Bridge Predicted Strains for the ACI-209, PCI-BDM, 

and CEB-FIP MC90 Models 
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Figure 5.54 –  Dismal Swamp Bridge Residual Strains for the ACI-209, PCI-BDM, 

and CEB-FIP MC90 Models 
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Figure 5.55 –  Dismal Swamp Bridge Predicted Strains for the AASHTO LRFD, 

Shams and Kahn, and NCHRP 496 Models 
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Figure 5.56 –  Dismal Swamp Bridge Residual Strains for the AASHTO LRFD, 

Shams and Kahn, and NCHRP 496 Models 
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Figure 5.57 –  Dismal Swamp Bridge Predicted Strains for the B3, GL2000, 

AFREM, and PCI-1975 Models 
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Figure 5.58 –  Dismal Swamp Residual Strains for the B3, GL2000, AFREM, and 

PCI-1975 Models 
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In addition to the existing creep and shrinkage models, models based on the results of the 

creep and shrinkage testing presented in Chapter 4 were constructed.  These models were again 

constructed by performing a nonlinear regression analysis on the laboratory creep coefficient and 

shrinkage strain to determine the parameters of Equations 5.1 and 5.2 that minimize the sum of 

the square of the residuals between the data and the model.  The resulting models and correlation 

coefficients for the creep coefficient and shrinkage strain are given in Equations 5.7 and 5.8, 

respectively, and the best-fit curves for the creep coefficient and shrinkage strain are shown in 

Figures 5.59 and 5.60, respectively.  The ultimate creep coefficient for the Dismal Swamp HPC 

is between the ultimate creep coefficients for the HPLWC and the Pinner’s Point HPC, and the 

ultimate shrinkage strain is the highest of the concretes investigated.  The development of creep 

and shrinkage with time is the slowest for the Dismal Swamp concrete, as indicated by the higher 

constants in the denominator of Equations 5.7 and 5.8, as compared to Equations 5.3 through 5.6. 
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Equations 5.7 and 5.8 were used with the factors for humidity and size given by the ACI-

209 and AASHTO LRFD models to predict the strains of the bridge girders.  Figures 5.61 and 

5.62 show the predicted and residual strains, respectively, for these models.  The model corrected 

using the ACI-209 factors more closely matches the measured strains than does the model 

corrected using the AASHTO LRFD factors before 100 days, while the opposite is true after 100 

days, with the exception of just before and just after deck placement.  The model corrected using 

the ACI-209 factors predicts within the error bars, under-predicting by 20 to 80 microstrain, 

between 100 days and deck placement; however, prior to 100 days the model under-predicts by 

as much as 200 microstrain, and after deck placement, the model under-predicts by as much as 

130 microstrain.  The model corrected using the AASHTO LRFD factors predicts within the 

error bars after 100 days, with the exception of just prior to and just after deck placement, under-

predicting by as much as 80 microstrain and over-predicting by as much as 100 microstrain 

during this period.  However, the model over-predicts by only 20 microstrain at 400 days, and 

between 7 days and 140 days, under-predicts by as much as 300 microstrain 
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Figure 5.59 –  Best-Fit Curve for the Dismal Swamp Bridge Laboratory Creep 

Coefficient 
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Figure 5.60 –  Best-Fit Curve for the Dismal Swamp Bridge Laboratory Shrinkage 

Strain 
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Figure 5.61 –  Dismal Swamp Bridge Predicted Strains for the Models Correlated to 

the Measured Creep and Shrinkage Properties 
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Figure 5.62 –  Dismal Swamp Bridge Residual Strains for the Models Correlated to 

the Measured Creep and Shrinkage Properties 
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Unlike the creep and shrinkage studies conducted by Vincent (2003) and Townsend 

(2003), the concrete specimens for the creep and shrinkage study conducted for the Dismal 

Swamp Bridge were cast and steam-cured alongside the instrumented girders to minimize the 

difference between the creep and shrinkage specimens and the bridge girders.  Still, the predicted 

strains correlated to the measured creep and shrinkage properties under-predict the measured 

strains.  This is further indication that the factors for non-standard conditions recommended by 

the ACI-209 and the AASHTO LRFD Specification do not accurately represent the changes in 

the behavior of the bridge girders due to varying environmental and geometric conditions.  The 

primary difference between the creep and shrinkage specimens and the instrumented girders is 

the age at loading of the specimens.  The bridge girders were loaded immediately after steam-

curing, but the creep and shrinkage specimens were not loaded until approximately 24 hours 

after the end of the steam curing period because of the transporting and preparation time 

required.  Therefore, the shrinkage during the first 24 hours after steam curing was not measured 

for the laboratory specimens, and considering that the instrumented girders exhibit considerable 

changes in strain at very early ages, it is possible that the early shrinkage is significant for steam-

cured concrete and contributes to the under-prediction of the measured strains at early ages by 

the models correlated to the measured creep and shrinkage properties. 

 

5.3.2.2 Residuals Squared Analysis and Model Ranking 

Figure 5.63 shows the sums of the daily residual strains 

squared for each model, plotted on a logarithmic scale, and 

Table 5.11 shows the resulting ranking of the models.  The B3 

model is the best predictor of the measured strains over the 

observed period; however, the AFREM model exhibits the most 

consistent residual after 100 days, under-predicting by no more 

than 100 microstrain during this period and providing an 

approximate to the lower bound of the measured compressive 

strains.  The other models, with the exception of the model 

correlated to the measured creep and shrinkage properties and 

adjusted using the ACI-209 factors for non-standard conditions, 

cross from under-predicting to over-predicting at least once during the observed period. 

