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CHAPTER ONE 

Introduction 

Eccentrically prestressed bridge girders deflect upward under the combined action 

of the prestressing force and the self-weight of the girder. This upward deflection is 

called camber. Creep and shrinkage of the concrete, and strand relaxation are time­

dependent phenomena which cause the prestressing force to decrease with time. Creep of 

the concrete also has a direct multiplying affect on the upward deflection due to the 

prestressing force as well as the downward deflection due to self-weight. Accurate 

estimates of camber require an appropriate accounting for the time-dependent losses of 

prestress and the direct effects of creep. 

Calculated predictions of girder camber are made during the design of a bridge. 

Camber of the girders affects the positioning of the deck forms during construction. The 

ability to accurately predict the camber at the design stage is desirable since camber 

affects the construction process. 

Prestress losses are also calculated during the design process. The larger the 

losses, the larger the required initial prestress for resistance to applied loads. Use of 

overly conservative methods for calculating losses can limit the span lengths of girders 

and lead to excessive camber as a result of specifying an unnecessarily large initial 

prestress. 

The use of high-performance concrete (HPC), or high-strength concrete, in bridge 

girders can allow the use oflonger span lengths as is the case with Alabama's HPC 
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Showcase Bridge. Longer span lengths require a higher prestressing force. The 

combination of longer span lengths and higher prestressing force may lead to large 

calculated cambers. Significant overestimates of camber during the design stage may 

falsely discourage the use of long spans. Ultimately this makes bridge construction more 

expensIve. 

High-performance concrete research in North America has shown that HPC tends 

to exhibit less creep and shrinkage than conventional concretes. This improved creep and 

shrinkage performance results in reduced time-dependent effects on camber and prestress 

losses. Methods for estimating camber and prestress losses that were developed for 

conventional concretes may not provide accurate results for HPC bridge girders. 

Scope 

The research reported in subsequent chapters started as an effort to identify or 

create a reliable and useable method to predict camber and prestress losses for HPC 

girders. As the work progressed, currently available methods were found to be 

reasonably well developed and new methods were not required. The goal of the work 

presented here is to investigate the accuracy of available methods for the prediction of 

camber and prestress losses in AASHTO girders made with HPC. To this end, laboratory 

tests were performed to determine the creep, shrinkage, and elastic properties of HPC 

used in the production of the girders of Alabama's HPC Showcase Bridge. Field 

measurements of girder camber and strains for five HPC girders were made for 

approximately one year. Calculated cambers, strains, and prestress losses are compared 

to measured values. Based on the length of time for which field measurements were 
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made, the focus of this report is the prediction of camber and prestress losses up to the 

time of placement of the bridge deck slab. 
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CHAPTER TWO 

Literature Review 

Introduction 

Camber in prestressed concrete bridge girders is the product of a number of 

factors. The prestressing force itself leads to initial camber. The effects of shrinkage, 

creep, elastic deformation, relaxation of the strand, and thermal gradients all lead to 

changes in this initial camber. In this chapter, each of these effects will be discussed. 

Several methods exist for estimating the camber of prestressed girders, and in the last 

section of this chapter these methods are discussed. 

Shrinkage 

"Shrinkage designates the time-dependent strains which concrete undergoes at 

constant temperature without any external strains"(Smerda 1988). There are four types 

of shrinkage: Plastic shrinkage, autogenous shrinkage, drying shrinkage, and carbonation 

shrinkage. 

Plastic shrinkage occurs as concrete sets. While the concrete is still in a plastic 

state, water can be removed from the surfaces of the concrete by evaporation or suction 

resulting from contact with another medium such as soil. 

Autogenous shrinkage occurs after setting has taken place. Concrete continues to 

hydrate even when no moisture from the external environment is available. Water from 

the capillary pores, in a process of self-desiccation, is used to continue hydration of the 
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cement. Autogenous shrinkage is very small, of the order of 40xl0-6 in.lin. during the 

first year. As a consequence of the small magnitude of autogenous shrinkage it is 

commonly included as part of the next type of shrinkage: drying shrinkage (Neville 

1996). 

Drying shrinkage is caused by the removal of water when concrete is stored in air 

at a relative humidity of less than 100%. The loss of free water to unsaturated air begins 

the process of drying shrinkage but does not contribute greatly to the shrinkage. Free 

water is not involved in hydration, is not bound into the cement paste electrically, or 

physically absorbed into the constituents of the concrete mix. It is the loss of absorbed 

water (after all free water is depleted) to the atmosphere that results in drying shrinkage. 

In this context, water retained by electrostatic adhesion, or physical absorption is termed 

absorbed water. For reasons that are unclear, drying shrinkage is not fully reversible 

(Bazant 1982). 

Carbonation occurs first at the surface of concrete and progresses deeper with 

time. The mechanisms of carbonation are not fully established. However, Neville (1996) 

suggests that carbonation shrinkage is likely due to the dissolving of Ca(OHh and 

movement of CaC03 to spaces free of compressive stress induced by drying shrinkage. 

The effects of drying shrinkage and carbonation shrinkage are not independent. 

The combined effect of drying shrinkage and carbonation shrinkage is strongly 

affected by the sequence in which they occur. If they occur at the same time the 

combined shrinkage is much less than the case of drying followed by carbonation. 
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ACI 209R-92 (1992) states that approximately 80% of all shrinkage will occur 

during the first year. T he committee also suggested that the average value of ultimate 

shrinkage is on the order of780xl0-6 in.lin. for normal performance concretes. 

Factors Affecting Shrinkage 

N awy (1989) lists seven factors that influence the shrinkage of concrete: 

Aggregate, water to cement (w/c) ratio, size of the concrete element, ambient conditions, 

amount of reinforcement, admixtures, and type of cement. 

Shrinkage of the neat cement paste is restrained by the presence of aggregate. 

Neville (1996) proposes the following relationship between aggregate content and free 

shrinkage of the neat cement paste: 

(2-1) 

where Sc is the concrete shrinkage; Sp is the shrinkage of the neat cement paste; a is the 

total percent aggregate content; and n is a parameter having values between 1.2 and 1.7 . 

The w/c ratio strongly affects the amount of shrinkage. A higher w/c ratio results 

in a greater magnitude of shrinkage. A higher w/c ratio corresponds to a more porous 

concrete, which favors the conditions for moisture transfer between the concrete and 

surrounding environment (Rusch 1983). Generally, as the w/c ratio rises so does the 

water content. At large water contents some aggregate volume is lost along with the 

restraint it provided thereby allowing increased shrinkage (Neville 1996). 

The ambient conditions around exposed concrete surfaces exert a large influence 

on the magnitude of shrinkage. It follows that the amount of exposed surface would 

therefore be a consideration. The total volume of concrete plays an important role as 
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well. The period during which the member can be expected to undergo significant 

shrinkage is longer for more volumous members. In a large member it takes more time 

for drying shrinkage to initiate toward the center of the mass (Nawy 1989). 

The relative humidity and temperature affects the magnitude of shrinkage. 

Shrinkage is greater at lower relative humidity (Neville 1996). Lower relative humidity 

creates a condition of greater moisture transfer from the concrete and therefore increases 

shrinkage. 

Reinforcement in concrete does not reduce the amount of shrinkage per se. It 

restrains the concrete from shrinking as it would if it were free to deform. Reinforcement 

restrains the shrinkage in a manner similar to the restraint offered to the neat cement 

paste by aggregate (Nawy 1989). 

Fly ash and granulated blast furnace slag have been shown to increase the 

magnitude of shrinkage when used as a replacement for cement. When silica fume is 

used as a replacement the resulting concrete tends to show an increase in the long-term 

shrinkage. Superplasticisers can increase the magnitude of shrinkage up to 20%, while 

entrained air seems to have little effect on concrete shrinkage (Neville 1996). 

Some suggest that cement type has little effect on shrinkage. However, cement 

content, and w/c ratio, do impact shrinkage (Smerda 1988). As the cement content is 

increased at a constant w/c the magnitude of shrinkage increases. 
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Methods to Predict Shrinkage 

A multitude of models exist for the prediction of shrinkage: The CEB-FIB, ACI, 

Banzant and Panula, and Concrete Society methods among others (Neville 1983). The 

ACI method has been chosen for use in this research. 

The method recommended by ACI 209R-92 (1992) models shrinkage using the 

following basic relationship: 

(2-2) 

where (Esh)u is the ultimate shrinkage value. In the absence of test data ACI 209R-92 

recommends (Esh)u = 780 xlO-6 in.lin.; a = 1.0; and f = 55. A value for Ysh is obtained by 

multiplying the factors outlined below. 

Ysh = Yla Y).. Yvs Ys YwYcYa (2-3) 

For loading ages later than one to three days for steam-cured concrete the loading age 

correction factor, Yla, is given as 

(2-4) 

where tla is the loading age in days. If the average ambient relative humidity is greater 

than 40% the following correction factor applies 

Y)..= 1.4-0.01OA for 40 ::; A < 80 (2-6a) 

Y)..= 3.0-0.030A for 80 > A ::; 100 (2-6b) 

where A is the average relative humidity. If the volume to surface ratio is other than 1.5 

in. the following volume-surface ratio correction factor, Yvs, must be used: 

Yvs = 1.2e(-O,12 vIs) (2-7) 
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where vis is the volume to surface ratio in inches. Eqn. 2-3 also requires several 

correction factors based on concrete composition. For slump: 

Ys = 0.89s 

where s is the slump in inches. The fine aggregate percentage correction factor is: 

YIV = 0.30 + 0.014\jf for \jf:$; 50% 

YIV= 0.90 + 0.002\jf for \jf > 50% 

(2-8) 

(2-9a) 

(2-9b) 

where \jf is the fine aggregate percentage. Cement content is accounted for using Yc: 

Yc = 0.75 + .00036c (2-10) 

where c is the cement content in pounds per cubic yard. The last correction factor is the 

air content correction factor: 

Ya = 0.95 + 0.008a (2-11) 

where a is the air content in percent. 

Creep 

Creep is the gradual increase in strain under constant stress. Using this definition 

strain in a loaded concrete sample may be separated into three distinct parts: Creep 

strain, shrinkage strain, and elastic strain. This interpretation implies the three are 

directly additive and not interrelated (Neville 1983). This is, of course, a simplification. 

Creep and shrinkage are not fully independent. Shrinkage has been shown to 

increase creep when the shrinkage is restrained. However, when shrinkage is not 

restrained the interaction between creep and shrinkage is minimal (Neville 1983). 

Because the modulus of elasticity of concrete increases with age, the portion of the total 

deformation defined as elastic decreases with age as shown by Figure 2.1. Although 
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Figure 2.1 Change in Elastic Strain with Time 
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these errors are recognized, the common assumption that creep and shrinkage are additive 

is made in this research. 

Factors Affecting Creep 

Stress state, age at loading, curing method, ambient conditions, and concrete 

composition all affect the creep properties of concrete. Creep in normal performance 

concrete has been shown to be directly proportional to stress up to 40% of the 

compressive strength ofthe concrete. Linearity has been observed after stresses in excess 

of 40%, however, as micro-cracking is thought to initiate at the 40% level a limiting 

value of 40% is conservative (Neville 1996). 

Neville (1983) and Smerda (1988) report ultimate creep in tension and ultimate 

creep in compression to be equivalent for the same stress level, with Neville indicating 

that tensile creep develops quicker than compressive creep during the early months of 

loading. The upper limit of linearity for tensile creep appears to be similar to that of 

concrete in compression, 40% of the ultimate tensile strength. It is interesting to note that 

most test data is for tension due to concentric loading, virtually no data exists on tensile 

creep due to bending stresses. Given the sensitivity of concrete properties to cracking, 

and the widespread use of the creep coefficient as a multiplier for deflections in concrete 

beams, more information on tensile creep due to bending would be beneficial. 

Concrete that has been allowed to age unloaded exhibits lower long-term creep 

values compared to similar concrete loaded at an earlier age. The time dependent 

distribution, or initial rate, of creep also changes (Smerda 1988). Steam curing reduces 

creep by 30% to 50% below the creep for similar concrete that is moist cured (Neville 

11 



1983). Steam curing accelerates hydration. In this way the effect of steam curing may 

simply be the result of higher early strength attained by steam cured concrete. A stronger 

early-age concrete will exhibit reduced creep. 

Ambient conditions after initial curing affect the rate and magnitude of creep. A 

lower relative humidity produces a greater rate of creep and greater long-term creep 

values. The effect of relative humidity is the result of the imbalance between the cement 

paste's moisture content and ambient moisture content. In other words, a low ambient 

relative humidity will draw moisture from the cement paste. Once the paste reaches 

equilibrium with the ambient conditions creep values are no longer affected by relative 

humidity (Neville 1983). 

The influence of relative humidity is a function of the size of the member and the 

amount of exposed surface. Concrete on the outer surface undergoes drying while deeper 

portions of the concrete mass cure under conditions of high humidity (where creep is 

reduced). Thus, in masses with a large volume to surface ratio, creep is reduced. 

Creep is influenced by cement and aggregate content. The volumetric content of 

aggregate, unhydrated cement, and creep coefficient (creep at time equals infinity/elastic 

strain) are related as follows: 

c 1 
log --E... =a---

c 1- g-u 

3(1- .u) 
a = -------'-----'----

E 
1 +.u + 2(1- 2.ua)-

Ea 

12 

(2-12a) 

(2-12b) 



where cp is the creep coefficient of the neat cement paste; c is the creep coefficient of 

concrete; g is the volumetric content of total aggregate in percent; u is the volumetric 

content ofunhydrated cement; Ila is Poisson's ratio of coarse aggregate; Il is Poisson's 

ratio of hardened cement paste; Ea is the modulus of elasticity of aggregate; and E is the 

modulus of elasticity for the surrounding cement paste (Neville 1996). 

From Eqn.(2-12) we see the relationship of creep to aggregate volume. An 

increase in the aggregate content from 65% to 75% percent will yield a decree in the 

creep coefficient (creep strain/elastic strain) often percent. The equation also 

demonstrates the effect of the aggregate's modulus of elasticity. A greater modulus will 

offer more restraint to the creep of the cement paste, reducing the creep values (Neville 

1983). 

Admixtures such as air entraining agents, superplasticisers, silica fume, and fly 

ash can have an affect on the creep properties of concrete. Neville states that air 

entrainment in and of its self does not influence creep. The addition of air entrainment 

does, however, affect the mix properties and thus indirectly affect the creep properties of 

concrete. 

Superplasticisers have been shown to slightly increase creep. But, the inclusion 

of a superplasticier allows for a lower water to cement ratio and better workability 

leading to superior compaction--both factors that reduce creep. Long-term creep is 

reduced by the addition of fly ash and silica fume. 
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Creep Model 

As with shrinkage several techniques have been developed to model creep. 

