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Post-tensioned cast-in-place concrete box girder bridges are the most popular type 

for new bridge construction in California since this class of bridges shows an increased 

ability to resist and dissipate seismic loads for long-span structures. However, due to the 

long-term behavior of the construction materials .i.e. concrete and steel, tension forces 

induced by prestressing decrease over time as a result of creep and shrinkage of concrete 

and steel relaxation, which is called long-term prestress loss. This loss is one of the most 
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important factors to consider in designing and analyzing this type of bridges. Although 

the inaccurate prediction of the loss is not considered to impose severe effects on the 

ultimate capacity of the structures, it is known to lead to critical problems at the design 

and service stages. Underestimating the prestress loss can cause cracking and excessive 

deflection during service stage and overestimating it could lead to uneconomic design.  

A number of bridge specifications use varied approximations currently to predict 

the long-term prestress losses. However, they show significant scatter in values of their 

estimates even under the same environmental conditions. This diversity of prediction 

mainly results from two sources of error. The first source of the error is related to 

inaccurate material characteristics: the coefficients for creep and shrinkage of concrete. 

The other comes from excessive simplification in the method of analysis in the 

specifications.  

Consequently, the goals of this research are to verify which specifications can 

provide more accurate creep and shrinkage strains and to propose a simple yet more 

comprehensive analysis procedure to predict the long-term prestress losses including 

effects from important structural- and material-level parameters. To meet these objectives, 

monitoring responses from bridges in service and investigating material characteristics 

from cylinder specimens are in progress on four bridge spans of I5-I805 and I215-CA91 

in San Diego and Riverside, California, respectively. Also, a simple analysis method 

which could be easily applied in the design is improved by incorporating the effects from 

the five parameters: transverse shear deformation, loading events, and horizontal 

reinforcements as structural-level parameters, compressive strength of concrete and 

thermal creep from accumulation of temperature variation as material-level parameters. 
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The results from this research are validated by comparing with the predictions in current 

specifications and data from the monitored spans on I5- I805 and I215-CA91. 
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1 INTRODUCTION 

1.1 Introduction 

Post-tensioned cast-in-place box girder bridges are the most popular bridge type 

in California since this class of bridges shows an increased ability to resist and dissipate 

seismic loads for long-span structures. In this type of bridge systems, due to the nature of 

long-term material behavior of concrete and steel, tension forces induced by prestressing 

decrease over time. This phenomenon is called long-term prestress loss. This loss is one 

of the most important factors to be considered in designing and analyzing this class of 

bridges. 

The material-level long-term behavior causing prestress loss in prestressed 

concrete structures can be categorized into three interdependent components, which are 

creep and shrinkage of concrete, and steel relaxation. 

The long-term creep of concrete is defined as the continuation of deformation in a 

hardened concrete structure under a constant stress condition. Its mechanism can be 

explained by the slow movement of gel molecules in the hardened structure (Bazant and 

Wittmann, 1982). Also, the long-term shrinkage is considered by the volume change of a 

hardened concrete member due to the drying of cement over time (Nilson, 1987). Similar 

to the creep of concrete, the relaxation of steel is also identified by the stress loss in steel 

material at a constant length (Nilson, 1987). 

Although the creep and shrinkage of concrete are interdependent of each other 

and cannot be separated into two independent mechanisms, the assumption of the 

independency and superposition of each property is generally accepted for the analysis of 
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their long-term effects on concrete structures, and thus the final prestress loss is usually 

determined by the summation of each loss component caused independently by creep, 

shrinkage and relaxation. 

Significant research has been conducted to predict the long-term prestress losses 

resulting in a number of specifications for use in bridge design. However, the existing 

methods often result in inaccurate estimates or significant variation in values of the 

resulting estimates of prestress losses even under the same environmental conditions. It is 

generally known that the loss in prestress is not associated with the ultimate strength of a 

structure. However, considerable problems during service-life of bridges such as cracking 

and excessive deflection, or an uneconomic design can be caused by the inexact estimates 

of the loss. 

This variation of prediction values mainly results from two sources of error. The 

first source of the error is related to inaccuracy in determination of material 

characteristics related to the coefficients for creep and shrinkage of concrete. The other 

comes from use of excessive simplification in the method of analysis used in the 

specifications. Although some advanced methods exist with the capability of making 

more accurate predictions than those available through specifications, designers are 

generally reluctant to adopt those methods primarily because they have not been 

extensively validated through experiments. 

This study aimed at the development of a simple yet more comprehensive analysis 

procedure to predict the long-term prestress losses in post-tensioned box girder bridges, 

including the effects of important structural-level and material-level parameters. An 

additional goal is the assessment of specifications to verify their ability to provide 
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accurate creep and shrinkage strains. To meet these objectives, a simple analysis method 

previously developed by Lewis (2006), Youakim and Karbhari (2006), and Youakim et al. 

(2007) which could be easily applied in the design is improved with the effects from five 

structural- and material-level parameters (transverse shear deformation, sequence of 

loading events, horizontal reinforcement, high-strength concrete and temperature 

variation). Also, structural monitoring response and material characteristics are 

experimentally investigated using the actual box girder bridge structures recently 

completed on I5-I805 and I215-CA91 in San Diego and Riverside, California, 

respectively. The results of this research are verified by comparing predicted values with 

the data obtained through experimental characterization and field monitoring. 

1.2 Motivation 

A number of specifications and associated computer-aided programs have been 

proposed to assist in the prediction of long-term prestress loss in prestressed concrete 

structures. However, these specification models and analytical programs have also been 

shown to have several limitations as related to practical design problems. Most of the 

specifications and some of the analytical methods do not include consideration of 

appropriate long-term material properties of concrete such as creep and shrinkage and do 

not consider the change of loading conditions possibly occurring in a construction 

sequence. 

Because of these limitations, the existing methods often result in inaccurate 

estimates of prestress losses. These inaccuracies can lead to several serviceability 

problems. Underestimation of the loss can result in cracking and excessive deflection 
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during the service-life of bridges, and overestimation of it might result in an uneconomic 

design. 

In addition to the challenges in the current analysis methods, there is no 

predetermined design procedure for cast-in-place post-tensioned box girder bridges since 

the design and analysis methods for this type of structures can be diversified according to 

the design conditions and each designer’s own decision. This aspect is very different 

from the design of prestressed beams, for which guidance is provided by manuals such as 

by Precast/Prestressed Concrete Institute (PCI, 2003),  

As an example of the challenges in design aspects, prestressed box girder bridges 

having much longer spans than those recommended by the American Association of State 

Highway and Transportation Officials (AASHTO) have been designed and constructed in 

California. 

1.3 Research Objectives  

The following serve as objectives for the experimental and analytical aspects of 

this research. 

 Development of a fundamental understanding of time-dependent behavior of 

materials in prestressed box girder bridges 

 Verification of specifications to assess which provide more accurate creep and 

shrinkage strains by examination and comparison of the current specifications for 

predicting creep coefficient and shrinkage strain with experimental data 

 Identification of important parameters that influence long-term prestress loss and 

evaluate their effects using fundamental characteristics 
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 Propose a simple yet more comprehensive analysis procedure to predict the long-

term prestress losses including effects from the important structural-level and 

material-level parameters 

 Verification of the results of the analyses by comparison of the predictions in 

current specifications with results from field monitoring 

1.4 Overview of Research 

This research begins with the general introduction and the problems of current 

calculation methods for prestress loss in cast-in-place prestressed box girder bridges 

systems. A review of the existing analysis methods as well as literature relevant to 

influencing parameters follows in Chapter 2. Chapters 3 and 4 discuss the experimental 

and analytical studies performed for this research. Chapter 5 describes the comprehensive 

analysis procedure with various numerical examples. A brief summary of the results and 

suggestions for design follow in Chapter 6. 

1.4.1 Chapter 2 

This chapter reviews current specifications and the analysis methods presented by 

previous studies for the predicting prestress loss. In addition, the literature associated 

with the effect of each important parameter of influence is examined. 

1.4.2 Chapter 3 

This chapter describes the experimental studies conducted. Firstly, the 

experimental setups for the structural- and material-level research are introduced. The 

procedure for calculating prestress losses induced by strain responses from the 
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monitoring data is elucidated, and the creep coefficients and shrinkage strains obtained 

from the measurements on the test specimens are presented. Several conclusions are 

made based on comparisons between the experimental and predicted material properties 

from the material prediction models. 

1.4.3 Chapter 4 

This chapter introduces the basic analysis platform for this study which has been 

previously suggested by Youakim and Karbhari (2006), and Youakim et al. (2007), Each 

influencing parameter for the new comprehensive model is introduced and each 

parameter is formulated into the comprehensive analysis method. 

1.4.4 Chapter 5 

Chapter 5 details the calculation procedure in consideration of each parameter 

explained in Chapter 4 for a two-span continuous beam having a rectangular section. 

Examples using an AASHTO-PCI Bulb-Tee (BT-72) beam are used to show the effect of 

high-strength concrete. A numerical example of a two-span continuous post-tensioned 

box girder bridge is examined for investigating how the parameters affect the response of 

bridges with different span-to-depth ratios. Finally, the prestress losses for the monitored 

bridge spans are analyzed using the proposed method, which is also validated by 

comparison of the analytical results with monitored values. 

1.4.5 Chapter 6 

This chapter summarizes the experimental and analytical results presented in this 

research. Specific recommendations for design are made and areas for future research are 
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identified. 
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2 LITERATURE REVIEW 

 

2.1 Introduction 

Research related to effects of long-term prestress loss of post-tensioned box girder 

bridge systems is very limited while studies on prestressed beam girders have actively 

been conducted. This chapter reviews the specifications currently used as well as the 

previous research on the prestress loss in post-tensioned box girder bridges. Section 2.2 

presents the various prestress loss prediction models from specifications and the results 

from the previous studies in terms of the test and analysis method. In Section 2.3, the 

effects of each parameter considered in this research are summarized. 

2.2 Long-Term Prestress Loss in Prestressed Concrete Box Girder Bridges 

2.2.1 Prediction Models from Specifications 

The methods for determining the loss in prestress which are typically used in 

design are reviewed in this section. The methods selected for this research are the 

AASHTO Approximate Lump Sum Estimate of Time-Dependent Losses (AASHTO, 

2004), AASHTO Refined Estimates of Time Dependent Losses (AASHTO, 2004), CEB-

FIP Model Code 90 (CEB-FIP, 1993) and the Canadian Highway Bridge Design Code 

(CHBDC) (CHBDC, 2000). Note that PCI (2003) and Caltrans (2000) have both adopted 

the AASHTO Refined Method.

This research is only concerned with the long-term prestress loss that occurs after 

the transfer of stress. The initial prestress losses such as anchorage slip, elastic shortening, 

and frictional losses are hence not considred. Components of the equations that determine 
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the loss before transfer have intentionally been removed. Several of the equations may 

appear slightly different from their original presentation in the specifications so that 

symbols and signs are consistent among the different methods as presented herein. 

The input parameters included in each specification are summarized in Table 2.1. 

All specifications herein are to be used with input in SI units. 

 

Table 2.1: Input used in specifications considered in this study to calculate prestress loss 
 

Specification 
Input Parameters 

CEB-FIP AASHTO 
App. 

AASHTO 
Ref. CHBDC

Initial concrete stress by prestressing and self-weight x  x x 
Change in concrete stress from permanent loads   x x 
Prestressing steel ultimate stress    x 
Prestressing steel initial stress   x x 
Stress change in prestressed steel, relaxation x    
Yield stress of prestressed steel  x   
Yield stress of non-prestressed steel  x   
Prestressing steel modulus x  x x 
Concrete modulus x  x x 
Area, prestressed steel x x   
Area, non-prestressed steel  x   
Concrete area x    
Concrete moment of inertia x    
Depth of prestress from centroid of concrete section x    
Shrinkage strain x    
Creep coefficient x    
Aging coefficient x    
Relative humidity   x x 
Wobble coefficient   x x 
Curvature coefficient   x x 
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2.2.1.1 AASHTO Approximate Lump Sum Estimate of Time-Dependent Losses 

In this model, the long-term behavior of concrete is substantially influenced only 

by the value of relative humidity. The actual creep and shrinkage make no effect on the 

prestress loss determined with this method.  

The equations used in this method generate the same loss prediction in bridges 

constructed under entirely different environmental conditions or subject to different 

construction schedules. In addition, these equations predict the same loss for two 

members with the same reinforcement ratio, without consideration of the span and 

geometry of the actual member.  

The loss is calculated using a partial prestress ratio (PPR): 

yspyp

pyp

fAfA
fA

PPR
+

=  (2.1)

where 

pA  = Area of prestressed steel; 

sA  = Area of non-prestressed steel; 

pyf  = Yield stress of prestressed steel; and 

yf  = Yield stress of non-prestressed steel. 

Equations (2.2) and (2.3) predict the upper-bound and average values of loss, 

respectively. These equations were developed from a computerized time-step model 

(AASHTO, 2004) that considered many different box-girder section geometries utilizing 

the above range of inputs.  
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( )PPRps 421+−=∆σ  

( )PPRps 419 +−=∆σ  

(2.2)

(2.3) 

 

2.2.1.2 AASHTO Refined Estimates of Time-Dependent Losses 

The AASHTO Refined Method is used for predicting prestress loss in bridges 

whose span length is not greater than 76.2 m. Creep and shrinkage are accommodated 

through multipliers to the applied stress and relative humidity, respectively. 

In this method, each component that influences prestress loss is computed 

individually. The sum of the individual components is the total prestress loss psσ∆  that 

can be expected at the end of service life for the structure. 

RpsSHpsCRpsps ,,, σσσσ ∆+∆+∆=∆  (2.4)

where 

CRps ,σ∆  = loss component due to creep; 

SHps ,σ∆  = loss component due to shrinkage; and 

Rps ,σ∆  = loss component due to relaxation. 

Each component of loss is determined from a separate equation.  

0712, ≥∆−=∆ cdpcgpCRps ffσ  (2.5)

where 

cgpf  = concrete stress at the level of prestress due to all permanent actions 

including prestressing; and 

cdpf∆  = change in stress due to all loads not included in cgpf . 
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, 93 0.85ps SH RHσ∆ = −  (2.6)

 

( ), , ,20 0.2ps R l ps SH ps CRkσ σ σ⎡ ⎤∆ = − ∆ + ∆⎣ ⎦  (2.7)

where 

lk  = 0.3 (low-relaxation tendons); and 

lk  = 1.0 (stress-relieved tendons). 

2.2.1.3 CEB-FIP 

The CEB-FIP equation allows for the input of calculated creep and shrinkage.  

( )

( )( )0

2

,111

8.0,

tt
I
yA

A
A

Eftt

c

pc

c

p

prshpcgpo
ps

χφα

σεαφ
σ

+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
++

∆++
=∆  

(2.8)

where 

α  = modular ratio of prestressed steel and concrete, cp EE ; 

pE  = modulus of elasticity of prestressed steel; 

cE  = modulus of elasticity of concrete; 

py  = depth of prestressed steel centroid from the centroid of the net concrete 

section; 

cI  = Moment of inertia of net concrete section; 

χ  = Aging coefficient of concrete; and 

prσ∆  = Loss in tendon stress due to steel relaxation. 
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2.2.1.4 CHBDC 

The total loss calculation in CHBDC is also based on the summation of the three 

components in a manner similar to that used in the AASHTO Refined Method. 

RpsSHpsCRpsps ,,, σσσσ ∆+∆+∆=∆  (2.9)

However, each component of loss is determined using the effect of relative humidity and 

tendon stresses in a different way from that used in the AASHTO Refined Method.  

The term CRps ,σ∆  is dependent on the applied stress and relative humidity, an 

improvement and step forward compared to the AASHTO methods. 

( ) ( )2
, 1.6 1.37 0.77 0.01 p

ps CR cgp cdp
c

E
RH f f

E
σ ⎡ ⎤∆ = − −∆⎣ ⎦  (2.10)

The component accounting for the loss as a result of shrinkage is dependent entirely on 

the relative humidity. This equation is very similar to Equation (2.6) from the AASHTO 

Refined Method.  

, 94 0.85ps SH RHσ∆ = −  (2.11)

The relaxation component is determined through inclusion of the components of creep 

and shrinkage. The ultimate and initial stresses in the tendon are used for the calculation. 

The accommodation for intrinsic relaxation is also accommodated in the following 

equation. 

pu
pu

pu

SHpsCRps

pu
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where 

0pf  = Initial stress in the prestressed steel; and 
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puf  = Ultimate stress of the prestressed steel. 

2.2.2 Analytical and Experimental Studies of Long-Term Prestress Loss 

A number of previous studies have been conducted on different aspects of 

prestress loss prediction in prestressed concrete structures. These studies have involved 

laboratory measurements of prestress losses or have focused on developing analysis 

programs to predict the losses. However, only a limited number of studies have compared 

prestress losses measured in the field to those determined from various creep and 

shrinkage models and several methods for estimating prestress losses of concrete box 

girder bridges. In this section, the results from these measured and analyzed prestress 

losses are presented. 

2.2.2.1 Sinno and Furr (1972) 

A computer program for predicting the time-dependent prestress loss and camber in pre-

tensioned prestressed concrete beams was developed by Sinno and Furr (1972). The rate-

of-creep method (RCM) that utilizes unit creep curves in each time interval after release 

is incorporated in the analysis procedure to perform the prediction process. Also, 

hyperbolic forms of incremental shrinkage strains and relaxation curve for steel tendons 

were assumed in this method Finally, the analysis method was verified by conducting 

experiments on a full-sized bridge beams. 

However, the used of the method is restricted to pre-tensioned beams and the 

material properties for concrete and steel are specifiec to those in the different from the 

predetermined curves in the program constraining its use. 
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2.2.2.2 Tadros et al. (1975, 1977 and 1979) 

A simple numerical procedure to compute the prestress loss was proposed by 

Tadros et al. (1975). The authors developed the recovery parameter ( µ ) for creep 

recovery on the superposition of loads after prestressing and the reduction factor (ψ ) for 

steel relaxation to reduce the overestimation of the prestress loss in general. The value of 

these factors was pre-calculated and tabulated as a design aid and the results from the 

proposed method were verified with published experimental data.  

This method was substantially improved by the same authors (Tadros et al., 1977) 

through consideration of the effect of non-prestressed steel reinforcements and the results 

showed that the existence of non-prestressed steel must be included for calculating long-

term prestress loss in prestressed concrete structures.  

For a further application of the initially proposed analysis procedure to segmental 

bridge designs, which require multiple steps of construction sequence including multi-age 

concrete properties, a step-by-step computer-aided program has been developed by 

Tadros et al. (1975). From the results, it was demonstrated that the time-dependent effect 

of each construction stage was considerable despite the fact that in precast construction, 

creep and shrinkage of concrete are significantly less than those that occurr in cast-in-

place construction. 

2.2.2.3 Ghali and Elbadry (1989 and 1990) 

The numerical procedure developed by Tadros et al. (1975, 1977 and 1979) was 

further extended to account for the effects of friction and anchor setting, and for the 

effects of cracking on the stresses and deformations by Ghali and Elbadry (1989 and 
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1990). This method was also converted into a computer-aided program suitable for the 

analysis of continuous bridges built span-by-span using a multi-stage construction 

sequence, and did not require the use of empirical equations for prediction of prestress 

losses. The results from this study show that the effect of cracking was significant on the 

serviceability of prestressed concrete segmental bridges. 

Although the analysis procedure proposed by Ghali and Elbadry (1989 and 1990) 

is more or less complicated in term of practical design due to its use of a large number of 

parameters, this method provides a reasonable basis for further development. 

2.2.2.4 Youakim and Karbhari (2006), and Youakim et al. (2007) 

A simple and suitable analysis method for a design of prestressed concrete 

structures was proposed by Youakim and Karbhari (2006), and Youakim et al. (2007). 

This method satisfies the requirements of equilibrium and compatibility and mitigates the 

inaccuracy from the use of empirical equations by including the various input material 

parameters such as creep coefficient, shrinkage strain of concrete and relaxation of 

prestressing steel. The effect from the non-prestressing steel was included and the age-

adjusted elasticity modulus in Equation (2.13) was used for the evaluation of the long-

term behavior of concrete. A more detailed procedure for this method will be introduced 

in Chapter 4. 

0
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The results of these studies demonstrated that the proposed approach provided a 

reasonable calculation method which could be easily applied to design and that the effect 

of non-prestressing steel on prestress loss was significant. However, the multi-step 
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sequence of loading conditions occurring at segmental erection method or even in cast-in-

place box girder construction is not included in this method. 

2.2.2.5 Saiidi et al. (1996 and 1998) 

The Golden Valley Interchange consisting of two parallel 47.3 m simple span, 

post-tensioned concrete box girder bridges located on highway 395 in Reno, Nevada was 

instrumented and examined in the study by Saiidi et al. (1996). In this study, it was found 

that the seasonal climate change influenced the prestress loss and deflection for the 30 

month period of the data collection and the observed prestress losses from the creep and 

shrinkage effects were around 30% and 60% higher than that predicted by the analysis 

and the AASHTO procedure, respectively. Therefore, the results showed that AASHTO 

specifications might be unconservative especially for areas such as Nevada with low 

ambient relative humidity and high daily and seasonal variation of relative humidity.  

However, very different results were reported in Saiidi et al. (1998) based on 

similar experiments conducted on the Greenway Bridge located in southern Nevada. 30% 

lower prestress loss was seen than that of creep and shrinkage and 20% less than that 

from the AASHTO specification. 

The experiments by Saiidi et al. (1996 and 1998) showed that the actual prestress 

loss occurring in a bridge at one area could be significantly different from the predicted 

values given by the unified specification. 

2.2.2.6 Oh and Yang (2000 and 2001) 

An updating method for the prediction of long-term prestress loss was developed 

by Oh and Yang (2001) based on principles of Bayesian statistical inference. In this 
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method, the prior distribution of creep and shrinkage achieved from the short-term 

measurements in the field provided the basis for the uncertainties for creep and shrinkage 

of concrete, which yielded very reliable prediction models for long-term prestress losses 

in actual bridge systems at each stage of the construction sequence. Also, to show the 

effects from the creep and shrinkage in prestressed concrete (PSC) box girder bridges, a 

statistical and sensitivity analysis was performed using the Latin hypercube sampling 

method described in Oh and Yang (2000). The most influential factors for the long-term 

prestress loss could be identified through the suggested statistical method and the 

uncertainties from the creep modeling and the relative humidity were most significant. 

Although this novel method of analysis provides more accurate prediction results 

for the prestress loss of PSC box girder bridges, it requires substantial data sets based on 

prior measurements of material properties similar to those used in the structures under 

consideration. 

2.2.3 Summary of the Results from Specifications and Previous Research 

Most of the specifications reviewed in this section also include prediction models 

for calculating material properties. However, the calculated creep, shrinkage and 

relaxation are not incorporated as input in most of the equations for the loss prediction 

except in the CEB-FIP specification (Lewis, 2006). In some cases, creep and shrinkage 

are accounted for through the presence of empirical constants obtained from experiments, 

but these constants are only valid for very specific conditions, concrete types and 

geometry of the specimens. Consequently, the absence of the appropriate input related to 

creep and shrinkage to the specifications hinders the overall suitability and robustness of 
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the equations for general application. The development of an appropriate estimation 

method for prestress loss thus requires a means of considering the values of creep and 

shrinkage to yield improved results. 

A number of analytical and experimental studies have been conducted to study the 

prediction of the prestress loss in prestressed concrete structures since the 1970s. The 

analytical methods proposed in various literature have estimated the prestress losses 

reasonably based on different theories and show reasonable agreement with the results 

evaluated experimentally. However, there also exist several limitations for each analytical 

procedure when applied to issues of practical design. 

The methods proposed by Sinno and Furr (1972), and Tadros et al. (1975 and 

1977) generate their own creep and shrinkage values in the analysis without including 

material properties from experiments or specifications. As shown in the experiments by 

Saiidi et al. (1996 and 1998) the actual prestress loss occurring in an actual bridge could 

be very different from the predicted values. 

Although the computer-aided analysis program developed by Ghali and Elbadry 

(1989 and 1990) provides reasonable results, it is complicated to be used for a practical 

design stage since a lot of parameters need to be determined apriori. 

The method proposed by Youakim and Karbhari (2006), and Youakim et al. 

(2007) appears to be more suitable for the design stage of cast-in-place post-tensioned 

box girder bridge systems than any other method. However, since it allows only one step 

of loading on the structure, the effects from the multi-step loading conditions that occurr 

in the segmental erection method or even in cast-in-place box girder construction cannot 

be considered. 
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In addition to the aforementioned considerations, the effects of transverse shear 

deformation on prestress loss are generally neglected in 2-D analysis programs including 

all methods introduced in this section. Also, the effects from the horizontal 

reinforcements (stirrups) are not included in the analysis methods, although the effect of 

non-prestressed steel (generally longitudinal reinforcements) is known to be significant in 

post-tensioned box girder bridge systems. Finally, there is no explicit consideration of 

seasonal change of climate in the analysis methods, even though it has been identified as 

an important influencing parameter on the prestress loss by Saiidi et al. (1996 and 1998). 

Therefore, a simple yet comprehensive analysis method, which is applicable to 

practical design and that incorporates the effects of the above parameters, is required to 

more accurately calculate the prestress loss in bridges influenced by different 

environmental conditions. A brief review of the literature for the effect of the considered 

parameters is discussed in the following section. 

2.3 Influencing Parameters for Long-Term Prestress Loss  

2.3.1 Transverse Shear Deformation of a Section 

2-D frame analysis generally used for conventional structural analysis is based on 

the Euler-Bernoulli beam theory in which the effect of transverse shear deformation at a 

section is not included. However, in the case of post-tensioned prestressed box girder 

bridges in service there is usually a large cross-sectional area which is subjected to 

significant shear forces and axial deformations due to prestressing force, and hence the 

transverse shear deformation on a section may not be negligible. In this study, the effect 

on prestress losses from the transverse shear deformation based on Timoshenko beam 
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theory is presented. 

To formulate the effect into the basic analysis method, the change of curvature 

caused by the shear deformation is considered based on the equilibrium equations of 

Timoshenko’s beam theory rewritten by Wang (1995).  

For more exact calculation of the effect from the transverse shear deformation 

based on Timoshenko beam theory, the value of shear correction factor sK  needs to be 

properly evaluated through 3-D finite element analysis as shown in Omidvar (1998) and 

Gruttmann and Wagner (2001). However, since the calculation process for a section such 

as those of box girder bridges is very complex and this is out of scope of this study, the 

values of sK  are assumed to be a similar to those developed in examples by Omidvar 

(1998) and Gruttmann and Wagner (2001). 

2.3.2 Sequence of Loading Events 

Sinno and Furr (1972), Tadros et al. (1979), and Ghali and Elbadry (1989 and 

1990) indicated that the time-dependent effects according to the variation of loading 

conditions occurring during the construction stages of segmental prestressed bridges are 

significant. The analysis methods to calculate the variation of long-term effects due to the 

change of material properties such as creep of concrete at each loading step are based on 

the rate-of-creep (RC) or the step-by-step method. 

The RC method is based on the assumption that the rate of creep is independent of 

the age at loading, which means that the creep curves decrease rapidly with increasing 

age and becomes zero for old concrete (Bazant and Wittmann, 1982). However, since this 

is not well validated by experimental observations, general computer-aided analysis 
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programs have adopted the step-by-step method, in which the virgin creep curves 

appropriate to the specified time are superimposed whenever stress change exist (Bazant 

and Wittmann, 1982). 

In the method of segmental box girder erection, the addition of dead load to the 

existing structural system is very obvious as each stage of construction progresses. 

However, in the case of cast-in-place post-tensioned box girder bridge systems in which 

concrete is cast on scaffolding (falsework) in a number of pours before the tendons are 

stressed, it is difficult to define how much dead load is changed during the construction. 

In a previous study, Lewis (2006) defined two main loading events that affect the 

loading condition of the entire structural system of cast-in-place box girder bridges: 1. 

Introduction of prestressing forces to the structure and 2. Removal of falsework from the 

structure, since the falsework is not generally removed immediately after prestressing is 

applied. This necessiates that an additional loading case for the removal of flasework is 

required. Therefore, the change in prestress due to the removal of falsework will be 

accounted for through the step-by-step approach in this study. 

2.3.3 Horizontal Reinforcement 

The effect of non-prestressed steel on the prestress loss has been found to be 

significant in post-tensioned box girder bridge systems in previous studies by Tadros et al. 

(1977 and 1979), Ghali and Elbadry (1989 and 1990), Youakim and Karbhari (2006), and 

Youakim et al. (2007). Bandyopadhyay and Sengupta (1983), and Zhang and Victor 

(2000) also concluded that the long-term change in stress of prestressed concrete 

structures is a function of the percentage of the non-prestressed steel. 
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In this study, the effects of the horizontal reinforcements (stirrups and transverse 

reinforcements for shear force) are included in the total amount of non-prestressed steel 

through the use of a simple equivalent model with several simplifying assumptions. 