Table 5.11 – Dismal Swamp 
Model Ranking 

Ranking Model 
1 B3 
2 PCI-BDM 
2 CEB-FIP MC90 
3 PCI-1975 
3 AFREM 
3 Lab Data – ACI 
4 NCHRP 496 
4 Lab Data – LRFD 
4 AASHTO LRFD 
4 Shams and Kahn 
5 ACI-209 
6 GL2000 
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Figure 5.63 –  Sum of the Residuals Squared for the Models Compared to the 

Dismal Swamp Bridge Girders 
 

5.3.3 Prestress Loss Calculations 

A comparison of the prestress losses estimated by the methods of Section 2.2 was 

performed for the Dismal Swamp Bridge girders, and the results are presented in the following 

sections.  As discussed previously, the AASHTO LRFD Refined and Lump Sum, PCI-BDM, and 

NCHRP 496 Refined and Approximate methods account for compressive strength, and Table 2.2 

relates the methods for estimating prestress losses to the appropriate creep and shrinkage models. 

 

5.3.3.1 Predicted Prestress Losses 

The predicted losses for the Dismal Swamp Bridge are presented in Table 5.12.  The 

estimated total losses range from 31.3 ksi for the NCHRP 496 Approximate method to 58.7 ksi 

for the AASHTO Standard Specification Lump Sum method, however the AASHTO Standard 

Specification Lump Sum method estimates losses significantly higher than the next highest 

estimation of 43.6 ksi for the AASHTO LRFD Specification Lump Sum method.  Also, the PCI-

BDM and NCHRP methods, which are correlated to high strength concrete, predict lower losses 

than do the other traditional methods.  The last column in Table 5.12 gives the predicted strains 

in the girders after all losses have occurred for comparison to the measured strains. 
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Table 5.12 – Predicted Prestess Losses for the Dismal Swamp Bridge 
Initial Losses Long-Term Losses 
Initial 
Rel. ES Shrinkage Creep Add’l 

Rel. 
Total  

P/S 
Centroid 

Strain Method 

ksi ksi ksi ksi ksi ksi µε 
AASHTO Standard General 5.8 19.5 3.6 42.6 -1,308 

AASHTO Standard Lump Sum 45.0 58.7 -1,873# 
AASHTO LRFD Refined 12.9 11.7 3.1 41.4 -1,283 
AASHTO LRFD General 5.8 19.5 3.0 42.0 -1,308 

AASHTO LRFD Lump Sum 30.0 43.7 -1,368* 
PCI-BDM 8.3 8.3 2.8 33.1 -1,003 

NCHRP 496 Refined** 6.7 9.8 2.5 32.7 -999 
NCHRP 496 Approximate 17.6 31.3 -954+ 

PCI-1975 

1.7 12.0 

9.8 12.7 3.3 39.5 -1,210 
# - Additional steel relaxation losses of 3.6 ksi assumed per AASHTO Standard General method 
* - Additional steel relaxation losses of 3.0 ksi assumed per AASHTO LRFD General method 
+ - Additional steel relaxation losses of 2.4 ksi assumed per Tadros et. al., 2003. 
** - NCHRP 496 Refined shrinkage losses include the prestress gain due to differential 

shrinkage, and the creep losses include the elastic gain due to the deck slab. 
 

5.3.3.2 Comparison of Predicted and Measured Prestress Losses 

Table 5.13 presents a comparison of the predicted and measured prestress losses for the 

Dismal Swamp Bridge.  The losses are broken into losses occurring before and after deck 

placement for the models that allow the prediction of losses at any time (see Table 2.2), and the 

long-term prestress losses presented in Table 5.13 do not include steel relaxation losses.  For the 

estimated losses to be compared to the losses determined from the measured strains, the strain at 

the end of service life for the bridge girders, which is assumed to be 75 years, must be estimated.  

The limited strain data collected after deck placement is insufficient to fit a logarithmic curve 

and yield a reasonable estimate of the strain at 75 years.  Using this technique results in an 

estimated strain at 75 year of over 2,000 microstrain, which correlates to total losses of over 60 

ksi, and this is certainly not the case for the Dismal Swamp Bridge.  Instead, it is assumed that 

the Dismal Swamp Bridge girders will undergo a change in strain between deck placement and 

75 years similar to Girders F, T, and U from the Pinner’s Point Bridge since the measured losses 

of the two bridges are similar, and the strain behavior shortly after deck placement is similar.  

Therefore, the change in strain between deck placement and 75 years for the Dismal Swamp 

Bridge is estimated to be 260 microstrain, which when added to the strain after deck placement 

of 820 microstrain, results in a strain at 75 years of 1,080 microstrain.  A change in strain of 260 



 164

microstrain between deck placement and 75 years is determined by setting the ratio of the change 

in strain for the Dismal Swamp Bridge to the change in strain for Pinner’s Point Girders F, T, 

and U after deck placement equal to the ratio of the change in strain for the two bridges prior to 

deck placement.  This produces proportional losses between transfer and deck placement and 

deck placement and 75 years for the Dismal Swamp Bridge and Girders F, T, and U of the 

Pinner’s Point Bridge.  The measured losses presented in Table 5.13 are then determined from 

the measured strains and the estimated strain at the end of service life as the change in strain 

times the elastic modulus of the prestressing strand. 