Logarithmic, exponential, and various power expressions have all been proposed. In 

following as with the preceding section on shrinkage, the method presented in ACI 209R-

92 (1992) for predicting creep will be considered here. 

The ACI 209R-92 (1992) method for predicting creep is based on the same form 

of mathematical relation as that for shrinkage. The creep coefficient (creep strain divided 

by initial elastic strain) as a function of time is: 

t'" 
e(t) = Cure 

d +t'" (2-13) 

where eu is the ultimate creep coefficient (creep coefficient at time equals infinity). In 

the absence oftest data ACI 209R-92 (1992) recommends Cu = 2.35; q> = 0.6; and d = 

10. A value for Yc is obtained by multiplying the factors outlined below as shown in Eqn. 

2-14. 

Yc = Yla y", Yvs Ys YIJI Ya (2-14) 

For loading ages later than one to three days for steam-cured concrete the loading age 

correction factor, YIa, is given as 

(2-15) 

where tla is the loading age in days. If the average ambient relative humidity is greater 

than 40% the following correction factor applies 

y", = 1.27-0.0067A. for A. >40 (2-16) 
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where 'A, is the average relative humidity. If the volume to surface ratio is other than 1.5 

in., the volume-surface ratio correction factor, Yvs, must be used: 

Y
vs 

= % (1 + 1. 13e(-o.54v/s ) 

where vis is the volume to surface ratio in inches. Eqn. 2-14 also requires several 

correction factors based on the concrete composition. For slump: 

Ys = 0.82 + 0.067s 

where s is the slump in inches. The fine aggregate percentage correction factor is: 

YIII = 0.88 + 0.0024", 

where, '" is fine aggregate percentage. The last correction factor is the air content 

correction factor: 

Ya = 0.46 + 0.09a Ya ~ 1.0 

where a is the air content in percent. 

Modeling Creep and Shrinkage Data 

(2-17) 

(2-18) 

(2-19) 

(2-20) 

Farrington et al. (1996) modified the coefficients of the ACI 209R-92 (1992) 

equations to model creep and shrinkage ofHPC. Using least squares regression the 

Farrington et al. fitted Eqn. 2-2 and 2-13 to HPC creep and shrinkage data. They chose to 

investigate changes in f, d, (8sh)u , and Cu while keeping values of a and <p equal to the 

values suggested by ACI 209R-92 (a=l and <p=0.6). The researchers tested cylinders 

cured under different conditions and loaded at different ages. Table 2.1 shows the results 

obtained for steam-cured cylinders loaded at one day. 
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T bl 21 V I R a e a ues eporte db F )y amngton et a . or o e mg I (1996) £ M d r C d Shrink reep an age 
(Esh)U 

Type of Concrete f d (in.lin.) Cu 
Steam-Cured, loaded at one day 19 - 450 -
Steam-Cured, loaded at one day - 7 - 2.31 
Steam-Cured, loaded at one day - 7 - 1.75 
Steam-Cured, loaded at one day - 5 - 1.84 

- Data Not Available 
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Modulus of Elasticity 

The modulus of elasticity is related to the compressive strength of the concrete. 

The correct form of the relationship remains the subject of debate. The ACI 318-95 

building code suggests the modulus is a function of the unit weight of the concrete. 

(2-21) 

Eqn. 2-21 was developed for compressive strengths up to about 6,000 psi. Beyond the 

6,000 psi limit Eqn. 2-21 over predicts the modulus of elasticity. For strengths above 

6,000 psi ACI 363R-92 (1992) concludes a better fit is obtained using: 

Ee =(40,000..[1;+106 ~ 
{ )

l.5 

145 (2-22) 

A number of other methods, equations, etc. are available. The common link in these 

methods is the dependence of the modulus on the concrete strength. Neville (1998) states 

"all that can be said reliably is that the increase in modulus of elasticity is progressively 

lower than the increase in compressive strength." 

Relaxation of Steel Prestressing Strands 

Tendon relaxation is very similar to concrete creep except that creep is the 

gradual increase in strain under constant stress, while steel relaxation is the gradual loss 

of stress under constant strain (Nawy 1989). The equation used to predict the relaxation 

of stress relieved prestressing strands is: 

A =((logt2 -IOgtl)J(~_ J L.1fpR 0.55 
10 fpy 

(2-22) 
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where fpi is the initial prestress level; fpy is the yeild stress; tl and h are the times at the 

beginning and the end of a period of relaxation measured in hours. For low relaxation 

strands the constant 10 in the denominator becomes 45. 

Camber, Deflection and Prestress Losses 

Short-term deflections of prestressed concrete members can be calculated using 

classical methods for linear elastic beams. Long-term deflections and deformations are a 

more complex issue. While section properties, loading information, and elastic modulus 

are sufficient for short-term analysis, long-term analysis requires considerably more 

information about the material and ambient conditions as well as the section and elastic 

properties. 

Several methods are listed in ACI 435R-95 (1995) for calculating long-term 

deflection and camber in prestressed concrete members: The PCI Multipliers Method, 

Incremental Time-Steps Method, Approximate Time-Steps Method, Axial Strain and 

Curvature Method, Prestress Loss Method, and CEB-FIP Model Code Method. 

The PCI multiplier method estimates long-term camber and deflection by 

multiplying short-term deflections by factors ranging from 1.80 to 3.00. The suggested 

multipliers are shown in Table 4.6.2 of The PCl Design Handbook (PCI 1992) which is 

reproduced in Figure 2.2. 

The Incremental Time-Steps Method is based on calculation of deflection due to 

time-dependent creep, shrinkage, and relaxation losses. The procedure is incremental, 

tedious, and time consuming, lending itself to computer solution. The strain 

distributions, at the ends and midspan, prestressing forces, creep loss, shrinkage loss, and 
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Without With 
Composite Composite 
Topping Topping 

At erection: 
(1) Deflection (downward) component - apply to the elastic 1.85 1.85 

deflection due to the member weight at release of prestress 

(2) Camber (upward) component - apply to the elastic camber 1.80 1.80 
due to prestress at the time of release of prestress 

Final: 
(3) Deflection (downward) component - apply to the elastic 2.70 2.40 

deflection due to the member weight at release of prestress 

(4) Camber (upward) component - apply to the elastic camber 2.45 2.20 
due to prestress at the time of release of prestress 

(5) Deflection (downward) - apply to elastic deflection due to 3.00 3.00 
superimposed dead load only 

(6) Deflection (downward) - apply to elastic deflection caused - 2.30 
by the composite topping 

Figure 2.2 PCl Multipliers 
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steel relaxation are calculated for each time increment (Nawy 1989). Curvature at the 

end and midspan is determined from the computed strain distributions. Using the 

computed curvatures moment area is applied to evaluate the camber. 

The Approximate Time-Steps Method is based on the summation of deflections 

due to the various time dependent factors. Unlike the Incremental Time Steps Method, 

the summation of factors is done only twice; immediately after release and at the final 

condition. This method yields comparable results to the PCI Multiplier Method. The 

Approximate Time-Steps Method is a compromise between complexity and efficiency of 

calculation. 

The Axial Strain and Curvature Method is a procedure for the analysis of 

instantaneous and long-term stresses and strains in reinforced concrete cross-sections, 

with or without prestressing but considering cracking. The slope of the strain diagram is 

set equal to curvature, which can be used to calculate the change in deflection. The 

method does not require determination of prestress losses, but introduces an aging 

coefficient that adjusts the modulus of concrete, Ee, between initial release and the time 

under consideration. 

The Prestress Loss Method assumes that sustained dead load due to self weight 

does not produce cracking. Therefore the effects of creep, shrinkage, and relaxation are 

considered only for uncracked cross sections. The method provides stress loss 

coefficients for creep and shrinkage effects. A set of multipliers are applied to the 

deflections due to initial prestress, member self-weight, superimposed dead load, and 

time-dependent prestress loss. 
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Prestress Losses by ASSHTO LRFD 

ASSHTO LRFD (1993) provides two methods for estimating prestress losses. 

The first is the AASHTO 'lump sum' method. In the lump sum method, prestress loss is 

composed of two parts. The first is elastic shortening. The second represents the 

remaining time dependent prestress losses. One equation is given for each. The values 

are then added to give the total lump sum prestress loss. 

ASSHTO LRFD also provides a method for "refined estimates of the time-

dependent losses" in prestressed girders. Section 5.9.5.1 gives the following equation for 

estimating the total prestress loss in pretension members: 

(2-23) 

where ilfpT is the total prestress loss in ksi; ilfpEs is the loss due to elastic shortening in 

ksi; ilfpsR is the loss due to shrinkage in ksi; ilfpcR is the loss due to creep of the concrete 

in ksi; and ilfpR is the loss due to relaxation of the steel in ksi. 

Section 5.9.5.2.3a gives the following equation for evaluation of ilfpEs: 

(2-24) 

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

elasticity of the concrete at transfer in ksi; fcgp is the sum of concrete stresses at the center 

of gravity of the prestressing tendons due to the prestressing force at transfer and the self 

weight of the member at the section of maximum moment in ksi. 
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AASHTO LRFD section 5.9.5.4.2 gives the following equation for 8fpsR : 

8fpSR = (17.0-0.150H) (2-25) 

where H is the average annual ambient relative humidity. Section 5.9.5.2.4.3 gives the 

following equation for 8fpCR: 

8fpCR = 12.0fcgp -7.08fcdP (2-26) 

where fcgp is the concrete stress at the center of gravity of prestressing steel at transfer in 

ksi; 8fcdp is the change in concrete stress at the center of gravity of the prestressing steel 

due to permanent loads, except the load acting at the same time the prestressing force is 

applied. Values of 8fcdp should be calculated at the same section for which fcgp is 

calculated. Section 5.9.5.4.4 separates the losses due to relaxation, 8fpR' into two parts. 

First the relaxation of the strands prior to transfer are calculated: 

81 = 10g(24t) [ fp; - 0.55] f . 
pRI 40.0 fpy PJ 

(2-27) 

where t is the time estimated in days from strand stressing to transfer; fpj is the initial 

stress in the tendons at the end of stressing in ksi; and fpy is the specified yield strength of 

the prestressing steel in ksi. Relaxation losses after transfer are computed from the 

following: 

8fpR2 = 0.3(20.0 - 0.48fpES - 0.2(8fpsR + 8fpCR)) (2-28) 

The total relaxation loss is: 
(2-29) 
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CHAPTER THREE 

Bridge and Girder Instrumentation 

Introduction 

Measurements of actual girder temperature gradients, prestress losses, and camber 

are needed to evaluate the methods for calculating camber and prestress losses proposed 

in subsequent chapters. Instrumentation for making these measurements (and other types 

of measurements) was installed in the span between Bent 5 and Bent 6 of the Uphapee 

Creek HPC Showcase Bridge in Macon County, Alabama. Sensors were installed in the 

deck and in all five BT -54 girders in the bridge span. A plan view of the deck showing 

the general location of the sensors in the deck, the overall geometry, and the girder 

numbering is provided in Figure 3.1. Electrical resistance strain gages installed in the 

concrete deck were mounted on pieces of O.5-in. diameter reinforcing bar 4 ft in length. 

These pieces of reinforcing bar were installed parallel and transverse to the girders near 

the top and bottom of the deck slab as shown in Figures 3.1 and 3.2. Figure 3.2 shows a 

transverse cross section through the deck slab. The location of the #4 bars shown 

matches the location of the instrumented bars that were oriented parallel to the girders. 

The location of the #5 bars shown matches the location of the instrumented bars that were 

oriented perpendicular to the girders. The girders were instrumented with vibrating wire 

strain gages, thermocouples, and electrical resistance strain gages. Girder details are 
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shown in Figures 3.3 and 3.4. Locations of sensors in the girders are shown in 

Figure 3.5 and Table 3.1. 

Data Acquisition 

An automatic data acquisition system, Campbell Scientific's CRI0X, was used to 

record all temperature and strain data. The CRI0X is a 12 volt datalogger consisting ofa 

detachable wiring panel and a measurement and control module. The datalogger is 

shown in Figures 3.6 and 3.7. The CRI0X was mounted at the bridge site in an 18x18x6 

in. electrical box attached to a diaphragm at midspan. 

To increase the number of sensors that could be monitored by the datalogger, two 

different types of multiplexers were used with the CRI0X: Two AM25Ts (used to 

multiplex a total of 50 thermocouples) and one AM416 (used to multiplex 16 vibrating 

wire strain gages). The datalogger support software, PC208W, was used to monitor and 

collect data from the CRI0X. 

Girder Instrumentation 

The strain at different locations in the girders was measured using Geokon's 

Mode14911 Vibrating Wire Rebar Strain Meter, referred to subsequently as a vibrating 

wire strain gage. Each gage was purchased preas sembled for direct embedment in 

concrete (see Figure 3.8). The vibrating wire strain gage consists of two lengths of steel 

reinforcing bar welded onto each end of a steel cylinder which contains the vibrating wire 

strain gage element with an electronic "plucking" coil. Each vibrating wire gage was 

connected to the CRI0X which provided the necessary excitation to pluck the vibrating 
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Figure 3.6 CRlOX Being Used to Collect Data at Prestressing Yard 
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Figure 3.7 CRlOX Mounted in Box on Diapbram at Midspan 
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Figure 3.8 Vibrating Wire Strain Gage Unit 
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Table 3.1 Location of Instrumentation in Girders 
Midspan Quarter Span (28.375 ft. from Midspan) End 

Vibrating Wire Vibrating Wire 
Girder Thermocouples Strain Gages Thermocouples Strain Gages Thermocouples 

l(west side) X X 
2 X X 
3 X X X X X 
4 X X X X X 
5 X X X X X 

Note: At vibrating wire strain gage locations there are always two gages, one at the prestress sing center 
of gravity and one at the top flange center of gravity. At each thennocouple location two thennocouples 
are present as shown in Figure 3.5. 



wire element at its resonant frequency. As stated by the manufacturer (Geokon 1998), 

"The advantage of the VW device over conventional electrical resistance gages is in the 

VW's long-term stability and use of a frequency, rather than a voltage, as the output 

signal. Frequencies may be transmitted over long cable lengths without appreciable 

degradation caused by variations in cable resistance, contact resistance, or leakage to 

ground." A thermistor is included in each vibrating wire strain gage as a standard feature 

and permits measurement of temperature at the strain gage location. Two electrical 

resistance strain gages were added to five of the vibrating wire gage bars for use in future 

live load testing. One of the bars with the electrical resistance gages was installed in each 

girder at the centroid of the prestressing strands. Figure 3.9 shows the waterproofing 

material used to cover the electrical resistance strain gages. 