2.3.4 Compressive Strength of Concrete ( cf ′ ) 

As the application of high-strength concrete (HSC) of which compressive strength 

is over 10 ksi (69 MPa) has recently been accelerated in various fields, especially, in 

prestressed beam girder construction, the long-term effects of HSC have also widely been 

scrutinized by a number of researchers. 

Basically, in terms of the long-term behavior, the effect of the compressive 

strength of concrete ( cf ′ ) is generally included through consideration of a function of the 

elastic modulus as the strength of concrete develops with time (Gardner and Lockman, 

2001). However, due to the inclusion of various admixtures in HSC, the long-term 

material effects of HSC, especially shrinkage, are still very controversial among 

researchers although a number of researches have been conducted regarding the long-

term behavior. 

Muller et al. (1999), and Hwee and Rangan (1990) indicated that the shape of the 

time-development function of the total shrinkage for HSC is similar to that of normal-

strength concrete (NSC), but it was found by Smadi et al. (1987) and Ngab et al. (1981) 

that the shrinkage of HSC may be greater than that for NSC. However, significantly 

lower creep was consistently noted from HSC than that from NSC. 

For the prediction models for HSC, different results have been reported from 

various studies. Khan et al. (1997) suggested that the CEB-FIP prediction agrees 
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reasonably well with the measured creep data for all strengths of concrete. However, 

Mokhtarzadeh and French (2000) showed that ACI-209 is suitable for predicting the 

creep coefficient of high-strength concrete at any time, t . Also, Stallings et al. (2003), 

and Kahn and Lopez (2005) concluded that the AASHTO bridge design specifications 

may overestimate prestress loss due to creep and shrinkage in HSC girders. 

Despite the diversified aspects of using HSC, the use of high-strength concrete 

(HSC) in various structures compensates for the increased cost of material, rigorous 

quality control and assurance (ACI Committee 363, 1992). In addition to this advantage, 

the application of HSC in the construction of prestressed concrete bridge girders results 

in a more effective usage of their sections as well as various economic aspects including 

substantial reduction in labor costs in the production of the girders due to the decreased 

number of the girders (Durang and Rear, 1993). 

Therefore, when considering the aspect of long-term prestressed losses on HSC 

girders, rather than just changing the value of cf ′  with the original geometric properties, 

a redesign of the entire structural system based on the modification of the cross-section 

must be reflected to better utilize this advantage of HSC. In this study, several cases of 

redesign of a typical AASHTO-PCI bulb-tee (BT-72) girder are examined to exploit the 

characteristics of HSC. 

2.3.5 Thermal Creep from the Temperature Variation 

Bridges are directly subjected to daily and seasonal temperature variations. 

Bazant et al. (2004) suggested that an appropriate thermal creep analysis should be 

conducted to include the effect of transient thermal creep which is a transient increase of 
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creep after a temperature change (heating or cooling). 

England et al. (1984) identified and formulated a steady-state thermal creep for 

cyclic temperature change where the stress of a structure had reached its steady state level 

at a certain temperature state. A quasi-steady-state of stress could be obtained after many 

cycles of temperature by utilizing the assumption that the stress states in different 

temperature cycles are distinguished by a set of thermal stresses corresponding to the 

different temperature states. 

In addition to the theory by England et al. (1984), and Xu and Burgoyne (2005) 

proposed a parabolic form of the creep-temperature function applicable for bridge 

structures in which the range of variation of daily temperature is lower than that which 

occurrs in nuclear power plant structures.  

In this study, the effect of thermal creep due to the temperature variation is 

analyzed based on the theory of steady-state thermal creep proposed by England et al. 

(1984) through use of the creep-temperature function suggested by Xu and Burgoyne 

(2005). 
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3 EXPERIMENTAL STUDIES 

3.1 Introduction 

This chapter outlines the analysis of experimental data from bridge spans on 

Interstate freeway I5-805 in San Diego and I215-CA91 in Riverside, California. The 

studies including all experimental procedures and data processing mothods were initiated 

through an ongoing study and further details on the experimental studies can be found in 

Lewis (2006). A brief description of the methodology and results from the tests are 

discussed in this chapter. 

In Section 3.2, the monitored bridge spans are introduced and the strain and 

temperature results from the monitoring data are presented. Also, the long-term prestress 

losses directly calculated from the change in strains are given in the same section. Section 

3.3 uses material tests conducted with concrete cylinder specimens from the different 

batches to obtain the creep coefficient, shrinkage strain and the compressive strength data 

from the specific concrete related to the bridges examined in this tudy.  

Predicted results from the specifications reviewed in the previous chapter are 

determined and compared with experimental data obtained from the cylinder specimens. 

Finally, the prestress losses from the bridge monitoring with material tests are compared 

with results from the analytical studies in Chapter 5.
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3.2 Structural Level Bridge Monitoring 

3.2.1 Description of Structures Monitored 

3.2.1.1 Frame 4 and Frame 5 on I5-I805 Truck Connector 

Frame 4 (F4) and Frame 5 (F5) on the I5-I805 truck connector which is a six-

frame continuous highway bridge recently constructed in San Diego, California were 

instrumented for part of the research. The bridge is a post-tensioned three-cell box girder, 

with multiple layers of prestressing tendons. The four critical sections in spans F4 and F5 

which were monitored are shown in Figure 3.1. 

Span 13 having a 80.62 m length in F4 was chosen since its span length exceeds 

recommended limits of AASHTO specifications. Different from F4, F5 falls within the 

dimensional limits for the prestress to be calculated by the specifications. The 

instrumented span of F5 is Span 16 (52.82 m in length) as shown in Figure 3.1. 

Pouring of concrete was completed in three stages (two for the soffit and webs, 

and one for the deck) for F4. The concrete comprising the soffit and webs was poured on 

October 5 and November 2, 2004. The deck for F4 was poured on March 3, 2005 ( 0t ). 

The prestressing of tendons was completed on March 29, 2005, and the formwork and 

falsework were removed on July 22, 2005 ( 1t ). 



 

 

Frame 4: 216.63 m
56.50 m 62.50 m7.32 m 80.62 m 9.69 m

Frame 5: 166.61 m
52.82 m 52.82 m52.82 m 8.15 m
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Figure 3.1: Layout of I5-I805 bridge system studies and surrounding highways 28
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The superstructure of F5 was constructed in two stages. The soffit and webs were 

cast on April 5, 2005 while the deck was cast on May 3 of the same year. Prestressing 

was completed in a single day on May 20, 2005 ( 0t ) with grouting occurring three days 

later. The formwork and falsework were removed on July 29, 2005 ( 1t ).  

The dates and ages of important events are presented in Table 3.1 and Table 3.2 

for F4 and F5, respectively. The material properties used in the analyses are detailed in 

Section 3.3 corresponding to the ages of the concrete at significant events. 

 

Table 3.1: Dates and time periods of significant construction events of F4 
 

 Concrete batch (Casting date) 

Loading event (Date) Soffit (10/5/04) Soffit (11/2/04) Deck (3/3/05)

1st: Prestressing tendons (3/29/05) 175 147 26 

2nd: Removal of formwork (7/22/05) 290 262 141 
 

Table 3.2: Dates and time periods of significant construction events of F5 
 

 Concrete batch (Casting date) 

Loading event (Date) Soffit (4/5/05) Deck (5/3/05) 

1st: Prestressing tendons (5/20/05) 45 17 

2nd: Removal of formwork (7/29/05) 115 87 
 

3.2.1.2 Northwest and Southeast Connectors on I215-CA91 

The Northwest (NW) and Southeast (SE) connectors on I215-CA91 in Riverside, 

California which are three- and six- frame continuous highway bridges completed in May 

2008, were also investigated as part of this research. These spans consist of post-
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tensioned three-cell box girders in trapezoidal shape with multi-layer prestressing tendons. 

A typical cross-section of the spans and the monitored critical sections of the NW and SE 

connectors are indicated in Figure 3.2. 

In this research, Span 2 with a 60.00 m length and Span 16 with a 70.00 m length 

are examined for the NW and SE connectors, respectively. In contrast to the bridge spans 

on I5-I805, the pouring of concrete was completed in two stages for both connectors. The 

important dates and ages for the NW and SE connectors are also summarized in Table 3.3 

and Table 3.4, respectively.  

 

Table 3.3: Dates and time periods of significant construction events of NW 
 

 Concrete batch (Casting date) 

Loading event (Date) Soffit (11/2/04) Deck (3/3/05) 

1st: Prestressing tendons (3/29/05) 147 26 

2nd: Removal of formwork (7/22/05) 262 141 
 

Table 3.4: Dates and time periods of significant construction events of SE 
 

 Concrete batch (Casting date) 

Loading event (Date) Soffit (4/5/05) Deck (5/3/05) 

1st: Prestressing tendons (5/20/05) 45 17 

2nd: Removal of formwork (7/29/05) 115 87 
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(a) Northwest connector (b) Southeast connector 

Figure 3.2: Layout of the I215-CA91 bridge system 
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3.2.2 Monitoring Setup 

For monitoring of strain-level structural response and temperature variation in 

sections, a number of embedment type vibrating wire strain gages (VWSG) were used in 

this research. The gages were affixed to the longitudinal reinforcement (LR) before the 

concrete was cast and were placed about 25 mm away from LR so that the free movement 

of the end circular flanges would not be impeded as depicted in Figure 3.3. The 

deformation of concrete causes a change of the relative distance between the two flanges 

and alters the length of the taut wires in each gage, due to which the natural resonant 

frequency is modified in proportion to the square root of tension generated to the wires. 

This enables the strain measurement in the structure from the change of the natural 

resonant frequency in VWSG.

The strain and temperature data provide a fundamental basis for the determination 

of the change in stress in prestressing tendons over the daily range of temperature for the 

thermal creep as detailed in Chapter 5. 

 

Figure 3.3: Elevation view of typical placement of VW strain gages (Lewis, 2006) 
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The gages are located at positions of maximum stress: one section at mid-span 

and the other near the bent as depicted in Figure 3.4 and Figure 3.5, and a data logging 

system is used to collect the strain and temperature data at routine intervals. The actual 

depths of the gages on F4, F5, NW and SE were measured prior to the placement of the 

concrete and are indicated in Table 3.5, Table 3.6, Table 3.7 and Table 3.8, respectively. 

As shown in Figure 3.4 and Figure 3.5, one of the stems was equipped with two 

additional gages at each section, in the upper half of the concrete, to enable improved 

recording of temperature enhanced. 

At all monitored sections, Stem A represents an exterior web and is oriented 

facing east, Stem B and C are interior girders, and Stem D is an exterior girder that faces 

west. 

Deck
Web (upper level)
Web (middle level)
Web (lower level)

Soffit

Deck
Web (upper level)
Web (middle level)
Web (lower level)

Soffit

Stem A Stem B Stem C Stem D

Stem A Stem B Stem C Stem D

Vibrating wire strain gage

(a) Mid-span

(b) Near bent

Figure 3.4: Typical locations of VWSG as mounted through the superstructure cross-
section for both F4 and F5 on I5-I805 
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Table 3.5: Gage depths for F4 
 

Distance from top fiber (m) 

Mid-span Near bent Gage level 

Stem A Stem B Stem C Stem D Stem A Stem B Stem C Stem D

Deck 0.09  0.09 0.09 0.09 0.09 0.09  0.09  0.09 

Web (upper level) - - - 0.48 - - 0.50  - 

Web (middle level) - - - 0.68 - - 0.68  - 

Web (lower level) 1.54  1.57 1.56 1.57 1.57 1.56  1.56  1.55 

Soffit 3.10  3.10 3.10 3.09 3.10 3.10  3.10  3.09 
 

Table 3.6: Gage depths for F5 
 

Distance from top surface (m) 

Mid-span Near bent Gage level 

Stem A Stem B Stem C Stem D Stem A Stem B Stem C Stem D

Deck 0.09  0.09 0.09 0.09 0.09 0.09  0.09  0.09 

Web (upper level) - - - 0.34 - - 0.34  - 

Web (middle level) - - - 0.48 - - 0.48  - 

Web (lower level) 1.10  1.10 1.10 1.10 1.10 1.10  1.10  1.10 

Soffit 2.15  2.15 2.15 2.15 2.15 2.15  2.15  2.15 
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Stem A Stem B Stem C Stem D

Vibrating wire strain gage

(a) Mid-span

(b) Near bent

Deck
Web (upper level)
Web (middle level)
Web (lower level)
Soffit

Stem A Stem B Stem C Stem D

Deck
Web (upper level)
Web (middle level)
Web (lower level)
Soffit

Figure 3.5: Typical locations of VWSG as mounted through the superstructure cross-
section for both NW and SE connectors on I215-CA91 

 

Table 3.7: Gage depths for NW 
 

Distance from top surface (m) 

Mid-span Near bent Gage level 

Stem A Stem B Stem C Stem D Stem A Stem B Stem C Stem D

Deck 0.09  0.09 0.09 0.09 0.09 0.09  0.09  0.09 

Web (upper level) - - 0.54 - - 0.42  - - 

Web (middle level) - - 0.76 - - 0.76  - - 

Web (lower level) 1.20  1.09 1.09 1.10 1.23 1.04  1.04  1.24 

Soffit 2.03  2.54 2.55 1.94 2.02 2.48  2.51  2.04 
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Table 3.8: Gage depths for SE 
 

Distance from top surface (m) 

Mid-span Near bent Gage level 

Stem A Stem B Stem C Stem D Stem A Stem B Stem C Stem D

Deck 0.09  0.09 0.09 0.09 0.09 0.09  0.09  0.09 

Web (upper level) - - 0.76 - - 0.69  - - 

Web (middle level) - - 1.02 - - 0.98  - - 

Web (lower level) 1.23  1.25 1.33 1.23 1.61 1.19  0.94  1.35 

Soffit 2.06  2.70 2.70 2.03 2.34 2.70  2.70  2.23 
 

3.2.3 Data Processing 

The data logging systems for all spans were operational for several days before 

jacking of prestressed tendons to exclude the effect of initial noise that might have been 

present in the VWSG. After prestressing, the spans were monitored every hour, however, 

data collection frequencies of 12 hours or 1 hour were also applied as the occasion 

demanded. 

Discontinuations in monitoring data were resulted from some unexpected 

accidents on the data logging systems at the bridge sites. However, these incidents did not 

cause any major problems on significant loading events (Lewis, 2006). 

3.2.3.1 Strain Data Analysis 

The placement of VWSG through the depth of the girders enabled the 

determination of the strain profiles through the superstructure, which are used to 

determine the changes in stress in the concrete and prestressing steel. However, since not 

all gages provided reasonable readings that indicated a linear strain profile through the 
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depth of the section, the gages that showed severe irregularities were discarded. To 

accommodate small deviations from the assumed linear path of the strain profile, a least-

square regression of the data is used for the strain analysis. 

Lewis (2006) indicated that the measured data at 3:00 am were generally the 

closest to the average daily values of strain and temperature with the thermal influence 

not being at an extreme and hence the strains at 3:00 am were taken as the reference 

strains for the calculation of prestress loss of the bridge in this research. Also, to remove 

the thermal influence, a temperature at the reference point in time after prestressing (3:00 

am) was used as the baseline. 

3.2.3.2 Temperature Variation with Time 

The variation of temperature at a frequency of one hour is plotted. This yields the 

maximum and minimum values of daily variation of temperature which will be used for 

the calculation of thermal creep effects in Chapter 5. 

Figure 3.6, Figure 3.7, Figure 3.8 and Figure 3.9 display the most recent 6 

months’ variation of temperatures experienced in the concrete at the deck and soffit levels 

of each mid-span and near bent section for I5-I8705 and I215-CA91, respectively. The 

temperature data from each stem have been averaged at the same level and plotted. From 

the research by Xu and Burgoyne (2005), it is known that the temperature distribution 

through the depth of a section can be considered as linear for the purpose of thermal-

creep analysis even when nonlinear variations exist. Therefore, only the temperature data 

from the deck and soffit level is considered and averaged to get the temperature profile 

through the depth of a section in this study.  
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 It can be seen in the figures that the daily variation of concrete temperature at the 

bottom fluctuates less than that at the top. It is seen that the concrete temperature of I5-

I805 in San Diego varies between 10 °C and 30 °C, whereas that of I215-CA91 in 

Riverside fluctuates in the range from 5 °C to 45 °C. It should be noted that the gages 

were originally calibrated at a temperature that was 5 °C higher than the actual 

temperature. 
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(a) Mid-span 

 

(b) Near bent 

Figure 3.6: Temperature variation in F4 (10/1/2008-3/31/2009) 
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(a) Mid-span 

 

(b) Near bent 

Figure 3.7: Temperature variation in F5 (10/1/2008-3/31/2009) 
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(a) Mid-span 

 

(b) Near bent 

Figure 3.8: Temperature variation in NW (10/1/2008-3/31/2009) 
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(a) Mid-span 

 

(b) Near bent 

Figure 3.9: Temperature variation in SE (10/1/2008-3/31/2009) 
 

From the temperature variation at each level of both sections during the entire 

monitoring period, the temperature states showing the maximum and minimum daily 

difference between the top and the bottom of a section can be determined. These 
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temperature states for each monitored section are summarized in Table 3.9. It should be 

noted that only one maximum and minimum temperature state is found for a bridge span 

from both mid-span and near bent sections even though the actual temperature variation 

for those two sections are different. As discussed previously in this section, the ( )1T y  

and ( )2T y  shown in Figure 3.10 are assumed to have a linear distribution along the 

depth of the section during different time intervals in this study. Further details related to 

parameters for the thermal creep will be discussed in Section 4.4.2. 

T2(y)T1(y)

y

z

T1T

T1B

T2T

T2B

Figure 3.10: Temperature states and distribution in a typical cross-section 
 

Table 3.9: Summary of daily temperature variation in monitored bridge spans (°C) 
 

Bridge Daily range T1T T1B T2T T2B T2T -T1T T2B -T1B

Max 17.55 17.84 28.19 19.57 10.64 1.73 
F4 

Min 17.16 16.74 17.95 19.97 0.79 3.23 

Max 15.99 23.52 36.24 26.01 20.25 2.49 
F5 

Min 22.84 22.70 23.59 24.01 0.75 1.31 

Max 26.58 28.09 35.40 33.66 8.82 5.57 
NW 

Min 17.51 17.56 18.05 18.17 0.53 0.61 

Max 19.67 21.67 36.31 25.12 16.64 3.45 
SE 

Min 11.25 14.23 12.95 15.84 1.70 1.61 
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3.2.4 Long-Term Prestress Loss Obtained from Monitored Data 

This section presents the results of prestress loss that were determined from the 

monitored strain data at each gage location of the bridge spans at the selected point of 

time (3:00 am) in a day. 

In prestressed concrete structures, both the compressive forces in concrete and the 

prestressed stress in tendons are generally reduced by the effect of creep and shrinkage of 

concrete. Also, this allows the reduction of intrinsic relaxation in the tendons. The 

intrinsic relaxation is reduced by the reduction coefficient rχ  to produce the reduced 

relaxation.  

Although the steel tendons themselves were not instrumented in this study, the 

strain change in tendons can be determined using a linear extrapolation method at the 

gage locations. Since it is assumed that the prestressing steel tendons were perfectly 

bonded to the concrete, the change in strain in the concrete at the same level of the 

prestressing steel is identical to that in the prestressing steel. More detailed procedures on 

strain calculation for each section can be found in Lewis (2006). 

The change in prestress psσ∆  through monitoring can be calculated by using the 

following equation (3.1) 

ps c p prEσ ε σ∆ = ∆ + ∆  (3.1)

where 

cε∆  = change in strain at the level of the prestressing between 0t  and 0t ; 

pE  = modulus of elasticity of the prestressing steel; and 



 

 

45

prσ∆  = reduced relaxation. 

The long-term prestress losses computed from the equation (3.1) at the critical sections 

are presented for both I5-I805 and I215-CA91 in the following section. In all cases of 

prestress loss values presented, the immediate losses that occurred at transfer are 

excluded. 

3.2.4.1 Frame 4 and Frame 5 on I5-I805 

As described in the previous section, the prestress losses that occurred over the 

monitoring period, from prestressing to the most recent time (April 1, 2009), is the sum 

of the loss values resulting from creep and shrinkage of concrete and reduced relaxation 

in steel tendons. Prestress losses obtained from the monitored spans on I5-I805 are 

summarized in Table 3.10, Figure 3.11 and Figure 3.12. 

It is seen that about 92% to 94% of the initial prestressing forces remain in these 

spans as of April 1, 2009. From Figure 3.11, it can be seen that the prestress force 

increased by 10 MPa when the formwork and falsework were removed at 115 days after 

prestressing. This resulted from the added load imposed on the structure, which created 

additional tension in the tendons. Between 520 and 680 days after prestressing, the 

monitoring data could not be collected due to an unexpected accident in the data logging 

system. The prestress loss appears to fluctuate at about 1000 days and keeps increasing at 

the mid-span section, but appears to have reached an asymptotic value of about 65 MPa 

at the section near the bent. 

In Figure 3.12, it is shown that the initial increase in prestress loss resulting from 

creep and shrinkage occurred rapidly until 70 days after prestressing, when the falsework 
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was removed. The point in time at which the falsework was removed is not visually 

apparent at mid-span, but it is obvious at the section near the bent. At this point, an 

increase of about10 MPa in prestress due to the change of loading condition is also seen 

at the near bent location. For both sections at mid-span and near bent of F5, the prestress 

losses seem to show almost identical trends, in which the losses fluctuate at about 1000 

days and keep increasing up to 100 MPa. 

 

Table 3.10: Monitored losses for I5-I805 as of April 1, 2009 
 

Monitored  
Bridge Location Initial prestress 

(MPa) Loss (MPa) % remaining
Mid-span 1226 –94.4 92.3 

F4 
Near bent 1233 –67.6 94.5 
Mid-span 1226 –94.0 92.3 

F5 
Near bent 1277 –84.4 93.4 
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Figure 3.11: Monitored prestress losses in F4 between prestressing and the 1464th day 
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Figure 3.12: Monitored prestress losses in F5 between prestressing and the 1412th day
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3.2.4.2 NW and SE Connectors on I215-CA91 

As evaluated in the previous section, the total prestress losses obtained from the 

monitored spans on I215-CA91 from the time of prestressing to the most recent day 

(April 1, 2009) are summarized in Table 3.11, Figure 3.13 and Figure 3.14. 

About 92% to 96% of initial prestressing forces remain in these spans as of April 

1, 2009. 

As noted in F4 and F5, the monitoring data in Figure 3.13 could not be collected 

due to an unexpected accident in the data logging system between 30 - 130 days and 410 

- 470 days after prestressing for NW. The prestress loss appears to fluctuate at about 400 

days after prestressing, however, and reaches an asymptotic values of about 100 MPa and 

65 MPa for mid-span and near bent sections, respectively. 

In Figure 3.14, a large difference of final prestress loss is seen between the 

sections at mid-span and near bent for SE. The prestress loss fluctuates at around 300 

days after prestressing asymptotically reaches the value of about 80 MPa and 40 MPa for 

mid-span and near bent sections, respectively. Also, as seen in Figure 3.11 for F4, an 

increase of around 10 MPa prestress is seen in Figure 3.14 for SE when the formwork 

and falsework were removed at 77 days after prestressing. This is obviously caused by 

the additional dead load actions imposed on the structure due to removal of the formwork 

and falsework, which generates additional tension in the tendons. The effect of this 

sudden change of prestress by the additional dead load imposed at the time of the 

removal of falsework needs to be accounted for in the analysis procedure to simulate 

more exact estimation of prestress loss. 



 

 

49
 

Table 3.11: Monitored losses for I215-CA91 as of April, 1, 2009 
 

Monitored  
Bridge Location Initial prestress 

(MPa) Loss (MPa) % remaining
Mid-span 1125 –91.8 91.8 

NW 
Near bent 1125 –64.5 94.3 
Mid-span 1088 –72.1 93.4 

SE 
Near bent 1088 –37.9 96.5 
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Figure 3.13: Monitored prestress losses in NW between prestressing and the 1006th day
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Figure 3.14: Monitored prestress losses in SE between prestressing and the 866th day 
 

3.3 Material Level Tests 

This section outlines the material level tests conducted on the specific concrete 

batch used in each bridge span to obtain the creep coefficient and shrinkage strain. To 

assess the accuray of the measured creep and shrinkage data, various specifications 

reviewed in the previous chapter are also compared. Although the material predictions 

from the specifications for the bridges under consideration will be shown to be 

acceptable by accommodating appropriate material properties, environmental conditions, 

physical geometry, and so on, conducting material tests for the specified bridges helps to 

eliminate possible margins of error in the input to the analysis by accurately 

characterizing material properties. Detail procedures about material tests can be found in 

Lewis (2006). 
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3.3.1 Testing Methodology 

The casting sequence of superstructure concrete in cast-in-place post-tensioned 

prestressed box girder bridges is typically divided into two parts: (1) soffit and stems and 

(2) deck. The locations and casting dates for different portions of the superstructure at all 

bridge spans considered in this tudy are shown in Figure 3.15 and Table 3.12.  

The months that each concrete specified for different locations was cast are 

assigned as their descriptor along with the locations. They will be referenced by these 

names through the remainder of the study.  

 

Figure 3.15: Concrete locations in superstructure cross section 
 

Table 3.12: Concrete casting dates for monitored bridge spans 
 

Bridge spans Location Casting dates 

(1) Soffit and Stems October 5, 2005 
November 2, 2004 Frame 4 

(2) Deck March 3, 2005 

(1) Soffit and Stems April 5, 2005 
Frame 5 

(2) Deck May 3, 2005 

(1) Soffit and Stems February 2, 2006 
NW connector 

(2) Deck June 2, 2006 

(1) Soffit and Stems August 3, 2006 
SE connector 

(2) Deck October 26, 2006 
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The concrete cylinders (300 mm in length and 150 mm in diameter) used for the 

material tests were cast on the same days as the casting of the bridge sections. A total of 

sixteen (16) specimens were cast on each day. No load is imposed on the first set of two 

specimens for the determination of shrinkage. The second set of three specimens is 

placed under constant stress at about 30% of the 28 days compressive strength of 

concrete to determine the creep coefficient. Finally, the rest of specimens are used to 

determine the compressive strength and modulus of elasticity at various ages after curing. 

To impose similar environmental conditions on the test specimens to those at the 

bridge for the duration of testing, the cylinder specimens for F4 and F5 were located at 

the UCSD campus and those for NW and SE were placed in a maintenance yard of 

California Department of Transportation (Caltrans) near the bridge location. 

The change in strain of the test specimens was measured at routine intervals with 

the following three-step calculation being used for obtaining shrinkage strains and creep 

coefficients from the experimental measurements. Further details of the calculation 

procedure will be presented in Section 3.3.3. 

The free shrinkage measured from the first set of cylinders is taken to represent 

the true shrinkage of the concrete in (3.2) after removing the temperature effect. 

shrinkage shrinkage,measured thermalε ε ε= −  (3.2)

Creep strain is determined by subtracting the elastic and shrinkage strains from the total 

strain measured as, 

creep creep,measured elastic shrinkageε ε ε ε= − −  (3.3)

Finally, the creep coefficient, the ratio of the resulting creep strain to the elastic strain is 
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obtained as 

creep

elastic

ε
ϕ

ε
=  (3.4)

3.3.2 Test Setup 

This section outlines the procedure used for the preparation of the test specimens 

for the material tests. For the first step of the material tests of concrete, the test specimens 

were moist cured at the reference temperature of 15 °C for a period of seven days after 

they were cast at the bridge site to simulate the curing conditions.  

  

(a) DEMEC points and the locations (b) Measuring with DEMEC gage 

Figure 3.16: Locations of DEMEC points and measurements with a DEMEC gage 
 

As shown in in Figure 3.16 (a), demountable mechanical (DEMEC) strain gage 

points were attached to the test specimens in order to measure their strains. The initial 

reference distance between the two DEMEC points in one pair was taken as 200 mm, and 

a DEMEC gage shown in Figure 3.16 (b) was utilized to measure the distance between 

200  
mm 

DEMEC 
Points 
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the two DEMEC points at routine intervals. The timeline of the data collection intervals 

up to the most recent measurement as of April 1, 2009 is illustrated in Figure 3.17. 

 

Figure 3.17: Experimental data collection timeline 
 

Permanent load was applied to the creep test specimens according to ASTM C-

512 using the specially designed test setup shown in Figure 3.18. Three cylinder 

specimens were placed end-to-end in one stack for simultaneous in a single test fixture. 

To simulate the initial compression load on the specimens, a spring was placed between 

the two lower steel plates. As an example, all creep test setups for I5-I805 placed at 

UCSD campus shown in Figure 3.19. It should be noted that there exist two sets of creep 

setup for each location of bridges since there are two loading sequences: 1. prestressing 

and 2. falsework removal.  
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(a) Conceptual design (b) As-built test fixture 

Figure 3.18: Setup of creep test fixtures 
 

 

Figure 3.19: Creep test setups for F4 and F5 on I5-I805 (Lewis, 2006) 
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3.3.3 Calculation of Experimental Creep and Shrinkage  

This section presents the calculation of experimental shrinkage strain and creep 

coefficients based on the data collected from the material tests. Basically, the same 

calculation procedure is applied for shrinkage and creep strains. 