 

Table 5.13 – Comparison of Predicted and Measured Prestress Losses (excluding 
relaxation) for the Dismal Swamp Bridge 

Elastic 
Shortening

Loss 
From 

Transfer 
To Deck

Elastic 
Gain 

Due To 
Deck 

Loss 
After 
Deck

Total 
Long-
Term 
Loss 

Total 
Loss Method 

ksi ksi ksi ksi ksi ksi 

Ratio of 
Predicted 
to Meas. 

AASHTO Standard General -- -- 25.3 37.3 1.21 
AASHTO Standard Lump 

Sum -- -- 41.4 53.4 1.73 

AASHTO LRFD Refined 21.2 5.7 24.6 36.6 1.19 
AASHTO LRFD General -- -- 25.3 37.3 1.21 

AASHTO LRFD Lump Sum -- -- 27.0 39.0 1.27 
PCI-BDM 16.7 2.2 16.6 28.6 0.93 

NCHRP 496 Refined 19.5 -0.7 16.5 28.5 0.93 
NCHRP 496 Approximate -- -- 15.2 27.2 0.88 

PCI-1975 

12.0 

20.0 

-2.3 

4.8 22.5 34.5 1.12 
Measured 15.7* 10.2 -2.5 7.4 15.1 30.8 -- 

* - The elastic shortening losses are estimated from strain measurements taken 4 to 6 hours after 
the transfer of prestress because the data logger was disconnected prior to transfer so the girder 
side forms could be stripped 

 

The PCI-BDM and NCHRP 496 methods for estimating prestress losses, which are 

correlated to high strength concrete, under-estimate the measured losses of the Dismal Swamp 

Bridge, predicting between 88% and 93% of the measured losses, and the PCI-BDM and 

NCHRP 496 Refined methods are the only methods that predict the total losses within 10% of 

the measured losses.  The other methods examined over-estimate the measured losses by 12% to 

73%, with the AASHTO LRFD Lump Sum method as the only method that over-estimates the 

losses by more than 27%.  Of the methods formulated for normal strength concrete, the PCI-
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1975 method most accurately predicts the total losses, predicting 12% more losses than 

measured.  However, the limited strain measurements after deck placement provide only a rough 

estimate of the total losses, and more time must pass before the estimate can be refined. 

Although the PCI-BDM and NCHRP 496 Refined methods predict the measured losses 

within 7% at the end of service life, the distribution of the losses over the life of the girders for 

these methods and the methods formulated using normal strength concrete data does not match 

the measured losses.  The measured losses between transfer and deck placement are 10.2 ksi, 

which is 40% less than the lowest estimate of these losses (16.7 ksi for the PCI-BDM method).  

The estimated losses after deck placement are 7.4 ksi, and are estimated within 3 ksi by the 

AASHTO LRFD Refined and PCI-1975 methods; however, the methods formulated using high 

strength concrete over-estimate the contribution of creep recovery and differential shrinkage, and 

predict losses far below the measured losses between deck placement and the end of service life.  

The NCHRP 496 method, in fact, predicts a 0.7 ksi gain in the prestressing force between deck 

placement and the end of service life due to creep recovery and differential shrinkage. 

In addition to the difference between the measured and estimated long-term losses, there 

is a significant difference in the measured and predicted elastic loss at detensioning.  The 

estimated elastic shortening losses (12.0 ksi) are only 76% of the measured elastic shortening 

losses (15.7 ksi), indicating that either the elastic modulus or the prestressing force at release are 

not known with enough accuracy to better predict the initial losses.  Elastic shortening losses of 

15.7 ksi indicate a modulus of 3,300 ksi at release; however, the estimated modulus at release of 

4,450 ksi was determined using Equation 4.2, with a unit weight of 150 pcf and a compressive 

strength of 6,500 ksi, which modeled the elastic moduli measured during the laboratory testing of 

the concrete creep and shrinkage characteristics within 3%.  The estimated gain in the 

prestressing force due to deck placement is 92% of the measured gain in prestressing force.  This 

indicates that the estimates of the elastic modulus of the girder at the time of deck placement and 

the estimate of the deck weight moment are reasonable for this bridge.  ASTM C469 indicates 

that the expected variation in the elastic modulus between different batches of the same concrete 

is 5%, and a similar variation, if not more, is expected in the determination of the deck weight 

moment due to variations in the unit weight of the deck concrete and in the slab geometry. 
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5.4 Summary of Long-Term Strain and Prestress Loss Predictions 

 The preceding sections present the results of long-term strain measurements for one 

HPLWC bridge and two HPC bridges in Virginia.  Tables 5.14 and 5.15 summarize the creep 

and shrinkage models and methods for estimating prestress losses, respectively.  Tables 5.14 and 

5.15 also indicate which models include lightweight concrete, which models were developed for 

high strength concrete, and which models include concrete strength.  Table 2.2 also summarizes 

the methods for estimating prestress losses and indicates which creep and shrinkage model, if 

any, is used by each method.  Finally, Table 2.8 summarizes the creep and shrinkage models and 

the input parameters for each model. 