The electrical resistance strain gages were 350 Ohm gages with a gage length of 

0.25 in., and were manufactured by The Measurements Group. The gages were wired for 

use as quarter-bridges and had a gage factor of2.075. 

Temperatures at various locations in the girder and deck cross sections were 

monitored using Type T thermocouples. The vibrating wire strain gages and Type T 

thermocouples were placed in the five girders prior to casting. Figure 3.10 pictures 

placement of a bar instrumented with vibrating wire gage prior to casting. Figure 3.11 

shows a typical thermocouple attached to a stirrup in the girder web. Thermocouples 

were placed in the deck several days prior to deck casting. Figure 3.12 shows a typical 

group of deck thermocouples. Unfortunately, attempts to calculate girder deflections 
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Figure 3.9 Black Waterproofing Material over Electrical Resistance Strain Gages 

35 



Figure 3.10 Instrumented Rebar with Surrounding Prestress Tendons 
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Figure 3.11 Thermocouple Located in Girder 
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Thermocouple 

Thermocouple 

Thermocouple 

Figure 3.12 Thermocouples in Deck 
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using the measured temperatures were unsuccessful. No thennocouple data is reported 

here. 

Girder camber was detennined using surveying methods. Using a surveyor's 

level and carpenter's tape (1/16" divisions) camber at midspan was recorded at selected 

times after release of the prestressing force. 
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CHAPTER FOUR 

Field and Laboratory Measurements 

Camber of BT -54s 

Camber of the five instrumented AASHTO BT-54 girders in the HPC Showcase 

bridge was monitored from release through completion of construction. Additionally, 

camber of 26 of the remaining 30 HPC girders in the Uphapee Creek bridge was 

measured on a single day to determine the variability of camber from girder to girder. 

Fabrication of Girders 1 and 2 of the instrumented span was completed with 

release of the prestress force on December 18, 1998. Release for Girders 3 and 4 was on 

January 28, 1999, and release of Girder 5 occurred February 3, 1999. Table 4.1 lists the 

ages of the instrumented girders at the time the deck slab and barrier rails were cast. 

Casting of the deck was accomplished in 3 separate pours over a 15 day period (11/15/99 

through 11/30/99). 

The girder camber was determined using a surveyor's level and carpenter's tape. 

Data during the first 100 days of measurement activity were collected at various times of 

the day. Subsequent data were recorded in the morning in an attempt to minimize scatter 

in the readings due to thermal effects. 

Figures 4.1a through 4.1e depict camber at various ages for the five instrumented 

girders. Figure 4.1 f displays all of the camber data for the instrumented girders on one 

graph. Table 4.2 provides a summary of camber values at an age of I-day (after release), 

prior to shipping, and after casting the deck and barriers. Figure 4.2 contains the results 
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Table 4.1 Age of Girders During Deck Construction 
Girder Age (days) 

Number Casting of Deck Casting of Barriers 

1 332 to 347 398 

2 332 to 347 398 

3 291 to 306 357 

4 291 to 306 357 

5 285 to 300 351 
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of the one time survey of 31 of the 35 HPC girders. In Figure 4.2 camber from 

instrumented Girders 3 through 5 are plotted at approximately 200 days and are near the 

lower bound of the measured cambers, while the cambers of Girders 1 and 2 are closer to 

the average value. The Authors have been unable to pinpoint any specific differences in 

the girders that clearly explain produced these differences. Figure 4.2 illustrates that 

there is a noticeable amount of variability in the cambers of the 31 girders produced 

under the same material specifications. 

Strain Measurements from BT -54s 

Data from the vibrating wire strain gages were recorded by the CR-I0X at 

selected times both before and after release of the five instrumented girders. Baseline data 

were taken immediately before release. After release, strain measurements were taken 

every three minutes for twelve hours for the first day, once daily for a week, weekly for a 

month, and subsequently at various times. Strain data are shown in Figures 4.3 and 4.4. 

Each vibrating wire strain gage contained an internal temperature sensor. Coversion of 

the raw measurements to the strains plotted in Figures 4.1 through 4.4 included an 

adjustment to account for changes in temperature of the gage. This adjustment did not 

account for strains resulting from thermal gradients. 

Some data were lost due to technical problems with the CR-I0X. Data taken with 

the CR-I0X during construction of the deck were unusable, thus the absence of data in 

that period. A summary of vibrating wire strain gage data is provided in Table 4.3. Data 

were summarized for the following critical times: age of I-day, the last date collected 

before casting of the deck, before casting of the barriers, and after the barriers were cast. 
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T bI 42 S a e . ummary 0 fC b D t am er aa 
Midspan 
Camber 

Girder No. Age (days) Stage _(in.) 

1 1 On Yard 3.34 
295 On Yard 4.55 
425 After Barriers 3.37 

2 1 On Yard 3.63 
295 On Yard 4.90 
425 After Barriers 3.81 

3 1 On Yard 3.19 
242 On Yard 4.09 
370 After Barriers 2.98 

4 1 On Yard 3.28 
242 On Yard 4.20 
370 After Barriers 3.03 

5 1 On Yard 3.34 
234 On Yard 4.17 
364 After Barriers 3.13 
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Laboratory Creep and Shrinkage Tests on Bridge Girder HPC 

In conjunction with the field instrumentation of the HPC girders, laboratory tests 

were preformed to determine the creep and shrinkage properties of the high-performance 

concrete used in the girders. Additional descriptions of these tests is given by Glover and 

Stallings (2000). The ASTM C512 (ASTM 1994) procedure for creep testing of 

concrete in compression was used to conduct the test. Two loading frames similar to that 

depicted in the ASTM method were assembled to facilitate the test. Figure 4.5 shows 

two loading frames. 

ASTM C512 calls for the concrete cylinders to be tested while placed end to end 

with half cylinders at each extremity. Tests at Auburn used four fu1l4x8 cylinders sulfur 

capped and placed in the creep frame with the sulfur capped ends bearing on one another 

and plates at either end. No half cylinders were used. The concrete cylinders used in this 

test were made by Auburn graduate student Jim Glover during the production of the HPC 

girders. The test cylinders were match-cured until release of the prestress force into the 

girders and then transported to Auburn. Release of the prestress force occurred at an age 

of approximately 18-24 hours. 

Two of the match-cured 4x8 cylinders were broken to determine the compressive 

strength at the time of loading. The four sulfur capped cylinders in the creep frame were 

then loaded to 45% of the concrete compressive strength by way of a hydraulic ram as 

depicted in Figure 4.5. ASTM calls for the cylinders to be tested at no more than 45% of 

the compressive strength. Measurements after the jack was removed indicate the final 
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Figure 4.5 Creep Frame Shown with Jack and Load Cell in Place 
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V\ 
\0 

Table 4.3 Summary of Strain Data 

Girder No. Age (days) Stage 

1 1 On Yard 
311 Before Deck 
408 After Barriers 

2 1 On Yard 
311 Before Deck 
408 After Barriers 

3 1 On Yard 
270 Before Deck 
353 Before Barriers 
358 After Barriers 

4 1 On Yard 
270 Before Deck 
353 Before Barriers 
358 After Barriers 

5 1 On Yard 
264 Before Deck 
347 Before Barriers 
357 After Barriers 

- Measurement not made 

Quarter Span Strains (microstrain) Midspan Strains (microstrain) 
Top Flange Bottom Flange Top Flange Bottom Flange 

- - -228 -910 
- - -550 -1525 
- - -775 -1285 

- - -156 -943 
- - -603 -1650 
- - -876 -1404 

-248 -549 -183 -866 
-675 -1209 -602 -1602 
-881 -1036 -801 -1320 
-914 -1064 -828 -1335 

-271 -751 -191 -867 
-670 -1389 -630 -1602 
-848 -1217 -724 -1360 
-879 -1238 -748 -1377 

-216 -700 -33 -806 
-610 -1245 -590 -1408 
-788 -1090 -754 -1118 
-819 -1109 -786 -1145 



axial force in the cylinders produced an axial stress equal to 42% of the 

compressive strength. 

Strains in the loaded cylinders in the creep frame were collected using digital 

calipers and shop fabricated Demec points. The cylinders were fitted with three sets of 

these points. Each set of points was placed to provide an approximate gage length of five 

inches with the Demec pairs placed 120 degrees apart around the circumference of the 

cylinders as shown in Figure 4.6. Two additional cylinders were fitted with Demec 

points and placed on a shelf near the creep frames. These two cylinders provided 

shrinkage data. Measurements for each of the cylinders were made at approximately the 

following times: daily for a week, weekly for a month, monthly until the end of the first 

six months, then every other month. 

Total strains measured for the four individual cylinders in the creep frame are 

shown in Figure 4.7. The strains plotted for each cylinder are the average of the readings 

from the three sets of Demec points. Shrinkage strains measured from the two shrinkage 

cylinders are shown in Figure 4.8. The shrinkage values plotted for Cylinder F are the 

average values determined from the three sets of Demec points. Due to a problem with 

one set of Demec points on Cylinder E, the data shown are the average shrinkage strains 

measured with two sets of Demec points. 

Average values of total strain at each age where determined from the data in 

Figure 4.7 for the cylinders in the creep frame. Average shrinkage strains at each age 

were determined using the data in Figure 4.8. These average shrinkage strains are plotted 

in Figure 4.9. An elastic strain at each age was determined using the measured applied 

load and a modulur of elasticity of 6,000,000 psi. This modulus value is representative of 
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Figure 4.6 Demec Points 
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the concrete test cylinders. Creep strains at each age were determined by subtracting the 

shrinkage strain and elastic strain from the total strain. A creep coefficient was found at 

each age by dividing the creep strain at each age by the initial elastic strain (at age I-day) 

of 0.000691 in.lin. The creep coefficients are plotted in Figure 4.10. 

Shrinkage strains and creep coefficients calculated using the models discussed in 

Chapter 2 from ACI 209R-92 (1992) are plotted in Figures 4.9 and 4.10 along with the 

test data. A summary of the correction factors used to represent the lab test conditions is 

given in Table 4.4. The average relative humidity in the lab is assumed to be 50% over 

the duration of the tests. Relative humidity measurements were made periodically, and 

those measurements ranged from 21 % to 70%. The other correction factors in Table 4.4 

are based on the volume to surface ratio of the 4 in. diameter cylinders and the materials 

and characteristics of the HPC mixture. 

Table 4.5 contains the creep and shrinkage model parameters determined by least 

squares fit to the test data. Figures 4.9 and 4.10 illustrate that using the standard 

parameters from ACI significantly over predicts the creep and shrinkage of the high­

performance concrete. 
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Table 4.4 Shrinkage and Creep Correction Factors for 4 x 8 in. Cylinders in Lab at 50% 
Relative Humidity 

Factor Shrinkage Creep 

Relative Humidity, 50% 0.900 0.935 

'Iolume/Surface 1.064 1.106 

Slump 1.218 1.356 

Fine Aggregate % 0.818 0.969 

Cement Content 1.021 NA 

Air Content 0.984 1 

Product of Factors, y 0.959 1.359 

NA = Not Applicable 
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Table 4.5 Shrinkage and Creep Parameters from Laboratory Tests ofHPC 
Parameter Value 

Shrinkage 

ex. 
f 
(esh)u from tests 
(esh)u 6 x 12 cyl. @ H = 40%. 

<p 
d 
Cu from tests 
Cu 6 x 12 cyl. @ H = 40%. 

68 

1 
20 
0.000415 in.lin. 
0.000433 in.lin. 

0.6 
20 
2.037 
1.97 



CHAPTER FIVE 

Calculation of Camber, Strains and Losses 

Introduction 

Camber of prestressed concrete members depends on numerous factors, some of 

which are time-dependent. All factors cannot be directly accounted for in calculation of 

camber, but many can. Calculated cambers presented later in this report show very good 

agreement with measured cambers of the HPC girders. This good agreement indicates 

that the most important factors are modeled with reasonable accuracy. 

Calculated cambers, strains and prestress losses are compared to measured values 

in the next chapter. A description of the methods used to make those calculations is 

presented in this chapter. Calculating girder camber requires predictions of the losses of 

prestress force and modeling of the time dependent changes in member curvature 

produced by creep. Losses and incremental curvatures are discussed first, followed by a 

description of how they are used to calculate camber and strains for comparison with the 

measurements. The procedures presented here are not new and additional discussion can 

be found in texts on prestressed concrete design such as the one by Nawy (2000). Output 

from a spreadsheet used to perform the calculations is provided in the Appendix. 

Modeling of Prestress Losses 

Prestress losses in pretensioned girders of the type considered here result from 

five primary factors: 1) seating at the strand anchorages, 2) elastic shortening, 3) 

relaxation of the strand, 4) shrinkage of the concrete, and 5) creep of the concrete. 
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Modeling of losses requires a definition for the age of zero. Here, age of zero is 

immediately after release of the prestress force into the girder. Seating at the strand 

anchorages, relaxation of the strand in the prestressing bed, and elastic shortening of the 

girder occur prior to age of zero. Seating of the anchorages and relaxation of the strand 

in the prestressing bed are difficult to quantify and were assumed to equal a loss of 1 % of 

the jacking stress, fpj (75% of the ultimate strength of the strand). For the calculation of 

camber and strains at midspan, an elastic shortening loss at midspan of 9.96% of the 

jacking stress was used for the entire span. For girder strain calculations at the quarter 

span, an elastic shortening loss of 8.66% at the quarter span was used. The elastic 

shortening losses gi ven above were determined so that the prestress force due to the 

jacking stress, minus the initial relaxation loss, produced an elastic change in strand stress 

equal to the elastic shortening loss. Hence, these are refined values of elastic shortening 

loss. The initial steel stress, fpi. is defined here as the steel stress immediately after 

release, after the initial relaxation and elastic shortening losses. 

Relaxation of the strand is a reduction in strand stress, and force, at a constant 

strain. The loss in strand stress due to relaxation, ~fpR' was calculated using the common 

expression applicable to low-relaxation strand: 

~f = f . IOg(24t)(~_0.55J 
pR pi 45 0.9fpu 

(5-1) 

where t == age in days; fpi = stress in the steel at time zero; and fpu = ultimate tensile 

strength of the strand. This expression follows from Eqn. 2-22 where the yield stress is 

taken as 0.9fpu, and log t\ is assumed to be zero. 

Shrinkage of the concrete also produces a loss of prestress. The normal strain due 

to shrinkage was assumed to be uniform across the cross section and along the length of 
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the member, and the corresponding reduction in strain in the strand was assumed equal to 

the shrinkage strain. The loss in strand stress due to shrinkage, ~fpsH' is 

(5-2) 

where Eps = 27,500,000 psi is the modulus of elasticity of the prestressing strand. The 

shrinkage strain in Eqn. 5-2 was calculated using Eqn. 2-2. 