As introduced in the three-step calculation procedure in Section 3.3.1, the 

influence of temperature is firstly removed from the measured shrinkage to determine the 

true shrinkage strain. The shrinkage, thermal, and elastic strains are deducted from the 

measured creep to determine the true creep for the concrete in the bridge. The equations 

used for computing true shrinkage strain and creep coefficient are introduced. All 

measured DEMEC data and the values from the intermediate calculation procedures for 

all monitored bridge spans are summarized in Appendix C. Further details and examples 

of calculation can be found in Lewis (2006). 

3.3.3.1 Shrinkage 

The shrinkage and thermal strains ST,iε  at any time instant is the difference 

between the DEMEC readings S,iDR  at time it  and the initial DEMEC reading for 

shrinkage S,initialDR , divided by the S,initialDR  plus the gage length of 200 mm, 

S, S,initial
ST,

S,initial 200
i

i

DR DR
DR

ε
−

=
+

 (3.5)

where 

S,initialDR  = initial DEMEC reading for shrinkage at time 0t ; 

S,iDR  = DEMEC readings for shrinkage at time it ; and 
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ST,iε  = strain including shrinkage and thermal influences at time it . 

To obtain the pure shrinkage strain ,cs iε  from the thermal influences thermal,iε  at time it , 

the calculated thermal strain must be subtracted from the strain ST,iε . 

( ) ST, thermal,,cs i s i it tε ε ε= −  (3.6)

where 

( )thermal,i i ref iT T Tε α α= ∆ = − − ; and 

refT = 20.0 °C. 

This results in the shrinkage strain for the interval bounded by the onset of drying st  to 

any point in time it  during monitoring. The difference between initial and final 

measured shrinkage yields the total shrinkage strains, which will be presented later in this 

chapter for each of the concrete batches. 

Based on the calculated shrinkage strains from the DEMEC readings shown 

above, new shrinkage models corresponding to each bridge span are made by a curve-

fitting method introduced in 3.3.3.3. The shrinkage strains obtained through the five 

batches of concrete on I5-I805 and four batches on I215-CA91 and the new curve-fitted 

models are presented with those from various material prediction models in Section 3.3.5. 

3.3.3.2 Creep 

Similar to shrinkage measurements, the initial DEMEC reading C,initialDR  was 

measured before the creep specimens are loaded. Once load has been applied, a second 

DEMEC measurement C,0DR  is made to determine the instantaneous elastic strain, 



 

 

58

elasticε . 

Creep measurements include the influence of creep, shrinkage, and thermal strains, 

CST,iε  at time it . The change in strain within an interval is the difference between the 

DEMEC reading at any point in time C,iDR  and the initial reading, C,initialDR . Therefore, 

the total strain occurring between loading and any point in time it , at which data was 

collected, is expressed as 

C, C,initial
CST,

C,initial 200
i

i

DR DR
DR

ε
−

=
+

 (3.7)

where 

C,initialDR  = initial DEMEC reading for creep at time 0t ; 

C,iDR  = DEMEC readings for creep at time it ; and 

CST,iε  = strain including creep, shrinkage, and thermal influences at time it . 

To isolate the pure creep strain ,cr iε  from the influences of shrinkage, thermal and 

elastic strains at time it , ST,iε  and elasticε  are subtracted from CST,iε  as follows 

, CST, ST, elasticcr i i iε ε ε ε= − −  (3.8)

where 

0 C,initial
elastic

C,initial 200
DR DR
DR

ε
−

=
+

; and 

C,0DR  = the second DEMEC reading for creep at time 0t . 

The ratio of the creep strain measured between the time of loading 0t and a later time it  

to the instantaneous elastic strain at 0t , is referred to as the creep coefficient ( )0,it tϕ , as 
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given by: 

( ) ,
0

elastic

, cr i
it t

ε
ϕ

ε
=  (3.9)

Based on the calculated creep coefficients above, new creep curves corresponding to each 

bridge span are also generated by the curve-fitting method described in 3.3.3.3. The creep 

coefficients obtained from each concrete batch of I5-I805 and I215-CA91 and the new 

curve-fitted models are compared with those from various material prediction models in 

Section 3.3.5. 

3.3.3.3 Curve-Fitting 

A method of curve fitting developed by Ghali et al. (1999) was adopted using 

calibration of the CEB-FIP (1993) equations in Appendix A3 for the measured data to 

provide a new creep and shrinkage model for the specified bridge over the monitoring 

period. The creep and shrinkage values for any point of time during the life of the bridge 

can be derived by the new prediction model based on the curve-fitting method. 

Equation (3.10) provides the general equation for the curve-fit for shrinkage based 

on the model of the CEB-FIP specification in Appendix A3. 

( ) [ ]2
0

, ( )
350

100

b

bs
cs s s s

s

t tt t a a t t
h t t

ε β

⎛ ⎞
⎜ ⎟−⎜ ⎟= = −
⎜ ⎟⎛ ⎞ + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

 (3.10)

The experimental shrinkage csε  is obtained through material testing, as described in 

Section 3.3.3.1 and Equation (3.10) can be rewritten in the form 

( )log log logs s csa b t tβ ε+ − =⎡ ⎤⎣ ⎦  (3.11)
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In matrix form, 

( )1 log log
log

1 ... ...
1 ... ...

s s cs
t t

a
b

β ε⎡ ⎤−⎡ ⎤ ⎧ ⎫⎣ ⎦⎢ ⎥ ⎧ ⎫ ⎪ ⎪=⎢ ⎥ ⎨ ⎬ ⎨ ⎬
⎩ ⎭⎢ ⎥ ⎪ ⎪

⎩ ⎭⎢ ⎥⎣ ⎦

 (3.12)

Coefficients a  and b  in equation (3.12) can be solved to accommodate the 

development of shrinkage with time. 

The equations to determine creep are also provided by CEB-FIP creep model in 

the Appendix A3 as 

( ) ( )0
0 00.2

0 0

1,
0.1

d e

RH E
H

t tt t c t
t t t

ϕ ϕ β
β

⎛ ⎞ ⎛ ⎞−
= ⎜ ⎟ ⎜ ⎟+ + −⎝ ⎠ ⎝ ⎠

 (3.13)

The values of ( )0tEβ , RHϕ  and Hβ  can be determined from the equations of the CEB-

FIP creep model in Appendix A3. When the natural log is taken for both sides and the 

terms regarding ( )0tEβ , RHϕ  and Hβ  are moved to the left-hand side, Equation (3.13) 

can be written in the form of Equation (3.14). 

( )
( )
0 0

0.2
0 0 0

, 1log log log log
0.1RH E H

t t t tc d e
t t t t

ϕ
ϕ β β
⎛ ⎞ ⎛ ⎞ ⎛ ⎞−

= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ + + −⎝ ⎠ ⎝ ⎠⎝ ⎠
 (3.14)

In matrix form, 

( )
( )
00

0.2
00 0

,1 log1 log log
0.1 log

1 ... ... ...
1 ... ... ...

RH EH

t tt t
tt t t c

d
e

ϕ
ϕ ββ

⎧ ⎫⎛ ⎞⎡ ⎤⎛ ⎞ ⎛ ⎞−
⎪ ⎪⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ + − ⎧ ⎫ ⎪ ⎪⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎥

⎪ ⎪ ⎪ ⎪⎢ ⎥ =⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎪ ⎪ ⎪ ⎪⎢ ⎥ ⎩ ⎭ ⎪ ⎪⎢ ⎥ ⎪ ⎪⎣ ⎦ ⎩ ⎭

 (3.15)

Since the creep coefficient ( )0,t tϕ  is obtained through material testing, Equation (3.15) 

is solved for coefficients c , d , and e  to provide the curve-fit equation to the creep 
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data. The values of a  through e  for each concrete batch from all bridge spans are 

summarized in Table 3.13. 

 

Table 3.13: Coefficients for the curve-fit equations for each concrete type. 
 

Coefficients 

Shrinkage Creep (first) Creep (second) Bridge 
span 

Concrete 
batch 

a b c d e c d e 

October 503.374 0.380 1.348 –0.060 0.361 0.680 0.085 0.428 

November 503.374 0.380 1.214 –0.038 0.380 0.962 0.008 0.394 F4 

March 503.374 0.380 1.440 –0.047 0.323 0.685 0.073 0.385 

April 250.997 0.354 1.019 –0.003 0.485 0.685 0.073 0.385 
F5 

May 503.374 0.380 0.996 0.000 0.422 0.685 0.073 0.385 

February 257.937 0.571 0.809 0.041 0.377 0.514 0.140 0.899 
NW 

June 655.881 0.575 0.930 0.010 0.348 0.618 0.088 0.522 

August 176.726 0.431 0.772 0.048 0.398 0.923 0.017 0.523 
SE 

October 511.827 0.403 1.202 –0.023 0.463 1.023 –0.004 0.383 
 

Note that the coefficients c, d and e for April and May in F5 are identical to those 

for March in F4. This is because the values of creep coefficients for April and May are 

based on those from the batch of March for F4 itself.  

Also, the shrinkage coefficients a and b for F4 were taken from F5 concrete, since 

the shrinkage in the October, November, and March concrete specimens for F4 exhibited 

unreasonably high values of shrinkage even long after curing had ended. This may have 

resulted from the fact that the shrinkage specimens had not been properly exposed to the 

appropriate drying condition after onset of drying. Lewis (2006) had speculated that the 

moldings for curing cylinder specimens for F4 have not been removed for 175, 147 and 
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26 days for October, November and March concretes, respectively until the date of 

prestressing, which hindered the specimens from drying. 

3.3.4 Predictions of Creep and Shrinkage for Bridges 

In this section, the method to predict the creep and shrinkage for the bridge is 

presented. Since the actual bridge exhibits different values of creep and shrinkage as 

compared to the test specimens, the experimental creep and shrinkage were proportioned 

for the bridge based on the values of volume-to-surface ratio (V/S). The input parameters 

used for producing creep and shrinkage predictions in the specifications for I5-I805 and 

I215-CA91 are provided in Table 3.14 and Table 3.15, respectively. Also the calculation 

procedure of V/S can be found in Lewis (2006). 

 

Table 3.14: Input parameters used in specifications for I5-I805 
 

 Coefficients 

Input parameters (unit) October November March April May 

V/S specimen (mm) 38.10 38.10 38.10 38.10 38.10 

V/S bridge (mm) 122.17 122.17 122.17 114.30 114.30 

Relative Humidity (%) 65.73 65.73 65.73 64.58 64.58 

28-day compressive strength 
of concrete (MPa) 40.93 42.96 31.38 38.54 27.50 

Concrete age at end of curing 
(days) 7 7 7 7 10 

Concrete age at post-tensioning; 
first loading (days) 175 147 26 45 17 

Concrete age at falsework-
removing; second loading (days) 290 262 141 115 87 
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Table 3.15: Input parameters used in specifications for I215-CA91 
 

 Coefficients 

Input parameters (unit) October March April May 

V/S specimen (mm) 38.10 38.10 38.10  38.10 

V/S bridge (mm) 127.00 127.00 134.37  134.37 

Relative Humidity (%) 34.83 34.83 36.95  36.95 

28-day compressive strength 
of concrete (MPa) 46.54 34.23 38.47  36.13 

Concrete age at end of curing 
(days) 7  7  7  7  

Concrete age at post-tensioning; 
first loading (days) 148 28 106 22 

Concrete age at falsework-
removing; second loading (days) 225 105 196 112 

 

It is generally accepted that the predictions produced by the CEB-FIP (1993) 

specification show the closest sets of results to the values obtained from the material 

testing. From this aspect, the measured material test data were scaled for the appropriate 

V/S ratio of the bridge and then were multiplied by the the ratio of values produced from 

the CEB-FIP specification at each time of measurement. Equations (3.16)  and (3.17) 

give the adjustments for shrinkage and creep, respectively. 

( ) ( )
( )
( )

0 bridge,CEB-FIP
0 0bridge,measured specimen,measured

0 specimen,CEB-FIP

,
, ,

,
cs i

cs i cs i
cs i

t t
t t t t

t t

ε
ε ε

ε

⎛ ⎞
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3.3.5 Results and Comparison of Measurements with Predictions Using 

Specifications 

The results of creep and shrinkage for each concrete using the method of 

processing the measured data are illustrated in this section. The regression curves for the 

measured creep and shrinkage by Ghali et al. (1999) are also presented and compared 

with the predicted values from various material models. 

The specifications predictions on creep and shrinkage for each concrete type were 

generated by using the methods presented in Appendix A. The input parameters that were 

utilized in producing the predictions are presented in Table 3.14 and Table 3.15 for all 

concrete types. 

3.3.5.1 Shrinkage Strain of I5-I805 

The experimental shrinkage strains are plotted in Figure 3.20 to Figure 3.28 for 

the five (5) concrete batches used in F4 and F5 on I5-I805 and are compared to the 

predicted shrinkage strains. The shrinkage in interest here is that which occurs within the 

interval after load has been applied because the shrinkage before the application of load 

does not influence prestress loss. Thus, it is assumed that the shrinkage occurring within 

the interval prior to prestressing may be subtracted from the total strain to yield the 

amount of shrinkage that has occurred after prestressing. The figures presented in this 

section display the experimental and the specifications predictions of shrinkages 

beginning at prestressing. 

As explained in Section 3.3.3.3, the curve-fits for bridge shrinkage in F4 

presented in Figure 3.21, Figure 3.23 and Figure 3.25 were taken from the May concrete 
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batch of F5, since the unreasonably high values of shrinkage resulted from improper 

drying condition were observed in F4 batches shown in Figure 3.20, Figure 3.22 and 

Figure 3.24. In these figures, the terms “Measure” and “Curve-fit” represent the 

measured and curve-fitted shrinkage strains from the corresponding cylinder specimen, 

and “Estimate” is used to represent the estimated curve-fit based on the data from May 

concrete specimen of F5. From the comparison results with specifications predictions in 

Figure 3.20 to Figure 3.25, it is shown with reasonable reliability that the shrinkage of 

concrete in F5 can be applied for concrete in F4. 

It is found that the CEB-FIP material prediction provides similar results to the 

measured shrinkage from all concrete batches for F4. GL2000 generally overestimates 

the final shrinkage for F4 and ACI209 yields underestimated shrinkage for October and 

November concretes. 

The CEB-FIP material model also gives better prediction for April concrete of F5. 

In the May batch of F5, however, the prediction from ACI209 agrees very well with the 

curve-fit based on the measured data on the test specimen, while the trend of the bridge 

shrinkage curve matches well with the estimation from GL2000. 

Consequently, it is observed in general that CEB-FIP material codes provide 

better shrinkage prediction values for F4 and F5 on I5-I805 in San Diego. 
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Figure 3.20: Test specimen shrinkage for October batch on F4 
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Figure 3.21: Bridge shrinkage for October batch on F4 
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Figure 3.22: Test specimen shrinkage for November batch on F4 
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Figure 3.23: Bridge shrinkage for November batch on F4 
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Figure 3.24: Test specimen shrinkage for March batch on F4 
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Figure 3.25: Bridge shrinkage for March batch on F4 
 



 

 

69
 

-800

-700

-600

-500

-400

-300

-200

-100

0
0 250 500 750 1000 1250 1500

Time after prestressing (days)

Sh
rin

ka
ge

 s
tr

ai
n 

( µ
m

/m
)

AASHTO ACI CEB-FIP

GL2000 Measure Curve-fit

 

Figure 3.26: Test specimen shrinkage for April batch on F5 
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Figure 3.27: Bridge shrinkage for April batch on F5 
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Figure 3.28: Test specimen shrinkage for May batch on F5 
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Figure 3.29: Bridge shrinkage for May batch on F5 
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3.3.5.2 Creep from First Loading of I5-I805 

Figure 3.30 to Figure 3.39 display the creep coefficient for the first series of 

loading for each of the five concrete batches on I5-I805. In these figures, the measured 

creep coefficient is compared to the predicted creep coefficient for the same period. It 

should be noted that the shrinkage data from F5 were not used for the calculation of the 

creep coefficients for F4 because both creep and shrinkage specimens for F4 had been 

exposed to the equivalent drying condition and the shrinkage effect must be subtracted 

from the strains on the creep specimens under the same environmental conditions. 

It is seen that the measured creep data points do not fluctuate as much as the 

shrinkage data. This might result from the fact that the shrinkage strain has been much 

more influenced by the ambient conditions during the period of measurement than that of 

creep since the shrinkage specimens are left intact and immediately exposed to the 

variation of environmental conditions at the site of experiments but those of creep have 

been restrained by the loading frame shown in Figure 3.18. From the plotted results, it is 

found in Figure 3.40 to Figure 3.45 that ACI209 and AASHTO material predictions 

provide similar results to the estimated bridge creep coefficients from October and March 

concrete batches for F4. The measured creep on November concretes shows lower 

estimation than the predictions from other specifications. 

In Figure 3.46 to Figure 3.49, AASHTO and ACI209 material models also give 

estimates for both April and May concretes of F5, while CEB-FIP and GL2000 relatively 

overestimate the creep coefficients for all batches of F4 and F5. 

Consequently, it is seen that AASHTO and ACI209 material codes yield better 
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creep prediction for the first loading stage of F4 and F5 on I5-I805 in San Diego. 
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Figure 3.30: Test specimen creep coefficient for October batch on F4 at first loading 
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Figure 3.31: Bridge creep coefficient for October batch on F4 at first loading 
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Figure 3.32: Test specimen creep coefficient for November batch on F4 at first loading 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 250 500 750 1000 1250 1500
Time after prestressing (days)

C
re

ep
 c

oe
ffi

ci
en

t (
ϕ

)

AASHTO ACI CEB-FIP

GL2000 Curve-fit

 

Figure 3.33: Bridge creep coefficient for November batch on F4 at first loading 
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Figure 3.34: Test specimen creep coefficient for March batch on F4 at first loading 
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Figure 3.35: Bridge creep coefficient for March batch on F4 at first loading 
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Figure 3.36: Test specimen creep coefficient for April batch on F5 at first loading 
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Figure 3.37: Bridge creep coefficient for April batch on F5 at first loading 
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Figure 3.38: Test specimen creep coefficient for May batch on F5 at first loading 
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Figure 3.39: Bridge creep coefficient for May batch on F5 at first loading 
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3.3.5.3 Creep from Second Loading of I5-I805 

The creep coefficients for the second stage of loading for the concrete on I5-I805 

are presented in Figure 3.40 to Figure 3.49. This application of load corresponds to the 

instant at which the falsework was removed, thus removing all artificial restraints on the 

structure and subjecting the structure to its full self-weight. The material tests for second 

loading (removal of falsework) were not performed for the F5 concrete, thus only the 

specifications predictions are presented. The experimental creep coefficient in these 

figures is shown compared to the predicted creep values. 

For the creep coefficients of the second loading case, the shrinkage data from 

October and November concretes were also used for the calculation of their own creep 

coefficients as explained in the previous section. 

From the results, it is found that CEB-FIP, AASHTO and ACI209 material 

predictions provide similar results to the estimated bridge creep coefficients from October, 

November and March concrete batches for F4, respectively. No superiority is seen of a 

specific prediction model as compared to the others for all concrete batches on F4. 
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Figure 3.40: Test specimen creep coefficient for October batch on F4 at second loading
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Figure 3.41: Bridge creep coefficient for October batch on F4 at second loading 
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Figure 3.42: Test specimen creep coefficient for November batch on F4 at second 
loading 
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Figure 3.43: Bridge creep coefficient for November batch on F4 at second loading 
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Figure 3.44: Test specimen creep coefficient for March batch on F4 at second loading
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Figure 3.45: Bridge creep coefficient for March batch on F4 at second loading 
 



 

 

81
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 250 500 750 1000 1250 1500
Time after prestressing (days)

C
re

ep
 c

oe
ffi

ci
en

t (
ϕ

)

AASHTO ACI CEB-FIP GL2000

 

Figure 3.46: Test specimen creep coefficient for April batch on F5 at second loading 
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Figure 3.47: Bridge creep coefficient for April batch on F5 at second loading 
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Figure 3.48: Test: specimen creep coefficient for May batch on F5 at second loading 
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Figure 3.49: Bridge creep coefficient for May batch on F5 at second loading 
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3.3.5.4 Shrinkage Strain of I215-CA91 

Figure 3.50 to Figure 3.57 plotted the experimental shrinkage strains for the four 

(4) concrete types used in NW and SE on I215-CA91 and these are compared to the 

predicted shrinkage strains. The figures presented in this section also display the 

experimental and the specifications predictions of shrinkages beginning at prestressing. 

It should be noted that the specimen shrinkage data could not be measured since 

6/2/2008 at 703 and 563 days after prestressing for NW and SE, respectively, because the 

shrinkage specimens were accidently lost by Caltrans while they were being relocated in 

their maintenance yard in Riverside. Therefore, the fitted curves for shrinkages for I215-

CA91 are based on more limited data. 

From Figure 3.50 and Figure 3.51, it is found that the GL2000 material prediction 

provides similar results to the measured specimen shrinkage from February batch for NW, 

while the bridge shrinkage presents the values between the estimations from CEB-FIP 

and ACI209 model codes. In Figure 3.52 and Figure 3.53, although the June concrete 

specimen of NW produces higher shrinkage than any specifications predictions, the 

bridge shrinkage shows good agreement with the GL2000 prediction values. 

It is noted that the bridge shrinkage of SE in Figure 3.55 and Figure 3.57, ACI209 

and CEB-FIP provide more reasonable matches with the measured values for August and 

October concretes, respectively. However, different results on specimen shrinkages are 

shown in Figure 3.54 and Figure 3.56. 

In conclusion, no dominant material code could be found for NW and SE on I215-

CA91 in Riverside, and it is seen that different specifications are applied to each concrete 
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batch at various locations. 
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Figure 3.50: Test specimen shrinkage for February batch on NW 
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Figure 3.51: Bridge shrinkage for February batch on NW 
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Figure 3.52: Test specimen shrinkage for June batch on NW 
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Figure 3.53: Bridge shrinkage for June batch on NW 
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Figure 3.54: Test specimen shrinkage for August batch on SE 
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Figure 3.55: Bridge shrinkage for August batch on SE 
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Figure 3.56: Test specimen shrinkage for October batch on SE 
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Figure 3.57: Bridge shrinkage for October batch on SE 
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3.3.5.5 Creep from First Loading of I215-CA91 

Figure 3.58 to Figure 3.65 display the creep coefficients for the first loading from 

the four concrete batches on I215-CA91. As explained in Section 3.3.5.2, the fluctuation 

of the specimen creep data is not as severe as the shrinkage data. 

In Figure 3.58 to Figure 3.65, it is found that the measured and curve-fitted creep 

models provide reasonable estimates as compared to predictions from all material codes 

for every concrete batch. 
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Figure 3.58: Test specimen creep coefficient for February batch on NW at first loading
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Figure 3.59: Bridge creep coefficient for February batch on NW at first loading 
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Figure 3.60: Test specimen creep coefficient for June batch on NW at first loading 
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Figure 3.61: Bridge creep coefficient for June batch on NW at first loading 
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Figure 3.62: Test specimen creep coefficient for August batch on SE at first loading 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 250 500 750 1000 1250 1500
Time after prestressing (days)

C
re

ep
 c

oe
ffi

ci
en

t (
ϕ

)

AASHTO ACI CEB-FIP

GL2000 Curve-fit

 

Figure 3.63: Bridge creep coefficient for August batch on SE at first loading 
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Figure 3.64: Test specimen creep coefficient for October batch on SE at first loading 
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Figure 3.65: Bridge creep coefficient for October batch on SE at first loading 
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3.3.5.6 Creep from Second Loading of I215-CA91 

The creep coefficients for the second stage of loading (removal of falsework) for 

the concretes on I215-CA91 are presented in Figure 3.66 to Figure 3.73. 

For February and June batches of NW in Figure 3.66 to Figure 3.69, lower 

estimates for the second creep result from the measured data than that from specifications. 

On the other hand, a slight overestimation of the second creeps by the measured creep 

data seen in Figure 3.70 to Figure 3.73 for August and October batches on SE. 

In general, CEB-FIP presents well-matched results for SE, however, no prediction 

codes agree well with the measurements for NW on I215-CA91. 
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Figure 3.66: Test specimen creep coefficient for February batch on NW at second 
loading 
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Figure 3.67: Bridge creep coefficient for February batch on NW at second loading 
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Figure 3.68: Test specimen creep coefficient for June batch on NW at second loading
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Figure 3.69: Bridge creep coefficient for June batch on NW at second loading 
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Figure 3.70: Test specimen creep coefficient for August batch on SE at second loading
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Figure 3.71: Bridge creep coefficient for August batch on SE at second loading 
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Figure 3.72: Test specimen creep coefficient for October batch on SE at second loading
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 250 500 750 1000 1250 1500
Time after prestressing (days)

C
re

ep
 c

oe
ffi

ci
en

t (
ϕ

)

AASHTO ACI CEB-FIP

GL2000 Curve-fit

 

Figure 3.73: Bridge creep coefficient for October batch on SE at second loading 
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4 ANALYTICAL STUDIES 

 

4.1 Introduction 

A more comprehensive, yet simple analysis method incorporating five parameters 

which influence long-term prestress loss for prestressed box girder bridges is developed 

in this study. Section 4.2 introduces the basic analysis method which provides the 

analysis platform for the final procedure in Section 4.5. In Section 4.3, effects from 

transverse shear deformation in a section of a bridge, division of loading events and the 

effect of horizontal reinforcement are discussed as part of the investigation of structural-

level parameters. Also, Section 4.4 evaluates effects due to material-level parameters 

such as compressive strength of concrete and thermal creep resulting from temperature 

variation. Section 4.5 presents a comprehensive and more accurate predictive analysis 

procedure for calculation of long-term prestress losses incorporating all parameters into 

the basic analysis method. The proposed analysis procedure is further verified through 

parametric studies in Chapter 5. 

 

4.2 Basic Analysis Method  

4.2.1 Prestress Loss Due to Time-Dependent Behavior of Concrete 

The basic method of time-dependent analysis for this study was developed by 

Ghali et al. (2002). This method was further extended in a form that is simple to apply 

and provides a reliable prediction method for calculation of long-term prestress losses in 

actual bridge applications by Youakim and Karbhari (2006), and Youakim et al. (2007). 

This method is based on the basic principles of solid mechanics and satisfies the 
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requirements of equilibrium and compatibility of the bridge cross section. The basic 

assumptions for this method are:  

(1) All prestressing forces and dead loads are applied at the same time at the end of 

curing of concrete; 

(2) Shrinkage starts to take place at the application of loads; 

(3) One type of concrete for a cross section is used; 

(4) One layer of prestressing steel is considered; 

(5) The load from wearing surface is ignored or can be considered at an earlier time; 

(6) Shear forces at cross sections are neglected. 

The procedure of time-dependent analysis of a concrete section is summarized in 

four steps by Ghali et al. (2002), and Youakim and Karbhari (2006) shown schematically 

in Figure 4.1. 

 

Figure 4.1: Four steps for the analysis of time-dependent effects (Ghali et al. 2002) 
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Step 1: Determine the distribution of instantaneous strain at time 0t  due to dead load 

and prestressing force after immediate losses (friction, anchorage slip and elastic 

shortening). The distribution of strain is defined by the strain at the centroid of the section, 

1 0( )O tε  the curvature 0( )tψ . 

1 0
0 1

( )
( )

eq
O

c

N
t

E t A
ε = , 0

0 1

( )
( )

eq

c

M
t

E t I
ψ =  (4.1)

where 

1O = centroid of transformed section at time 0t ; 

eqN = equivalent normal force due to dead weight and prestressing; 

eqM = equivalent bending moment due to dead load and prestressing; 

1 0( )O tε = axial strain at O1 due to applied loads at time 0t ; 

0( )tψ = curvature of cross section due to equivalent bending moment at time 0t ; 

1A = area of the transformed section at time 0t ; 

1I = second moment of area of the transformed section at time 0t ; and 

0( )cE t = modulus of elasticity of concrete at time 0t . 

 

Step 2: Determine the axial strain at the centroid of the net concrete section and 

hypothetical change in strain distribution in the period 0t  to t due to creep and shrinkage. 

2 10 0 0 1( ) ( ) ( )O Ot t t yε ε ψ= + ∆  (4.2)

where 

2O = centroid of net concrete section; and 
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1y∆ = vertical distance between 1O  and 2O . 

For most practical applications, 1y∆  is very small compared to the section depth h and 

can be neglected: 
2 1O Oε ε≈ . The hypothetical change in strain and curvature would be: 

2 0( )O cstϕε ε+  and 0( )tϕψ . 

 

Step 3: Integrate the artificial restraining stresses σ∆  gradually on the cross section 

during the period between 0t  and t for counteraction of the hypothetical strains 

calculated in Step 2 to get a normal force N∆  and a moment M∆  at the centroid of the 

section. 