Table 5.14 – Summary of Creep and Shrinkage Models 

Model Includes 
LWC 

Developed 
for HPC 

Concrete 
Strength 
Factor 

ACI-209 Yes No None 
PCI-BDM No Yes Creep and Shrinkage 

CEB-FIP MC90 No No Creep and Shrinkage 
AASHTO LRFD No No Creep 
Shams and Kahn No Yes Creep 

NCHRP 496 No Yes Creep and Shrinkage 
B3 No No Creep and Shrinkage 

GL2000 No* No Shrinkage 
AFREM No No Creep+ and Shrinkage 

PCI-1975 Yes No None 
* - Aggregate stiffness is included 
+ - Only for concrete that include microsilica 

 

Table 5.15 - Summary of Prestress Loss Methods  

Method Includes 
LWC 

Developed 
for HPC 

Concrete 
Strength 
Factor 

AASHTO Standard General No No No 
AASHTO Standard Lump Sum No No No 

AASHTO LRFD Refined No No Yes* 
AASHTO LRFD General No No No 

AASHTO LRFD Lump Sum Yes No Yes 
PCI-BDM No Yes Yes* 

NCHRP 496 Refined No Yes Yes* 
NCHRP 496 Approximate No Yes Yes 

PCI-1975 Yes No No 
* - Included in the creep and/or shrinkage model 
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The HPLWC shows different behavior when compared to the creep and shrinkage models 

than does the normal weight HPC investigated.  The models all over-estimate the measured 

strains of both the HPLWC test girders and the Chickahominy River Bridge girders.  The Shams 

and Kahn model is the best predictor of the strains measured in the HPLWC bridge girders, 

predicting the average strain of the bridge girders reasonably well.  The PCI-1975 model predicts 

strains that produce a reasonable lower bound for the measured strains for the HPLWC bridge 

girders, and is the best overall predictor of the strains for the HPLWC test girders. 

For the three sets of normal weight HPC girders investigated, the models tend to under-

predict the measured strains at early ages and over-predict the measured strains at later ages, with 

the exception of the GL2000 model which consistently over-predicts the measured strains 

throughout the modeled period by a large margin.  The B3 and AFREM models are the best 

predictors for both sets of the Pinner’s Point girders, and in general, the models that account for 

compressive strength predict the strains of the 10,000 psi girders better than the strains of the 

8,000 psi girders.  Also, since both sets of girders from the Pinner’s Point Bridge exhibit similar 

strains, it is likely that the models accounting for compressive strength would predict the strains 

of the 8,000 psi girders better by assuming a 10,000 psi compressive strength.  This indicates that 

compressive strength is not the best property to use to adjust the long-term models for HPC; 

however, it is a simple parameter to measure and is generally known at the design stage, which is 

why it is used by each of the recently developed models.  Finally, for the Dismal Swamp girders, 

the B3 model is the best predictor of the measured strains 

Overall, when examining the girders from all three bridges no one model consistently 

predicts the strains of each set of girders.  The PCI-BDM model is the only model to be ranked in 

the top half of the 10 models for each of the four sets of bridge girders, indicating that its is the 

most consistent predictor of the measured strains over the whole observed period.  Examining 

the strains at the end of the modeled period as an approximation of the strains at the end of 

service life, the PCI-BDM and NCHRP 496 models are the best predictors for the three sets of 

normal weight HPC girders and the Shams and Kahn and PCI-1975 model are the best predictors 

for the HPLWC girders.  It is clear from this comparison that a single model is not well suited to 

both lightweight and normal weight HPC without some modification for lightweight concrete. 
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As important as the strain predictions, if not more important, are the prestress loss 

estimations examined and compared to the measured losses.  The traditional methods of prestress 

loss estimation provided in the AASHTO Standard and LRFD Specifications all over-predict the 

measured losses for the three bridges by as little as 18% and as much as 98%.  The PCI-1975 

method also over-predicts the measured losses by 12% to 23%, but provides the closest estimate 

to the measured losses for the HPLWC bridge girders.  The methods correlated to high strength 

concrete, in general, predict the long-term losses better than the traditional methods.  For the 

three sets of normal weight girders, the PCI-BDM is the most consistent predictor of the long-

term losses, and is the only method that estimates losses within 10% of the measured losses for 

all three sets of girders.  The NCHRP 496 Refined method under-predicts the long-term losses 

for all three sets of girders, estimating between 82% and 98% of the measured losses, and the 

NCHRP 496 Approximate method under-estimates the losses of the Dismal Swamp and 10,000 

psi Pinner’s Point girders by 12% and 8%, respectively, and over-estimates the long-term losses 

of the 8,000 psi Pinner’s Point girders by 6%.  Finally, the PCI-BDM and NCHRP 496 Refined 

and Approximate methods over-estimate the losses of the HPLWC bridge by 18%, 20%, and 

22%, respectively. 

Although the PCI-BDM and NCHRP 496 methods provide the best estimates for the total 

losses, the distribution of the long-term losses throughout the life of the girder is not estimated 

accurately.  The losses between transfer and deck placement are over-estimated by these 

methods, and the traditional methods.  The estimated losses between transfer and deck placement 

are more than three times the measured losses for the HPLWC girders, two times the measured 

losses for the Pinner’s Point girders, and one-and-a-half times the measured losses for the Dismal 

Swamp girders.  The PCI-BDM and NCHRP 496 methods are then able to predict the total losses 

with better accuracy because they under-estimate the measures losses after deck placement by a 

similar margin.  In fact, the NCHRP 496 Refined method predicts a small prestress gain between 

deck placement and the end of service life for the Pinner’s Point Bridge and the Dismal Swamp 

Bridge, which is not observed in the measured strains. 
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6 Conclusions and Recommendations 

The following conclusions and recommendations are made based on the results and 

analyses presented in the preceding chapters. 