Creep of the concrete produces a prestress loss. As will be discussed later, the 

normal strain due to creep varies across the cross section due the linear variation of 

concrete stress due to prestress. The reduction in strain of the strand due to creep was 

taken equal to the concrete creep strain at the level of the prestress force. The loss in 

strand stress due to creep, ~fpcR' is 

(5-3) 

where fes = the stress in the concrete at the level of the prestress force due to the prestress 

and dead load; and Ee = modulus of elasticity of the concrete. C(t) in Eqn. 5-3 was 

calculated using Eqn. 2-13. 

The total loss of strand stress after release, ~fp, is the sum of the individual 

contributions listed above: 

(5-4) 
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Incremental Curvatures 

Curvature for structural members is defined as the angle change due to applied 

bending moment that occurs between two cross sections that are a unit length apart. 

Curvature at a cross section is equal to the slope of the strain diagram for the cross 

section. Camber and deflections of a beam result from curvature along the span. 

Classical beam deflection calculations typically involve the use of a (MlEI) diagram, 

where M = the bending moment diagram, E = modulus of elasticity, and I = moment of 

inertia of the cross section. This (MlEI) diagram is a curvature diagram, or plot of the 

curvature along the beam span. 

Camber of a prestressed girder changes with time as a result of creep and prestress 

losses. A fundamental method of accounting for these changes is the Incremental Time 

Steps Method. Application of this method involves calculating the incremental, time­

dependent strains that occur for consecutive periods of time after release, and using these 

strains to calculate incremental curvatures at specific cross sections along the beam. The 

incremental curvatures are added to the previous totals and used to calculate the girder 

camber. A description of how to calculate incremental curvatures is given below. 

When an eccentric prestress force is released into a girder, linear distributions of 

elastic stress and strain result at cross sections along the girder, and the girder cambers 

upward. The prestress force and the girder self-weight cause these stresses and strains. 

Creep of concrete is strain that occurs at a constant level of stress. Creep strain is 

assumed directly proportional to the applied stress level for both tensile and compressive 

stress. Hence, an initial linear distribution of stress across the depth of a girder causes a 

linear distribution of creep strain at a later age. Fig. 5.1 illustrates a linear distribution of 

creep strain for an increment of time. The incremental creep strains at the top and bottom 
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of the cross are indicated by ~€CR t and ~€CR b, respectively. These incremental creep 

strains are calculated by using the stresses due to the prestress force at the beginning of 

the time increment. 

The loss of prestress force that occurs during a time increment causes a reduction 

in elastic stresses and strains across the member cross section. Incremental strains at the 

top and bottom of the cross due to the loss of prestress during the time increment are 

indicated in Fig. 5.1 by ~€ps t and ~€ps b, respectively. The difference between the 

incremental creep strains and the incremental strains due to the loss of prestress are 

defined at the incremental net strains, ~€net t and ~€net b. Incremental curvature at the 

cross section is determined using the net strains as: 

(5-5) 

where h = the thickness of the cross section. 

Creep contributes directly to incremental curvature by causing a linear 

distribution of strain. Shrinkage, strand relaxation, and member self-weight contribute to 

incremental curvature by affecting the prestress losses. Stresses due to member self-

weight also cause creep strains and an additional component of incremental curvature. 

This self-weight effect is incorporated as described in the following section. 

Girder Camber 

Camber of a girder at any age is a sum of the upward deflection due to 

prestressing and the downward deflection due to self-weight and any other applied loads. 
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These two deflection components are kept separate in the calculations. A primary 

motivation for keeping them separate is the fact that the curvature diagrams along the 

span have different shapes for these two components. 

Upward deflection at midspan due to prestress in a girder with harped strands 

with two hold down points is calculated using the expressions shown in Fig. 5.2. 

Subscripts c in the figure refer to midspan, and subscripts e refer to the support. The 

second expression is in terms of total curvature at the supports and at midspan. The total 

curvature is simply the sum of the initial curvature immediately after release plus the sum 

of all the incremental curvatures up to the age of interest. Calculations of camber by the 

Incremental Time Steps Method utilized the second expression shown in Fig. 5-2. 

Implementation of the expression Fig. 5-2 required the calculation of prestress losses and 

curvatures at midspan and at the supports. The prestress force was assumed to be fully 

transferred at the centerline of the supports in these calculations. 

All camber calculation results presented in the next Chapter are for the HPC 

girders prior to application of any superposed dead load. The downward deflection at 

midspan due to self-weight was calculated using the familiar formula for a simple span 

with uniformly distributed loading. Immediately after release the downward deflection 

due to self-weight is referred to as ()D. By assuming that creep strain is directly 

proportional to stress, the deflection due to self-weight at later ages can be calculated as: 

() = ()D [1 +C(t)] (5-6) 

where C(t) is defined by Eqn. 2-13. 

75 



cgs -~--p 

=-_a_- -_l_~_a-=:I 

Figure 5.2 Upward Deflection due to Prestressing Force (Nawy, 2000) 
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Girder Strains 

Vibrating wire strain gages were embedded in five of the HPC girders as 

described in Chapter 3, and strain measurements were made until the bridge construction 

was completed. Comparisons of the measured strains and calculated strains are made in 

the next Chapter. The zero condition for the strain measurements was immediately 

before release. Immediately after release, the measured strains included the elastic strains 

due to the prestress force and the elastic strains due to the self-weight of the girder. At 

later ages the time dependent factors described above caused changes in the measured 

strains. Fig. 5-1 illustrates the net strain diagram associated with the incremental 

curvatures. The net strains for each time increment include the creep strains resulting 

from the prestress force and the elastic strains associated with loss of prestress. The 

embedded strain gages measured the net strains plus the creep strains resulting from the 

self-weight stresses and the shrinkage strains. As part of the Incremental Time Steps 

calculations, these individual strain contributions were calculated at the locations of the 

strain gages in the cross sections and summed at the end of each time increment. 

Approximate Time Steps Method 

Incremental Time Steps Method calculations are tedious to perform, and are only 

practical when programmed for computer solution. A simplified form of these 

calculations described by Nawy (2000) is the Approximate Time Steps Method. Camber 

estimates from this method are compared to measured values in the next Chapter. The 

camber at any age after release is given by: 

0= oe + 0.5[oe + OJ]C(t) + OD [1 +C(t)] 

77 

(5-7) 



where 8i = upward deflection due to the prestress force immediately after transfer; and 8e 

= upward deflection calculated for the prestress force (after losses) at the age of interest. 
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CHAPTER SIX 

Comparison of Calculated and Measured Cambers, Strains and Losses 

Introduction 

Camber and strains were monitored for five AASHTO BT -54 girders of 

Alabama's HPC Showcase bridge from release through completion of construction of the 

bridge. Additionally, camber of 26 of the remaining 30 HPC girders was measured on a 

single day. Details of the instrumentation and the measurements were presented in 

Chapters Three and Four. Methods of calculating cambers and girder strains were 

described in Chapter Five. Comparisons of calculated and measured cambers, strains and 

prestress losses are made in this chapter. 

Material and Geometric Parameters 

A summary of the material and geometric parameters used in calculations is 

provided in Table 6.1. The cross section characteristics are standard values for the 

AASHTO BT -54. Characteristics of the strand are nominal values based on the project 

specifications. The girder span length was assumed equal to 112.25 ft which is the 

distance between centers of the bearings for the instrumented bridge span. This span 

length is a reasonable estimate of the span length during storage on the production yard. 

The distance between centers of the supports for two of the seven bridge spans was 1 ft 

shorter, or 111.25 ft. No distinction is made here when comparing the cambers of those 

girders to the calculated cambers. 
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Table 6.1 Summar of Material and Geometric Parameters 

BT-54 Cross Section 

Thickness, h 
Area, A 
Moment of Inertia, I 
c bottom 

Parameter 

Prestressing Strands - 0.6-in. dia., low-relaxation 

Number of Strands 
Strand Area 
Ultimate Strength, fpu 
Modulus of Elasticity, Es 
Jacking Stress, fpj 

Girder Characteristics 

Span Length, L 
Harping Point, a (see Fig. 5.2) 
Eccentricity at Midspan, ec 
Eccentricity at Supports es 
Eccentricity at Quarter Span 

Concrete Properties 

Unit Weight 
Modulus of Elasticity, Ec 

80 

Value 

54 in. 
659 in? 

268,077 in.4 

27.63 in. 

42 
0.217 in? 
270 ksi 

27,500 ksi 
0.75 fpu 

112.25 ft 
46.125 ft 
21.13 in. 
9.95 in. 
16.68 in. 

149.71b/ft3 

5,740 ksi 



Table 6.1 Summar of Material and Geometric Parameters Continued) 
Parameter Value 

Shrinkage - Standard Parameters (ACI 209R-92) 

Shrinkage - HPC Parameters 

Creep - Standard Parameters (ACI 209R-92) 

<p 
d 
Cu 

Yu 

Creep - HPC Parameters 

cp 
d 
ell 
Yu 

81 

1 
55 

0.00078 in.lin. 
0.586 

1 
20 

0.000433 in.lin. 
0.585 

0.6 
10 

2.35 
0.860 

0.6 
20 

1.97 
0.653 



Unit weight and modulus of elasticity values shown in Table 6.1 are averages 

from test data obtained during production of the HPC girders. Eskildsen (2000) 

performed a least squares fit with concrete strength test results from production of the 

HPC girders then used Eqn. 2-21 to calculate the modulus of elasticity as a function of 

age for use in Incremental Time Steps Calculations. After Eskildsen's work was 

completed, the authors concluded that this was an over-refinement given the scatter in the 

modulus of elasticity values measured during production. The value of 5,740 ksi is the 

average of 32 individual tests of cylinders at various ages from release to 56-days as 

reported by Glover and Stallings (2000). 

Shrinkage and creep parameters for use in Eqn.s 2-2 and 2-13 are shown in Table 

6.1. The standard parameter values are based on ACI 209R-92 as outlined in Chapter 

Two. A full listing of the individual correction factors based on ACI 209R-92 is listed in 

Table 6.2. Mixture proportions, average air content and average slump for the HPC used 

in production of the girder are given in Table 6.3. Those proportions and characteristics 

were used as required to calculate the corrections in Table 6.2. The volume to surface 

area correction factor and relative humidity correction factor in Table 6.2 are for the 

AASHTO BT -54 girders at an average relati ve humidity of 70%. The average relative 

humidity of 70% was taken from AASHTO LRFD (1993) for the central Alabama area. 

Shrinkage and creep parameters in Table 6.1 for the HPC were determined from 

the lab tests. Parameters (Esh)u and Cu are corrected to the standard conditions of 6x12 in. 

cylinders at 40% relative humidity (see Table 4.5). Correction factors Ysh and Yc are the 

products of only the volume to surface area correction factor and the relative humidity 
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Table 6.2 Correction Factors for AASHTO BT -54 at H = 70% Using 
ACI209R-92 

Factor Shrinkage Creep 
Relative Humidity 0.700 0.801 
"olume/Surface 0.836 0.815 
Slump 1.22 1.36 
Fine Aggregate 0.818 0.969 
Cement Content 1.02 NA 
Air Content 0.984 1 

Product, y 0.586 0.860 
NA = Not Applicable 
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Table 6.3 HPC Mixture 

Material Cubic Yard Pro ortions 

Type III Cement 7521bs 

Type C Fly Ash <1521bs 

#67 Limestone 18221bs 

#89 Sand 3741bs 

#100 Sand 6951bs 

Water 2651bs 

Superplasticisers 140z 

Retarder 30z 

Air Entrainment 40z 

Air Content 4.20% (Average) 

Slum 
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correction factor since the laboratory shrinkage and creep tests included the affects 

modeled by all the remaining correction factors. 

Camber 

A plot of cambers measured for 31 of the HPC girders on the same day is shown 

in Fig. 6.1. Included in the plot are cambers calculated using the Incremental Time Steps 

Method with standard parameters and parameters for the HPC. This plot illustrates that 

using the standard parameters overestimates the measured cambers. The average age for 

the measured cambers is 200 days; the average camber is 4.44 in., and the standard 

deviation is 0.271 in. At an age of200 days, the camber calculated using the HPC 

parameters is 4.18 in. which is 6% below the average measured camber. Using the 

standard parameters, the calculated camber at 200 days is 5.49 in. which is 24% above 

the average measured camber. The error resulting from use of standard parameters is 

attributed primarily to over estimating the creep effects. 

All camber measurements for ages prior to casting of the concrete deck slab are 

shown in Fig. 6.2. Data plotted include cambers of the instrumented girders along with 

the camber data shown in Fig. 6.1. Also shown are cambers calculated using HPC 

parameters in the Incremental Time Steps Method and the Approximate Time Steps 

Method. Results from these two methods are very similar. At an age of200 days, 

cambers from the Incremental Time Steps Method and Approximate Time Steps Method 

are 4.18 in. and 4.13 in., respectively. The difference between these two values is 1 %. 

Error bands are included in Fig. 6.2 at plus 35% and minus 15% from the 

Incremental Time Steps Method results. All of the measured cambers are inside these 

85 



6 

5 

-C 4 .--L. 

CD 3 .c 
E 

00 co 2 0'1 
0 

1 

0 

0 

Camber of 31 HPC Girders 

- -- -- -- -- - - - - - - - - - - - - - - o -- b - - - - - - - - - ---

O 
eQo@o @o 0 ,.. 00 

o 

o Measured HPC Parameters - - - Std. Parameters 

50 100 150 

Age (days) 

200 

Figure 6.1 Camber of 31 HPC Girders and Calculated Camber 

250 300 



00 
-....l 

.-. 
• 

6 

5 
c ::,.4 
.... 
~ 3 

~ 2 

.,.-..-..-..----6 
' 0 0 

o 
080 

All Camber Data 

. -' - . - .. - .' - .. - -- --- -. . - . - ' . . - - - -- -- - -- - -
¢ ¢ 

o¢o8¢ ~¢ 00 
o 
o ~ ¢ t ¢ ¢ (]) 0 ~¢ 

08 ¢ 

o 
o 

_____________ -(L.. - - - - - - - - - - - - -- - - - -- - - - - - ---

- - - - - - - - - - - - 0 Instr. Girders 

¢ Other 
--Incr. Time Steps 

o 
1 

o ;I----~--~~,~--~~~::~~~----
Approx. Time Steps 

- - - - '+35% 1-15% 

o 50 100 150 200 250 300 

Age (days) 

Figure 6.2 All Camber Camber Data and Calculated Camber 



error bands. This same conclusion applies for error bands plotted around the cambers 

calculated using the Approximate Time Steps Method. 