2 20 0( ) ( )creep shrink c c O c c cs c c O csN N N E A t E A E A tϕ ε ε ϕε ε⎡ ⎤∆ = ∆ + ∆ = − − = − +⎣ ⎦  (4.3)

0 0( ) ( )creep c c c cM M E I t E I tϕ ψ ϕ ψ∆ = ∆ = − = −  (4.4)

where 

cA = area of the net concrete section; 

cI = second moment of area of the net concrete section about 2O ; 

cE = age-adjusted elastic modulus of concrete = 0( ) /(1 )cE t χϕ+ ; 

csε = shrinkage strain between 0t and t; 

χ = againg coefficient; and 

ϕ = creep coefficient. 

 

Step 4: Apply N∆  and M∆  in reversed direction on the age-adjusted transformed 

section for eliminating the artificial restraint in order to determine the long-term changes 
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in strains and curvatures of the cross section. 

*N N∆ = ∆  (4.5)

*
2 1 2( )M M N y M N y y M N y∆ = ∆ −∆ ∆ = ∆ −∆ ∆ −∆ ≅ ∆ −∆ ∆  (4.6)

where  

3O = centroid of the age-adjusted transformed section; and 

2y∆ = vertical distance between 1O  and 3O  and 2y y∆ = ∆  since 1 2y y∆ << ∆ . 

 
( )*

O c A freeN E A kε ε∆ = −∆ = ∆  (4.7)

( )*
c I free h freeM E I k k hψ ψ ε∆ = −∆ = ∆ − ∆  (4.8)

where 

A = area of the age-adjusted cross section; and 

I = second moment of inertia of the age-adjusted cross section. 

 

2 0( )free O cstε ϕε ε∆ = +  (4.9)

0( )free tψ ϕψ∆ =  (4.10)

;  ;  c c c
A I h

A I A h yk k k
A I I

∆
= = =  

h = total thickness of concrete cross section 

(4.11)

The long-term prestress loss psσ∆  between 0t  and t can be given by 

( )ps ps O ps ps A free I free h free psE y E k k k h yσ ε ψ ε ψ ε⎡ ⎤⎡ ⎤∆ = ∆ + ∆ = ∆ + ∆ − ∆⎣ ⎦ ⎣ ⎦  (4.12)

where yps= y-coordinate of prestressing steel with respect to the centroid of the age-

adjusted transformed section 3O . 
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4.2.2 Prestress Loss Due to Relaxation 

A steel-prestressing tendon ideally maintains a constant strain when stretched 

between two fixed points. However, it realistically relaxes and loses some of its initial 

tension over time while remaining at a constant strain when the applied stress is greater 

than 50% of its ultimate strength. This loss in stress is referred to as intrinsic relaxation 

prσ∆  (Youakim et al., 2007) and, for low relaxation steel, is frequently expressed as 

( ) 0
0

log 24
0.55

40
p

pr p
py

ft
f

f
σ

⎛ ⎞
∆ = − −⎜ ⎟⎜ ⎟

⎝ ⎠
 (4.13)

where 

 0pf =  initial stress in prestressed steel; and 

 pyf =  yield stress of prestressed steel. 

The intrinsic relaxation is reduced by the change in strain resulting from the loss of initial 

tension and this reduced relaxation prσ∆  is accommodated by a factor rχ , which has a 

value less than unity. A value of 0.8 is used for rχ  (Lewis, 2006) and the reduced 

relaxation is 

pr r prσ χ σ∆ = ∆  (4.14)

The prestress loss due to relaxation can be determined with the same procedure to 

evaluate prestressing losses due to creep and shrinkage. The artificial forces to be applied 

at the centroid of the age-adjusted transformed section 3O  to prevent relaxation of 

prestressing steel are given by 

{ } { };  ps pr ps ps prrelax relax
N A M A yσ σ∆ = ∆ ∆ = ∆  (4.15)
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The artificial forces are applied in reversed direction on the age-adjusted transformed 

section to evaluate the change in axial strain ( )O relax
ε∆  and curvature ( )relax

ψ∆  due to 

relaxation: 

;  ps pr ps ps pr
O

c c

A A y
E A E I

σ σ
ε ψ

− ∆ − ∆
∆ = ∆ =  (4.16)

The long-term prestress loss due to relaxation ( )ps relax
σ∆  can be computed as 

( )

( )

2

1 +

1

ps ps ps ps
ps prrelax

c

ps
pr Aps y

c

pr ps

E A A y
E A I

E
k k

E
k

σ σ

σ

σ

⎡ ⎤⎛ ⎞
∆ = ∆ −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

⎡ ⎤
= ∆ − +⎢ ⎥

⎣ ⎦
= ∆

 
(4.17)

where 

( )
2

;  ;  1ps ps ps ps
Aps y ps Aps y

c

A A y E
k k k k k

A I E
= = = − +  (4.18)

 

4.3 Structural Level Parameters  

The earlier research conducted by Youakim et al. (2007) provides a reasonable 

basis for further development. The current research is focused on extending and 

substantially modifying, as appropriate, the approach in order to enable inclusion of 

effects due to a) Transverse shear deformation, b) Sequence of loading events, c) 

Horizontal reinforcements, d) Compressive strength of concrete, and e) Thermal creep 

from cyclic temperature variation. In addition, a comprehensive model to include all 

these effects is also assembled in Section 4.5. 
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4.3.1 Effect of Transverse Shear Deformation 

2-D frame elements broadly used for conventional structural analysis are based on 

Euler-Bernoulli beam theory. While simple to use, this does not consider the effect of 

transverse shear deformation at a section. However, since prestressed box girder bridges 

in service usually have large cross-sectional areas and are subjected to significant shear 

forces and axial deformations due to the prestressing force, the transverse shear 

deformation on a section may not be negligible. In this study, the effect on prestress 

losses from the inclusion of transverse shear deformation based on Timoshenko beam 

theory is presented.  

To include the effect into the basic analysis method described in Section 4.2.1, the 

change of curvature caused by the shear deformation is considered from Step 1 at time 0t  

in Figure 4.2. 

Before shear 
effect

ΨE(to)

After shear 
effect

εo(to)

After 
prestressing ΨS(to)

 
Figure 4.2: Change of curvature due to shear deformation in Step 1 at time 0t  

 

From Euler-Bernoulli beam theory (Gere and Timoshenko, 1991) : 

2 2
0 0

0 0 0 02 2

( ) ( )( ) ( ) ( );  ( )E E
eq c c c c E E

d w t d w tM E t I E t I t t
dx dx

ψ ψ= = =  (4.19)

where 
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0( )Ew t = transverse deflection of the Euler-Bernoulli beam at time 0t ; and 

0( )E tψ = curvature of a section of the Euler-Bernoulli beam at time 0t . 

From the equilibrium equations of Timoshenko’s beam theory rewritten by Wang (1995), 

the governing equation of the Timoshenko beam is 

2 2
0 0

1 22 2
0

2

0 0 1 2
0

( ) ( )
( )

( ) ( )
( )

eqT E

s c c

eq
T E

c c

qd w t d w t C x C
dx dx K G t A

L q
t t C x C

E t I
ψ ψ

= + − −

Ω
= + − −

 (4.20)

where 

1C  and 2C  are constants; 

0( )Tw t = transverse deflection of the Timoshenko beam at time 0t ; 

0( )T tψ = curvature of a section of Timoshenko beam at time 0t ; 

0( )cG t = shear modulus of elasticity of concrete at time 0t ; 

sK = shear correction coefficient;  

0
2

0

( )
( )

c c

c c s

E t I
G t A K L

Ω = : nondimensional shear parameter; 

L = length of span; 

x = distance from left end to location of interest; and 

eqq = equivalent distributed load due to dead weight and prestressing. 

Constants 1C  and 2C  are calculated by Wang (1995) with various boundary conditions 

summarized in Table 4.1. 
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Table 4.1: Constants of Timoshenko beam for various boundary conditions (Wang, 1995) 
 

Constants 
Boundary conditions 

1C  2C  

Simply supported (SS) 0 0 

Clamped free (CF) 0 0 

Free clamped (FC) 0 0 

Clamped simply supported (CS) 
0

0

3
( ) (1 3 )

eq

c c

M
E t I L

Ω
−

+ Ω

0

0

3
( ) (1 3 )

eq

c c

M
E t I

Ω

+ Ω
 

Simply supported clamped (SC) 
0

3
( ) (1 3 )

L
eq

c c

M
E t I L

Ω

+ Ω
 0 

Clamped clamped (CC) 
( )0

0

12
( ) (1 12 )

L
eq eq

c c

M M
E t I L

− Ω

+ Ω
 

( )0

0

6
( ) (1 12 )

L
eq eq

c c

M M
E t I

− Ω
−

+ Ω

* 0
eM  and L

eM = equivalent bending moments at 0x =  and x L= , respectively 

Therefore, the four steps of analysis introduced in Section 4.2.1 may also be 

modified by consideration of the transverse shear deformation as follows. 

 

Step 1: The change of curvature due to transverse shear deformation is added to the 

original formula at time 0t  as expressed in Equation (4.20), as 

1 0
0 1

( )
( )

eq

c

N
t

E t A
ε =  (4.21)

2

0 0 0 1 2
0 1 0 1

( ) ( ) ( )
( ) ( )

eq eq
t m s

c c

M L q
t t t C x C

E t I E t I
ψ ψ ψ

Ω
= + = + − −  (4.22)

where 
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1 0( )tε = axial strain at the centroid of transformed section at time t0; 

0( )t tψ = total curvature of a section at time 0t ; 

0
0 1

( )
( )

eq
m

c

M
t

E t I
ψ = : moment-induced curvature in equation (3.2); 

2

0 1 2
0 1

( )
( )

eq
s

c

L q
t C x C

E t I
ψ

Ω
= − − : shear-induced curvature; 

1A = cross sectional area of the transformed section at time 0t ; and 

1I = second moment of area of the transformed section at time 0t . 

 

Step 2: From the addition of the shear-induced curvature in Step 1, the axial strain at the 

centroid of the net concrete section can be determined as 

0 1 0 0 1 1 0 0( ) ( ) ( )( ) ( ) ( )cct t cc tt t t y y t t yε ε ψ ε ψ= + − = + ∆  (4.23)

where 

cctε = axial strain at the centroid of the net concrete section; 

ccy = y-coordinate of centroid of net concrete section; 

1y = y-coordinate of centroid of 1A ; and 

1ccy y y∆ = − . 

 

Step 3: Artificial shear forces for preventing the hypothetical strains calculated in Step 2 

during the period between 0t  and t are added to the original formulae: 

[ ]0( )c c cct csN E A tϕε ε∆ = − +  (4.24)
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0( )c c sV G A tϕ ψ∆ = −  (4.25)

0( )c c mM E I tϕ ψ∆ = −  (4.26)

where 

V∆ = artificial shear forces for preventing free creep and shrinkage; and 

cG = age-adjusted shear modulus of concrete = 0( ) /(1 )cG t χϕ+ . 

 

Step 4: Therefore, the forces in reversed direction on the age-adjusted transformed 

section are 

*N N∆ = ∆  (4.27)

*V V∆ = ∆  (4.28)

*
ccM M Ny∆ = ∆ + ∆  (4.29)

Also, the long-term changes in strains and curvatures of the cross section are 

( )*
_O c A free sN E A kε ε∆ = −∆ = ∆  (4.30)

( ) ( )
( ) ( ) ( )

( )

* *

0 0 0

_
_ _

          

( ) ( ) ( )

t c c

cc c c

c c c
m cc cct cs s

free s
I m free cc A s free

M E I V G A

M Ny E I V G A

I A At y t t
I I A

k k k
h

ψ

ϕψ ϕε ε ϕψ

ε
ψ ψ

∆ = −∆ −∆

= −∆ −∆ −∆

= + + +

∆
= ∆ + + ∆

 (4.31)

where 

_ 0( )free s cct cstε ϕε ε∆ = + ; (4.32)

_ 0( )m free m tψ ϕψ∆ = ; (4.33)
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_ 0( )s free s tψ ϕψ∆ = ; and (4.34)

;  ;  c c c cc
A I cc

A I A y hk k k
A I I

= = = . (4.35)

Consequently, the long-term prestress loss psσ∆  between 0t  and t is given as 

{ }

_
_ _ _

_ _ _

        

        

ps ps O t ps

free s
ps A free s I m free cc A s free ps

ps
ps A cc free s I m free A s free ps

E y

E k k k k y
h

y
E k k k k y

h

σ ε ψ

ε
ε ψ ψ

ε ψ ψ

⎡ ⎤∆ = ∆ + ∆⎣ ⎦
⎡ ∆ ⎤⎧ ⎫

= ∆ + ∆ + + ∆⎨ ⎬⎢ ⎥
⎩ ⎭⎣ ⎦

⎡ ⎤⎛ ⎞
= + ∆ + ∆ + ∆⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦

 
(4.36)

where yps = y-coordinate of prestressing steel with respect to the centroid of the age-

adjusted transformed section. 

Results pertaining to this aspect are detailed in Sections 5.2.1.1, 5.2.3.1, 5.3.1.2 

and 5.3.2.2. 

4.3.2 Effect of Sequence of Loading Events 

4.3.2.1 Loading Events 

There exist a number of loading events, when the loading condition on the 

structure is changed during construction of prestressed box girder bridges. In this study, 

two main loading events which affect the loading condition of the entire structural system 

are considered: (1) Introduction of prestressing forces to the structure and (2) Removal of 

formwork and falsework from the structure.  

The introduction of prestressing forces to the structure is one of the most 

significant loading events for post-tensioned prestressed box bridge system. When 

prestressing is applied, not only are the axially compressive forces introduced to the 
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structure but the bridge also cambers and lifts off the formwork near mid-span. 

On the other hand, the presence of formwork with falsework prevents the 

structure from deforming at some locations which could otherwise have deformed (Lewis, 

2006). If the formwork and flasework were removed instantaneously after the 

prestressing had been applied then the structure would deform naturally, since the full 

self-weight of the structure would be applied at the beginning of the prestressing. 

However, since the formworks and falsework are not generally removed immediately 

after prestressing is applied, the adoption of an additional loading case for the removal of 

formwork and flasework is required.  

4.3.2.2 Loading Cases and Analysis Procedure 

In analysis of long-term behavior of concrete structures, the change in stress due 

to the consideration of construction sequence is generally accounted for by the step-by-

step method, using the principle of superposition of virgin creep curves (Bazant and 

Wittmann, 1982). Based on this method, the strain generated at any time t by a stress 

change applied at earlier time t′  is independent of the effects of any stress applied, 

which means that the original creep curves appropriate to the specified time t t′ <  can 

be superimposed whenever stress change exists. 

To accommodate the step-by-step procedure in this study, four loading cases: 

100:0, 90:10, 70:30 and 50:50 were selected and the basic analysis method was applied 

twice for each loading case. The numbers of each loading case represent the percentage 

of amounts of self-weight that have been imposed for each loop of the analysis procedure 

suggested in Figure 4.3. For instance, in case of 90:10, it was assumed that 90% of self-
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weight would affect the structural system at the time 0t  when the prestressing force is 

applied, and the rest, 10%, is activated at the time 1t  when the formwork and falsework 

were removed through the current time 2t , when the final long-term prestress loss is 

calculated. Thus, the case of 100:0 is identical to the analysis based on the basic method 

in Section 4.. Based on the principles of the step-by-step analysis method, the procedure 

to compute the final prestress loss ( ) N( )ps total tσ  at time Nt  allowing the effect of 

sequence of loading events is described in Figure 4.3. 

 
Figure 4.3: Analysis procedure with consideration of sequence of loading events 

Calculate the prestress loss ∆σps (tN, ti-1))  
with the basic four-step analysis method 

i=1?

Apply initial forces: N(t0), M(t0) 
including prestressing force at time t0 

∆σps(total) (t0) = 0 

Apply change of prestress ∆N(ti-1)  and 
bending moment ∆M(ti-1)  due to the 
additional self-weight at ti-1 

i=N?

Yes No

Yes

No

Start 

Structural analysis to obtain section forces

End 

∆σps(total) (ti) = ∆σps(total) (ti-1) + ∆σps (tN, ti-1) 

Set initial geometric properties at time t0 

Set proper material properties and loading 
conditions during the time period  ti-1 to tN 
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In the first loop of analysis, the prestress loss during the time period between 0t  

and Nt , N 0( ,  )ps t tσ  is obtained from the axial force 0( )N t  and bending moment 

0( )M t  from the initial prestressing force. From the second loop, the increments of 

prestress i-1( )N t∆  and bending moment i-1( )M t∆  due to the additional self-weight at 

i-1t  is applied to compute the prestress increment N i-1( ,  )ps t tσ∆  during the time period 

between i 1t −  and Nt . Note that the value of N i-1( ,  )ps t tσ∆  includes not only the 

increment of prestress loss between i 1t −  and Nt  but the stress variation due to the 

increment of prestressing force i-1( )N t∆  to accommodate the sudden stress change by 

the imposed additional dead load actions at time i 1t −  discussed in Section 3.2.4. 

In the analysis procedure, it is important that appropriate loading conditions and 

material properties are assigned for each time period. Table 4.2 indicates loading 

conditions and material properties (creep coefficients) used for each loading case at each 

time period. In Table 4.2, 1( )iq t −  represents the amount of self-weight activated at time 

1it − , and 0( , )it tϕ  and 0( , )it tχ  represent the creep and aging coefficients used in the 

time period between 0t  and it . 

Since properties of drying shrinkage are not related to the variation of loading 

history, only the change of creep coefficients are taken into consideration for the 

variation of material properties over each time period in Table 4.2. It should be noted that 

each loading case use different creep and aging coefficients for each time period. 
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Table 4.2: Applied loads and material properties for each loading case 
 

Applied loads Creep and aging coefficients 
Loading cases 

0( )q t  1( )q t  2 0( , )t tϕ , 2 0( , )t tχ 2 1( , )t tϕ , 2 1( , )t tχ  

100:0 1.0 Dq  0 
90:10 0.9 Dq  0.1 Dq  

70:30 0.7 Dq  0.3 Dq  

50:50 0.5 Dq  0.5 Dq  

0ϕ , 0χ  1ϕ , 1χ  

* Dq = total self-weight of the structure. 

Results pertaining to this aspect are detailed in Sections 5.2.1.2, 5.2.3.2, 5.3.1.3 

and 5.3.2.3. 

4.3.3 Effect of Horizontal Reinforcement 

The effect from the longitudinal non-prestressed reinforcements ( 1nsA  and 2nsA ) 

in Figure 4.4 is already included in the basic sectional analysis procedure by using the 

ratio of elastic moduli of steel reinforcement and concrete. However, since there has been 

very little research aimed at evaluating the effect of the horizontal reinforcement and the 

effect of HR on the long-term prestress loss has not been thoroughly scrutinized, the 

effect from the HR is examined in this study. To conduct an analytical study for this, a 

simple equivalent model is proposed as shown in Figure 4.5 (a). The following 

assumptions are also made for the model. 

(1) HR can be distributed to a steel layers of equivalent thickness in Figure 4.5 (b) and 

(c) 

(2) One layer is used to represent each reinforcement distribution 

(3) Effects of HR can be added to the effects of longitudinal reinforcements (LR) 

(4) HR are placed at the centerline of LRs 
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(5) No void and no crack in structure 

 

Ans1

Ans2

Horizontal 
reinforcements

Longitudinal 
reinforcements

 

Figure 4.4: Longitudinal and horizontal reinforcements 
 

Since reinforcements generally augment the sectional properties: cross-sectional 

area and second moment of inertia by using the ratio between non-prestressed steel and 

concrete moduli, consideration of the effect from reinforcements may tend to reduce the 

final long-term prestress loss in bridges. The results will be shown in parametric studies 

in Chapter 5. 

Results pertaining to this aspect are detailed in Sections 5.2.1.3, 5.2.3.3, 5.3.1.4 

and 5.3.2.4. 
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(b) Side view of the model

(a) Reinforcement distribution and equivalent continuous model

Horizontal
reinforcement

Equivalent 
model

Front

SideSide

Front

A3

A4

t3

t4

1.0 m 1.0 m

1.0 × t3 = A3 → t3 = A3

1.0 × t4 = A4 → t4 = A4

(c) Front view of the model

t3

t4

t5

L3

L4

L5
t5

1.0 × t5 = A5 → t5 = A5

Ans3

Ans5

Ans4

Ans3 = L3 × t3
Ans4 = L4 × t4
Ans5 = 2 × L5 × t5

 

Figure 4.5: Distribution of HR and equivalent continuous model 
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4.4 Material Level 

4.4.1 Effect of Compressive Strength of Concrete 

The compressive strength of concrete ( 'cf ) is one of the most important 

characteristics that influences the behavior of concrete bridge structures. Although it has 

generally been accepted that creep and shrinkage of high-strength concrete (HSC, 

'cf ≥69 MPa (10,000 psi)) are similar to that of normal strength concrete (NSC) by ACI 

Committee 363 (1992), effects of HSC on the long-term behavior have widely been 

scrutinized by utilization of various admixtures (Nawy, 2001). However, these natural 

additives also make the behavior of HSC very complex with different mix designs and 

properties of creep and shrinkage even with the same value of the strength. 

Using HSC also causes a number of different material and structural parameters to 

be altered in the analysis and design of prestressed concrete structures. In addition to the 

modification of mix design and long-term material properties of concrete including creep, 

shrinkage and aging coefficient, it changes the loading condition of the structures since 

the self-weight is varied by the design proportioning. In this study, to integrate the effects 

from change of compressive strength into the calculation of prestress losses, two analysis 

schemes are considered.  

In the first analysis flow, variation of material properties and loading conditions 

which are influenced by the change of the strength are incorporated without consideration 

of any type of redesign plan to take advantage of using HSC such as alteration of 

geometric properties. On the other hand, the entire structural system can be redesigned 

with new geometric dimensions except the length of span to make the best use of the 
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advantages of HSC through the second procedure. 

Figure 4.6 shows an example of the analysis flow for the case of prestressed 

concrete beams when considering effects from HSC. For parametric studies, prestress 

losses of AASHTO bulb-tee beams are calculated by the AASHTO LRFD design code 

through the analysis flow in Figure 4.6 with various material properties provided by 

different specifications in Section 3.3.2. Also, the prestress loss values are compared with 

those from the basic analysis method explained in Section 4.2. 

Results pertaining to this aspect are detailed in Sections 5.2.1.4, 5.2.2 and 5.2.3.4. 

Figure 4.6: Analysis flow for prestressed beams when considering effects of HSC 

Change
or 

Redesign

Start 

Change strength Redesign structure 

Given: 
Loads and length of 

the span 

Change # of girders Change girder height

Change load/girder 

Change prestress level (σ/f’c) 

Keep load/girder same

End 

Change material and sectional properties
and self-weight 

Structural analysis 

Calculate # strands 

Calculate prestress loss from creep, 
shrinkage and relaxation 

Keep geometry same 
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4.4.2 Effect of Thermal Creep from Cyclic Temperature Variation 

Bridges are directly subjected to daily and seasonal temperature variations. 

Thermal creep effects from the cyclic variation of temperature are discussed in this 

section. 

4.4.2.1 Formulation of Thermal Creep 

y

T2(y)T1(y)

NightDay

x

y

z

N.A.
d2

d1

 

(a) Different temperature states at a beam section during day and night 

 

(b) Cyclic temperature changes with time 

Figure 4.7: Temperature states at a beam section and cycles of the states 
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England et al. (1984) identified a steady-state thermal creep for cyclic temperature 

change where the stress of a structure has reached its steady state level at a certain 

temperature state. In the theory, a quasi-steady-state of stress is observed after many 

cycles of temperature, where it was assumed that the stress states in different temperature 

cycles are distinguished simply by a set of thermal stresses that correspond to the 

difference of the temperature states. To formulate the quasi-steady-state thermal creep 

solution, the assumption of plane sections is made, in which a flexibility method to 

determine the distributions of bending moments is subjected to cyclically changing 

temperatures. 

The cycles of temperature changes were idealized into two temperature states 

during days and nights with time durations 1k  and 2k , as described in Figure 4.7, 

respectively. Referring to Figure 4.7 and defining a set of stresse { }ασ  as being those 

associated with a temperature change from state 1T  to 2T , the steady-state cyclic 

stresses are related and defined as 

{ }
{ } { } { }

2

1 2 α

σ

σ σ σ

∗

∗ ∗= −
 (4.37)

where 

{ }2σ
∗ = steady-state cyclic stress at the temperature state 2T ( )y ; and 

{ }1σ
∗ = steady-state cyclic stress at the temperature state 1T ( )y  as the reference 

state. 

The strain rates in the steady state, assumed to be constant during the period of each 

temperature state are 
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{ } { } ( )
{ } { } ( )

2 2 2

1 1 1

T ( )

T ( )

y

y

ε σ

ε σ

∗ ∗

∗ ∗

= Γ

= Γ

V

V
 (4.38)

where 

1 0 0 0
1 0 0 0

1 0 0 0
0 0 0 2(1 ) 0 0
0 0 0 0 2(1 ) 0
0 0 0 0 0 2(1 )

ν ν
ν ν
ν ν

ν
ν

ν

− −⎡ ⎤
⎢ ⎥− −⎢ ⎥
⎢ ⎥− −

= ⎢ ⎥+⎢ ⎥
⎢ ⎥+
⎢ ⎥

+⎣ ⎦

V ; (4.39)

ν =Poisson’s ratio of material; and 

( )( )T yΓ =Normalized creep-temperature function. 

The average strain rate over one complete temperature cycle is 

{ } { } { } ( ) { } { }( ) ( ) { }1 1 2 2 2 21 1 2 2

1 2 1 2

k T +k Tk k
k k k kAV

ασ σ σε ε
ε

∗ ∗∗ ∗ Γ − Γ+
= =

+ +

V V
 (4.40)

Equation (4.40) leads to 

{ } ( ) ( )( ){ } ( ){ }

{ } { } ( )

1 1 2 2 2 1 11

1 2

1 1
2 AV

1 2

k T k T k T
k k
k T
k k

AV
α

α

σ σ
ε

σ σ

∗
−

∗

Γ + Γ − Γ
=

+

Γ
= Γ −

+

V
 (4.41)

where 

( ) ( )1 1 2 2
AV

1 2

k T k T
k k

Γ + Γ
Γ =

+
. (4.42)

Equation (4.41) gives 

{ } { } ( ) { }1 11
2 AV

1 2 AV

k T 1
k k

ασσ ε∗ − Γ⎡ ⎤
= +⎢ ⎥+ Γ⎣ ⎦

V
V  (4.43)
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In the creep solution it is the steady-state strain rate, ε , that has a linear profile over the 

cross-section. It may thus be stated as 

A Byε = +  (4.44)

where A and B are constants. 

The average steady-state strain in the one-dimensional cyclic temperature 

problem is obtained from rearrangement of Equation (4.43) and with 1=V  can be 

expressed as 

( )1 1
2 AV

1 2

k T
k kAV

ασε σ ∗ Γ
= Γ −

+
 (4.45)

Thus, equating the right hand side of Equations (4.44) and (4.45) leads to 

( ) ( )1 1
2 0

1 2 AV AV

k T 1 1A B A B
k k

y yασσ ε∗ Γ⎛ ⎞
= + + = + −⎜ ⎟+ Γ Γ⎝ ⎠

 (4.46)

In the matrix form Equation (4.46) is 

[ ]
1

1 2 4
2 0

2 3 5AV

I I I1 1
I I I

F
y

M
σ ε

−

∗
⎛ ⎞−⎡ ⎤ ⎡ ⎤
⎜ ⎟= −⎢ ⎥ ⎢ ⎥⎜ ⎟−Γ ⎣ ⎦ ⎣ ⎦⎝ ⎠

 (4.47)

where 

( )
( )

2

1
1

AV

I
d

d

b y
dy

y−
=

Γ∫ ; ( )
( )

2

1
2

AV

I
d

d

b y y
dy

y−
=

Γ∫ ; ( )
( )

2

1

2

3
AV

I
d

d

b y y
dy

y−
=

Γ∫ ; 

( )
( )

2

1
4 0

AV

I
d

d

b y
dy

y
ε

−
= −

Γ∫ ; ( )
( )

2

1
5 0

AV

I
d

d

b y
ydy

y
ε

−
= −

Γ∫ ; ( )1 1
0

1 2

k T
k k

ασε
Γ

= −
+

. 

(4.48)

Similarly, ασ  can be computed from the matrix form in equation (4.47) as a solution of 

elastic problems following the procedure outlined by England et al. (1984).  
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[ ]
1e e e

1 2 4
0e e e

2 3 5

I I I
1

I I I
F

E y
Mασ ε

−⎛ ⎞⎡ ⎤ ⎡ ⎤−⎜ ⎟= −⎢ ⎥ ⎢ ⎥⎜ ⎟−⎣ ⎦ ⎣ ⎦⎝ ⎠
 (4.49)

where 

( )2

1

e
1I

d

d
Eb y dy

−
= ∫ ; ( )2

1

e
2I

d

d
Eb y ydy

−
= ∫ ; ( )2

1

e 2
3I

d

d
Eb y y dy

−
= ∫ ; 

( )2

1

e
4 0I

d

d
Eb y dyε

−
= −∫ ; ( )2

1

e
5 0I

d

d
Eb y ydyε

−
= −∫ ; 0 Tε α= − ∆ . 