 

6.1 Creep and Shrinkage Modeling Conclusions 

• The Shams and Kahn model is the best overall predictor of strain for the HPLWC 

bridge girders and is also the best predictor of strain at the end of the observed period. 

• The PCI-1975 model yields similar results to the Shams and Kahn model for the 

HPLWC bridge girders, and is the best predictor of strain for the HPLWC test girders. 

• The B3 model is the best predictor of strain for the normal weight HPC investigated.  

However, this model is not well suited to design since it requires significant 

knowledge of the concrete proportions, including the cement content, the aggregate-

to-cement ratio, and the water-to-cementitious materials ratio. 

• The AFREM model yields similar results to the B3 model without significant 

knowledge of the concrete mixture proportions. 

• The PCI-BDM and NCHRP 496 models also predict the strains reasonably well at the 

end of the observed period for the normal weight HPC. 

• The PCI-BDM model is the most consistent predictor of strain when analyzing both 

the HPLWC and the normal weight HPC. 

• In general, the models correlated to HSC, Shams and Kahn, PCI-BDM, and NCHRP 

496, predict the girder strains better than the traditional models. 

• Curve fitting the laboratory data and adjusting the developed model for the average 

humidity at the bridge site and size of the bridge girders, shows that these correction 

factors do not fully account for the changes in creep and shrinkage behavior as 

measured in the field.  However, the factors used by the ACI-209 model more 

accurately represent the changes in behavior of the normal weight HPC of this study 

than do the factors contained in the AASHTO LRFD Specification (AASHTO, 1998) 
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6.2 Prestress Loss Estimation Conclusions 

• The methods for estimating prestress losses presented in the AASHTO Standard 

(AASHTO, 1996) and LRFD (AASHTO, 1998) Specifications, over-estimate the 

measured total losses for each set of girders by 18% (5 ksi) to 98% (27 ksi). 

• The PCI-1975 method for estimating prestress losses is the best predictor of the 

measured total losses for the HPLWC girders, over-estimating the measured losses by 

17% (6 ksi). 

• The PCI-BDM method for estimating prestress losses is the most consistent predictor 

of the measured total losses, estimating within ±10% (3 ksi) for the normal weight 

HPC and over-estimating the measured total losses of the HPLWC by 18% (6 ksi). 

• The NCHRP 496 Refined and Approximate methods for estimating prestress losses 

predict within ±18% (5 ksi) for the normal weight HPC and over-predict the 

measured total losses of the HPLWC by less than 22% (8 ksi). 

 

6.3 Recommendations and Future Research 

• The NCHRP 496 Refined and Approximate methods for estimating prestress losses 

are recommended for estimating the prestress losses at the end of service life for 

girders utilizing normal weight HPC similar to that used in this study.  Continued use 

of the AASHTO Standard and LFRD Specifications is overly conservative but 

acceptable until the NCHRP 496 methods are adopted by AASHTO. 

• The NCHRP 496 methods are recommended because they predict similar losses to the 

PCI-BDM method, are no more than 5 ksi unconservative (2.5% of the jacking 

stress), and are scheduled for inclusion into the next revision of the AASHTO LRFD 

Specification. 

• Further investigation of the HPLWC is needed.  The measured strains in the HPLWC 

girders varied by approximately 200 microstrain from girder to girder, which is more 

than twice the variation between girders seen with the normal weight HPC.  This is 
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likely due to variations in the concrete batches because of the precaster’s 

unfamiliarity with the lightweight aggregates used in the concrete mixture. 

• In the interim, the NCHRP 496 Refined and Approximate methods can be used to 

conservatively estimate the total losses for girders utilizing the HPLWC analyzed in 

this study. 

• Further investigation of the early age behavior of the normal weight HPC analyzed in 

this study is needed.  For the normal weight HPC considerably more strain was 

measured prior to 30 days after transfer than predicted by the models.  The elastic 

shortening strains (determined from measurements taken two to four hours after 

detensioning) were also larger than the elastic strains estimated from the measured 

concrete properties. 

• Further investigation of the behavior of the bridge girders after deck placement is also 

needed.  Each instrumented girder exhibited a nearly flat strain curve prior to deck 

placement indicating that creep and shrinkage had nearly ceased.  However, after 

deck placement instead of exhibiting decreasing compressive strains, as would be 

caused by creep recovery and differential shrinkage, the girders showed increasing 

compressive strains for a period of approximately 100 days following deck 

placement. 

• The effect of continuity on the strains and prestress losses in the girders after deck 

placement also should be investigated.  The time step procedure in this research 

modeled the girders as simply supported throughout the observed period, and a result, 

the effect of differential shrinkage on prestress loss was likely over-estimated. 