Table 6.4 summarizes cambers of the instrumented girders at an age of I-day and 

at the last age prior to casting of the deck slab for which camber measurements are 

available. The cambers at ages greater than I-day in Table 6.4 were measured while the 

girders were stored on the production yard, but these values are approximately the 

cambers at erection. Calculated cambers in Table 6.4 are from the Incremental Time 

Steps Method using HPC parameters. 

At an age of I-day, percent differences between the measured and calculated 

cambers in Table 6.4 range from -17% to 8%. The average measured camber at I-day is 

3.36 in., and the calculated camber is 3.02 in. The difference between these two values is 

-10%. At the later ages shown in Table 6.4, the percent differences between the 

measured and calculated cambers ranges from -12% to 1 % with an average percent 

difference of -2%. 

Simple estimates of camber were made using the PCI Multipliers Method. At 

erection the estimated camber is 5.71 in., and the final camber is 9.09 in. Erection 

cambers are generally considered to correspond to ages of 30 to 60 days. Final cambers 

correspond to long-term cambers years into the future. Inspection of Fig. 6.1 indicates 

that the estimated erection camber is larger than all the measured cambers at all ages. 

ALDOT estimated the erection camber for the HPC girders prior to construction. 

The camber was shown on the bridge drawings as 5.125 in. This estimate provides a 

reasonably accurate upper bound to the measured cambers shown in Fig. 6.1. 
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Table 6.4 Camber of Instrumented HPC Girders 
Camber (in.) Percent 

Girder No Age (days) Measured Calculated Difference 

1 1 3.34 3.02 -10 
295 4.55 4.31 -5 

2 1 3.63 3.02 -17 
295 4.90 4.31 -12 

3 1 3.19 3.02 -5 
242 4.09 4.24 4 

4 1 3.28 3.02 -8 
242 4.20 4.24 1 

5 1 3.34 3.02 -10 
234 4.17 4.23 1 
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The results in Fig. 6.1 and 6.2 and in Table 6.4 illustrate that both the Incremental 

Time Steps Method and the Approximate Time Steps Method can produce good 

estimates of girder cambers when the materials parameters are accurately known. Work 

on this project and literature study has indicated that modeling the creep characteristics of 

the concrete is the single most important part of calculating accurate estimates of camber. 

Strains 

Plots of strains measured at midspan of all five of the instrumented girders prior 

to construction of the deck slab are shown in Fig. 6.3. Strains measured in the top flange 

and at the level of the prestress force are shown along with calculated strains. Similar 

plots for the three girders with strain gages at the quarter span are shown in Fig. 6.4. 

Calculated strains in these figures were found using the Incremental Time Steps Method 

with standard parameters and with the HPC parameters. 

Similar to the results for camber, use of the standard parameters significantly 

overestimates the strains. The calculated strains include directly the effects of 

overestimating the shrinkage and creep by use of the standard parameters. 

Fig. 6.5 and 6.6 show the measured and calculated strains along with error bands. 

The measured midspan strains at the level of the prestress force in Fig. 6.5 are inside the 

error bands at plus and minus 20% except for a couple of measurements. The top flange 

strains at midspan are inside error bands at plus and minus 50%, except for some of the 

measurements at very ages. 

Error bands in Fig. 6.6 at plus and minus 20% for the strains at the level of the 

prestress include all the strain data, except the measurements for Girder 3 at early ages. It 
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is unclear why the measurements for Girder 3 start at a significantly lower strain than for 

the other two girders. All but one of the top flange strain measurements in Fig. 6.6 are 

inside error bands at plus and minus 50%. 

Strains at ages of I-day and at the largest age prior to construction of the deck for 

which strain data is available are shown in Table 6.5 and 6.6. These tabulated strains and 

percent differences illustrate that the calculated strains at the level of the prestress match 

the measurements better than the calculated strains at the top flange. At midspan, the 

average percent difference for strains at the level of the prestress for ages of 264-days to 

311-days is -13%. Similarly at the top flange the average percent difference is -27%. At 

quarter span, the average percent difference of strains at the level of the prestress for ages 

of 264-days to 311-days is -4%, and at the top flange the average percent difference is 

-20%. 

Overall, the comparisons between the calculated and measured strains show better 

agreement for the strains at the level of the prestress than for the top flange strains. The 

calculated strains typically underestimate the measured strains. With only a few 

exceptions, the strain measurements at the level of the prestress at all ages are inside error 

bands at plus and minus 20% from the calculated strains. 

Prestress Losses 

Strain measurements made at the level of the prestress force provide estimates of 

the loss of prestress force. The change in strain measured for any time period multiplied 

by the modulus of elasticity for the strand is equal to the loss in prestress due to all effects 

except relaxation. Losses determined from the measurements in this manner include the 
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\0 
0\ 

Table 6.5 Strains at Mid 

Age Measured 
Girder No. (days) (x 106

) 

1 1 -228 
311 -550 

2 1 -156 
311 -603 

3 1 -183 
270 -602 

4 1 -191 
270 -630 

5 1 -33 
264 -590 

Top Flange 
Calculated 

(x 106
) 

-120 
-436 

-120 
-436 

-120 
-430 

-120 
-430 

-120 
-429 

Prestress Level 
Percent Measured Calculated Percent 

Difference (x 106
) (x 106) Difference 

-47 -910 -775 -15 
-21 -1525 -1366 -10 

-23 -943 -775 -18 
-28 -1650 -1366 -17 

-34 -866 -775 -11 
-29 -1602 -1351 -16 

-37 -867 -755 -11 
-32 -1602 -1351 -16 

264 -806 -755 -4 
-27 -1408 -1349 -4 



\0 
-....l 

Table 6.6 S . 

Age 
Girder No. (days) 

3 1 
270 

4 1 
270 

5 1 
264 

Qu ~ 
s 

Top Flange 
Measured Calculated 

(x 106
) (x 10~ 

-248 -183 
-675 -517 

-271 -183 
-670 -517 

-216 -183 
-610 -516 

Prestress Level 
Percent Measured Calculated Percent 

Difference (x 106
) (x 106

) Difference 

-26 -549 -677 23 
-23 -1209 -1226 1 

-32 -751 -677 -10 
-23 -1389 -1226 -12 

-15 -700 -677 -3 
-15 -1245 -1224 -2 

-



gain in prestress due to elastic strain resulting from the losses. For example, a loss in 

prestress force causes a loss in camber and a tensile strain at the level of the prestress. 

This tensile strain is included in the strain measurements. Relaxation is a loss of stress at 

constant strain. So, the relaxation loss does not appear directly in the strain 

measurements, but the elastic tensile strain resulting from the loss does. 

Prestress losses are listed in Table 6.7 for the time period starting at an age of 

I-day and extending to the last available strain data prior to construction of the deck slab. 

This time period corresponds with the measurements presented in Table 6.5 and 6.6. 

Losses from the measurements and the calculated strains were found by taking the 

difference in strains at the beginning and end of the time period and multiplying by the 

modulus of elasticity of the strand. The agreement between the calculated and measured 

losses is good. The calculated losses consistently underestimate the measured losses. At 

midspan, the average percent difference is -14%. For the three girders were strain 

measurements were made at the quarter span, the average percent difference between 

measured and calculate losses is -10%. 

Prestress losses in Table 6.7 cover the time from age of I-day to approximately 10 

months. An estimate of total losses to an age of 10 months can be made by adding 

measured and calculated losses. The average of the measured losses at midspan from 

Table 6.7 is 18,700 psi. The calculated relaxation loss for this time period is 2780 psi. 

From time zero to an age of I-day, the calculated prestress loss is 1070 psi. The sum of 

these results is an estimate of losses for the instrumented girders of 22,550 psi from 

release to an age of lO-months. The initial losses at midspan were 1 % of the jacking 

stress from relaxation and 10% from elastic shortening, or 22,200 psi. The sum of the 
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Table 6.7 Mid Prestress L -

Girder No. Age Range 

1 I-day to 311-days 

2 I-day to 311-days 

3 I-day to 270-days 

4 I-day to 270-days 

5 l-day to 264-days 
N.A. = Not Available 

Excluding ReI 
~ 

Midspan 
Measured Calculated 

(Psi) (psi) 

16,910 16,270 

19,440 16,270 

20,240 15,850 

20,210 15,850 

16,560 15,780 

Quarter Span 
Percent Measured Calculated Percent 

Difference (psi) (psi) Different 

-4 N.A. 15,500 N.A. 

-16 N.A. 15,500 N.A. 

-22 18,150 15,100 -17 

-22 17,550 15,100 -14 

-5 14,990 15,040 0 



initial loses and losses after age zero gives an estimate of the total losses to an age of 10-

months of 44,750 psi. 

Losses were calculated using the most rigorous methods provided by AASHTO 

LRFD and the AASHTO Standard Specifications. Losses by LRFD were 81,400 psi, and 

losses by the Standard Specifications were 83,200 psi. AASHTO specifications provide 

design estimates of prestress losses which are long-term losses. The AASHTO losses 

gi ven above are for the girder alone over a normal bridge lifetime without the beneficial 

effect of the deck dead load on the creep loss. This represents an artificial condition, so 

comparisons of the AASHTO losses and the measured losses for the relatively short 10 

month period are not appropriate. 
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Conclusions 

CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

Camber and strains were monitored for five AASHTO BT -54 girders of 

Alabama's HPC Showcase Bridge from release through completion of construction of the 

bridge. Camber of31 of the 35 HPC girders was measured on a single day to simulate 

the conditions at an artificial erection date. The average age of the 31 girders was 200-

days. Test cylinders of the HPC were made and match-cured during production of the 

girders. Laboratory tests were performed using these match-cured cylinders to determine 

the strength, modulus of elasticity, creep and shrinkage characteristics of the concrete. 

These measured materials parameters and standard parameters were used to calculate 

girder strains, camber and prestress losses up to the time of deck construction at a age of 

approximately 300-days. Comparisons of the field measurements and the calculated 

values allow the following conclusions. 

Accurate predictions of camber and prestress losses are possible using the 

Incremental Time Steps Method with materials parameters that are representative of the 

concrete used to produce the girders. 

Cambers calculated by both the Incremental Time Steps Method and the 

Approximate Time Steps Method with the HPC materials parameters agreed well with 

the measured cambers. Error bands at plus 35% and minus 15% from the calculated 

cambers included all measured cambers at all ages up to 300-days. The camber 
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calculated for an age of 200-days was 6% below the average of 31 measured cambers for 

girders with an average age of 200-days. 

New methods for camber calculations are not required for HPC. But, accurate 

predictions require accurate materials parameters. Cambers calculated using standard 

materials parameters were at the upper bound of the measured values. At an age of 200-

days, the calculated camber was 24% higher than the average of 31 measured cambers 

for girders with an average age of 200-days. This error resulted primarily from over­

estimating the shrinkage and creep of the concrete. 

Measured cambers were significantly smaller than the camber at erection 

estimated using the PCI Multipliers Method. Cambers at erection by the PCI Multipliers 

Method correspond to an age of30-days to 60-days. The calculated camber at erection 

was 29% larger than the average of measured cambers of 31 girders with an average age 

of 200-days. 

Agreement between calculated and measured strains was best at the level of the 

prestress force. Strains at the level of the prestressing force at midspan calculated using 

the Incremental Time Steps Method with HPC materials parameters were generally 

within 20% of the measured strains for ages up to 300-days. Strains in the top flange 

were generally with 50% of the measured strains for ages up to 300-days. 

Prestress losses calculated using the Incremental Time Steps Method with HPC 

materials parameters showed good agreement with measured losses. Losses were 

measured for a period from an age of I-day to an age that varied from 264-days to 311-

days for the individual instrumented girders. For the five girders with midspan strain 

gages, the calculated losses were consistently less than the measured loss by an average 
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of 14%. For the three girders with quarter span strain gages, the average percent 

difference between the measured and calculated losses was 10%. 

Recommendations 

Camber of prestressed girders can be calculated during the design stage with 

reasonable accuracy when representative materials parameters are known. The 

Incremental Time Steps Method or the Approximate Time Steps Method should be used 

along with representative materials parameters when bridge design details are sensitive to 

camber estimates. Experiences from this project indicate that only a moderate amount of 

laboratory testing is needed to obtain the required materials parameters. Given that 

prestress producers tend to use the same materials sources for long time periods, the 

development of an adequate database of materials parameters for use by an individual 

state is practical. 

Camber estimates using standard material parameters overestimated the measured 

cambers. Primarily this resulted from overestimating the effects of creep and shrinkage. 

This observation suggests that design estimates of prestress losses found using standard 

materials parameters, or methods such as those of AASHTO, may tend to overestimate 

the prestress losses that occur in girders made with HPC mixture studied here. 

Monitoring of Alabama's HPC bridge should be continued for the purpose of evaluating 

the long-term prestress losses. 
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..... 
o 
-...l 

Incremental Time Steps Method JMS 2001 
Input Data 

No. Strands 
fpu 
Strand Area 
As 
Es 
fpj / fpu 
Fj per strand 
Pj jacking force 
Pi initial prestress force 
ec midspan eccentricity 
es support eccentricty 
L span length 
a distance to harping point 
Unit weight of concrete 
w weight per ft of girder 
h concrete section 
I concrete section 
A concrete section 
r 2 concrete section 
c bottom 
S bottom 
ctop 
Stop 

Shrinkage Loss 
f 
(e sh)u 
ys 

Creep Loss 
d 
Cu 
yC 

42 
--.2}Q_I!l{tO~j psi 

0.217 in.2 
9.114 in.2 

I 27500Q€JJ.! psi 
g!~::::;;;tl7~(Jf2,! 

43950 Ibs 
1845900lbs 
1643578 Ibs 

21 ~ 1:fin. 

"~,9S in. 
.. ~ '~,.1~4? in. 

'",;:$~~5in. 
1 ~9.j; Ibs/ft3 • ,h 

685.09 Ibs/ft 
",fr4~ in. 

,," ' 26g0~ in.4 
I iII16~~' in. 2 
406.79 in. 

26.37 in. 
10165.98 in.3 

? 2(r 
Q'Oo0433 

O.~~ 

26 
t.97 in/in 

~Q]§"~-

Initial Losses for Camber Calculations 
Initial Relaxation Loss = ]llitt ~Hj % 
Initial Elastic Loss = Ililli!!Hj6~iti % 

• '"'''' !:!E:: 

112.25 ft 
46.125 ft 

9.961 

f = 20 HPC, 55 ACI 
0.000433 HPC, 0.00078 ACI 
0.585 HPC, 0.586 ACI 

d= 20 HPC, 10 ACI 
Cu= 1.97 HPC, 2.35 ACI 
0.653 HPC, 0.860 ACI 



Prestress Losses for Low Relaxation Strand 
At Midspan 

1 ___ _ _ _________ _ • • . _ •• _ . u_. .. Self Wt. Stress @ cgs ",:::: '; ;':~ :~~@~~~, psi 

Ending 
Age fc 
(days) (psi) 

Ec 
(psi) 
Inactive 

Relaxation 
Midspan PLoss 
End of Incr. Factor 
(Ibs) R ~R 

Shrinkage 

Strain 
(in.lin.) 