(4.50)

Therefore, the changes of strain and curvature at the location of the prestress induced by 

the thermal creep stresses at the reference temperature state finally can be achieved as 

( ) ( ) ( )1 2 ps 2 2 ps 2 psd d d d d d
temp E E E

ασ σ σσε
∗ ∗− − − −∆

∆ = = =  (4.51)

0

2 psd d
temp

temp

ε ε
ψ

∆ −∆
∆ = −

−
 (4.52)

where 

( )σ =Stresses as a function of the distance from the centroid; and 

( ) ( ) ( )1 20
0

0 0 0
E E E

ασ σ σσε
∗ ∗ −∆

∆ = = = . (4.53)

Since the effects of the thermal creep are obtained by the assumption of steady-state 

stress condition at the final service stage of a structure, the changes of the strain and 

curvature induced by the thermal creep in Equations (4.51) and (4.52) could be added to 

the changes in strains ( 0ε∆ ) and curvatures ( ψ∆ ) in Equations (4.7) and (4.8) of Step 4 

after a reasonably long period. Generally, a period greater than three years (about 1000 

days) is accepted for long-term effects of concrete (Neville, 1995), and it is also shown 

by Xu and Burgoyne (2005) that more than 90% of thermal creep happens prior to 1000 
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days. Therefore, it is assumed that the changes in strain and curvature resulting from the 

thermal creep could be included in Step 4 of the analysis 1000 days after prestressing. 

4.4.2.2 Creep-Temperature Function 

The theory of thermal creep analysis was originally developed for nuclear power 

plant structures by Ross et al. (1966) and England (1977). However, since the operating 

temperature for this type of structures is typically 20-120 °C, which is much higher than 

for bridges, the assumption of a proportional form of creep-temperature function in 

Equation (4.54) does not hold for bridge structures which have a relatively low range of 

temperature variations (0-30 °C) and small temperature variation over the depth of a 

section (the soffit is typically 10-15 °C cooler than the top surface during a hot day). 

( )( )T TyΓ =  (4.54)

Hannet (1967) proposed an approximated liner creep-temperature function for the 

temperature between 20 °C and 80 °C as  

( )( )T 14.5 TyΓ = − +  (4.55)

However, as explained in results from an experimental work by England et al. (1984), the 

normalized creep-temperature function should be a more complex function for bridge 

structures in which the range of temperature falls below 20 °C. 

To address this problem, Xu and Burgoyne (2005) suggested a parabolic form of 

the creep-temperature function for bridge structures that meets the conditions of Hannet’s 

equation at 0 °C, 20 °C and 80°C in Equation (4.56). 

( )( ) 2T 0.0090625T 0.093875TyΓ = +  (4.56)
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The three creep-temperature functions are compared in Figure 4.8. In this study, the 

parabolic function in Equation (4.56) is used for entire thermal creep analysis procedure. 

 

Figure 4.8: Comparison of three creep-temperature functions by Xu and Burgoyne (2005)
 

Results pertaining to this aspect are detailed in Sections 5.2.1.5, 5.2.3.5, 5.3.1.5 

and 5.3.2.5. 

4.5 Comprehensive analysis procedure for determination of final prestress losses 

Incorporating the five influencing parameters described in the previous sections, a 

comprehensive analysis procedure for final prestress losses based on the basic analysis 

platform is proposed in this section. Factors in analysis affected by each individual 

parameter are summarized as follows. 

(1) Transverse shear deformation (S) changes strains and curvatures at each 

step of all analysis flows. 

(2) Consideration of the sequence of loading events (L) causes the basic 

analysis method to be performed twice and allocates the amount of load 
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(self-weight and bending moment) into the input stages of each analysis 

flow. 

(3) Horizontal reinforcements (R) increase geometric properties: cross sectional 

area and second moment of inertia used at the input stage of all analysis 

flows. 

(4) Usage of high-strength concrete (H) changes material properties of 

concrete: creep, shrinkage and aging coefficient and loading conditions 

(self-weight and bending moments) at the input stage of all analysis flows  

(5) Inclusion of thermal creep (T) affects the strain and curvature at the final 

step of the first analysis flow. 

The full analysis procedure considering five parameters is summarized in Figure 

4.9: The letters in circles represent the parameters which are included in each part of the 

procedure. 
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1st Analysis Flow

     Geometry –  R
     Material –  H
     Loading –  L + H

Input

2nd Analysis Flow

     Material –  H
     Loading –  L + H

Input

        Step 1 –  S
        Step 2 –  S
        Step 3 –  S
        Step 4 –  S + T

Final Prestress Loss

Start

End

Step 1 –  S
Step 2 –  S
Step 3 –  S
Step 4 –  S

CalculationCalculation

 

Figure 4.9: Comprehensive analysis procedure and each part at which parameters affect
 

 

The full analysis procedure considering five parameters is summarized in Figure 

4.9. The letters in circles represent the parameters which are included in each part of the 

procedure.
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5 PARAMETRIC STUDIES 

5.1 Introduction 

Based on the proposed analysis and parameters in Section 4.5, parametric studies 

are conducted on various prestressed concrete structures. In Section 5.2, numerical 

examples show how each parameter acts in the analysis model and how they affect the 

long-term prestressed losses. Consequently, Section 5.3 presents and verifies predicted 

values of long-term prestress loss for actual bridge spans on I5-I805 in San Diego and 

I215-CA91 in Riverside using the monitoring data from those spans. 

 

5.2 Numerical Examples  

5.2.1 Two-Span Continuous Post-Tensioned Beam with Rectangular Section 

As an example to show the basic analysis procedure outlined in Section 4.1 a two-

span continuous post-tensioned beam with rectangular section is analyzed. The geometric 

and cross-sectional properties are shown in Figure 5.1. The structure is subjected to its 

self-weight and a uniform prestressing force P (after immediate losses) of 8000 kN which 

was based from the stress level in tendons as 75% of the strength. The changes in strain 

and curvature are investigated at two sections, at point A, which is 13.5 m from the end 

support, and at point B, located at the intermediate support. 

The beam is assumed to be located in an area with average relative humidity 

60 %RH = . Low relaxation strands with a cross-sectional area 257.2 cmpsA =  (duct 

area 298.2 cmdA = ) and strength 1862 MPapuf =  are used in post-tensioning. Material 
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properties used in the analysis are given in Table 5.1. The chosen values of ϕ  and csε  

are averages taken from four specifications: ACI Committee 209, CEB-FIP, AASHTO 

and GL2000 presented in Table 5.18. 
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(a) Half elevation 
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(b) Cross section 

Figure 5.1: Half elevation and cross section of the two-span continuous post-tensioned 
beam considered 

 

Figure 5.1 (b) gives the values of 1nsA  and 2nsA  used in this analysis. The 

sectional properties of the longitudinal reinforcements (LR) are transformed and included 

into the concrete sections. The transformed concrete sections are presented in the analysis 

procedure.  
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Table 5.1: Material properties used for analysis 
 
Properties (Unit) Description Values 

0( ) (GPa)cE t  Modulus of elasticity of concrete at time 0t  33.0 

0( ) (GPa)cG t  Shear modulus of concrete at time 0t  13.6 

0( , ) (GPa)cE t t  
Age-adjusted elasticity modulus of concrete between

0t and t 12.7 

0( , ) (GPa)cG t t  
Age-adjusted shear modulus of concrete between

0t and t 5.3 

(GPa)nsE  Modulus of Elasticity of nonprestressed steel 200.0 
(GPa)psE  Modulus of Elasticity of prestressing steel 193.0 
ν  Poisson’s ratio of concrete 0.21 

3 (kN/m )cγ  Specific gravity of concrete 25.0 

0( , )t tϕ  Creep coefficient between 0t and t 1.953 

0( , ) (m/m)cs t tε  Shrinkage strain between 0t and t 43.118 10−− ×
χ  Aging coefficient for concrete 0.817 

rχ  Aging coefficient for steel relaxation 0.800 
 (MPa)cf ′  Compressive strength of concrete at 28 days 27.6 
 (MPa)pyf  Yield stress of prestressing steel 1675.8 
 

Calculation of Sectional Properties:  

Sectional properties are calculated for the analysis. The area of net concrete 

section is 

c ns dA A A A= − −  (5.1)

where A = area of cross section; and  

1 2ns ns nsA A A= + . (5.2)

The area of transformed section at time 0t is given by 

1 c ns nsA A Aα= +  (5.3)

where 0/ ( )ns ns cE E tα = . 
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The area of age-adjusted transformed section is 

c ns ns ps psA A A Aα α= + +  (5.4)

where 0/ ( , )ns ns cE E t tα =  and 0/ ( , )ps ps cE E t tα = ; and 

0
0

0

( )( , )
1 ( , )

c
c

E tE t t
t tχϕ

=
+

. (5.5)

The second moment of cA  about its centroid cO is 

( ) ( ) ( )22 2
1 1 2 2c ns cc ns ns cc ns d cc psI I A d d A d d A d d= + − + − + −  (5.6)

where I = sectional moment of A ; and  

ccd = the distance of cO  from top fiber of section. 

The second moment of 1A  about its centroid 1O  is determined as 

Post-tensioning: 

( )( ) ( )( ) ( )22 2
1 1 1 1 2 1 2 11 1ns ns ns ns ns ns d psI I A d d A d d A d dα α= + − − + − − + −  

Pre-tensioning: 

( )( ) ( )( )

( )( )

2 2
1 1 1 1 2 1 2

2

1

1 1

1

ns ns ns ns ns ns

d ps ps

I I A d d A d d

A d d

α α

α

= + − − + − −

+ − −
 

(5.7)

where 1d =  the distance of 1O  from top fiber of section. 

The second moment of A  about its centroid O  is given by 

( )( ) ( )( )

( )( )

2 2
1 1 2 2

2

1 1

1

ns ns ns ns ns ns

ps ps ps

I I A d d A d d

A d d

α α

α

= + − − + − −

+ − −
 (5.8)

where d =  the distance of O  from top fiber of section. 

The calculated sectional properties at cross sections A and B of the example in Figure 5.1 
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are summarized in Table 5.2. 

 

Table 5.2: Calculated sectional properties used for analysis 
 

Section A B 
2 (m )A  1.000 1.000 
2 (m )cA  0.966 0.966 
2

1  (m )A  1.111 1.111 
2 (m )A  1.432 1.432 

 (m)ccd  0.986 1.000 

1  (m)d  1.024 1.037 
 (m)d  1.109 1.029 

4 (m )cI  0.306 0.307 
4

1  (m )I  0.440 0.439 
4 (m )I  0.681 0.697 

 

Equivalent actions at centroid of the transformed section at time t0:  

To calculate the instantaneous strain and curvature at time 0t  equivalent forces 

(normal force eqN , distributed load eqq and bending moment eqM ) are calculated by 

prestressing force psP  and dead-load actions (normal force DN , distributed load Dq  

and bending moment DM ) at each section. DN  and DM  are obtained from the 

structural analysis with a commercial analysis program (SAP2000), and equivalent loads 

( eqN , eqq and eqM ) are calculated by following equations. 

( )
2

1

8
eq D ps

ps
eq D

eq D ps ps

N N P

P s
q q

L
M M P d d

= −

= −

= − −

 (5.9)
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where L =  the length of span; and 

s =  the maximum sag of the tendon measured with respect to the chord between 

its end points in Figure 5.1(a). 

The dead-load actions and equivalent forces for the example in Figure 5.1 are 

summarized in Figure 5.2 

13.5 m 16.5 m
A

B

CLqD= -27.76 kN/m

ND= 0.00 kN

MDB= -3122.00 kN-m

MDA= 1687.30 kN-m

A
B

(a) Dead-load actions 

A B

13.5 m 16.5 m
A

B

CLqeq= 50.46 kN/m

Neq= -8000.00 kN

MeqB= 2772.40 kN-m

MeqA= -3717.31 kN-m

(b) Equivalent forces due to prestressing 

Figure 5.2: Dead-load actions and equivalent forces on the two-span continuous beam 
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Prestress losses due to long-term behavior of concrete and relaxation:  

Based on Section 4.2, long-term prestress losses are calculated with the 

aforementioned sectional properties and equivalent loads. 

Step 1: 

At Section A, the instantaneous strain and curvature at time 0t can be obtained 

from equation (4.1) as 

( )( )

( )( )

4
1 0 7 2 2

0 1

4
0 7 2 4

0 1

8000.000 kN( ) 2.183 10  m/m
( ) 3.300 10  kN/m 1.111 m

3717.310 kN-m( ) 2.563 10  /m
( ) 3.300 10  kN/m 0.440 m

eq

c

eq

c

N
t

E t A

M
t

E t I

ε

ψ

−

−

−
= = = − ×

×

−
= = = − ×

×

 (5.10)

Step 2: 

The axial strain at the centroid of the net concrete section in the period 0t  to t 

due to creep and shrinkage is determined from equation (4.2) as 

( )4 4
0 1 0 0

4

( ) ( ) ( ) 2.183 10 2.563 10 0.038

2.084 10  m/m
cc t t t yε ε ψ − −

−

= + ∆ = − × − × −

= − ×
 (5.11)

Step 3 and Step 4: 

Equations (4.7) through (4.11) give 

0.675;  0.450;  0.394A I hk k k= = =  (5.12)

( )4 4
0

4

( ) 1.953 2.084 10 3.188 10

7.260 10  m/m
free cc cstε ϕε ε − −

−

∆ = + = − × − ×

= − ×
 

( )4
0

4

( ) 1953 2.563 10

5.007 10  /m
free tψ ϕψ −

−

∆ = = ×

= − ×
 

(5.13)
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( )4 40.675 7.260 10 4.900 10  m/mO A freekε ε − −∆ = ∆ = − × = − ×  

( ) ( )4 4

5

0.450 5.007 10 0.394 7.260 10 2.000

9.860 10  /m

I free h freek k hψ ψ ε
− −

−

∆ = ∆ − ∆

= − × − − ×

= − ×

 
(5.14)

The long-term prestress loss in concrete due to creep and shrinkage between 0t  and t 

using the results from equation (5.14) is 

( ) ( )5 4 51.930 10  MPa 4.900 10 9.860 10 0.895

105.824 MPa

ps ps O psE yσ ε ψ
− −

⎡ ⎤∆ = ∆ + ∆⎣ ⎦
⎡ ⎤= × − × + − ×⎣ ⎦

= −

 (5.15)

From equations (4.17) and (4.18), the long-term prestress loss in steel tendons due to the 

relaxation between 0t  and t is 

( ) ( )

( )
35

4 3

1

3.995 101.930 10  MPa30.054 MPa 1
1.271 10  MPa 2.935 10

26.891 MPa

ps
ps pr Aps yrelax

c

E
k k

E
σ σ

−

−

⎡ ⎤
∆ = ∆ − +⎢ ⎥

⎣ ⎦
⎡ ⎤⎛ ⎞××

= − −⎢ ⎥⎜ ⎟⎜ ⎟× + ×⎢ ⎥⎝ ⎠⎣ ⎦
= −

 
(5.16)

where 

 ( )0.80 37.567 30.054 MPapr r prσ χ σ∆ = ∆ = − = − ; and 

 

( )

( )( ) ( )

0
0

log 24
0.55

45

log 24 10000 days 1396.5 MPa 0.55 1396.5 MPa
40 1862.0 MPa

37.567 MPa.

p
pr p

py

ft
f

f
σ

⎛ ⎞
∆ = − −⎜ ⎟⎜ ⎟

⎝ ⎠
× ⎛ ⎞= − −⎜ ⎟

⎝ ⎠
= −

 

Therefore, the total long-term prestress loss between 0t  and t is the sum of two values 

from equation (5.15) and (5.16). 
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( )( ) 105.824 MPa 26.891 MPa

132.715 MPa
ps total ps ps relaxσ σ σ∆ = ∆ + ∆ = − −

= −
 (5.17)

The same procedure used at Section A (Mid-span) is also applied to at Section B (Mid-

support). The values from the analysis at both sections are summarized in Table 5.3. 

 

Table 5.3: Analysis values for prestress loss at Section A and B 
 

Section A B 

Ak  0.675 0.675 

Ik  0.450 0.440 

cck  –0.349 –0.081 

psk  0.895 0.873 
 (m/m)Oε∆  47.260 10−− ×  47.590 10−− ×  
 (/m)ψ∆  45.007 10−− ×  43.741 10−×  
 (MPa)psσ∆  –105.824 –126.376 
 (MPa)prσ∆  –30.054 –30.054 

( )  (MPa)ps relaxσ∆ –26.891 –26.237 

( )  (MPa)ps totalσ∆  –132.715 –152.613 
 

As observed in Table 5.3, the total prestress losses at different locations, ie. 

Section A (mid-span) and B (mid-support), are unequal even though both locations 

experienced identical initial prestressing forces of as 8000 kN. The discrepancy in 

prestress loss values at different locations is caused by the different curvature results at 

each section. 

5.2.1.1 Effect of Transverse Shear Deformation 

The effect of transverse shear deformation on the long-term prestress loss is 

examined in this section. The previously obtained long-term prestress losses are 
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reevaluated by including the effect of the transverse shear deformation as demonstrated in 

Section 4.3.1. Following calculations for Section A are shown as an example. 

Step 1: 

Since both ends of the structure are simply-supported and the structure is 

symmetric with respect to the mid-support, the “simply supported clamped (SC)” 

condition can be applied for the constants 1C  and 2C  from Table 4.1. 

From the condition of SC in Table 4.1, 1C  and 2C  for Section A (Mid-span) are 

derived as 

( )( )
( )( )( ) ( ){ }

1
0 1

3

7 2 4 3

8 2

3
( ) (1 3 )

3 2272.4 kN-m 1.277 10

3.3 10  kN/m 0.440 m 30.0 m 1 3 1.277 10

2.433 10  /m

L
eq

c

M
C

E t I L
−

−

−

Ω
=

+ Ω

×
=

× + ×

= ×

 

2 0C =  

(5.18)

where 

( )( )
( )( )( )( )

7 2 4
0 1

22 7 2 2
0 1

3

3.3 10  kN/m 0.440 m( )
( ) 1.364 10  kN/m 1.111 m 0.833 30.0 m

1.277 10 ;

c

c s

E t I
G t A K L

−

×
Ω = =

×

= ×

 

0.833sK =  when 2.0h b =  for a rectangular section; 

( ) ( )( )1 3122.0 kN-m 8000.0 kN 0.3 m 1.037 m

2772.398 kN-m;

L L L L
eq D eq pM M N d d= + − = − + − −

=
 

3122.0 kN-mL
DM = − : bending moment at right-end of span; 

0.3 mL
pd = : the distance of prestressing from top fiber of section at right-end of 
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span; and 

1 1.037 mLd = : the distance of 1O  from top fiber of section at right-end of span. 

Therefore, moment- and shear-induced curvatures and the total curvature of a section at 

time 0t  can be calculated from equation (4.21) as 

( )
( )( )

4
0 7 2 4

0 1

3717.31 kN-m
( ) 2.563 10  /m

( ) 3.3 10  kN/m 0.440 m
eq

m
c

M
t

E t I
ψ −−

= = = − ×
×

 

( )( ) ( )
( )( )

( )( )

2

0 1 2
0 1

23

7 2 4

8 2

6

( )
( )

1.277 10 30.0 m 50.458 kN/m

3.3 10  kN/m 0.440 m

2.433 10  /m 13.5 m

3.671 10  /m

eq
s

c

L q
t C x C

E t I
ψ

−

−

−

Ω
= − −

×
=

×

− ×

= ×

 

4 6 5
0 0 0( ) ( ) ( ) 2.563 10 3.671 10 2.526 10t m st t tψ ψ ψ − − −= + = − × + × = − ×  

(5.19)

 

Step 2: 

The axial strain at the centroid of the net concrete section as determined by 

equation (4.22) is 

( )( )4 5
0 1 0 0

5

( ) ( ) ( ) 2.183 10 2.526 10 0.038

2.086 10  m/m
cct tt t t yε ε ψ − −

−

= + ∆ = − × + − × −

= − ×
 (5.20)

 

Step 3 and Step 4: 

The long-term changes in strains and curvatures of the cross section from 

equations (4.29), (4.30) and (4.33) are 
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( )4 4
_ 0

4

( ) 1.953 2.086 10 3.188 10

7.263 10  m/m
free s cct cstε ϕε ε − −

−

∆ = + = − × − ×

= − ×
 

( )6 6
_ 0( ) 1.953 3.671 10 7.172 10 /ms free s tψ ϕψ − −∆ = = × = ×  

(5.21)

( )4 4
_ 0.675 7.263 10 4.902 10  m/mO A free skε ε − −∆ = ∆ = − × = − ×  (5.22)

( )( ) ( ) ( ) ( )( )

_
_ _

4
4 6

5

7.263 10
0.450 5.007 10 0.349 0.675 7.172 10

2.0
9.376 10  /m

free s
t I m free cc A s freek k k

h
ε

ψ ψ ψ

−
− −

−

∆
∆ = ∆ + + ∆

− ×
= − × + − + ×

= − ×
 

(5.23)

The long-term prestress loss in concrete due to creep, shrinkage and relaxation of steel 

between 0t  and t can be obtained from equations (4.36) as 

( ) ( )5 4 51.930 10  MPa 4.902 10 9.376 10 0.591

105.307 MPa

ps ps O t psE yσ ε ψ
− −

⎡ ⎤∆ = ∆ + ∆⎣ ⎦
⎡ ⎤= × − × + − ×⎣ ⎦

= −

 (5.24)

Consequently, the total long-term prestress loss between 0t  and t is the sum of prestress 

losses due to creep and shrinkage of concrete and relaxation from equation (5.24) and 

(5.16) is 

( )( ) 105.307 MPa 26.891 MPa

132.198 MPa
ps total ps ps relaxσ σ σ∆ = ∆ + ∆ = − −

= −
 (5.25)

The predicted results of long-term prestress losses at Section A (mid-span) and Section B 

(mid-support) are summarized in Table 5.4. It can be seen that the differences between 

values at each location are fairly small and could be considered as negligible, ie. The 

results of analysis at one section could be approximately applied at the other location. 
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Table 5.4: Analysis results by considering transverse shear effect 
 

Section A B 
w/o shear –132.715 –132.198 

( )  (MPa)ps totalσ∆  
Shear –152.613 –153.251 

Difference (%) 0.39 0.42 
 

For a parametric study of the effect of transverse shear deformation, all material 

and structural variables are fixed except the length of span. As shown in Figure 5.3, the 

length of span is varied from 10.0 m to 70.0 m to examine the effect of transverse shear 

deformation on the long-term prestress loss in accordance with variation of span-to-depth 

ratio (L/h) ranging from 5.0 through 35.0. In addition, the total equivalent loads ( eqq and 

eqM ) incorporated into the analysis according to each L/h are presented in Table 5.5. 

Positive values of eqq  represent an upward distributed load occuring due to the 

prestressing force. The balanced load stage is achieved around at L/h of around 25.0 

where the upward distributed load resulting from prestressing is almost identical to the 

downward dead load action Dq . 

 

Figure 5.3: Lengths of span and location of sections of interest 
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Table 5.5: Equivalent loads ( eqq and eqM ) with various span-to-depth ratios 
 

L/h 5.0  10.0 15.0 20.0 25.0  30.0  35.0  

 (kN/m)eqq  676.24 148.24 50.46 16.24 0.40  –8.21  –13.40 
Section A 

 (kN-m)eqM  –5217.13 –4654.70 –3717.31 –2404.97 –717.67 1344.59  3781.80 

 (kN/m)eqq  676.24 148.24 50.46 16.24 –2777.82 –6593.60 –11103.16 
Section B 

 (kN-m)eqM  5547.51 4506.84 2772.40 344.18 –8672.22 –12488.00 –16997.56 
 

The results of total prestress losses ( ( )ps totalσ∆ ) from the parametric study with 

different L/h are summarized in Table 5.6, Figure 5.4 and Figure 5.5 and the % 

differences between the original and modified losses with shear effect are also presented 

in Figure 5.6.  

From the results in Table 5.6, Figure 5.4 and Figure 5.5, it can be concluded that 

the value of ( )ps totalσ∆  decreases with an increase of L/h for all cases. In Figure 5.6, it 

can be seen that the effect of transverse shear deformation increases the prestress loss at 

mid-span but reduces it at mid-support after the balanced stage where L/h = 25.0. 

However, before L/h reaches the balanced stage the shear effect decreases the prestress 

loss at mid-span but increases it at mid-support in a significant manner, as expected with 

small value of L/h (< 10). Especially in the case with L/h = 5.0, the effect from the shear 

deformation increases up to 5.0% for both sections. From these results, it can be 

concluded that the effect of transverse shear deformation on long-term prestress loss 

should be considered when dealing with prestressed concrete structures having L/h which 

is less than 10. 
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Table 5.6: Total prestress losses (MPa) with various span-to-depth ratios 
 

L/h 5.0 10.0 15.0 20.0 25.0  30.0  35.0 

w/o shear –142.29 –138.67 –132.71 –124.39 –113.70 –100.63 –85.18 Section A 
(Mid-span) Shear –135.55 –137.18 –132.20 –124.22 –113.68 –100.69 –85.30 

w/o shear –177.65 –168.27 –152.61 –130.69 –102.51 –68.06 –27.35 Section B 
(Mid-Support) Shear –185.63 –170.04 –153.25 –130.93 –102.57 –68.02 –27.25 
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Figure 5.4: Prestress losses at Section A with various values of L/h 
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Figure 5.5: Prestress losses at Section B with various values of L/h 
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Figure 5.6: Differences (%) of prestress loss with various values of L/h 
 

5.2.1.2 Effect of Sequence of Loading Events 

To consider the effect of loading events, it is assumed that the age of concrete is 

28 days ( 0 0t = ) when the prestressing force is introduced, and that formwork and 
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falsewalk are removed from the main beam structure at 100 days ( 1 100t = ) after 

prestressing.  

As discussed in Section 4.3.2, two loops of analysis are considered. The moduli of 

elasticity of concrete ( E ), creep coefficients (ϕ ), shrinkage strains ( csε ) and aging 

coefficients ( χ ) of concrete which will be used for each analysis loop are summarized in 

Table 5.7. The values are also determined as the average of four specifications (ACI 

Committee 209, CEB-FIP, AASHTO and GL2000) as used for the effect of transverse 

shear deformation in Section 5.2.1.1. In this section, the case of 90:10 is introduced as an 

example. 

Table 5.7: Moduli of elasticity, creep, shrinkage and aging coefficients 
 

Name of event at ( 1it − ) 1it −  (days) 1( )iE t −

(GPa) 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε  
(µm/m) 0( , )it tχ 1( , )it tχ

Prestressing ( 0t ) 0 33.0 0.000 - 0 - - 

Formwork removal ( 1t ) 100 36.0 0.868 0.000 –95 0.893 - 

Theoretical end of 
service ( 2t ) 10000 - 2.024 1.709 –323 0.817 0.891

 

(1) First Loop of Analysis 

 Based on the procedure explained in Figure 4.3, the elapsed time for the first loop 

is 10000 days between 0t and 2t . The age-adjusted elasticity and shear moduli of 

concrete ( 1 0( , )cE t t  and 1 0( , )cG t t ) are determined from the equation (5.5). The age-

adjusted cross sectional areas and second moment of inertia are also calculated at the the 

elapsed time of 10000 days. 
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Considering the loading condition at time 0t , the value of equivalent axial force 

eqN  is identical to the prestressing force psP  and the equivalent distributed load ( eqq ) 

and bending moment ( eqM ) also need to be reevaluated by the reduction of the dead load 

actions ( Dq  and DM ) due to neglecting 10% Dq  at time 0t . All modified material and 

sectional properties and changed equivalent forces for the first loop of analysis are 

summarized in Table 5.8. 