• Finally, the Dismal Swamp Bridge should continue to be monitored to better estimate 

the total losses at the end of service life.  There is currently not enough data after deck 

placement to reasonably extrapolate the total losses at 75 years using a logarithmic 

curve fit. 
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Appendix A: Selected Sheets from the Bridge Plans 
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A.1 Chickahominy River Bridge 
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A.2 Pinner’s Point Interchange 
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A.3 Dismal Swamp Bridge – US 17 Cheapeake 
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Appendix B: Girder Properties 

Tables B1 through B8 summarize the properties of the prestressing strand for each girder, 

the instrumented girders, and the deck slabs for each girder.  The gross precast section is the 

concrete girder alone, and the net precast section is the concrete girder with holes in place of the 

prestressing strand.  The gross composite section is the gross precast section with the 

transformed concrete of the deck slab, and the net composite section is the net precast section 

with the transformed concrete of the deck slab.  The transformed section at release is the precast 

girder with the prestressing strand transformed using the modular ratio of the girder concrete and 

the prestressing strand at release, and the transformed section at service is the precast girder with 

the prestressing strand transformed using the modular ratio of the girder concrete and the 

prestressing strand at 28 days, respectively.  Finally, the transformed composite section is the 

composite girder-deck section with the prestressing strand transformed using the modular ratio at 

28 days. 

 

 
Table B.1 –  Prestressing Strand, Deck, Slab, and Girder Parameters for the 

Chickahominy River Bridge and HPLWC Test Girder+ 
Prestressing strand Precast Girder 

(1/2" dia., grade 270, low relaxation) Type = IV  
Number of strands =  38   Depth = 54 in. 

yps* =  4.88 in. Unit weight = 120 pcf 
Eps =  28,500 ksi f'ci = 4.5 ksi 
fpi =  202.5 ksi Eci = 3,000 ksi 

Aps =  5.814 in2 ni = 9.50 (Eps/Eci) 
Deck f'c = 8.0 ksi 

Effective width =  120 in. Ec = 3,000 ksi 
Typical thickness =  8.5 in. n = 9.50 (Eps/Ec) 

Minimum thickness =  8.0 in. Span = 81.85 ft 
Unit weight =  120 pcf Msw = 6,610 in-k 

f'cd =  4.4 ksi v/s = 4.74 in. 
Ecd =  2,880 ksi   
nd =  0.96 (Ecd/Ec)    

Mdl =  8,540 in-k    
v/s =  4.25 in.    

* - yps is the distance between the bottom of the girder and the centroid of the prestressing force 
+ - The deck parameters do not apply to the HPLWC test girder. 
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Table B.2 –  Cross-sectional Properties for the Chickahominy River Bridge Girders and 
HPLWC Test Girder+ 

Section A (in2) I (in4) yb (in) e (in) 
Gross precast 789 260,700 24.73 19.85 
Net precast 783 258,400 24.88 20.00 

Gross composite 1,710 736,000 42.65 37.77 
Net composite 1,704 727,600 42.78 37.90 

Transformed section at release 838 279,100 23.56 18.68 
Transformed section at service 838 279,100 23.56 18.68 
Transformed composite section 1,759 804,500 41.59 36.71 

+ - The composite section properties do not apply to the HPLWC test girder 
 

Table B.3 –  Prestressing Strand, Deck, Slab, and Girder Parameters for the 
8,000 psi HPC Girders (FTU) of the Pinner’s Point Interchange 

Prestressing strand Precast Girder 
(1/2" dia., grade 270, low relaxation) Girder Type = V  

Number of strands =  40  Height = 63 in. 
yps* =  4.40 in. Unit Weight = 150 pcf 
Eps =  28,500 ksi f'ci = 6.4 ksi 
fpi =  202.5 ksi Eci = 4,850 ksi 

Aps =  6.12 in2 ni = 5.88 (Eps/Eci) 
Deck f'c = 8.0 ksi 

Effective width =  99 in. Ec = 5,420 ksi 
Typical thickness =  8.75 in. N = 5.26 (Eps/Ec) 

Minimum thickness =  8.0 in. Span = 87.24 ft 
Unit weight =  150 pcf Msw = 12,040 in-k 

f'cd =  4.0 ksi v/s = 4.44 in. 
Ecd =  3,830 ksi   
nd =  0.71 (Ecd/Ec)    

Mdl =  10,300 in-k    
v/s =  4.375 in.    

* - yps is the distance between the bottom of the girder and the centroid of the prestressing force 
 

Table B.4 –  Cross-sectional Properties for the 8,000 psi HPC Girders (FTU) of the Pinner’s 
Point Interchange 

Section A (in2) I (in4) yb (in) e (in) 
Gross precast 1,013 521,200 31.96 27.56 
Net precast 1,007 516,500 32.13 27.73 

Gross composite 1,573 966,970 44.43 40.03 
Net composite 1,567 957,100 44.59 40.19 

Transformed section at release 1,043 543,200 31.17 26.77 
Transformed section at service 1,039 540,500 31.27 26.87 
Transformed composite section 1,599 1,008,000 43.78 39.38 
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Table B.5 –  Prestressing Strand, Deck, Slab, and Girder Parameters for the 

10,000 psi HPC Girders (GHJ) of the Pinner’s Point Interchange 
Prestressing strand Precast Girder 

(1/2" dia., grade 270, low relaxation) Girder Type = V  
Number of strands =  40   Depth = 63 in. 

yps* =  4.40 in. 
Unit Weight 

= 
150 pcf 

Eps =  28,500 ksi f'ci = 8.0 ksi 
fpi =  202.5 ksi Eci = 5,420 ksi 

Aps =  6.12 in2 ni = 5.26 (Eps/Eci) 
Deck f'c = 10.0 ksi 

Effective width =  99 in. Ec = 6,060 ksi 
Typical thickness =  8.75 in. N = 4.70 (Eps/Ec) 

Minimum thickness =  8.0 in. Span = 87.24 ft 
Unit weight =  150 pcf Msw = 12,040 in-k 

f'cd =  4.0 ksi v/s = 4.44 in. 
Ecd =  3,830 ksi   
nd =  0.63 (Ecd/Ec)    

Mdl =  10,300 in-k    
v/s =  4.375 in.    