Incr. 
Shrinkage Creep 
Strain C(t)/Ec 
(in.lin.) (in.lin.)/psi 

Creep 
~e'CR 

o 8210 5740000 1643578 0 0 0 0 0.00 0 

..-
o 
00 

8552 5740000 1615001 8.69E-03 8.69E-03 1.21E-05 1.21E-05 1.067E-08 1.06721E-08 
3 9547 5740000 
5 9774 5740000 
8 9906 5740000 

10 9952 5740000 
20 10043 5740000 
25 10061 5740000 
30 10074 5740000 
35 10082 5740000 
40 10089 5740000 
45 10094 5740000 
50 10098 5740000 
60 10105 5740000 
70 10109 5740000 
80 10112 5740000 
90 10115 5740000 

100 10117 5740000 
150 10123 5740000 
200 10126 5740000 
234 10128 5740000 
242 10128 5740000 
264 10129 5740000 
270 10129 5740000 
295 10129 5740000 
300 10130 5740000 
311 10130 5740000 

1595512 1.17E-02 3.01E-03 3.30E-05 2.10E-05 1.975E-08 9.08119E-09 
1582497 1.31E-02 1.40E-03 5.07E-05 1.76E-05 2.602E-08 6.26221E-09 
1567754 1.44E-02 1.29E-03 7 .24E-05 2.17E-05 3.323E-08 7.21854E-09 
1559823 1.50E-02 6.10E-04 8.44E-05 1.21E-05 3.72E-08 3.97079E-09 
1531713 1.69E-02 1.90E-03 1.27E-04 4.22E-05 5.194E-08 1.474E-08 
1521905 1.75E-02 6.10E-04 1.41E-04 1.41E-05 5.748E-08 5.53317E-09 
1513726 1.80E-02 4.99E-04 1.52E-04 1.13E-05 6.228E-08 4.79813E-09 
1506740 1.84E-02 4.22E-04 1.61E-04 9.21E-06 6.652E-08 4.24354E-09 
1500663 1.88E-02 3.65E-04 1.69E-04 7.68E-06 7.033E-08 3.80757E-09 
1495300 1.91E-02 3.22E-04 1.75E-04 . 6.50E-06 7.378E-08 3.45443E-09 
1490510 1.94E-02 2.88E-04 1.81E-04 5.57E-06 7.694E-08 3.16175E-09 
1482257 1.99E-02 4.99E-04 1.90E-04 9.05E-06 8.256E-08 5.61797E-09 
1475347 2.03E-02 4.22E-04 1.97E-04 7.04E-06 8.744E-08 4.87896E-09 
1469429 2.07E-02 3.65E-04 2.03E-04 5.63E-06 9.175E-08 4.3079E-09 
1464270 2.10E-02 3.22E-04 
1459711 2.13E-02 2.88E-04 
1442646 2.24E-02 1.11 E-03 
1431183 2.32E-02 7.87E-04 
1425182 2.36E-02 4.30E-04 
1423923 2.37E-02 9.20E-05 
1420700 2.39E-02 2.38E-04 
1419878 2.40E-02 6.15E~05 

1416673 2.43E-02 2.42E-04 
1416072 2.43E-02 4.60E-05 
1414792 2.44E-02 9.85E-05 

2.07E-04 4.61 E-06 9.56E-08 3.85253E-09 
2.11 E-04 3.84E-06 9.908E-08 3.48052E-09 
2.24E-04 1.24E-05 1.127E-07 1.3572E-08 
2.30E-04 6.77E-06 1.223E-07 ·9.64237E-09 
2.33E-04 3.08E-06 1.275E-07 5.20766E-09 
2.34E-04 6.09E-07 1.286E-07 1.10704E-09 
2.35E-04 1.50E-06 1.315E-07 2.84959E-09 
2.36E-04 3.69E-07 1.322E-07 7.31953E-10 
2.37E-04 1.39E-06 1.351 E-07 2.86642E-09 
2.37E-04 2.51 E-07 1.356E-07 5.40634E-10 
2.38E-04 5.26E-07 1.368E-07 1.15446E-09 

e midspan ;i; 21)13' in. ... ,:i ...• ·;····:;· 

Prestress Stresses 
ftop f bot 
(psi) (psi) 

922.1 -6073.5 
906.1 -5967.9 
895.2 -5895.8 
887.9 -5847.7 
879.6 -5793.3 
875.1 -5764.0 
859.4 -5660.1 
853.9 -5623.8 
849.3 -5593.6 
845.4 -5567.8 
841 .9 -5545.3 
838.9 -5525.5 
836.3 -5507.8 
831.6 -5477.3 
827.7 -5451 .8, 
824.4 -5429.9 
821 .5 
819.0 
809.4 
803.0 
799.6 
798.9 
797.1 
796.6 
794.8 
794.5 
793.8 

-5410.9 
-5394.0 
-5331.0 
-5288.6 
-5266.4 
-5261 .8 
-5249.9 
-5246.8 
-5235.0 
-5232.8 
-5228.0 

SelfWt. Steel 
+ Prestress Stress 
'fcgs Loss 
(psi) (psi) 

-4210.8 
-4119.9 
-4057.8 
-4016.4 
-3969.5 
-3944.2 
-3854.8 
-3823.5 
-3797.5 
-3775.3 
-3755.9 
-3738.9 
-3723.6 
-3697.3 
-3675.3 
-3656.5 
-3640.1 
-3625.6 
-3571 .3 
-3534.8 
-3515.7 
-3511 .7 
-3501.4 
-3498.8 
-3488.6 
-3486.7 
-3482.6 

3135.4 
2138.3 
1428.0 
1617.6 

870.2 
3084.3 
1076.1 

897.4 
766.5 
666.8 
588.5 
525.5 
905.6 
758.2 
649.3 
566.0 
500.3 

1872.3 
1257.8 
658.4 
138.2 
353.6 

90.2 
351.7 

65.9 
140.5 



Stresses, Strains, and Curvatures 
At Midspan 

...... 
o 
\0 

e midspan " 2'h 1:~' in. Midspan Midspan 
Total 
Curvature 
(rad.lin.) 

Ending 
Age I1 P 
(days) (Ibs) 

o 

3 
5 
8 

10 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90 

100 
150 
200 
234 
242 
264 
270 
295 
300 
311 

28576 
19489 
13015 
14743 
7931 

28110 
9808 
8179 
6986 
6077 
5363 
4789 
8254 
6910 
5918 
5158 
4559 

17064 
11464 
6001 
1259 
3222 

822 
3205 

601 
1280 

Stress and Strain Changes Due to Prestress Losses Fiber Gross Strains Net Strains Incremental 

11 f top 11 f bot 11 e top 11 e bot 11 eCR top 11 eCR bot 11 e top 11 e bot Curvature 
(psi) (psi) (in.!in.) (in.!in.) (in.!in.) (in.lin.) (in.!in.) (in.lin.) (rad.lin.) 

16.03 -105.60 
10.93 -72.02 
7.30 -48.09 
8.27 -54.48 
4.45 -29.31 

15.77 -103.88 
5.50 -36.24 
4.59 -30.22 
3.92 
3.41 
3.01 
2.69 
4.63 
3.88 
3.32 
2.89 
2.56 
9.57 
6.43 
3.37 
0.71 
1.B1 
0.46 
1.80 
0.34 
0.72 

-25.81 
-22.46 
-19.B2 
-17.70 
-30.50 
-25.53 
-21 .87 
-19.06 
-16.85 
-63.06 
-42.36 
-22.18 

-4.65 
-11 .91 

-3.04 
-11 .84 

-2.22 
-4.73 

2.793E-06 
1.90SE-06 
1.272E-06 
1.441E-06 
7.7S2E-07 
2.748E-06 
9.S87E-07 
7.994E-07 
6.828E-07 
S.940E-07 
S.242E-07 
4.681 E-07 
8.068E-07 
6.7S4E-07 
5.78SE-07 
S.042E-07 
4.457E-07 
1.668E-06 
1.121E-06 
S.866E-07 
1.231E-07 
3.150E-07 
8.036E-08 
3.133E-07 
S.B73E-08 
1.251E-07 

0.0001606 -0.0010S81 ~2 .2S7E-05 -2.2S7E-OS 
-1.840E-05 9.841E-06 -6.482E-05 7.048E-06 -4.642E-OS -9.901E-07 -2.356E-OS 
-1.255E-05 8.228E-06 -5.420E-05 6.324E-06 -4.16SE-OS -8.884E-07 -2.44SE-OS 
-8.379E-06 5.606E-06 -3.692E-05 4.334E-06 -2.854E-OS -6.088E-07 -2.506E-05 
-9.491 E-06 6.409E-06 -4.221 E-05 4.968E-06 -3.272E-05 -6.979E-07 -2.575E-05 
-S.106E-06 3.493E-06 -2.300E-05 2.717E-06 -1.790E-05 -3.818E-07 -2.614E-05 
-1.810E-OS 1.290E-OS -B.496E-05 1.015E-05 -6.686E-05 -1.426E-06 -2.756E-OS 
-6.314E-06 4.7SSE-06 -3.132E-05 3.796E-06 -2.S00E-OS -S.333E-07 -2.810E-OS 
-S.265E-06 4.097E-06 -2.698E-05 3.298E-06 -2. 172E-05 -4.633E-07 -2.8S6E-OS 
-4.497E-06 3.604E-06 -2.374E-05 2.921E-06 -1 .924E-OS 
-3.912E-06 3.219E-06 -2.120E-05 2.62SE-06 -1 .729E-OS 
~3.4S3E-06 2.90BE-06 -1 .916E-OS 2.384E-06 -1 .S70E-05 
-3.083E-06 2.6S3E-06 -1.747E-05 2.184E-06 -1.439E-OS 
-S.314E-06 4.698E-06 -3.094E-OS 3.891 E-06 -2.563E-OS 
-4.448E-06 4.0S7E-06 -2.672E-05 3.382E-06 -2.228E-05 
-3.810E-06 3.S66E-06 -2.349E-OS 2.987E-06 -1 .968E-05 

-4. 1 04E-07 -2.897E-OS 
-3.687E-07 -2.934E-05 
-3.350E-07 -2.967E-05 
-3.069E-07 -2.998E-OS 
-S.467E-07 -3.0S3E-OS 
-4.791 E-07 -3.100E-05 
-4.197E-07 -3. 142E-OS 

-3.321 E-06 3.176E-06 -2.092E-OS 2.672E-06 -1 .760E-05 -3.7S4E-07 -3.180E-OS 
-2.935E-06 2.859E-06 -1 .883E-05 2.414E-06 -1.S90E-OS -3.391E-07 -3_214E-05 
-1 .099E-OS 1.112E-OS -7.321E-05 9.447E-06 -6.222E-OS -1.327E-06 -3.346E-OS 
-7.380E-06 7.804E-06 -S.140E-OS 6.684E-06 -4.402E-OS -9.390E-07 -3.440E-OS 
-3.863E-06 4.182E-06 -2.7S4E-05 3.S9SE-06 -2.368E-OS -S.OS1 E-07 -3.491 E-OS 
-8. 1 06E-07 8.8S2E-07 -S.830E-06 7.621E-07 -S.020E-06 -1 .071E-07 -3.S01E-05 
-2.075E-06 2.277E-06 -1.499E-05 1.962E-06 -1.292E-05 -2.7S6E-07 -3.S29E-05 
-S.293E-07 S.834E-07 -3.843E-06 S.031E-07 -3.313E-06 -7.067E-08 -3.S36E-OS 
-2.063E-06 2.283E-06 -1 .S04E-05 1:970E-06 -1 .298E-OS -2.768E-07 -3.S64E-OS 
-3.868E-07 4.297E-07 -2.830E-06 3.710E-07 -2.443E-06 -5.212E-08 -3.569E-05 
-8.242E-07 9.172E-07 -6.041E-06 7.921E-07 -5.217E-06 -1.113E-07 -3.580E-05 



Strains at Vibrating Wire Strain Gage Locations at Midspan 
y bot gage= 21-13 in. 1643578 

Total Total y top gage= ~2:3 .6S' in. 1643578 
-~ 

Net Net Creep Adjusted Self Wt. Total Total Actual 
Strain at Strain at Strain at Strain at Strain at Strain at Ending Actual Losses 
Top Gage Bot Gage Top Gage Bot Gage Top Gage Bot Gage Age Prestress from 1-day 
(in.lin.) (in.frn.) (In.lin.) (in.lin.) (in.An. ) (in.lin.) (days) (psi) (psi) 

ISeif Welgnt Stress~Sf: -1.143E+03 l.G21E+OaI 
9.949E-05 -9.114E-04 -1 .991 E-04 1.778E-04 -9.960E-05 -7.336E-04 0 180335 
1.039E-04 -9.514E-04 -2.113E-04 1.887E-04 -1.195E-04 -7.747E-04 1 179204 0 
1.078E-04 -9.873E-04 -2.217E-04 1.980E-04 -1.469E-04 -8.223E-04 3 177895 1309 
1.105E-04 -1.012E-03 -2.288E-04 2.D44E-04 -1 .690E-04 -8.581E-04 5 176910 2293 
1.135E-04 -1 .040E-03 -2.371 E-04 2.117E-04 -1 .959E-04 -9.007E-04 8 175741 3463 
1.152E-04 -1 .055E-03 -2.416E-04 2.158E-04 -2.108E-04 -9.241 E-04 10 175096 4107 
1.215E-04 -1 .113E-03 -2.585E-04 2.308E-04 -2.636E-04 -1.009E-03 20 172765 6438 
1.238E-04 -1 .135E-03 -2.648E-04 2.365E-04 -2.817E-04 -1.039E-03 25 171941 7262 
1.259E-04 -1.153E-03 -2.703E-04 2.414E-04 -2.964E-04 -1 .064E-03 30 171252 7952 
1.277E-04 -1 .170E-03 -2.751E-04 2.457E-04 -3.086E-04 -1 .085E-03 35 170662 8542 
1.293E-04 -1 .185E-03 -2.795E-04 2.496E-04 -3.190E-04 -1.104E-03 40 170148 9055 
1.308E-04 -1.198E-03 -2.834E-04 2.531 E-04 -3-.280E-04 -1.121 E-03 45 169695 9509 ...... 
1.322E-04 -1 .211 E-03 -2.870E-04 2.563E-04 -3.358E-04 -1.135E-03 ...... 50 169290 9914 