 
Table 5.8: Material and sectional properties for the first loop of analysis 

 
Properties (Unit) Section A Section B 

0( ) (GPa)cE t  33.000 33.000 

0( ) (GPa)cG t  13.636 13.636 

2 0( , ) (GPa)cE t t  12.708 12.708 

2 0( , ) (GPa)cG t t  5.251 5.251 

2 0( , )t tϕ  1.953 1.953 

2 0( , ) (m/m)cs t tε  43.188 10−− ×  43.188 10−− ×  
2 0( , )t tχ  0.817 0.817 

2
1 0( ) (m )A t  1.111 1.111 

4
1 0( ) (m )I t  0.440 0.439 

2
2 0( , ) (m )A t t  1.432 1.432 

4
2 0( , ) (m )I t t  0.681 0.697 

0( ) (kN)eqN t  –8000.000 –8000.000 

0( ) (kN/m)eqq t  53.234 53.234 

0( ) (kN-m)eqM t  –3886.040 3084.598 
 

It is obvious that the reduction of self-weight at time 0t  also influences the rest 

of the analysis procedure. The recomputed values in the first loop of analysis are 

presented in Table 5.9.
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Table 5.9: Analysis values in the first loop of analysis 
 

Values Section A Section B 

Ak  0.675 0.675 

Ik  0.450 0.440 

cck  –0.349 –0.081 

psk  0.895 0.873 
 (m/m)Oε∆  44.894 10−− ×  45.133 10−− ×  
 (/m)ψ∆  41.090 10−− ×  42.140 10−×  
 (MPa)prσ∆  –30.054 –30.054 

( )  (MPa)ps relaxσ∆ –26.891 –26.237 
 (MPa)psσ∆  –106.887 –129.187 

 

(2) Second Loop of Analysis 

In the second stage of the loading sequence, the increment of axial force 1( )N t∆  

at time 1t  is considered. 1( )N t∆  is assumed to be generated by the addition of bending 

moment 1( )M t∆  due to the rest of the dead load (10% of Dq ) activated at time 1t . For 

instance, at Section A (mid-span), since 1( ) 168.73 kN-mM t∆ =  due to the 10% of Dq , 

1( )N t∆  can be computed as, 

( )( )( )
1 1

6 8 2 3 2

( ) ( )

6.3034 10  m/m 1.930 10  kN/m 5.720 10  m

6.969 kN

psM ps psN t t E Aε
− −

∆ =

= − × × ×

= −

 

where 

( )( ) ( )

1
1 1

1 1

7 2 4

6

( )( ) ( )
( )

168.73 kN-m 0.916 m
3.600 10  kN/m 0.681 m

6.3034 10  m/m.

psM psM
c

M tt t y y
E t I

ε ψ

−

∆
= − ∆ = − ∆

= −
×

= − ×

 

(5.26)
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Also, the equivalent distributed load 1( )eqq t∆  is reevaluated by 10% of Dq  at 

time 1t . The material and sectional properties and equivalent forces for the second loop 

are summarized in Table 5.10. 

 

Table 5.10: Material and sectional properties for the second loop of analysis 
 

Properties (Unit) Section A Section B 

1( ) (GPa)cE t  36.000 36.000 

1( ) (GPa)cG t  14.876 14.876 

2 1( , ) (GPa)cE t t  14.582 14.582 

2 1( , ) (GPa)cG t t  6.026 6.026 

2 1( , )t tϕ  1.648 1.648 

2 1( , ) (m/m)cs t tε  0 0 

2 1( , )t tχ  0.891 0.891 
2

1 1( ) (m )A t  1.099 1.099 
4

1 1( ) (m )I t  0.429 0.428 
2

2 1( , ) (m )A t t  1.372 1.372 
4

2 1( , ) (m )I t t  0.635 0.647 

1( ) (kN)N t∆  –8.192 –16.432 

1( ) (kN/m)eqq t∆  –2.696 –2.616 

1( ) (kN-m)M t∆  168.730 –312.200 
 

It should be noted that the drying shrinkage 2 1( , )cs t tε  between 1 100t =  and 

2 10000t =  is zero (0) since the entire effect from the shrinkage has already been 

considered in the first sequence of analysis. Also, the modified analysis values for the 

second loop are presented in Table 5.11. As explained in Section 4.3.2.2, the addition of 

the pure prestress loss between 1t  and 2t  and the stress variation in tendons due to 

1( )N t∆ , requires that the value of 2 1( , )ps t tσ∆  be calculated again.
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Table 5.11: Analysis values in the second loop of analysis 
 

Values Section A Section B 

Ak  0.704 0.704 

Ik  0.482 0.474 

cck  –0.341 –0.079 

psk  0.902 0.883 
 (m/m)Oε∆  76.930 10−− ×  73.167 10−×  
 (/m)ψ∆  68.864 10−×  51.584 10−− ×  

2 1( , ) (MPa)ps t tσ∆ 2.328 5.155 

( ) 2( ) (MPa)ps total tσ∆ –131.450 –150.269 
 

Consequently, the total prestress losses considering the sequence of loading 

events can be evaluated by the summation of two total prestress losses from each analysis 

loop in Table 5.9 and Table 5.11. Note that the prestress loss due to relaxation is 

calculated once during the entire analysis procedure for 10000 days, since it is assumed 

that the relaxation of steel is only influenced by the initial axial force, e.g. the 

prestressing force at time 0t .  

The summed total prestress losses ( ) 2( )ps total tσ∆  are presented in Table 5.12 and 

Figure 5.7, and the % differences of the loss values from the case of 100:0 are shown in 

Figure 5.8. As explained in Section 4.3.2.2, the case of 100:0 provides a case which is 

identical to that considered in the original analysis, which has only one loading event: 

prestressing at 0t . In Figure 5.8, 1% - 5% and 1.5% - 7.5% reduction of losses is 

measured from the cases of 90:10 through 50:50 at mid-span and mid-support, 

respectively. It is also found that the increase in the amount of the self-weight activated at 

the second loading sequence almost linearly reduces the prestress losses. 
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Table 5.12: Prestress losses (MPa) in accordance with the ratio of 1st and 2nd loading 
 

Ratio of 1st and 2nd loading 100:0 90:10 70:30 50:50 

Section A (Mid-span) –132.71 –131.69 –129.64 –127.60 

Section B (Mid-Support) –152.61 –153.51 –155.31 –157.11 
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Figure 5.7: Prestress losses in accordance with the ratio of 1st and 2nd loading 
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Figure 5.8: Differences (%) of loss values from the original one 
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5.2.1.3 Effect of Horizontal Reinforcement 

Figure 5.9: Location and amount of HR used for each section 
 

As presented in Section 4.3.3, the effect of horizontal reinforcement (HR) is 

included in the new analysis. Figure 5.9 illustrates the location and amount of HR for the 

two-span continuous beam example. As a parametric study for the amount of HR, four 

and eight rectangular hoops per unit length which are composed of #13 ( 1.27 cmD = ), 

#16 ( 1.59 cmD = ) and #19 ( 1.91 cmD = ) bars are placed and examined at Section A 

and Section B of the beam, respectively. 

The amount of HR ( 3nsA , 4nsA  and 5nsA ) can be simply computed by the 

calculation suggested in Figure 4.5. The amounts and the distances of the centroid from 

top fiber of a section for each reinforcement location are summarized in Table 5.13.  
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Table 5.13: Calculations for horizontal reinforcements 
 

# of bars Section 2
3  (cm )nsA 2

4 (cm )nsA 2
5 (cm )nsA 3 (m)nsd 4  (m)nsd  5 (m)nsd

A 2.270 2.270 19.814 0.050 1.970 1.010 
#13 

B 4.541 4.541 39.629 0.050 1.970 1.010 

A 3.520 3.520 30.720 0.050 1.970 1.010 
#16 

B 7.040 7.040 61.440 0.050 1.970 1.010 

A 4.998 4.998 43.622 0.050 1.970 1.010 
#19 

B 9.997 9.997 87.245 0.050 1.970 1.010 
 

The values in Table 5.13 can be added to the sectional properties of longitudinal 

reinforcements in equation (5.27) and result in the modified cross sectional area of the 

reinforcements 

5

i
i 1

ns nsA A
=

=∑  (5.27)

The second moments of cA , 1A  and A  in equation (5.2), (5.7) and (5.8), respectively 

can be transformed as 

( ) ( )
5 22

i i
i 1

c ns cc ns d cc psI I A d d A d d
=

= + − + −∑  

( )( ) ( )
5 22

1 i 1 i 1
i 1

1ns ns ns d psI I A d d A d dα
=

= + − − + −∑  

( )( ) ( )( )
5 22

i i
i 1

1 1ns ns ns ps ps psI I A d d A d dα α
=

= + − − + − −∑  

(5.28)

The sectional properties calculated based on the equation (5.28) are shown in Table 5.14. 
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Table 5.14: Sectional properties incorporating horizontal reinforcement 
 

# of bars Section 2
0( ) (m )cA t 2

1 0( ) (m )A t 2
0( , ) (m )A t t 4

0( ) (m )cI t 4
1 0( ) (m )I t  4

0( , ) (m )I t t

A 0.964 1.123 1.468 0.306 0.442 0.688 
#13 

B 0.962 1.135 1.504 0.306 0.443 0.709 

A 0.963 1.130 1.488 0.306 0.443 0.691 
#16 

B 0.959 1.149 1.543 0.305 0.445 0.716 

A 0.961 1.138 1.511 0.305 0.444 0.696 
#19 

B 0.956 1.165 1.590 0.305 0.448 0.724 
 

Material properties used for the fundamental analysis in Section 5.2.1 are also 

employed in the analysis for the study of HR. The dimensionless coefficients and the 

final prestress losses ( ( )ps totalσ∆ ) according to the amount of HR are summarized in Table 

5.15. 

 

Table 5.15: Coefficients and final prestress losses according to the amount of HR 
 

# of bars Section Ak  Ik  cck  psk  ( )  (MPa)ps totalσ∆

A 0.657 0.445 –0.338 0.896 –129.711 
#13 

B 0.639 0.431 –0.077 0.877 –144.722 

A 0.647 0.442 –0.332 0.897 –128.183 
#16 

B 0.621 0.426 –0.075 0.879 –141.027 

A 0.636 0.439 –0.326 0.898 –126.428 
#19 

B 0.601 0.421 –0.073 0.882 –136.905 
 

The reduced amount of long-term prestress loss resulting through consideration of 

HR are shown in Figure 5.10. From the results, it is obvious that the larger the size of HR 

the greater the decrease in prestress loss. Roughly 2.0% - 10.0% reduction of prestress 
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loss is observed by using #13, #16 and #19 bars as HR for this beam example. Also, it is 

found that the effect of HR is smaller at Section A than Section B, which suggests the 

effect of the relatively small amount of HR used at mid-span compared with that at mid-

support.  
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Figure 5.10: Differences (%) of prestress loss by the inclusion of HR 
 

The location of HR is also parameterized. Cross-sectional shapes for each analysis 

case according to the change of location of upper and lower HR are described in Figure 

5.11. The #13 bar is used for the HR and the cross sectional area of the bar is fixed. 

CASE I and CASE II vary the locations of upper and lower HR from 9 cm to 3 cm, 

respectively. 
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Figure 5.11: Analysis cases for effect of the location of HR 
 

Realistically, since only HR cannot be relocated without moving associated LR 

( 1nsA  and 2nsA ), both types of reinforcement are simultaneously repositioned when the 

movement of the HR occurs. Table 5.16 and Figure 5.12 display the results of prestress 

loss due to effects from HR as well as LR. The values of prestress losses are summarized 

in Table 5.16 and the differences of the loss from the case without considering the HR are 
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shown in Figure 5.12. 

 

Table 5.16: Prestress losses (MPa) in accordance with the location of reinforcement 
 

CASE I CASE II 
Analysis Cases 

A B C A B C 

Section A (Mid-span) –129.39 –129.71 –129.87 –132.79 –130.71 –129.71 

Section B (Mid-support) –146.50 –144.72 –143.85 –143.78 –144.42 –144.72 
 

-8.0
-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0

A (9.0) B (5.0) C (3.0) A (9.0) B (5.0) C (3.0)

CASE I (Upper) CASE II (Lower)

D
iff

er
en

ce
 (%

)

Section A (Mid-span)
Section B (Mid-support)

 

Figure 5.12: Prestress losses in accordance with the location of reinforcements 
 

In Figure 5.12, it is shown that the difference of prestress loss decreases at Section 

A (Mid-span) but increases at Section B (Mid-support) as the upper reinforcement move 

upward in the section. In the opposite manner, shifting the lower reinforcement down 

enlarges the difference at Section A but lowers it at Section B. This might be caused by 

the location of prestress at each section. For instance, since the prestressing strands are 

located in lower part of the cross section at Section A (Mid-span), if the lower 
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reinforcement move down and the lower part of the cross section becomes stiffened, then 

it consequently generates less losses on the same part but more losses on the other part.  

In addition, it is found in Figure 5.12 that the change of upper reinforcement 

affects prestress loss less at Section A than at Section B. On the other hand, Section A is 

influenced to a greater extent by the change of lower reinforcements than Section B. This 

result implies that changing the location of reinforcement provides a larger influence on 

the long-term prestress loss at the place where the prestress tendons are coincidently 

located. 

5.2.1.4 Effect of Compressive Strength of Concrete 

In order to study the effect of 28-day compressive strength of concrete ( cf ′ ) on 

long-term prestress loss, two analysis cases with normal (27.6 MPa (4,000 psi)) and high 

(86.9 MPa (12,600 psi)) strength concrete are examined. The mix design procedure 

proposed by Nawy (2001) is adopted for both high-strength (HSC) and normal-strength 

concrete (NSC). The mixture proportions by weight per unit volume ( 3kg/m ) of each 

constituent, slump values (mm) and entrapped air content (%) applied to mix design of 

both strengths are summarized in Table 5.17. In both batches, weight of water (W) has 

been adjusted by moisture absorption into fine and coarse aggregates (FA and CA), and it 

is assumed that no other cementitious material is added to the HSC batch except Portland 

cement (C+P) for comparison with NSC. No special chemical admixtures are included in 

making HSC for a reasonable comparison with NSC. 
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Table 5.17: Mixture proportions by weight for NSC and HSC 
 

 NSC ( 27.6 MPacf ′ = ) HSC ( 86.9 MPacf ′ = ) 
C+P ( 3kg/m ) 354 661 
FA ( 3kg/m ) 784 533 
CA ( 3kg/m ) 1056 1105 
W ( 3kg/m ) 156 155 

Slump (mm) 75 50 
Air content (%) 0.0 2.5 

 

Creep coefficients, shrinkage strains and aging coefficients for NSC and HSC at 

time of 10000 days after prestressing are presented as determined through use of four 

specifications (AASHTO-LRFD, ACI-209, CEB-FIP and GL2000) in Table 5.18. Also, 

shrinkage strains and creep coefficients for NSC and HSC are compared in Figure 5.13 

and Figure 5.14. 

 
Table 5.18: Creep coefficients, shrinkage strains, aging coefficients and modulus of 

elasticity of concrete for NSC and HSC calculated by four specifications 
 

 NSC HSC 

Codes 0( , )it tϕ  0( , )cs it tε
(µm/m) 0( , )it tχ 0( )cE t

(GPa) 0( , )it tϕ 0( , )cs it tε  
(µm/m) 0( , )it tχ  0( )cE t

(GPa) 
AASHTO 1.50 -231 25.56 0.81 -232 48.46 

ACI-209 1.12 -249 25.56 1.02 -305 48.46 

CEB-FIP 2.49 -365 32.82 1.40 -119 45.52 

GL2000 2.69 -430 

0.82 

26.08 2.69 -426 

0.78 

43.58 
 

From the estimated values in Table 5.18, it is observed that using HSC 

significantly reduces creep coefficients except for the case of GL2000, while shrinkage 

strains are increased rather than decreased due to the effect of HSC in AASHTO and 

ACI-209 codes. Also, it is found that both prediction values at the final date for HSC 
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have larger variation than those of NSC according to specifications in Figure 5.13 and 

Figure 5.14. These results support the conclusions in previous research that issues about 

creep and shrinkage of HSC are still not well understood. 
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Figure 5.13: Shrinkage strains for NSC and HSC calculated from different specifications
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Figure 5.14: Creep coefficients for NSC and HSC calculated from different specifications
 

Long-term prestress losses are calculated and compared in Figure 5.15 and Table 

5.19 according to the predicted shrinkage and creep values for NSC and HSC by different 

specifications. The analysis case using NSC with the average of creep coefficient and 

shrinkage strain from four specifications corresponds to the basic case shown in earlier in 
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this chapter. 
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Figure 5.15: Long-term prestress losses by using NSC or HSC in different specifications
 

Table 5.19: Differences (%) of prestress loss between NSC and HSC for each code 
 

 AASHTO ACI-209 CEB-FIP GL2000 

Section A (Mid-span) –19.49 2.35 –37.17 0.34 

Section B (Mid-Support) –27.03 –4.69 –42.95 –6.72 
 

From the results in Figure 5.15 and Table 5.19, it is found that the long-term 

prestress losses do not vary considerably by considering HSC in ACI-209 and GL2000 

specifications for this beam example. However, the use of AASHTO and CEB-FIP codes 

results in significant decrease (27.03% and 42.95%) of prestress losses due to large 

changes of shrinkage strain or creep coefficient (ϕ =1.50 to 0.81 in AASHTO, and 

ϕ =2.49 to 1.40 and csε = 365 m/mµ  to 119 m/mµ  in CEB-FIP). In ACI-209, only 

small changes of prestress loss are observed even though a significant increase of 

shrinkage strain (249 m/mµ  to 305 m/mµ ) exists. Hence, it is concluded from the results 
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that shrinkage strains do not play a decisive role in determining long-term prestress losses 

rather than creep coefficients and moduli of elasticity for this numerical example. 

The case of redesigning the whole structural system for making better use of HSC 

will be discussed in Section 5.2.2 using AASHTO-PCI bulb-tee beams as the structural 

component. 

5.2.1.5 Effect of Temperature Variation 

The effect of thermal creep due to accumulation of cyclic temperature variation is 

discussed in this section. The mid-span of the two-span continuous beam with a change 

of temperature states and the cycle shown in Figure 5.16 is examined as a calculation 

example for the thermal creep explained in Section 4.4.2. 
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Figure 5.16: Temperature states and the cycle on the two-span continuous beam section
 

In this example, ( )1T y  and ( )2T y  can be easily calculated since they are 

linearly distributed along height of the section as follows. 

( ) o
1T  ( C) 2.5 12.44y y= +  

( ) o
2T  ( C) 10.0y =  

(5.29)

Based on the creep-temperature function in equation (4.56), 
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( )( ) ( )( ) ( )
( ) ( )

2
1 1 1

2

2

T 0.0090625 T 0.093875T

0.0090625 2.5 12.44 0.093875 2.5 12.44

0.057 0.798 2.570

y y y

y y

y y

Γ = +

= + + +

= + +

 

( )( ) ( )( ) ( )
( ) ( )

2
2 2 2

2

T 0.0090625 T 0.093875T

0.0090625 10.0 0.093875 10.0
1.845

y y yΓ = +

= +

=

 

(5.30)

Also, from equation (4.42), the averaged creep-temperature function is 

( ) ( )

( ) ( )

1 1 2 2
AV

1 2

2

2

k T k T
k k

0.5 0.057 0.798 2.570 0.5 1.845
1.0

0.028 0.399 2.208

y y

y y

Γ + Γ
Γ =

+

+ + +
=

= + +

 
(5.31)

The stress ασ , associated with a temperature change at mid-span from state ( )1T y  to 

( )2T y , is computed based on equation (4.49) 

[ ]
1e e e

1 2 4
0e e e

2 3 5

2

I I I
1

I I I

1775.88 887.940 kN/m

F
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M

y
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 (5.32)

where 

( ) ( )( )2

1

1.024e 7 2 7
1 0.976

I 3.3 10  kN/m 0.5 m 3.300 10  kN
d

d
Eb y dy dy
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1.024e 7 2 3
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d
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1

1.024e 2 7 2 2
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7 2
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d
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0 kNF = ; and 

295.98 kN-mM = . 

Thus, the steady-state cyclic stress 2σ
∗  at the temperature state 2T ( )y  in (4.49) is 

[ ]
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 (5.33)

where. 
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The stresses ασ  and 2σ
∗  obtained from the above calculation are plotted with respect to 

the y axis in Figure 5.17. It is shown that the steady-state stress due to cyclic temperature 

variation generates a nonlinear stress distribution 2σ
∗  from the linear state of ασ . 
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Figure 5.17: Plots of ασ  and 2σ
∗  along the height of the beam 

 

The changes of strain and curvature at the location of the prestress induced by the 

thermal creep stresses at the reference temperature state 1T ( )y  can be computed from 

ασ  in (5.32) and 2σ
∗  in (5.33) such that 

( ) ( ) ( ) ( )2 2 ps 2 ps 2
7 2
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 (5.34)
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ε ε
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 (5.35)

where 

( ) ( ) ( ) ( )2 2 6
0 7 2

0 0 0 0
1.620 10  m/m

3.300 10  kN/mE
α ασ σ σ σ

ε
∗ ∗

−− −
∆ = = = ×

×
. (5.36)

From Step 3 of Section 4.2.1, the counter-normal force tempN∆  and the moment tempM∆  

from the thermal strain and curvature in (5.35) and (5.36) become 
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temp c c tempM E I ψ
−

∆ = − ∆
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=

 (5.38)

Hence, the long-term changes in strains and curvatures can be evaluated when tempN∆  

and tempM∆  are applied in the reverse direction on the age-adjusted transformed section. 

* 8.797 kNtemp tempN N∆ = ∆ =  (5.39)

( )* 13.449 8.797 0.123 12.368 kN-mtemp temp temp ccM M N y∆ = ∆ −∆ = − − =  (5.40)

( )( )
*

7
6 2 2

8.797 kN 4.835 10  m/m
12.708 10  kN/m 1.432 m

temp
T

c

N
E A

ε −−∆ −
∆ = = = − ×

×
 (5.41)

( )( )
*

6
6 2 4

12.266 kN-m 1.429 10  /m
12.708 10  kN/m 0.681 m

temp
T

c

M
E I

ψ −−∆ −
∆ = = = − ×

×
 (5.42)

The prestress loss due to thermal creep _ps tempσ∆  between 0t  and t is computed from 

(4.12) as 

( ) ( )
( )

5 2 7 61.930 10  MN/m 4.835 10 1.429 10 0.591

0.256 MPa

ps temp ps T T psE yσ ε ψ
− −

⎡ ⎤∆ = ∆ + ∆⎣ ⎦
⎡ ⎤= × − × + − ×⎣ ⎦

= −

 (5.43)

For a parametric investigation of the effect from temperature states, 6 analysis cases over 

different temperature states and the same cycle ( 1 2k k 0.5= = ) are examined in Figure 

5.18. The first three cases (Case 1 to Case 3) have temperature changes only at top of the 

beam with fixed value of 10 °C at bottom, while the last three cases (Case 4 to Case 6) 
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have the temperature variation only at bottom of the beam. The values of temperature 

variation at top and bottom of the section ( Ttop∆  and Tbot∆ ) and the differences 

( 1 1T Ttop bot∆ −∆ ) for each analysis case are summarized in Table 5.20. 

10 °C
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10 °C

10 °C

T1(y) T2(y)

10 °C

20.0 °C

10 °C

10 °C

Case 1 Case 2
10 °C 10 °C

10 °C

Case 3

25.0 °C

10 °C

10 °C

Case 4

25.0 °C

10 °C

10 °C

Case 5

25.0 °C

20.0 °C15.0 °C 10 °C

10 °C

Case 6

25.0 °C

25.0 °C

T1(y) T2(y) T1(y) T2(y)

T1(y) T2(y)T1(y) T2(y)T1(y) T2(y)

 

Figure 5.18: Temperature states for each analysis case 
 

Table 5.20: Variations of temperature at the top and bottom of the section for each case 
 

Case oT  ( C)top∆  oT  ( C)bot∆  oT T ( C)top bot∆ −∆  

Case 1 5.0 0.0 5.0 

Case 2 10.0 0.0 10.0 

Case 3 15.0 0.0 15.0 

Case 4 15.0 5.0 10.0 

Case 5 15.0 10.0 5.0 

Case 6 15.0 15.0 0.0 
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The results for strains, curvatures and total prestress loss from those cases are 

summarized in Table 5.21 and Figure 5.19. The results presented in equation (5.35), 

(5.36) and (5.43) correspond to case 1. 

 

Table 5.21: Strains, curvatures and total prestress losses for each analysis case 
 

Case Section (m/m)tempε∆  (/m)tempψ∆  ( )  (MPa)ps totalσ∆

A -77.163 10− ×  -63.456 10− ×  –132.99  
Case 1 

B -77.980 10− ×  -63.281 10×  –153.21  

A -62.533 10− ×  -51.288 10− ×  –133.71  
Case 2 

B -63.163 10− ×  -51.270 10×  –154.95  

A -64.926 10− ×  -52.669 10− ×  –134.73  
Case 3 

B -66.933 10− ×  -52.730 10×  –157.66  

A -62.291 10− ×  -51.162 10− ×  –133.61  
Case 4 

B -62.840 10− ×  -51.143 10×  –154.72  

A -75.849 10− ×  -62.814 10− ×  –132.94  
Case 5 

B -76.469 10− ×  -62.666 10×  –153.10  

A 0.000 0.000 –132.71  
Case 6 

B 0.000 0.000 –152.61  
 

From the results, it is observed that the total level of prestress losses are increased 

as Ttop∆  increases through the first three cases, while they decrease for the last three 

cases at the bottom of the beam. Also, no thermal creep effect could be seen in Case 6 

which has the largest values of Ttop∆  and Tbot∆  (15 °C) and the smallest difference 

T Ttop bot∆ −∆  (0 °C) at each extreme fiber of the section. This result shows that the 

thermal creep is not related to the change of temperatures Ttop∆  and Tbot∆  at the same 

location but is highly correlated with the difference of temperature T Ttop bot∆ −∆  
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between the ends of a section. It is also seen that very similar quantity of prestress losses 

are assessed for the cases having same values of T Ttop bot∆ −∆  (Case 1 and Case 5, and 

Case 2 and Case 4) in Table 5.21 and Figure 5.19 although those cases do not show 

exactly same amount of total prestress losses.  
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(a) Cases 1 through 3 for the change of temperature at top 
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(b) Cases 4 through 6 for the change of temperature at bottom 

Figure 5.19: Differences (%) of prestress losses according to the change of temperature 
state 
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In addition, it is found that the thermal creep has a greater influences on Section B 

(mid-support) than Section A (mid-span) for this example since a larger change of 

bending moment due to the temperature variation T Ttop bot∆ −∆  is seen at Section B than 

at Section A. Consequently, about 0.4% - 3.3% increase of total prestress losses can be 

evaluated for 15 °C of T Ttop bot∆ −∆  at Section B while only 0.2% - 1.5% of losses are 

increased at Section A. 

5.2.2 AASHTO-PCI Bulb-Tee (BT-72), Single Span with Composite Deck Bridge 

As discussed in Nawy (2001), the application of HSC in the construction of 

prestressed concrete (PSC) bridge girders not only results in effective usage of their 

sections but it is also accompanied by various economic aspects including substantial 

reduction in labor costs in the production of the girders due to the decreased number of 

the girders. Accordingly, when considering the aspect of long-term prestressed losses on 

HSC girders, not just changing the value of cf ′  with the original geometric properties, 

but redesigning the entire structural system based on the modification of the cross-section 

must be reflected to better utilize this advantage of HSC. 

In this section, a 39.6 m (120.0 ft) single-span AASHTO-PCI bulb-tee (BT-72) 

girder bridge in Figure 5.20 is examined and redesigned to exploit HSC. More detail 

cross-sectional properties of the BT-72 girder can be found in PCI bridge design manual 

(2003). The value of cf ′  used in the original design is 45.0 MPa (6,500 psi) which is 

changed to 87 MPa (12,600 psi) in case of using HSC but that of the cast-in-place slab is 

fixed at 28.0 MPa (4,000 psi) for all cases. 
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Figure 5.20: Cross sectional shape of the BT-72 girder bridge example 
 

As presented in Figure 4.6 in Section 4.4.1, the concept of redesign with HSC is 

two folds. The one is the reduction of the number of girders and the other is the decrease 

of the height of girders. As for the first redesign scenario, During and Rear (1993) 

suggested that the number of NSC girders on a bridge should be considerably reduced by 

adopting HSC even though the thickness of slab increased and the superimposed dead 

load became larger on the HSC girders than those on NSC ones. 

Figure 5.21 shows four design cases for comparison and redesign of AASHTO-

PCI BT-72 girder with HSC as suggested. The cf ′ , the number and height of girders and 

the number of strands used for each girder are also indicated in Figure 5.21. The concrete 

mixture proportions used for NSC and HSC are given in Table 5.22. For an proper 

comparison between NSC and HSC, it is assumed that only Portland cement is used as 

the cementitious material for both strengths of concrete with no chemical additives 

included in mixing design of HSC. All cases have been designed in AASHTO LRFD 

bridge design specifications (2007) with constant superimposed dead loads (concrete slab 

with 0.203 m thick and cf ′ = 28.0 MPa) and unchanged longitudinal span length (39.60 

m).  



 

 

171

(a) CASE I: 6 BT-72 PSC beams with normal strength concrete

15.54 m

5 spaces @ 2.74 m = 13.72 m

# Strands = 48

(b) CASE II: 6 BT-72 PSC beams with high strength concrete

15.54 m

5 spaces @ 2.74 m = 13.72 m

# Strands = 48

(c) CASE III: 5 BT-72 PSC beams with high strength concrete

15.54 m

4 spaces @ 3.35 m = 13.41 m

# Strands = 56

(d) CASE IV: 6 BT-63 PSC beams with high strength concrete

15.54 m

5 spaces @ 2.74 m = 13.72 m

# Strands = 66

f'c = 45 MPa

f'c = 87 MPa

f'c = 87 MPa

f'c = 87 MPa

Figure 5.21: Comparison and redesign cases for using HSC 
 

Case I is the original design case with NSC ( cf ′ = 45.0 MPa) based on the PCI 

bridge design manual (2003). As a comparison, Case II considers no modification on any 

other variables from Case I except cf ′  to 87.0 MPa. For the redesigning cases explained 
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previously, Case III and Case IV assume the reduction of the number of girders from 6 to 

5 and the decrease of the girder height from 1.83 m to 1.60 m, respectively. For the 

reduced girder height in CASE IV, AASHTO-PCI BT-63 girders are exploited. The 

numbers of strands for each design case provided in Figure 5.21 are determined by the 

fewest numbers required for satisfying the stress criteria, in which the calculated service 

stresses at top and bottom of the girder do not exceed their allowable stresses. Generally, 

the stress limit at the bottom of a section in which tensile stresses occur governs for all 

analysis cases. 