* - yps is the distance between the bottom of the girder and the centroid of the prestressing force 
 

Table B.6 –  Cross-sectional Properties for the 10,000 psi HPC Girders (GHJ) of the Pinner’s 
Point Interchange 

Section A (in2) I (in4) yb (in) e (in) 
Gross precast 1,013 521,200 31.96 27.56 
Net precast 1,007 516,500 32.13 27.73 

Gross composite 1,514 935,400 43.55 39.15 
Net composite 1,508 925,900 43.71 39.31 

Transformed section at release 1,039 540,500 31.27 26.87 
Transformed section at service 1,036 538,000 31.36 26.96 
Transformed composite section 1,537 969,600 42.98 38.58 
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Table B.7 –  Prestressing Strand, Deck, Slab, and Girder Parameters for Dismal 
Swamp Bridge 
Prestressing strand Precast Girder 

(1/2" dia., grade 270, low relaxation) Girder Type = PCBT-45  
Number of strands =  26   Depth = 45 in. 

yps* =  3.60 in. Unit Weight = 150 pcf 
Eps =  28,500 ksi f'ci = 4.0+ ksi 
fpi =  202.5 ksi Eci = 4,450# ksi 

Aps =  3.978 in2 ni = 6.41 (Eps/Eci) 
Deck f'c = 8.7 ksi 

Effective width =  91 in. Ec = 4,980# ksi 
Typcial thickness =  8.5 in. n = 5.73 (Eps/Ec) 

Minimum thickness =  8.0 in. Span = 63.13 ft 
Unit weight =  150 pcf Msw = 4,650 in-k 

f'cd =  4.4 ksi v/s = 4.44 in. 
Ecd =  4,020 ksi   
nd =  0.81 (Ecd/Ec)    

Mdl =  4,816 in-k    
v/s =  4.25 in.    

* - yps is the distance between the bottom of the girder and the centroid of the prestressing force 
+ - The precaster did not release the strands until the compressive strength reached 6,500 psi 
# - Ec and Eci are determined using ACI-363 (Eq. 4.2) with f'ci = 6,500 psi and f'c = 8700 psi 

 

 

Table B.8 –  Cross-sectional Properties for the Dismal Swamp Bridge 
Section A (in2) I (in4) yb (in) e (in) 

Gross precast 747 207,300 22.23 18.63 
Net precast 743 205,900 22.33 18.73 

Gross composite 1,335 446,200 34.02 30.42 
Net composite 1,331 442,500 34.12 30.52 

Transformed section at release 768 214,600 21.71 18.11 
Transformed section at service 765 213,700 21.77 18.17 
Transformed composite section 1,354 463,400 33.60 30.00 
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Appendix C: Model Input Parameters 

Tables C.1 through C.10 summarize the parameters (adjustment factors) for each of the 

creep and shrinkage models investigated for the three bridges.  The tables summarize the 

parameters required to develop the creep and shrinkage models for the instrumented girders for 

loads applied at the time of the transfer of prestressing force and for loads applied at the time of 

deck placement, as well as the parameters required to develop the creep and shrinkage models 

for the deck slabs for each bridge.  The creep and shrinkage models for the deck slab are used in 

the evaluation of the effect of differential shrinkage. 

Table C.1 – ACI-209 Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girder Deck 

Creep 

γla 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

γλ 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 

γvs 0.72 0.74 0.74 0.74 0.74 0.74 0.79 0.74 

γladeck 0.72 -- 0.66 -- 0.66 -- 0.65 -- 
Shrinkage 

γλ 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 

γvs 0.68 0.72 0.70 0.71 0.70 0.71 0.80 0.72 
 

Table C.2 – PCI-BDM Model Parameters 

  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 

  Girders Deck Girders Deck Girders Deck Girders Deck 
Creep 

kla 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
kh 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

ks 0.72 0.74 0.74 0.74 0.74 0.74 0.79 0.74 

kst 0.82 1.00 0.82 1.00 0.73 1.00 0.79 1.00 

kladeck 0.72 -- 0.66 -- 0.66 -- 0.65 -- 
Shrinkage 

kh 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

ks 0.72 0.74 0.74 0.74 0.74 0.74 0.79 0.74 

kst 0.80 1.00 0.80 1.00 0.70 1.00 0.77 1.00 
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Table C.3 – CEB-FIP MC90 Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 

  Girders Deck Girders Deck Girders Deck Girders Deck 
Creep 

φRH 1.49 1.51 1.50 1.50 1.50 1.50 1.55 1.51 
β(fcm) 2.10 2.80 2.10 2.80 1.91 2.80 2.06 2.80 
β(t0) 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63 
βH 621 583 597 592 597 592 516 583 