0 1.346E-04 -1 .233E-03 -2.934E-04 2.621E-04 -3.489E-04 -1 .161E-03 60 168591 10612 
1.367E-04 -1 .252E-03 -2.990E-04 2.670E-04 -3.594E-04 -1 .182E-03 70 168007 11197 
1.385E-04 -1 .269E-03 -3.039E-04 2.714E-D4 -3.681E-04 -1.200E-03 80 167507 11696 
1.402E-04 -1 .284E-03 -3.083E-04 2.754E-04 -3.754E-04 -1 .216E-03 90 167072 12132 
1.417E-04 -1 .298E-03 -3.123E-04 2.789E-04 -3.817E-04 -1 .230E-03 100 166687 12516 
1.475E-04 -1 .351 E-03 -3.278E-04 2.928E-04 -4.038E-04 -1 .282E-03 150 165253 13951 
1.516E-04 -1.389E-03 -3.388E-04 3.026E-04 -4.175E-04 -1 .317E-03 200 164295 14909 
1.539E-04 -1.410E-03 -3.448E-04 3.079E-04 -4.243E-04 -1 .335E-03 234 163795 15409 
1.543E-04 -1.414E-03 -3.461E-04 3.091 E-04 -4.257E-04 -1.339E-03 242 163691 15513 
1.556E-04 -1.425E-03 -3.493E-04 3.120E-04 -4.292E-04 -1.349E-03 264 163423 15780 
1.559E-04 -1.428E-03 -3.502E-04 3.127E-04 -4.301E-04 -1.351E-03 270 163355 15849 
1.571 E-04 -1.439E-03 -3.534E-04 3.156E-04 -4.336E-04 -1 .361 E-03 295 163090 16114 
1.573E-04 -1 .441E-03 -3.541E-04 3.162E-04 -4.342E-04 -1 .362E-03 300 163041 16163 
1.578E-04 -1.446E-03 -3.554E-04 3.174E-04 -4.356E-04 -1 .366E-03 311 162935 16269 



Self Wt. Stress = 0 at supports 

",,;:9';!;lp' in. 
Steel 

Ending P at Prestress Stresses Prestress Stress 
Age fc Ec End ftop fbot fcgs Loss 
(days) (psi) (psi) (Ibs) (psi) (psi) (psi) (psi) 

Inactive 
0 8210 5740000 1643577.5 -885.4 -4179.6 -3101.0 
1 8552 5740000 1617969.5 -871 .6 -4114.5 -3052.7 2809.7 
3 9547 5740000 1600900.6 -862.4 -4071.0 -3020.5 1872.8 
5 9774 5740000 1589506.0 -856.3 -4042.1 -2999.0 1250.2 
8 9906 5740000 1576594.6 -849.3 -4009.2 -2974.7 1416.7 

10 9952 5740000 1569648.5 -845.6 -3991.6 -2961 .5 762.1 
20 10043 5740000 1545149.7 -832.4 -3929.3 -2915.3 2688.0 
25 10061 5740000 1536636.4 -827.8 -3907.6 -2899.3 934.1 
30 10074 5740000 1529561 .7 -824.0 -3889.6 -2885.9 776.2 
35 10082 5740000 1523538.6 -820.7 -3874.3 -2874.5 660.9 
40 10089 5740000 1518315.0 -817.9 -3861.0 -2864.7 573.1 
45 10094 5740000 1513717.6 -815.4 -3849.3 -2856.0 504.4 

....... 
50 10098 5740000 1509622.7 -813.2 -3838.9 -2848.3 449.3 ....... 

....... 60 10105 5740000 1502591.8 -809.4 -3821 .0 -2835.0 771.4 
70 10109 5740000 1496727.8 -806.3 -3806.1 -2824.0 643.4 
80 10112 5740000 1491721 .1 -803.6 -3793.4 -2814.5 549.3 
90 10115 5740000 1487368.5 -801.2 -3782.3 -2806.3 477.6 

100 10117 5740000 1483529.8 -799.2 -3772.6 -2799.1 421.2 
150 10123 5740000 1469250.6 -791 .5 -3736.3 -2772.1 1566.7 
200 10126 5740000 1459697.3 -786.3 -3712.0 -2754.1 1048.2 
234 10128 5740000 1454703.1 -783.6 -3699.3 -2744.7 548.0 
242 10128 5740000 1453655.1 -783.1 -3696.6 -2742.7 115.0 
264 10129 5740000 1450974.8 -781 .6 -3689.8 -2737.6 294.1 
270 10129 5740000 1450290.8 -781 .3 -3688.0 -2736.3 75.0 
295 10129 5740000 1447626.1 -779.8 -3681 .3 -2731 .3 292.4 
300 10130 5740000 1447126.5 -779.6 -3680.0 -2730.4 54.8 
311 10130 5740000 1446062.0 -779.0 -3677.3 -2728.4 116.8 



Stresses, Strains, and Curvatures 
At Girder Supports 

e midspan ' 9': ~~in . Support Support 
Ending Stress and Strain Changes Due to Prestress Losses Fiber Gross Strains Net Strains Incremental Total 

Age 6P 6 ftop 6 fbot 6etop 6 e bot 6eCR top 6 eCR bot 6e top 6e bot Curvature Curvature 
(days) (Ibs) (psi) (psi) (in.lin.) (in.lin.) (in.lin.) (in.lin.) (in.lin.) (in.lin.) (rad.lin.) (rad.lin.) 

0 -1 .S42E-04 -7.281E-04 -1 .063E-OS -1.063E-OS 
25608.0 -13.79 -6S.12 -2.403E-06 -1 .135E-OS -9.449E-06 -4.460E-OS -7.046E-06 -3.326E-OS -4.854E-07 -1 .111E-05 

3 17068.9 -9.19 -43.41 -1.602E-06 -7.S62E-06 -7.91SE-06 -3.736E-OS -6.313E-06 -2.980E-OS -4.3S0E-07 -1.1S5E-OS 
S 11394.6 -6.14 -28.98 -1.069E-06 -S.048E-06 -S.401E-06 -2.S49E-OS -4.331 E-06 -2.04SE-OS -2.984E-07 -1.18SE-OS 
8 12911.S -6.96 -32.83 -1 .212E-06 -S.720E-06 -6.181E-06 -2.918E-05 -4.969E-06 -2.346E-OS -3.424E-07 -1 .219E-05 

10 6946.1 -3.74 -17.66 -6.519E-07 -3.077E-06 -3.372E-06 -1 .592E-05 -2.721E-06 -1.284E-OS -1.874E-07 -1.238E-05 
20 24498.7 -13.20 -62.30 -2.299E-06 -1.085E-OS -1 .246E-05 -S.884E-05 -1.016E-05 -4.798E-05 -7.003E-07 -1.308E-05 
2S 8513.3 -4.S9 -21.6S -7.990E-07 -3.772E-06 -4.606E-06 -2. 174E-05 -3.807E-06 -1 .797E-OS -2.623E-07 -1.334E-OS 
30 7074.7 -3.81 -17.99 -6.640E-07 -3. 134E-06 -3.972E-06 -1 .875E-05 -3.308E-06 -1 .561E-05 -2.279E-07 -1.357E-05 
35 6023.1 -3.24 -15.32 -S.653E-07 -2.668E-06 -3.497E-06 -1.651 E-05 -2.931E-06 -1.384E-05 -2.020E-07 -1.377E-05 
40 5223.6 -2.81 -13.28 -4.902E-07 -2.314E-06 -3.125E-06 -1.47SE-05 -2.635E-06 -1.244E-OS -1.81SE-07 -1.395E-OS 
45 4S97.4 -2.48 -11 .69 -4.315E-07 . -2.037E-06 -2.82SE-06 -1 .334E-OS -2.394E-06 -1 .130E-05 -1 .649E-07 -1.412E-OS ...... ...... SO 4094.9 -2.21 -10.41 -3.843E-07 -1.814E-06 -2.S78E-06 -1.217E-OS -2.194E-06 -1 .036E-OS -1.S12E-07 -1.427E-05 

tv 
60 7031.0 -3.79 -17.88 -6.S99E-07 -3.11SE-06 -4.S69E-06 -2. 1 S7E-OS -3.909E-06 -1 .84SE-OS -2.693E-07 -1.4S4E-OS 
70 S864.0 -3.16 -14.91 -S.S03E-07 -2.S98E-06 -3.949E-06 -1.864E-OS -3.399E-06 -1 .604E-OS -2.~42E-07 -1.477E-OS 
80 S006.7 -2.70 -12.73 -4.699E-07 -2.218E-06 -3.473E-06 -1.640E-OS -3.004E-06 -1.418E-OS -2.069E-07 -1.498E-OS 
90 4352.6 -2.34 -11.07 -4.085E-07 -1.928E-06 -3.096E-06 -1.461 E-05 -2.687E-06 -1 .269E-05 -1.852E-07 -1.516E-05 

100 3838.7 -2.07 -9.76 -3.603E-07 -1 .701E-06 -2.789E-06 -1.316E-05 -2.428E-06 -1 .146E-OS -1.673E-07 -1.533E-05 
150 14279.1 -7.69 -36.31 -1 .340E-06 -6.326E-06 -1.085E-OS -S.120E-OS -9.S06E-06 -4.488E-OS -6.SS0E-07 -1 .S98E-OS 
200 95S3.3 -S.1S -24.29 -8.966E-07 -4.232E-06 -7.632E-06 -3.603E-OS -6.73SE-06 -3.179E-OS -4.641E-07 -1.64SE-OS 
234 4994.3 -2.69 -12.70 -4.687E-07 -2.213E-06 -4.09SE-06 -1.933E-OS -3.626E-06 -1.712E-OS -2.498E-07 -1.670E-05 
242 1048.0 -0.S6 -2.66 -9.83SE-08 -4.643E-07 -8.67SE-07 -4.09SE-06 -7.692E-07 -3.631 E-06 -5.300E-08 -1.675E-05 
264 2680.3 -1.44 -6.82 -2.51SE-07 -1 .187E-06 -2.231E-06 -1.053E-OS -1 .980E-06 -9.34BE-06 -1 .364E-07 -1.689E-OS 
270 683.9 -0.37 -1.74 -6.419E-08 -3.030E-07 -S.721E-07 -2.701E-06 -S.079E-07 -2.398E-06 -3.500E-08 -1.692E-OS 
295 2664.7 -1.44 -6.78 -2.501E-07 -1.181 E-06 -2.239E-06 -1.057E-OS -1.989E-06 -9.391E-06 -1.371E-07 -1.706E-05 
300 499.6 -0.27 -1.27 -4.689E-08 -2.214E-07 -4.216E-07 -1.990E-OB -3.747E-07 -1 .769E-06 -2.S82E-08 -1.709E-OS 
311 1064.S -0.S7 -2.71 -9.990E-08 -4.716E-07 -9.000E-07 -4.248E-06 -8.001 E-07 -3.777E-06 -S.S13E-08 -1 .714E-OS 



Camber Results 

Midspan Creep Initial Self Weight Deflection 
Camber Adjusted 1.590 Down 

Ending due to Self Total 

Age Prestress Weight Camber 
(days) (in.) (in.) (in.) 

0 -4.509 1.590 -2.919 
-4.708 1.688 -3.020 

3 -4.886 1.771 -3.115 
5 -5.008 1.828 -3.180 
8 -5.149 1.894 -3.255 

10 -5.225 1.930 -3.295 
20 -5.512 2.065 -3.447 
25 -5.619 2.115 -3.504 
30 -5.712 2.159 -3.553 
35 -5.794 2.198 -3.597 
40 -5.868 2.232 -3.636 
45 -5.936 2.264 -3.672 ...... ...... 50 -5.997 2.293 -3.704 

w 
60 -6.107 2.344 -3.763 
70 -6.202 2.389 -3.814 
80 -6.287 2.428 -3.859 
90 -6.362 2.463 -3.899 

100 -6.430 2.495 -3.935 
150 -6.697 2.619 -4.078 
200 -6.886 2.707 -4.179 
234 -6.987 2.754 -4.233 
242 -7.009 2.764 -4.244 
264 -7.064 2.790 -4.274 ' 
270 -7.078 2.797 -4.281 
295 -7.134 2.823 -4.311 
300 -7.145 2.828 -4.316 
311 -7.167 2.839 -4.328 



....... 

....... 
~ 

Prestress Losses for Low Relaxation Strand 
At Quarter Point 
Initial Relaxation Loss 
Initial Elastic Loss = 
Ending 

1 % 
8.661 % Relaxation 

P at the Loss 

RESrESS'EFFEGTS:0""N CURVATURE 
Incr. 