 

Table 5.22: The mixture proportions by weight for NSC and HSC 
 

 NSC  HSC 
C+P (kg/m3) 498 661 
FA (kg/m3) 637 533 
CA (kg/m3) 1056 1105 
W (kg/m3) 158 155 

Slump (mm) 75 50 
Air content (%) 0.0 2.5 

 

For each case of design, the whole procedure including calculation of prestress 

losses is basically based on PCI bridge design manual (2003) and AASHTO LRFD 

bridge design specifications (2007). However, PCI detailed methods of time dependent 

analysis (PCI bridge design manual, 2003) and the proposed analysis method in Section 

4.5 have also been employed to incorporate different concrete models from specifications, 

since detailed adjustment of concrete properties due to the change of cf ′  is not possible 

in AASHTO LRFD procedure. Accordingly, long-term material properties integrated into 
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the PCI and the proposed analysis methods can be taken from the various specification 

models summarized in Table 5.23, Table 5.24 and Table 5.25. Creep, shrinkage and aging 

coefficients presented in Table 5.24 are used for CASE I, II and III, and values in Table 

5.25 are applied to CASE IV which has BT-63 girders instead of BT-72. 

 

Table 5.23: Moduli of elasticity 0( )cE t  (GPa) regarding cf ′  on each specification 
 

Codes NSC HSC 
AASHTO 32.58 48.46 
ACI-209 32.58 48.46 
CEB-FIP 37.44 45.52 
GL2000 32.29 43.58 

 

Table 5.24: Creep coefficients, shrinkage strains and aging coefficients for BT-72 beam 
 

 NSC HSC 
Codes 0( , )it tϕ  0( , )cs it tε (m/m) 0( , )it tχ 0( , )it tϕ 0( , )cs it tε (m/m) 0( , )it tχ

AASHTO 1.30 44.15 10−− ×  0.87 44.15 10−− ×  
ACI-209 1.18 43.49 10−− ×  1.09 44.24 10−− ×  
CEB-FIP 2.18 43.41 10−− ×  1.49 41.33 10−− ×  
GL2000 2.79 43.98 10−− ×  

0.83 

2.79 44.80 10−− ×  

0.81 

 

Table 5.25: Creep coefficients, shrinkage strains and aging coefficients for BT-63 beam 
 

Codes 0( , )it tϕ  0( , )cs it tε (m/m) 0( , )it tχ  
AASHTO 0.86 43.94 10−− ×
ACI-209 1.08 44.08 10−− ×
CEB-FIP 1.48 41.32 10−− ×
GL2000 2.78 44.74 10−− ×

0.80 
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Total cross-sectional area of girders, the number of strands and the prestressing 

ratio ( iσ / cf ′ ) used for all cases are compared in Table 5.26. Also, stress ratios (occurred 

stress/allowable stress) at top and bottom of the girder during its service stage are given 

in Figure 5.22. From the results in Table 5.26 and Figure 5.22, it can be seen that CASE 

II results in an uneconomic design for using HSC since the prestressing ratio and the 

stress ratio at the top where compressive stress controls are very low with all 

specifications (14.2% and less than 45%, respectively). This means that just changing 

strength of concrete without considering redesign of the structure causes ineffective use 

of a section for design with HSC.  

Also, it seems that Case III is more desirable than Case IV for designing HSC 

girder in terms of the total number of strands and the cross-sectional area of beams, 

however, the former results in less efficient design than the latter based on the level of 

prestressing ratio and stress ratio at the top of the sections. 

In Figure 5.22 (b), it is observed that using material models for long-term 

prestress loss from AASHTO, ACI-209 and CEB-FIP generates very different results in 

stress ratios at bottom of the sections between CASE I and the others with HSC. This is 

resulted from the difference among predicted prestress losses by specifications. Since 

AASHTO LRFD design procedure and PCI detailed method with GL2000 code generate 

more prestress losses causing the reduction of compressive stresses at the prestress 

location, the tensile stresses at the bottom are raised and the stress ratios increase due to 

the reduction of compressive stresses. 
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Table 5.26: Comparison of cross-sectional area, number of strands and prestress ratio 
 

 Total cross section
of beams (m2) 

Total number 
of strands (EA) 

Prestress ratio 
( i cfσ ′ ) (%) 

Case I 2.969  288 26.85  

Case II 2.969  288 14.20  

Case III 2.474  280 16.45  

Case IV 2.760  396 20.76  
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Figure 5.22: Comparison of service stress ratios (%) for each design case 
 

Predicted long-term prestress loss values by different analysis methods with 

various material models are summarized in Table 5.27 and Figure 5.23. First of all, it is 

recognized that the PCI detailed method and the proposed analysis method yield very 

similar results in the prediction of prestress loss. In Figure 5.23, it is seen that AASHTO 

LRFD design specification and GL2000 relatively overestimate the prestress losses for all 

design cases compared with AASHTO material, ACI-209 and CEB-FIP codes. Also, it is 

found that the former two specifications produces relatively consistent prestress loss with 

different prediction models for CASE I with NSC, while they result in significant 
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discrepancy from the others for CASE II-IV with HSC. As mentioned previously, this 

difference in prestress losses caused the disagreement of stress ratios at bottom of the 

girders in Figure 5.22 (b) 

 

Table 5.27: Long-term prestress losses (MPa) for each design case and analysis method 
 

PCI detailed + Material properties Proposed + Material properties 
 AASHTO 

LRFD AASHTO ACI-209 CEB-FIP GL2000 AASHTO ACI-209 CEB-FIP GL2000

Case I 240.3  175.7  153.7 219.8 284.7 174.3 153.5  215.8 273.2 

Case II 249.3  132.0  145.5 116.3 256.7 130.4 130.7  106.6 249.8 

Case III 272.2  141.8  157.1 135.9 287.9 136.6 152.4  119.0 270.0 

Case IV 290.6  139.8  153.3 150.8 292.0 143.3 162.7  138.8 304.1 
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Figure 5.23: Comparison of long-term prestress losses (MPa) for each design case 
 

From the results, it is concluded that stresses at bottom of the girders and prestress 

loss prediction values show very scattered results for HSC in accordance with different 

concrete models. Therefore, it is very critical that the proper long-term concrete models 

should be carefully selected and included into the design procedure when considering the 

effect of HSC.
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5.2.3 Two-Span Continuous Post-Tensioned Box Girder Bridges 
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(a) Half elevation 

bt = 8.7 m

hb = 0.18 m – 0.30 mbb = 6.1 m

0.3 m Typ.
Ans1 (DB) = 232.0 cm2

Ans2 (DB) = 148.0 cm2

Ans1 (CD) = 116.0 cm2

Ans2 (CD) = 64.5 cm2

ht = 0.23 m

h = 2.5 m
Σbw = 0.9 m

 

(b) Cross section 

Figure 5.24: Half elevation and cross section of the two-span continuous box girder 
bridge 

 

A two-span continuous post-tensioned two-cell box girder bridge example is 

examined. The geometric and cross-sectional properties are shown in Figure 5.24. The 

structure is subjected to its self-weight and a uniform prestressing force P (after 

immediate losses) of 25173 kN. As previously depicted in Section 5.2.1, 60% of relative 

humidity is assumed and two sections are investigated for calculation of the changes in 



 

 

178

strain and curvature. Section A is 16.0 m from the end support, and Section B is located at 

the intermediate support. The cross-sectional area of the low-relaxation strand 

2200.0 cmpsA =  (duct area 2400.00 cmdA = ) and the strength 1862 MPapuf =  are 

used. 

Material and sectional properties used in the analysis are summarized in Table 

5.28 and Table 5.29, respectively. The values of ϕ  and csε  are also averaged ones 

from the ACI Committee 209, CEB-FIP, AASHTO and GL2000 specifications. 

 

Table 5.28: Material properties used for analysis 
 
Properties (Unit) Description Values 

0( ) (GPa)cE t  Modulus of elasticity of concrete at time 0t  33.0 

0( ) (GPa)cG t  Shear modulus of concrete at time 0t  13.6 

0( , ) (GPa)cE t t  
Age-adjusted elasticity modulus of concrete between

0t and t 12.0 

0( , ) (GPa)cG t t  
Age-adjusted shear modulus of concrete between 

0t and t 5.0 

(GPa)nsE  Modulus of Elasticity of nonprestressed steel 200.0 
(GPa)psE  Modulus of Elasticity of prestressing steel 190.0 

ν  Poisson’s ratio of concrete 0.21 
3 (kN/m )cγ  Specific gravity of concrete 25.0 

0( , )t tϕ  Creep coefficient between 0t and t 2.066 

0( , ) (m/m)cs t tε  Shrinkage strain between 0t and t 44.157 10−− ×
χ  Aging coefficient for concrete 0.848 

rχ  Aging coefficient for steel relaxation 0.800 
 (MPa)cf ′  Compressive strength of concrete at 28 days 27.6 
 (MPa)pyf  Yield stress of prestressing steel 1675.8 
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Table 5.29: Sectional properties used for analysis 
 

Section A B 
2 (m )A  4.980 5.604 
2 (m )cA  4.922 5.526 
2

1  (m )A  5.031 5.756 
2 (m )A  5.560 6.496 

 (m)ccd  1.052 1.201 

1  (m)d  1.049 1.192 
 (m)d  1.103 1.133 

4 (m )cI  4.514 5.293 
4

1  (m )I  4.647 5.577 
4 (m )I  5.170 6.318 

 

The dead-load actions (distributed load Dq  and bending moment DM ) at each 

section are obtained from the structural analysis as depicted in Figure 5.25. 

16.0 m 19.5 m
A

B

CL
qD1= 125.78 kN/m

ND= 0.00 kN

A
B

MDB= -26500.7 kN-m

MDA= 13623.7 kN-m

D
4.0 m

qD2= 143.91 kN/m

Figure 5.25: Deal-load actions on the two-span continuous box girder bridge 
 



 

 

180
 

Based on the material and sectional properties and loading conditions described above, 

the analysis results at both sections are presented in Table 5.30. The total prestress losses 

are 158.600 MPa and 120.923 MPa for mid-span and mid-support, respectively. 

 

Table 5.30: Analysis values for prestress loss at Section A and B 
 

Section A B 

Ak  0.885 0.851 

Ik  0.873 0.838 

cck  –0.122 0.148 

psk  0.894 0.916 
 (m/m)Oε∆  41.514 10−− ×  41.323 10−− ×  
 (/m)ψ∆  56.697 10−− ×  52.214 10−− ×  
 (MPa)psσ∆  –137.112 –98.889 
 (MPa)prσ∆  –24.043 –24.043 

( )  (MPa)ps relaxσ∆ –21.488 –22.034 

( )  (MPa)ps totalσ∆  –158.600 –120.923 
 

5.2.3.1 Effect of Transverse Shear Deformation 

As shown in Section 5.2.1.1, variable lengths of span (35.0 m - 50.0 m) with the 

constant depth of 2.5 m are also examined to look at the effect of transverse shear 

deformation on the long-term prestress loss in accordance with variation of span-to-depth 

ratio (L/h) 16.0 through 28.0. The range of span length, the depth of girder and the 

location of inspected sections (Section A and B) are depicted in Figure 5.26. 
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L = 35.0 m ~ 50.0 m (L/h = 14.0 ~ 20.0)

0.40L 0.60L
A

B

CL

 

Figure 5.26: Lengths of span and the location of sections of interest 
 

To simulate realistic bridge spans for this example, the values of L/h are selected 

by recommendations from Federal Highway Administration (FHWA) guidance for 

segmental concrete box girders and AASHTO LRFD bridge specification. The depth, 

length and L/h ranges for precast or cast-in-place by FHWA and the minimum depths 

required for prestressed concrete by AASHTO LRFD are shown in Table 5.31 and Table 

5.32, respectively. Accordingly, the range of 16.0 to 28.0 is applied as the span-to-depth 

ratio (L/h) for realistic bridge span consideration in this study. 

 

Table 5.31: Depth, length and L/h ranges in FHWA 
 

Depth: h Economical span length: L Range of L/h 
6ft (1.83 m) Up to 100ft (33.53 m) 18.6 

6ft - 8ft (1.83 m - 2.44 m) 110ft - 150ft (33.53 m - 45.72 m) 13.96 - 25.28 
7ft - 12ft (2.13 m - 3.66 m) 120ft - 160ft (36.55 m - 48.77 m) 10.14 - 23.33 
 

Table 5.32: Minimum depths for constant depth superstructures in AASHTO LRFD 
 

Type Simple Spans Continuous Spans 

CIP Box and precast I Beams 0.045L 0.040L 
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Since this example also has both ends of the structure simply-supported and 

symmetric configuration with respect to the mid-support, “simply supported clamped 

(SC)” condition is applied for the constants 1C  and 2C  from Table 4.1. The 

coefficients for calculating transverse shear deformation effect are presented in Table 

5.33. Also, the total equivalent loads ( eqq and eqM ) incorporated into the analysis are 

summarized in Table 5.34. Note that the value of shear correction factor ( sK ) in Table 

5.33 is assumed to be a similar amount to the one from an example by Omidvar (1998) 

and Gruttmann and Wagner (2001). 

 

Table 5.33: Coefficients for calculating the effect of transverse shear deformation 
 

L/h Ω  sK  1C  (Section A) 1C  (Section B) 

16.0 0.014 0.1 –2.227 910−× –2.227 910−×  

20.0 0.009 0.1 –5.333 810−× –5.333 810−×  

24.0 0.006 0.1 –6.114 810−×  –6.114 810−×  

28.0 0.005 0.1 –6.115 810−×  –6.115 810−×  
 

Table 5.34: Equivalent loads ( eqq and eqM ) with various span-to-depth ratios 
 

L/h 16.0  20.0  24.0  28.0  

 (kN/m)eqq 12.47 –37.30 –64.34  –80.64  
Section A 

 (kN-m)eqM –10271.07 –13437.47 6837.03  17934.53 

 (kN/m)eqq –5.65 –55.43 –82.46  –98.76  
Section B 

 (kN-m)eqM –4074.97 –18785.07 –36917.77 –58347.37 
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The results of total prestress losses ( ( )ps totalσ∆ ) with different L/h are shown in 

Table 5.35, Figure 5.27, Figure 5.28 and Figure 5.29. From the results, it is found that the 

value of ( )ps totalσ∆  decreases with the increase of L/h for all cases as previously shown 

with the beam example. In Figure 5.29, it is also seen that the effect of transverse shear 

deformation increases the prestress loss at mid-span but reduces it at mid-support after 

the balanced stage where L/h = 16.0. However, before L/h reaches the balanced stage the 

shear effect decreases the prestress loss at mid-span but increases it. Different from the 

beam example, a significant jump in prestress loss values due to the shear effect cannot 

be observed since the realistic span-to-depth ratios are considered for this example. 

Consequently, for economic spans (L/h ≥ 25.0) recommended by FHWA, 2.5% - 5.0% 

change of total prestress loss are resulted from the effect of transverse shear deformation 

in this example. 

 

Table 5.35: Total prestress losses (MPa) with various span-to-depth ratios 
 

L/h 16.0 20.0 24.0 28.0 

w/o shear –158.60 –143.09 –124.22 –101.93 Section A 
(Mid-span) Shear –157.90 –144.39 –126.60 –104.96 

w/o shear –120.92 –99.25 –72.53  –40.95  Section B 
(Mid-Support) Shear –120.98 –98.13 –70.78  –38.83  
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Figure 5.27: Prestress losses at Section A with various values of L/h 
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Figure 5.28: Prestress losses at Section B with various values of L/h 
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Figure 5.29: Differences (%) of prestress loss with various values of L/h 
 

5.2.3.2 Effect of Sequence of Loading Events 

In this example, it is assumed that the age of concrete is 28 days ( 0 0t = ) when the 

prestressing force is introduced, and that formworks and falsewalks are removed from the 

main structure at 100 days ( 1 100t = ) after prestressing. The final service time is set as 

2 10000t =  days. 

Material properties and corresponding sectional properties used for each analysis 

loop are summarized in Table 5.36 and Table 5.37. The material properties are averaged 

from the four specifications (ACI Committee 209, CEB-FIP, AASHTO and GL2000) as 

used for the effect of transverse shear deformation. 
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Table 5.36: Material properties used for each loading step 
 

Name of event at ( 1it − ) 1it −  (days) 1( )iE t −

(GPa) 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε  
(µm/m) 0( , )it tχ 1( , )it tχ

Prestressing ( 0t ) 0 33.0 0.000 - 0.0 - - 

Formwork removal ( 1t ) 100 36.0 0.978 0.000 -156.4 0.902 - 

Theoretical end of 
service ( 2t ) 10000 - 2.066 1.731 -415.7 0.848 0.911

 

Table 5.37: Sectional properties for analysis 
 

First loop ( 1i = ) Second loop ( 2i = ) 
Properties (Unit) 

Section A Section B Section A Section B 
2

1 1( ) (m )iA t −  5.031 5.756 5.022 5.737 
4

1 1( ) (m )iI t −  4.647 5.577 4.636 5.553 
2

2 1( , ) (m )iA t t −  5.560 6.496 5.472 6.362 
4

2 1( , ) (m )iI t t −  5.170 6.318 5.081 6.179 
 

The intermediate analysis variables which are unchanged with variation of span-

to-depth ratio are presented in Table 5.38. It is noted that the prestress loss by the 

relaxation of steel tendon is computed only once through the both analysis sequence since 

it is assumed that it is only affected by the initial prestressing forces in the first sequence 

of analysis. Also, the force components used at time 0t  and 1t  in the analysis for 

L/h=16.0 are summarized in Table 5.39 as an example. 
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Table 5.38: Analysis variables unchanged according to L/h 
 

First loop ( 1i = ) Second loop ( 2i = ) 
Properties (Unit) 

Section A Section B Section A Section B 

Ak  0.885 0.851 0.899 0.869 

Ik  0.873 0.838 0.888 0.857 

cck  –0.122 0.148 –0.109 0.134 

psk  0.894 0.916 0.907 0.926 
 (MPa)prσ∆  –24.043 –24.043 0 0 

( )  (MPa)ps relaxσ∆  –21.488 22.304 0 0 
 

Table 5.39: Force components used in analysis considering loading sequence for 
L/h=16.0 

 
Loading 
condition Section 0( )eqN t

(kN) 
0( )eqq t  

(kN/m) 
0( )eqM t

(kN-m) 
1( )N t∆  

(kN) 
1( )eqq t∆  

(kN/m) 
1( )M t∆

(kN) 
A –25137.0 12.470 –10271.07 0 0 0 

100:0 
B –25137.0 –5.654 –4074.97 0 0 0 
A –25137.0 25.048 –11633.44 –29.48 –12.416  1362.37 90:10 
B –25137.0 8.737 –1424.91 –44.98 –14.143  –2650.07 
A –25137.0 50.205 –14358.18 –88.43 –37.249  4087.11 70:30 
B –25137.0 37.518 3875.24 –134.93 –42.430  –7950.21 
A –25137.0 75.362 –17082.92 –147.39 –62.081  6811.85 50:50 
B –25137.0 66.300 9175.38 –224.88 –70.717  –13250.35 

 

The total prestress losses considering loading events in accordance with span-to-

depth ratio are presented in Table 5.40 and Figure 5.30, and the % differences of the loss 

from the original case (100:0) are shown in Table 5.41 and Figure 5.31. In Table 5.40 and 

Figure 5.30, it is seen that prestress losses at both sections decrease as the portion of dead 

loads taking part in the first loop decreases for all L/h. It is also found in Figure 5.30 and 

Figure 5.31 that the reduction rate of prestress loss according to the ratio of dead load at 
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Section B is more significant than that at Section A, and the reduction rate becomes 

larger as the L/h grows. As a result, over 50% decrease of prestress loss could be seen in 

the bridge with L/h = 28.0 when 50% of dead load is taken at time 1t .  

 

Table 5.40: Total prestress loss (MPa) for each loading case according to L/h 
 

L/h Section 100:0 90:10 70:30 50:50 

A (Mid-span) –158.60 –157.75 –156.05 –154.36
16 

B (Mid-support) –120.92 –119.53 –116.73 –113.94 
A (Mid-span) –144.34 –142.91 –140.04 –137.17

20 
B (Mid-support) –98.13 –96.03 –91.82 –87.62 

A (Mid-span) –126.54 –124.52 –120.48 –116.44 
24 

B (Mid-support) –70.78 –67.72 –61.61 –55.49 
A (Mid-span) –104.88 –102.17 –96.74 –91.32 

28 
B (Mid-support) –38.83 –34.64 –26.27 –17.89 

 

Therefore, it is concluded in this example that considering the sequence of 

loading events generally decreases the prestress losses for all sections, and a significant 

reduction of the prestress loss could be found at the section of a support with a large 

span-to-depth ratio. 
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(a) Section A (Mid-span) 

-200.0

-175.0

-150.0

-125.0

-100.0

-75.0

-50.0

-25.0

0.0
16.0 20.0 24.0 28.0

Span-to-depth ratio (L/h )

Pr
es

tr
es

s 
lo

ss
 (M

Pa
)

100:0 90:10 70:30 50:50

 

(b) Section B (Mid-support) 

Figure 5.30: Total prestress loss (MPa) according to L/h for each loading ratio 
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Table 5.41: Differences (%) of prestress loss for each loading case according to L/h 
 

L/h Section 90:10 70:30 50:50 
A (Mid-span) –0.54 –1.61 –2.68 

16 
B (Mid-support) –1.16 –3.47 –5.78 

A (Mid-span) –0.13 –2.14 –4.14 
20 

B (Mid-support) –3.25 –7.48 –11.72 
A (Mid-span) 0.23 –3.02 –6.27 

24 
B (Mid-support) –6.63 –15.06 –23.49 

A (Mid-span) 0.24 –5.08 –10.40 
28 

B (Mid-support) –15.41 –35.86 –56.31 
 



 

 

191
 

-60.0

-50.0

-40.0

-30.0

-20.0

-10.0

0.0

10.0

16.0 20.0 24.0 28.0
Span-to-depth ratio (L/h )

D
iff

er
en

ce
 (%

)

90:10

70:30

50:50

 

(a) Section A (Mid-span) 
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(b) Section B (Mid-support) 

Figure 5.31: Differences (%) of prestress loss according to L/h for each loading ratio 
 

5.2.3.3 Effect of Horizontal Reinforcement 

The location and amount of horizontal reinforcements (HR) used for this bridge 

example are illustrated in Figure 5.32. For a parametric study with variation of the 
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amount of HR, #13 (D = 1.27 cm), #16 (D = 1.59 cm) and #19 (D = 1.91 cm) reinforcing 

bars are placed and examined. 

 

Figure 5.32: Location and amount of HR used for each section 
 

The amounts of HR ( 3nsA , 4nsA  and 5nsA ) and the distances of centroid from top 

fiber of a section for each reinforcement location are summarized in Table 5.42. Also, the 

sectional properties changed based on the addition of the HR are presented in Table 5.43. 

 

Table 5.42: The amounts of HR and the distances of centroid from the top 
 

# of bars Section 2
3  (cm )nsA 2

4 (cm )nsA 2
5 (cm )nsA 3 (m)nsd 4  (m)nsd  5 (m)nsd

A 74.132 38.829 46.634 0.115 2.410 1.250 
#13 

B 73.960 38.829 62.178 0.115 2.350 1.250 

A 114.667 60.200 96.400 0.115 2.410 1.250 
#16 

B 114.667 60.200 96.400 0.115 2.350 1.250 

A 162.827 85.484 136.888 0.115 2.410 1.250 
#19 

B 162.827 85.484 136.888 0.115 2.350 1.250 
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Table 5.43: Sectional properties incorporating HR 
 

# of bars Section 2
0( ) (m )cA t 2

1 0( ) (m )A t 2
0( , ) (m )A t t 4

0( ) (m )cI t 4
1 0( ) (m )I t  4

0( , ) (m )I t t

A 4.906 5.112 5.810 4.500 4.718 5.389 
#13 

B 5.509 5.845 6.771 5.279 5.646 6.530 

A 4.895 5.169 5.985 4.492 4.757 5.510 
#16 

B 5.499 5.894 6.922 5.271 5.685 6.646 

A 4.883 5.226 6.163 4.483 4.802 5.652 
#19 

B 5.487 5.951 7.100 5.262 5.730 6.783 
 

The dimensionless coefficients for analysis and the final prestress losses ( ( )ps totalσ∆ ) 

according to the amount of HR are summarized in Table 5.44. 

 

Table 5.44: Analysis variables according to the amount of HR 
 

# of bars Section Ak  Ik  cck  psk  

A 0.844 0.835 –0.106 0.898 
#13 

B 0.814 0.808 0.154 0.920 

A 0.818 0.815 –0.101 0.900 
#16 

B 0.794 0.793 0.157 0.922 

A 0.792 0.793 –0.094 0.903 
#19 

B 0.773 0.776 0.160 0.924 
 

The total prestress losses incorporating HR in accordance with span-to-depth ratio 

are presented in Table 5.45 and Figure 5.33, and the % differences of the loss from the 

original case without considering HR are shown in Table 5.46 and Figure 5.34.  

As expected, it is found that the larger the amount of HR is used the more the 

prestress loss decreases in Table 5.46 and Figure 5.34. Also, it is observed that the bridge 
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spans with large L/h are less affected by the effect of HR Figure 5.34. 

Consequently, using #13, #16 and #19 reinforcing bars results in about 2.0% - 

9.0% reduction of total prestress losses for all span lengths in this example. 

 
Table 5.45: Total prestress loss (MPa) for each HR according to L/h 

 

L/h Section w/o HR #13 #16 #19 

A (Mid-span) –158.60 –151.97 –147.52 –143.31
16 

B (Mid-support) –120.92 –115.57 –112.83 –109.77
A (Mid-span) –143.09 –137.27 –133.27 –129.55

20 
B (Mid-support) –99.25 –95.11 –92.99 –90.63 

A (Mid-span) –124.22 –119.40 –115.94 –112.81 
24 

B (Mid-support) –72.53 –69.88 –68.53 –67.03 
A (Mid-span) –101.93 –98.27 –95.46 –93.03 

28 
B (Mid-support) –40.95 –40.07 –39.62 –39.14 
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(a) Section A (Mid-span) 
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(b) Section B (Mid-support) 

Figure 5.33: Total prestress loss (MPa) according to L/h for each size of HR 
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Table 5.46: Differences (%) of prestress loss for each HR according to L/h 
 

L/h Section #13 #16 #19 
A (Mid-span) –4.18 –6.99 –9.64 

16 
B (Mid-support) –4.43 –6.69 –9.22 

A (Mid-span) –4.07 –6.86 –9.46 
20 

B (Mid-support) –4.17 –6.30 –8.69 
A (Mid-span) –3.89 –6.67 –9.19 

24 
B (Mid-support) –3.65 –5.51 –7.59 

A (Mid-span) –3.59 –6.34 –8.73 
28 

B (Mid-support) –2.16 –3.24 –4.43 
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(a) Section A (Mid-span) 
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(b) Section B (Mid-support) 

Figure 5.34: Differences (%) of prestress loss according to L/h for each HR 
 

As shown in Section 5.2.1.3, the location of HR is parameterized. Each analysis 

case according to the change of location of upper and lower HR is depicted in Figure 5.35. 

#13 bars are used for all cases and thus the cross sectional area of the bar is fixed. The 
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only bridge span with L/h = 16.0 is examined for this effect. 

As described previously, since only HR cannot be relocated without moving 

associated longitudinal reinforcements (LR) ( 1nsA  and 2nsA ), both LR and HR are 

simultaneously repositioned when the movement of the HR occurs. Also, Therefore, both 

the LR and HR moved from t/2 – 3.0 cm to t/2 + 3.0 cm at deck and soffit part in CASE I 

and CASE II, respectively. 