β(tdeck) 0.37 -- 0.31 -- 0.31 -- 0.30 -- 
Shrinkage 

βRH -1.02 -1.02 -1.02 -1.02 -1.02 -1.02 -1.02 -1.02 

βsc 5 5 5 5 5 5 5.00 5.00 

εs(fcm) 293(10-6) 431(10-6) 293(10-6) 431(10-6) 224(10-6) 431(10-6) 278(10-6) 431(10-6)
  

Table C.4 – AASHTO LRFD Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girder Deck 

Creep 

ti 7 days 7 days 7 days 7 days 7 days 7 days 7 days 7 days 

khc 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

kc* 0.75 0.76 0.76 0.76 0.76 0.76 0.80 0.76 

kf 0.64 0.90 0.64 0.90 0.56 0.90 0.61 0.86 
tdeck 125 days -- 312 days -- 300 days -- 350 days -- 

Shrinkage 
khs 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
ks* 0.67 0.72 0.70 0.71 0.70 0.71 0.81 0.72 
* - Does not include time dependent portion 
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Table C.5 – Shams and Kahn Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 

  Girders Deck Girders Deck Girders Deck Girders Deck 
Creep 

kt' 0.79 0.71 0.79 0.71 0.79 0.71 0.79 0.71 
kh 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

kvs* 0.75 0.76 0.76 0.76 0.76 0.76 0.80 0.76 
kfc 0.50 0.85 0.50 0.85 0.41 0.85 0.46 0.79 
kσ 1.04 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

km -- 1.59 -- 1.59 -- 1.59 -- 1.59 

d 4.79 7.10 4.79 7.10 4.79 7.10 4.79 7.10 

ktdeck 0.65 -- 0.65 -- 0.65 -- 0.65 -- 

ddeck 10.74 -- 10.97 -- 10.97 -- 10.99 -- 
Shrinkage 

kt0 0.94 0.86 0.94 0.86 0.94 0.86 0.94 0.86 
kH 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

kvs* 0.67 0.72 0.70 0.71 0.70 0.71 0.81 0.72 
* - Does not include time dependent portion 

 

Table C.6 – NCHRP 496 Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girders Deck 

Creep 
kla 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

khc 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
ks 0.84 0.90 0.88 0.89 0.88 0.89 1.01 0.90 
kfc 0.76 1.19 0.68 1.19 0.56 1.19 0.67 1.11 

kladeck 0.57 -- 0.51 -- 0.51 -- 0.50 -- 
Shrinkage 

khs 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
ks 0.84 0.90 0.88 0.89 0.88 0.89 1.01 0.90 
kf 0.76 1.19 0.68 1.19 0.56 1.19 0.67 1.11 
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Table C.7 – B3 Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girders Deck 

Creep 
q2 0.732 -- 0.777 -- 0.636 -- 0.862 -- 
q3 0.003 -- 0.003 -- 0.002 -- 0.002 -- 
q4 0.065 -- 0.058 -- 0.058 -- 0.074 -- 

Qf(t,t') 0.772 -- 0.772 -- 0.772 -- 0.772 -- 
r(t') 9.70 -- 9.70 -- 9.70 -- 9.70 -- 

Qf(t,tdeck) 0.096 -- 0.064 -- 0.065 -- 0.061 -- 
r(tdeck) 11.02 -- 11.37 -- 11.36 -- 11.43 -- 

q5 0.269 -- 0.253 -- 0.206 -- 0.178 -- 
Shrinkage 

kh 0.657 -- 0.657 -- 0.657 -- 0.657 -- 
τsh 1813 -- 1591 -- 1505 -- 914 -- 

H(t') 1.00 -- 1.00 -- 1.00 -- 1.00 -- 
H(tdeck) 0.910 -- 0.878 -- 0.875 -- 0.734 -- 

* - No deck model was created because the mixture proportions are not known   
 

Table C.8 – GL2000 Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girders Deck 

Creep 
t0 7 days 7 days 7 days 7 days 7 days 7 days 7 days 7 days 
tc 7 days 7 days 7 days 7 days 7 days 7 days 7 days 7 days 

Φ(tc) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Φ(tcdeck) 0.88 -- 0.79 -- 0.79 -- 0.72 -- 

Shrinkage 
K 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

β(h) 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 
fcm28 5160* 2940* 8000 4000 10000 4000 8700 4400 

* - Adjusted to account for aggregate stiffness 
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Table C.9 – AFREM Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girders Deck 

Creep 

φb0 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 

βbc 3.50 4.78 3.50 4.78 3.50 4.78 4.35 4.78 

φd0 3200 3200 3200 3200 3200 3200 3200 3200 

φb0deck 1.4 -- 1.4 -- 1.4 -- 1.4 -- 
βbcdeck 8.88 -- 8.88 -- 8.88 -- 8.88 -- 

Shrinkage 
K(f'c) 18 18 18 18 15.52 18 17.40 18 

βds0 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 
 

Table C.10 – PCI-1975 Model Parameters 
  Chickahominy River Pinner's Point FTU Pinner's Point GHJ Dismal Swamp 
  Girders Deck Girders Deck Girders Deck Girders Deck 

Creep 
UCR 11 -- 11 -- 11 -- 11 -- 
SCF 0.70 -- 0.73 -- 0.73 -- 0.83 -- 

Shrinkage 
USH 12 -- 12 -- 12 -- 12 -- 
SSF 0.71 -- 0.73 -- 0.73 -- 0.82 -- 

* - A deck model is not needed following the time-step procedure of PCI-1975 
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