Shrinkage Shrinkage Creep 

Age fc 
(days) (psi) 

o 
1 
3 
5 
8 

10 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90 

100 
150 
200 
234 
242 
264 
270 
295 
300 
311 

Ec End of Incr. Factor Strain Strain C(t)/Ec 
(psi) (Ibs) R ~ R (in.lin.) (in.lin.) (in.lin.)/psi 

Creep 
~e'CR 

Inactive 
8210 5740000 1667567.6 
8552 5740000 1640252.1 
9547 5740000 1621889.7 
9774 5740000 1609643.1 

o 0 
8.69E-03 8.69E-03 
1.17E-02 3.01 E-03 
1.31E-02 1.40E-03 

o o 0.00 o 
1.21E-05 1.21E-05 1.06721E-08 1.067E-08 
3.30E-05 2. 1 OE-05 1.97533E-08 9.081 E-09 
5.07E-05 1.76E-05 2.60155E-08 6.262E-09 

9906 5740000 1595775.1 1.44E-02 1.29E-03 7.24E-05 2.17E-05 3.3234E-08 7.219E-09 
1.50E-02 6.10E-04 
1.69E-02 1.90E-03 
1.75E-02 6. 1 OE-04 
1.80E-02 4.99E-04 
1.84E-02 4.22E-04 
1.88E-02 3.65E-04 
1.91 E-02 3.22E-04 
1.94E-02 2.88E-04 
1.99E-02 4.99E-04 
2.03E-02 4.22E-04 
2.07E-02 3.65E-04 
2. 1 OE-02 3.22E-04 
2.13E-02 2.8BE-04 
2.24E-02 1.11 E-03 

B.44E-05 1.21E-05 3.7204BE-OB 3.971E-09 
1.27E-04 4.22E-05 5.19448E-OB 1.474E-OB 
1.41E-04 1.41E-05 5.74779E-OB 5.533E-09 
1.52E-04 1.13E-05 6.22761 E-OB 4.79BE-09 
1.61E-04 9.21E-06 6.65196E-OB 4.244E-09 
1.69E-04 7.6BE-06 7.03272E-08 3.808E-09 
1.75E-04 6.50E-06 7.37B16E-OB 3.454E-09 
1.B1E-04 5.57E-06 7.69433E-OB 3.162E-09 
1.90E-04 9.05E-06 8.25613E-OB 5.61BE-09 
1.97E-04 7.04E-06 8.74403E-OB 4.B79E-09 
2.03E-04 5.63E-06 9.174B2E-OB 4.308E-09 
2.07E-04 4.61 E-06 9.56007E-OB 3.B53E-09 
2.11 E-04 3.B4E-06 9.90812E-OB 3.4B1 E-09 
2.24E-04 1.24E-05 1.12653E-07 1.357E-08 

9952 5740000 1588316.4 
10043 5740000 1561944.9 
10061 5740000 1552760.9 
10074 5740000 1545114.4 
10082 5740000 1538592.8 
10089 5740000 1532927.3 
10094 5740000 1527933.2 
10098 5740000 1523478.8 
10105 5740000 1515814.4 
10109 5740000 1509408.5 
10112 5740000 1503929.4 
10115 5740000 1499158.8 
10117 5740000 1494946.2 
10123 5740000 1479221 .5 
10126 5740000 1468674.3 
10128 5740000 1463155.3 
10128 5740000 1461997.1 

2.32E-02 7.B7E-04 2.30E-04 6.77E-06 1.22296E-07 9.642E-09 
2.36E-02 4.30E-04 2. 33 E-04 3.0BE-06 1.27503E-07 5.20BE-09 
2.37E-02 9.20E-05 2.34E-04 6.09E-07 1.2861 E-07 1.107E-09 

10129 5740000 1459033.8 2.39E-02 2.38E-04 
10129 5740000 1458277.7 2.40E-02 6.15E-05 
10129 5740000 1455330.7 2.43E-02 2.42E-04 
10130 5740000 145477B.1 2.43E-02 4.60E-05 
10130 5740000 1453600.9 2.44E-02 9.85E-05 

2.35E-04 1.50E-06 1.3146E-07 2.85E-09 
2.36E-04 3.69E-07 1.32192E-07 7.32E-10 
2.37E-04 1.39E-06 1.35058E-07 2.866E-09 
2.37E-04 2.51 E-07 1.35599E-07 5.406E-10 
2.38E-04 5.26E-07 1.36753E-07 1.154E-09 

Self WL Stress @ cgs """" .~9~;f'~ psi 

e = 16.68" in. 
'\.:;:1' 

Prestress Stresses 

ftop fbot 
(psQ (psi) 

20.5 .6 
202.3 
200.0 
198.5 

-5397.3 
-5308.9 
-5249.4 
-5209.8 

196.8 -5164.9 
195.9 
192.6 
191 .5 
190.5 
189.7 
189.0 
188.4 
187.9 
186.9 
186.1 
185.5 
184.9 
184.3 
182.4 
181.1 
180.4 
180.3 
179.9 
179.8 
179.5 
179.4 
179.3 

-5140.8 
-5055.4 
-5025.7 
-5000.9 
-4979.8 
-4961.5 
-4945.3 
-4930.9 
-4906.1 
-4885.4 
-4867.6 
-4852.2 
-4838.6 
-4787.7 
-4753.5 
-4735.7 
-4731 .9 
-4722.3 
-4719.9 
-4710.3 
-4708.6 
-4704.7 

SelfWt. Steel 
+ Prestress Stress 

f cgs Loss 
(psi) (psi) 

-3661.4 
-3591.6 
-3544.7 
-3513.4 
-3478.0 
-3458.9 
-3391.5 
-3368.0 
-3348.5 
-3331.8 
-3317.4 
-3304.6 
-3293.2 
-3273.6 
-3257.3 
-3243.3 
-3231.1 
-3220.3 
-3180.1 
-3153.2 
-3139.1 
-3136.1 
-3128.5 
-3126.6 
-3119.1 
-3117.7 
-3114.7 

2997.1 
2014.7 
1343.7 
1521.6 

818.4 
2893.5 
1007.7 
839.0 
715.6 
621.6 
547.9 
488.7 
840.9 
702.9 
601.2 
523.4 
462.2 

1725.3 
1157.3 
605.6 
127.1 
325.1 

83.0 
323.4 

60.6 
129.2 



Stresses, Strains, and Curvatures 
At Quarter Point 

e= i:J6:68, in. Quarter Point 
Ending Stress and Strain Changes Due to Prestress Losses Fiber Gross Strains Net Strains Incremental Total 
Age tJ.P tJ. f top tJ. f bot tJ.etop tJ.e bot tJ. eCR top tJ. eCR bot tJ. e top tJ. e bot Curvature Curvature 
(days) (lbs) (psi) (psi) (in.lin.) (in.lin.) (in.lin.) (in.lin.) (in.lin.) (in.lin.) (rad.lin.) (rad.lin.) 

0 3.S82SE-OS -0.00,09403 -1 .808E-OS -1 .808E-OS 
1 2731S 3.37 -88.41 S.868E-07 -1 .540E-OS 2.19SE-06 -S.760E-OS 1.608E-06 -4.220E-OS -8.112E-07 -1 .889E-OS 
3 18362 2.26 -S9.43 3.94SE-07 -1.03SE-05 1.837E-06 -4.821 E-OS 1.442E-06 -3.786E-OS -7.278E-07 -1.962E-05 
S 12247 1.S1 -39.64 2.631E-07 -6.906E-06 1.2S2E-06 -3.287E-05 9.894E-07 -2.S97E-OS -4.992E-07 -2.011 E-05 
8 13868 1.71 -44.89 2.979E-07 -7.820E-06 1.433E-06 -3.761 E-05 1.13SE-06 -2.979E-OS -S.726E-07 -2.069E-OS 

10 74S9 0.92 -24.14 1.602E-07 -4.206E-06 7.814E-07 -2.0S1 E-OS 6.211E-07 -1 .630E-OS -3.134E-07 -2.100E-OS 
20 26372 3.2S -8S.3S S.666E-07 -1.487E-OS 2.887E-06 -7.577E-OS 2.320E-06 -6.090E-OS -1 .171E-06 -2.217E-05 
25 9184 1.13 -29.72 1.973E-07 -S.179E-06 1.066E-06 -2.797E-OS 8.684E-07 -2.279E-OS -4.382E-07 -2.261 E-OS 
30 7646 0.94 -24.7S 1.643E-07 -4.312E-06 9.187E-07 -2.411E-OS 7.54SE-07 -1 .980E-OS -3.807E-07 -2.299E-05 
3S 6S22 0.80 -21.11 1.401 E-07 -3.677E-06 8.08SE-07 -2.122E-OS 6.684E-07 -1.7S4E-OS -3.373E-07 -2.333E-OS 
40 S666 0.70 -18.34 1.217E-07 -3.19SE-06 7.224E-07 -1 .896E-OS 6.007E-07 -1 .S77E-OS -3.031 E-07 -2.363E-OS 
45 4994 0.62 -16.16 1.073E-07 -2.816E-06 6.S30E-07 -1 .714E-OS 5.4S7E-07 -1.432E-05 -2.7S3E-07 -2.391E-OS 

....... 50 4454 0.S5 -14.42 9.S70E-08 -2.S12E-06 S.9S7E-07 -1 .S64E-OS S.000E-07 -1.312E-OS -2.S23E-07 -2.416E-05 ....... 
VI 60 7664 0.9S -24.81 1.647E-07 -4.322E-06 1.055E-06 -2.770E-OS 8.908E-07 -2.338E-05 -4.495E-07 -2.461 E-OS 

70 6406 0.79 -20.73 1.376E-07 -3.612E-06 9.120E-07 -2.394E-OS 7.744E-07 -2.032E-9S -3.907E-07 -2.S00E-05 
80 5479 0.68 -17.73 1.177E-07 -3.090E-06 8.018E-07 -2. 1 05E-OS 6.B41E-07 -1.796E-05 -3.452E-07 -2.S34E-OS 
90 4771 0.59 -1S.44 1.025E-07 -2.690E-06 7.14SE-07 -1 .875E-OS 6.120E-07 -1.606E-OS -3.088E-07 -2.56SE-OS 

100 4213 0.52 -13.63 9.0S0E-08 -2.375E-06 6.434E-07 -1 .689E-OS 5.S29E-07 -1.451 E-OS -2.790E-07 -2.593E-OS 
150 1S725 1.94 -SO.89 3.378E-07 -8.867E-06 2.S02E-06 -6.S67E-OS 2.164E-06 -S.680E-OS -1 .092E-06 -2.702E-OS 
200 10547 1.30 -34.14 2.266E-07 -5. 947 E-06 1.759E-06 -4.616E-05 1.S32E-06 -4.022E-OS -7.731 E-07 -2.780E-OS 
234 5519 0.68 -17.86 1.186E-07 -3.112E-06 9.432E-07 -2.47SE-05 8.246E-07 -2.164E-OS -4.161E-07 -2.821E-OS 
242 11S8 0.14 -3.7S 2.488E-08 -6.531E-07 1.997E-07 -S.243E-06 1.749E-07 -4.S90E-06 -8.B23E-08 -2.830E-OS 
264 2963 0.37 -9.S9 6. 366E-OB -1.671E-06 5.137E-07 -1 .34BE-OS 4.S01E-07 -1 .181E-OS -2.271 E-07 -2.853E-05 
270 7S6 0.09 -2.45 1.624E-08 -4.264E-07 1.317E-07 -3.4S7E-06 1.1S4E-07 -3.030E-06 -S.82SE-08 -2.8S9E-05 
29S 2947 0.36 -9.54 6.331 E-08 -1.662E-06 S.1SSE-07 -1 .3S3E-OS 4.S22E-07 -1 .187E-OS -2.281E-07 -2.881E-05 
300 553 0.07 -1 .79 1.1B7E-08 -3.116E-07 9.702E-08 -2.S47E-06 8.S1SE-08 -2.235E-06 -4.297E-08 -2.886E-OS 
311 1177 0.1S -3.81 2.529E-08 -6.638E-07 2.071 E-07 -5.436E-06 1.818E-07 -4.772E-06 -9.174E-08 -2.895E-05 



Strains at Qtr. Span x= 333dn. 
Strain Gage Locations y bot gage= ,; :",,;:; 1:§.§§ in. 1667S68 
Total Total y top gage= . ;';;:!' f:~$.P9 in. 1667S67 
Net Net Creep Adjusted Self Wt. Total Total Actual 
Strain at Strain at Strain at Strain at Strain at Strain at Ending Actual Losses 
Top Gage Bot Gage Top Gage Bot Gage Top Gage Bot Gage Age Prestress from 1-day 
(in.lin.) (in.lin.) (In.lin,) (in.lin'.) (in.lin.) (in.lin.) (days) (psi) (psi) 

LSeif Welglif· Sfr~ss~ = ~8.5QtE+Q2 5.99iTE+02 
-1 .316E-OS -7.424E-04 -1.482E-04 1.045E-04 -1 .614E-04 -6.379E-04 0 182968 
-1.37SE-OS -7.757E-04 -1.573E-04 1.109E-04 -1 .831E-04 -6.769E-04 1 181896 0 
-1.428E-OS -8.056E-04 -1 .6S0E-04 1.163E-04 -2.123E-04 -7.223E-04 3 180647 1249 
-1.465E-OS -8.2.61 E-04 -1.703E-04 1.201E-04 -2.356E-04 -7.S66E-04 S 179702 2194 
-1.506E-OS -8.496E-04 -1.765E-04 1.244E-04 -2.639E-04 -7.97SE-04 8 178577 3319 
-1.529E-OS -8.624E-04 -1.799E-04 1.268E-04 -2.796E-04 -8.201 E-04 10 177957 3939 
-1.614E-05 -9.10SE-04 -1.924E-04 1.356E-04 -3.352E-04 -9.016E-04 20 175717 6179 
-1.646E-OS -9.28SE-04 -1.971E-04 1.390E-04 -3.543E-04 -9.303E-04 2S 174926 6970 
-1 .674E-05 -9.442E-04 -2.012E-04 1.418E-04 -3.699E-04 -9.543E-04 30 174266 7630 
-1 .698E-OS -9.580E-04 -2.048E-04 1.444E-04 -3.830E-04 -9.7 48E-04 35 173701 8194 
-1 .721E-OS -9.70SE-04 -2.080E-04 1.467E-04 -3.941 E-04 -9.927E-04 40 173211 868S 
-1.741E-OS -9.818E-04 -2.110E-04 1.487E-04 -4.037E-04 -1 .008E-03 45 172778 9118 

~ -1.7S9E-05 -9.921E-04 -2.137E-04 1.506E-04 -4.122E-04 -1 .022E-03 50 172392 9504 
~ 

0'1 -1.792E-OS -1 .011E-03 -2.184E-04 1.S40E-04 -4.263E-04 -1 .047E-03 60 171728 10167 
-1.820E-OS -1.027E-03 -2.226E-04 1.S69E-04 -4.378E-04 -1 .067E-03 70 171174 10722 
-1.84SE-OS -1.041E-03 -2.263E-04 1.S95E-04 -4.473E-04 -1.084E-03 80 170701 11195 
-1.868E-OS -1.0S3E-03 -2.29SE-04 1.618E-04 -4.555E-04 -1.099E-03 90 170289 11607 
-1.888E-05 -1.065E-03 -2.325E-04 1.639E-04 -4.625E-04 -1.112E-03 100 169925 11970 
-1.968E-OS -1.110E-03 -2.440E-04 1.720E-04 -4.872E-04 -1.161E-03 150 168575 13321 
-2.024E-OS -1.142E-03 -2.522E-04 1.778E-04 -S.028E-04 -1.194E-03 200 167674 14222 
-2.0S4E-OS -1 .1S9E-03 -2.567E-04 1.809E-04 -5.106E-04 -1.211 E-03 234 167205 14690 
-2.061E-OS -1 .162E-03 -2.S76E-04 1.816E-04 -5.122E-04 -1 .21SE-03 242 167107 14788 
-2.077E-05 -1 .172E-03 -2.600E-04 1.833E-04 -5.163E-04 -1.224E-03 264 1668S7 15039 
-2.081E-05 -1.174E-03 -2.607E-04 1.838E-04 -5.173E-04 -1.226E-03 270 166793 15103 
-2.098E-OS -1.183E-03 -2.631E-04 1.855E-04 -S.213E-04 -1.235E-03 295 166544 1S352 
-2.101 E-OS -1 .185E-03 -2.636E-04 1.858E-04 -S.220E-04 -1.237E-03 300 166498 1S398 
-2.108E-OS -1 .189E-03 -2.645E-04 1.865E-04 -5.236E-04 -1.240E-03 311 166399 1S497 