CL

Soffit: fixed = hb/2

A = ht/2 – 3.0 cm
B = ht/2 – 1.0 cm
C = ht/2 + 3.0 cmCASE I:

Deck

CL
Deck: fixed = ht/2

CASE II:

Soffit
A = hb/2 – 3.0 cm
B = hb/2 – 1.0 cm
C = hb/2 + 3.0 cm  

Figure 5.35: Analysis cases for effect of the location of HR on the box girder example 
 

The differences of prestress loss due to the effect from the location of 

reinforcements are shown in Table 5.47. From the results, it is known that very small 

change of prestress loss is generated by the movement of reinforcements. As for realistic 

bridge sections, the location of reinforcements does not have considerable influence on 

the long-term prestress loss. 
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Table 5.47: Prestress losses (MPa) in accordance with the location of reinforcements 
 

CASE I CASE II 
Analysis Cases 

A B C A B C 

Section A (Mid-span) –155.52 –155.29 –155.05 –155.57 –155.29 –155.01 

Section B (Mid-support) –119.30 –119.48 –119.68 –119.29 –119.48 –119.68 
 

Table 5.48: Differences (%) of prestress loss for the location of reinforcements 
 

Analysis Cases (Location) CASE I (Deck) CASE II (Soffit) 

Location of HR A B C A B C 

Section A (Mid-span) –0.15 0.00 0.15 –0.18  0.00  0.18 

Section B (Mid-support) 0.16 0.00 –0.16 0.16  0.00  –0.16 
 

5.2.3.4 Effect of Compressive Strength of Concrete 

To examine the effect of compressive strength of concrete, the same mix design 

used in Section 5.2.1.4 is also utilized for this box girder bridge example. Material 

properties including creep coefficients, shrinkage strains and aging coefficients presented 

by AASHTO-LRFD, ACI-209, CEB-FIP and GL2000 are shown in Table 5.49. Also, 

shrinkage strains and creep coefficients for NSC and HSC are compared in Figure 5.36 

and Figure 5.37.
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Table 5.49: Long-term material properties of concrete for NSC and HSC 
 

NSC HSC 
Codes 

0( , )it tϕ  0( , )cs it tε
(µm/m) 0( , )it tχ 0( )cE t

(GPa) 0( , )it tϕ 0( , )cs it tε  
(µm/m) 0( , )it tχ  0( )cE t

(GPa) 
AASHTO 1.62 –414 25.56 0.81 –415 48.46 

ACI-209 1.19 –347 25.56 1.02 –424 48.46 

CEB-FIP 2.65 –413 32.82 1.40 –133 45.52 

GL2000 2.79 –489 

0.85 

26.08 2.69 –480 

0.81 

43.58 
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Figure 5.36: Shrinkage strains for NSC and HSC calculated from different specifications
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Figure 5.37: Creep coefficients for NSC and HSC calculated from different specifications
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Long-term prestress losses according to the variation of span-to-depth ratio are 

calculated by each specification and compared in Table 5.50 and Figure 5.38. Also the 

differences of loss between NSC and HSC are presented in Table 5.51 and Figure 5.39.  

From the results in Table 5.50 and Figure 5.38, it is observed that the long-term 

prestress losses are decreased as the span-to-depth ratio increases for both strength cases 

of concrete. However, the reduction rate of the loss for HSC is smaller than that for NSC 

in Figure 5.38, which means that prestress losses in bridges using HSC are less 

influenced by the change of span length than those of NSC. This might be caused by the 

increase of modulus of elasticity when applying HSC. 

Also, it is found that the losses in bridges with small L/h could be reduced by 

using HSC except the case with ACI209 specification at the mid-support. However, 

regarding the larger L/h, the losses are enlarged rather than reduced due to the effect of 

HSC. When L/h = 28.0, AASHTO, ACI209 and GL2000 produce much larger prestress 

losses for HSC than NSC. It is found that over 100% difference is generated by GL2000 

at mid-support in Figure 5.39. On the other hand, it can be seen that employing HSC 

reduces about 50% prestress losses with CEB-FIP model code.  
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Table 5.50: Total prestress loss (MPa) for each specification according to L/h 
 

AASHTO ACI209 CEB-FIP GL2000 
L/h Section 

NSC HSC NSC HSC NSC HSC NSC HSC 
A –156.38 –118.10 –130.33 –124.36 –173.90 –85.02 –203.34 –173.66

16 
B –118.49 –105.85 –101.94 –109.36 –126.83 –65.33 –143.27 –134.44
A –141.05 –113.11 –118.74 –118.20 –154.49 –76.23 –179.23 –157.40

20 
B –97.40 –98.54 –85.85 –100.37 –99.97 –52.61 –110.78 –111.39
A –122.40 –107.04 –104.63 –110.69 –130.88 –65.53 –149.90 –137.62

24 
B –71.41 –89.53 –66.02 –89.27 –66.87 –36.93 –70.72 –82.97
A –100.36 –99.86 –87.97 –101.83 –102.98 –52.88 –115.24 –114.24

28 
B –40.69 –78.89 –42.58 –76.17 –27.75 –18.40 –23.38 –49.39

 

Consequently, the compressive strength of concrete influences prestress losses in 

a significant manner, however, the effect of HSC on the prestress loss of various 

structures is hard to be determined since it generates very different results with each 

individual model code. Applying HSC in bridges with large L/h (> 24.0) is not suitable 

for reducing prestress losses. Also, CEB-FIP model code seems to underestimate the 

long-term prestress loss of HSC structures from the results of the beam and bridge 

examples. 
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(b) Section B (Mid-support) 

Figure 5.38: Prestress loss (MPa) according to L/h for each strength and specification 
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Table 5.51: Differences (%) of prestress loss for each specification according to L/h 
 

L/h Section AASHTO ACI209 CEB-FIP GL2000 
A –24.48 –4.58 –51.11 –14.59 

16 
B –10.67 7.28 –48.49 –6.17 
A –19.81 –0.46 –50.66 –12.18 

20 
B 1.17 16.90 –47.37 0.55 
A –12.55 5.79 –49.94 –8.19 

24 
B 25.38 35.23 –44.77 17.32 
A –0.50 15.75 –48.65 –0.86 

28 
B 93.87 78.88 –33.70 111.27 
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(b) Section B (Mid-support) 

Figure 5.39: Differences (%) of prestress loss between NSC and HSC according to L/h 
for each specification 
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5.2.3.5 Effect of Temperature Variation 

In this example, only three analysis cases having different temperature at the top 

fiber are examined for the effect from temperature variation, since the results in Section 

5.2.1.5 show that the differences of temperature between top and bottom ( 1 1T Ttop bot∆ −∆ ) 

have an important effect on the change of prestress loss. The same cycle ( 1 2k k 0.5= = ) 

of temperature is used. The three temperature states and the variations of temperature at 

top and bottom of the section for each case are presented in Figure 5.40 and Table 5.52. 

 

Figure 5.40: Temperature states for each analysis case 
 

Table 5.52: Variations of temperature at the top and bottom of the section for each case 
 

Case oT  ( C)top∆  oT  ( C)bot∆  oT T ( C)top bot∆ −∆  

Case 1 5.0 0.0 5.0 

Case 2 10.0 0.0 10.0 

Case 3 15.0 0.0 15.0 
 

The variables for computing ασ  and 2σ
∗  are summarized in Table 5.53 and 

Table 5.54.  
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Table 5.53: Variables for ασ  at all analysis cases for the box girder bridge example 
 

Case Section e
1I  (kN)  e

2I  (kN-m) e 2
3I  (kN-m ) e

4I  (kN)  e
5I  (kN-m)

A 82.272 10× 69.727 10× 82.017 10× 38.214 10×  35.223 10×Case 1 - 
Case 3 B 82.515 10× 71.632 10× 82.368 10× 38.355 10×  36.248 10×

 

Table 5.54: Variables for 2σ
∗  at each analysis case for the box girder bridge example 

 

Case Section 1I  (/m)  2I  (m/m) 3I  (m)  4I  (kN)  5I  (kN-m)

A 3.033 –0.267 2.827 –133.921 958.261 
Case 1 

B 3.417 –0.244 3.252 –134.166 941.795 

A 2.543 –0.535 2.494 –434.714 1699.148
Case 2 

B 2.914 –0.568 2.817 –436.184 1644.790

A 2.194 –0.703 2.259 –806.493 2317.981
Case 3 

B 2.552 –0.771 2.512 –810.104 2215.258
 

Long-term prestress losses in accordance with the variation of span-to-depth ratio 

are compared in Table 5.55 and Figure 5.41, and the differences of the loss between the 

analysis with no temperature effect and that with three temperature cases are presented in 

Table 5.56 and Figure 5.42.  

From the results, it is found that the thermal creep influences more on Section B 

(mid-support) than Section A (mid-span) for this example since larger change of bending 

moment due to the temperature variation T Ttop bot∆ −∆  has been seen at Section B than 

Section A. Also, it is observed that the larger the L/h is, the more the prestress loss 

happens at mid-support. About 9.5% increase of prestress loss is measured at mid-support 

when L/h = 28.0. However, the change of prestress losses at mid-span is negligible for all 

values of L/h.  
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Therefore, it is concluded that about 0.3% - 9.5% increase of total prestress losses 

can be evaluated for 15 °C of T Ttop bot∆ −∆  at mid-support while only 0% - 0.15% of 

losses are increased at mid-span for this example. 

 

Table 5.55: Total prestress loss (MPa) for temperature cases according to L/h 
 

L/h Section None Case 1 Case 2 Case 3 

A –158.60 –158.64 –158.65 –158.46 
14.0 

B –120.92 –121.33 –122.52 –124.40 

A –143.09 –143.14 –143.14 –142.95 
20.0 

B –99.25 –99.65 –100.85 –102.73 

A –124.22 –124.27 –124.27 –124.08 
24.0 

B –72.53 –72.94 –74.13 –76.01 

A –101.93 –101.97 –101.98 –101.78 
28.0 

B –40.95 –41.36 –42.55 –44.43 
 



 

 

209
 

-200.0

-175.0

-150.0

-125.0

-100.0

-75.0

-50.0

-25.0

0.0
16.0 20.0 24.0 28.0

Span-to-depth ratio (L/h )

Pr
es

tr
es

s 
lo

ss
 (M

Pa
)

w/o temp Case 1 Case 2 Case 3

 

(a) Section A (Mid-span) 

-200.0

-175.0

-150.0

-125.0

-100.0

-75.0

-50.0

-25.0

0.0
16.0 20.0 24.0 28.0

Span-to-depth ratio (L/h )

Pr
es

tr
es

s 
lo

ss
 (M

Pa
)

w/o temp Case 1 Case 2 Case 3

 

(b) Section B (Mid-support) 

Figure 5.41: Total prestress loss (MPa) according to L/h for each temperature case 
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Table 5.56: Differences (%) of prestress loss for each temperature case according to L/h 
 

L/h Section Case 1 Case 2 Case 3 
A 0.03 0.03 –0.09 

16 
B 0.34 1.32 2.88 
A 0.03 0.04 –0.10 

20 
B 0.41 1.61 3.51 
A 0.04 0.04 –0.12 

24 
B 0.56 2.20 4.80 
A 0.04 0.05 –0.14 

28 
B 0.99 3.90 8.50 
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(b) Section B (Mid-support) 

Figure 5.42: Differences (%) of prestress loss according to L/h for each temperature case
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5.2.3.6 Comparison with Predictions from Specifications 

Total prestress losses computed by the comprehensive analysis method are 

compared with the prediction values from the basic analysis method and various 

specifications including AASHTO Lump-sum, AASHTO Refined, CEB-FIP and 

Canadian Highway Bridge Design Code (CHBDC) in this section. For the comprehensive 

analysis method proposed by this study, four parameters are included in the bridge 

example: the effect of transverse shear deformation, #16 horizontal reinforcements, 

normal strength concrete and the difference of temperature oT T 10 Ctop bot∆ −∆ = . The 

effect from loading events is not regarded since it cannot be included in the predictions 

from all specifications. The averaged long-term material properties are used for both the 

basic and the improved analysis methods. 

The predicted prestress losses by various methods with different span-to-depth 

ratio are summarized in Table 5.57 and Figure 5.43. From the results, it is seen that 

AASHTO Lump-sum prediction does not change by the variation of L/h. Predictions 

from CEB-FIP and CHBDC specifications show similar results to those from the basic 

analysis method for this example. AASHTO Refined method also gives similar prediction 

values in small L/h but underestimates the losses at large L/h.  

Finally, although the improved analysis method proposed by this study a little 

underestimates the prestress loss than the basic method for all cases, it also provides 

reasonably matched results with different methods.  

Since this numerical example does not have reference values of the prestress 

losses for comparison, the effectiveness of the improved analysis method cannot be 
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validated in this section. Therefore, the efficiency of the comprehensive method in this 

study will be verified by the results from the following sections which deal with real 

bridge spans in monitoring in California. 

 

Table 5.57: Total prestress loss (MPa) for temperature cases according to L/h 
 

L/h Section Basic 
Method

Improved
Method

AASHTO
Lump-sum

AASHTO
Refined CEB-FIP CHBDC

A –158.60 –147.06 –156.61 –171.18 –171.31 –159.07
14.0 

B –120.92 –114.29 –154.44 –131.50 –136.84 –125.55

A –143.09 –134.64 –156.61 –141.71 –155.04 –144.37
20.0 

B –99.25 –93.39 –154.44 –93.51 –112.14 –103.65

A –124.22 –118.29 –156.61 –120.53 –135.24 –126.47
24.0 

B –72.53 –68.36 –154.44 –61.56 –81.70 –76.66 

A –101.93 –98.40 –156.61 –95.49 –111.84 –105.32
28.0 

B –40.95 –39.11 –154.44 –23.81 –45.72 –44.75 
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(a) Section A (Mid-span) 
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(b) Section B (Mid-support) 

Figure 5.43: Total prestress loss (MPa) according to L/h with different prediction method
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5.3 Post-Tensioned Box Girder Bridge Spans in Monitoring 

This section outlines the analysis results from the four bridge spans, which 

include Frame 4 (F4) and Frame 5 (F5) on I5-I805 in San Diego and Northwest (NW) 

and Southeast (SE) connectors on I215-CA91 in Riverside as introduced in Section 3.2. 

The actual material properties of concrete and structural variables including compressive 

strengths of concrete, creep coefficient and shrinkage strain measured from the cylinder 

specimens, and initial prestressing forces gaged on site are accommodated in the analysis 

of the structures. 

5.3.1 Frame 4 and Frame 5 on I5-I805 in San Diego, California 

The geometric and cross-sectional properties of F4 and F5 are shown in Figure 

5.44 and Figure 5.45. The sections of mid-span (A) and near bent (B) in F4 are subjected 

to its self-weight and initial prestressing forces (after immediate losses) of 51835.280 kN 

and 52131.240 kN, respectively. The prestressing forces for F5 are 33641.440 kN at mid-

span (C) and 35040.880 kN at near bent (D). It is noted that the prestressing forces in 

actual structures show different values at mid-span and a support section, even though the 

tendons are stressed in the same span. As depicted in Section 3.3, the average relative 

humidity during the monitored period for F4 and F5 is 66% and 65%, respectively. The 

strength 1862 MPapuf =  of prestress tendons is used for both spans. 
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(c) Cross section of near bent (Section B) 

Figure 5.44: Half elevation and cross section of Frame 4 on I5-I805 (units in m) 
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(b) Cross section of mid-span (Sectin C) 
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(c) Cross section of near bent (Sectin D) 

Figure 5.45: Half elevation and cross section of Frame 5 on I5-I805 (units in m) 
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5.3.1.1 Analysis with Basic Method 

The material and sectional properties used in the analysis of F4 and F5 are 

summarized in Table 5.58, Table 5.59, Table 5.60 and Table 5.61, respectively. The 

values of compressive strength of concrete ( cf ′ ), creep coefficient (ϕ ) and shrinkage 

strain ( csε ) are obtained from measurements on cylinder specimens described in Section 

3.3. 

 

Table 5.58: Material properties for Frame 4 
 
Properties (Unit) Description Values 

0t  (days) Time of prestressing 0 

t (days) Current time after prestressing 1464 

0( ) (GPa)cE t  Modulus of elasticity of concrete at time 0t  31.2 

0( ) (GPa)cG t  Shear modulus of concrete at time 0t  12.9 

0( , ) (GPa)cE t t  
Age-adjusted elasticity modulus of concrete between

0t and t 11.3 

0( , ) (GPa)cG t t  
Age-adjusted shear modulus of concrete between

0t and t 4.7 

(GPa)nsE  Modulus of Elasticity of nonprestressed steel 200.0 
(GPa)psE  Modulus of Elasticity of prestressing steel 193.0 

ν  Poisson’s ratio of concrete 0.21 
3 (kN/m )cγ  Specific gravity of concrete 25.0 

0( , )t tϕ  Creep coefficient between 0t and t 2.059 

0( , ) (m/m)cs t tε  Shrinkage strain between 0t and t 41.811 10−− ×

0( , )t tχ  Aging coefficient for concrete between 0t and t 0.851 

rχ  Aging coefficient for steel relaxation 0.800 

 (MPa)cf ′  Compressive strength of concrete at 28 days 38.37 
 (MPa)pyf  Yield stress of prestressing steel 1586.0 



 

 

219
 

Table 5.59: Material properties for Frame 5 
 
Properties (Unit) Description Values 

0t  (days) Time of prestressing 0 
t (days) Current time after prestressing 1412 

0( ) (GPa)cE t  Modulus of elasticity of concrete at time 0t  29.8 

0( ) (GPa)cG t  Shear modulus of concrete at time 0t  12.3 

0( , ) (GPa)cE t t  
Age-adjusted elasticity modulus of concrete between

0t and t 13.6 

0( , ) (GPa)cG t t  
Age-adjusted shear modulus of concrete between

0t and t 5.6 

(GPa)nsE  Modulus of Elasticity of nonprestressed steel 200.0 
(GPa)psE  Modulus of Elasticity of prestressing steel 193.0 

ν  Poisson’s ratio of concrete 0.21 
3 (kN/m )cγ  Specific gravity of concrete 25.0 

0( , )t tϕ  Creep coefficient between 0t and t 1.398 

0( , ) (m/m)cs t tε  Shrinkage strain between 0t and t 42.693 10−− ×

0( , )t tχ  Aging coefficient for concrete between 0t and t 0.856 

rχ  Aging coefficient for steel relaxation 0.800 

 (MPa)cf ′  Compressive strength of concrete at 28 days 35.06 
 (MPa)pyf  Yield stress of prestressing steel 1586.0 



 

 

220
 

Table 5.60: Sectional properties used for analysis for Frame 4 
 

Section A (Mid-span) B (Near bent) 
2 (m )A  8.144 10.985 
2 (m )cA  7.960 10.801 
2

1  (m )A  8.394 11.234 
2 (m )A  9.946 12.787 

 (m)ccd  1.444 1.788 

1  (m)d  1.447 1.774 
 (m)d  1.559 1.672 

4 (m )cI  12.527 16.619 
4

1  (m )I  13.507 17.566 
4 (m )I  16.541 20.474 

 

Table 5.61: Sectional properties used for analysis for Frame 5 
 

Section C (Mid-span) D (Near bent) 
2 (m )A  7.016 8.661 
2 (m )cA  6.871 8.517 
2

1  (m )A  7.324 8.970 
2 (m )A  8.306 9.952 

 (m)ccd  1.014 1.150 

1  (m)d  1.017 1.144 
 (m)d  1.069 1.105 

4 (m )cI  5.564 6.628 
4

1  (m )I  6.050 7.094 
4 (m )I  6.983 7.897 

 

Based on the material and sectional properties presented above, the analysis 

results at each section of F4 and F5 are presented in Table 5.62. The total prestress losses 

are 115.530 MPa at mid-span (A) and 80.467 MPa near bent (B) for the monitored span 

of F4. Also, prestress losses of 110.684 MPa and 89.614 MPa for section C and D are 
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calculated for F5, respectively. 

 

Table 5.62: Analysis results at Sections A, B, C and D of F4 and F5 
 

Section A (Mid-span) B (Near bent) C (Mid-span) D (Near bent)

Dq  (kN/m) –209.840 –280.851 –209.840 –280.851 

DM  (kN-m) 57529.979 –89656.017 57529.979 -89656.017 

eqN  (kN) –33641.440 –35040.880 –33641.440 –35040.880 

eqq  (kN/m) –59.950 –129.099 -59.950 -129.099 

eqM  (kN-m) –12342.765 –28829.564 -12342.765 -28829.564 

Ak  0.800 0.845 0.827 0.856 

Ik  0.757 0.812 0.797 0.839 

cck  –0.177 0.196 –0.124 0.111 

psk  0.861 0.891 0.911 0.934 
 (m/m)Oε∆  44.713 10−− × 44.128 10−− × 44.007 10−− ×  43.877 10−− ×
 (/m)ψ∆  51.326 10−− × 59.326 10−− × 56.344 10−− ×  58.818 10−− ×
 (MPa)psσ∆  –94.130 –57.741 –88.124 –62.032 
 (MPa)prσ∆  –24.858 –25.494 –24.772 –29.553 

( )  (MPa)ps relaxσ∆  –21.403 –22.726 –22.560 –27.582 

( )  (MPa)ps totalσ∆  –115.533 –80.467 –110.684 –89.614 
 

5.3.1.2 Effect of Transverse Shear Deformation 

As the first parameter of consideration for F4 and F5, the effect from the 

transverse shear deformation is examined. Since F4 and F5 are composed of three spans 

and the monitored sections are located in the middle of both frames as illustrated in 

Section 3.2, the “clamped clamped (CC)” condition is applied for the boundary 

conditions of each end of the spans containing monitored sections. The constants 1C  and 

2C  for the condition of CC are taken from Table 4.1. The coefficients for calculating 
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transverse shear deformation effect are presented in Table 5.63. The values of shear 

correction factor ( sK ) in Table 5.63 are also assumed to be a similar amount to the one 

from an example in the literature as explained in Section 5.2.3.1. Since an exhaustive 

two-dimensional finite element analysis are required to calculate the exact values for sK  

for complicated sections such as box-girder bridges, the calculation of sK  is considered 

out-of-scope of this study. 

 

Table 5.63: Coefficients for calculating the effect of transverse shear deformation 
 

Span Section Ω  sK  1C  2C  

A 5.992 310−×  0.1 8.066 910−×  –4.033 910−×
Frame 4 

B 5.992 310−×  0.1 6.202 910−×  –3.101 910−×

C 7.165 310−×  0.1 –5.092 810−×  2.546 810−×  
Frame 5 

D 7.165 310−×  0.1 –4.343 810−×  2.171 810−×  
 

The results of total prestress losses ( ( )ps totalσ∆ ) with the effect of transverse shear 

deformation are shown in Table 5.64 and Figure 5.46. From the results, it is found that 

the consideration of transverse shear increase the value of ( )ps totalσ∆  at mid-spans (A and 

C) but decreases at near bent sections (B and D). Also, it is seen that the sections near 

bent are more affected by the shear effect than those at mid-span for both bridge frames. 

Compared with F5, F4 is more influenced by the shear effect since F4 has larger section 

than that of F5. 

In Section 5.2.3.1, it has been concluded that 1.0% - 4.0% change of total 

prestress loss is resulted from the effect of transverse shear deformation for the span-to-
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depth ratios (L/h ≈ 25.0). From the results for F4 and F5 in this section, it is also seen that 

the changes in prestress loss due to the transverse shear effect in Table 5.64 reasonably 

coincide with the range evaluated from the box-girder example in Section 5.2.3.1, 

considering that the span-to-depth ratios of F4 and F5 are 25.03 and 23.16, respectively. 

 
Table 5.64: Summary of total prestress losses for transverse shear effect in I5-I805 

 

Prestress loss (MPa) 
Span Section 

w/o shear Shear 
Difference (%)

A –115.53 –117.80 1.96 
Frame 4 

B –80.47 –76.56 –4.86 

C –110.68 –111.05 0.33 
Frame 5 

D –89.61 –88.61 –1.12 
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Figure 5.46: Change of prestress loss due to transverse shear effect in I5-I805 
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5.3.1.3 Effect of Sequence of Loading Events 

The actual dates of two loading events: prestressing and removal of falsework are 

taken into consideration. According to the construction sequence presented in Table 3.1 

and Table 3.2 in Section 3.2.1.2, the removal of falsework has been completed on 115 

days and 70 days after prestressing in F4 and F5, respectively. Accordingly, if the time 

when prestressing is finished is set as 0 0t = , 1t  is 115 days and 70 days, and the current 

time as of April 1, 2009, 2t  is 1464 days and 1412 days after prestressing for F4 and F5, 

respectively. Material properties at each moment of loading events measured from the 

concrete cylinder specimens are summarized in Table 5.65 and Table 5.66. 

 
Table 5.65: Loading events and long-term material properties for Frame 4 on I5-I805 

 

Name of event 
Age from stressing Date of event 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −

(GPa) 0( , )it tχ  1( , )it tχ cf ′  
(MPa)

Prestressing 
0t = 0 days Mar. 29, 2005 0.00 - 0 31.2 - - 38.37

Falsework removal 
1t = 122 days Jul. 29, 2005 1.25 0.00 –44 31.8 0.89 - 39.85

Current time 
2t = 1464 days Apr. 1, 2009 2.06 1.12 –137 - 0.85 0.85 - 

 

Table 5.66: Loading events and long-term material properties for Frame 5 on I5-I805 
 

Name of event 
Age from stressing Date of event 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −

(GPa) 0( , )it tχ  1( , )it tχ cf ′  
(MPa)

Prestressing 
0t = 0 days May 20, 2005 0.00 - 0 29.8 - - 35.06

Falsework removal 
1t = 70 days Jul. 29, 2005 0.60 0.00 –83 30.2 0.90 - 36.06

Current time 
2t = 1412 days Apr. 1, 2009 1.40 1.23 –186 - 0.86 0.86 - 
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Sectional properties and analysis parameters corresponding to each sequence of 

analysis, and force components obtaind from each loading conditions are summarized in 

Table 5.67, Table 5.68, Table 5.69 and Table 5.70. 

 
Table 5.67: Sectional properties and analysis parameters of F4 

 
First loop ( 1i = ) Second loop ( 2i = ) 

Properties (Unit)
Section A Section B Section A Section B 

2
1 1( ) (m )iA t −  8.394 11.234 8.385 11.226 

4
1 1( ) (m )iI t −  13.507 17.566 13.488 17.548 

2
2 1( , ) (m )iA t t −  9.946 12.341 9.366 12.207 

4
2 1( , ) (m )iI t t −  12.787 19.627 15.383 19.371 

Ak  0.800 0.875 0.850 0.885 

Ik  0.845 0.847 0.814 0.858 

cck  –0.177 0.165 –0.147 0.155 

psk  0.861 0.912 0.894 0.919 
 (MPa)prσ∆  –24.858 –25.494 0 0 

( )  (MPa)ps relaxσ∆ –21.403 –22.726 0 0 
 

Table 5.68: Force components used in analysis considering loading conditions for F4 
 

Loading 
condition Section 0( )eqN t

(kN) 
0( )eqq t  

(kN/m) 
0( )eqM t

(kN-m) 
1( )N t∆  

(kN) 
1( )eqq t∆  

(kN/m) 
1( )M t∆

(kN) 
A –51835.28 –58.95 –12342.80 0 0 0 

100:0 
B –52131.24 –129.10 –20829.56 0 0 0 

A –51835.28 –37.97 –18095.79 –147.64 –20.55 5753.00
90:10 

B –52131.24 –101.01 –11863.96 –173.24 –27.58 –8965.60

A –51835.28 4.00 –29601.79 –442.91 –61.66 17258.99
70:30 

B –52131.24 –44.84 6067.24 –519.71 –82.74 –26896.81

A –51835.28 45.97 –41107.78 –738.19 –102.77 28764.99
50:50 

B –52131.24 11.33 23998.44 –866.19 –137.90 –44828.01
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Table 5.69: Sectional properties and analysis parameters of F5 
 

First loop ( 1i = ) Second loop ( 2i = ) 
Properties (Unit)

Section C Section D Section C Section D 
2

1 1( ) (m )iA t −  7.324 8.970 7.318 8.963 
4

1 1( ) (m )iI t −  6.050 7.094 6.043 7.087 
2

2 1( , ) (m )iA t t −  8.306 9.952 8.198 9.844 
4

2 1( , ) (m )iI t t −  6.983 7.897 6.877 7.802 

Ak  0.827 0.856 0.838 0.865 

Ik  0.797 0.839 0.809 0.850 

cck  –0.124 0.111 –0.119 0.105 

psk  0.911 0.934 0.916 0.939 
 (MPa)prσ∆  –24.772 –29.523 0 0 

( )  (MPa)ps relaxσ∆ –22.560 –27.582 0 0 
 

Table 5.70: Force components used in analysis considering loading conditions for F5 
 

Loading 
condition Section 0( )eqN t

(kN) 
0( )eqq t  

(kN/m) 
0( )eqM t

(kN-m) 
1( )N t∆  

(kN) 
1( )eqq t∆  

(kN/m) 
1( )M t∆

(kN) 
C –33641.44 –28.76 –14673.02 0 0 0 

100:0 
D –35040.88 –63.48 –12326.78 0 0 0 
C –33641.44 –10.45 –16306.69 –43.66 –18.11 1633.67

90:10 
D –35040.88 –41.05 –8388.49 –75.18 –22.08 –3938.29
C –33641.44 26.17 –19574.04 –130.97 –54.33 4901.02

70:30 
D –35040.88 3.79 –511.90 –225.53 –66.24 –11814.88
C –33641.44 62.79 –22841.39 –218.29 –90.55 8168.37

50:50 
D –35040.88 48.64 7364.69 –375.89 –110.40 –19691.47

 

The total prestress losses considering the sequence of loading events for F4 and 

F5 are presented in Table 5.71 and Figure 5.47, and the % differences of the loss from the 

original analysis case (100:0) are shown in Table 5.72.  

As shown with the previous box girder bridge example in the Section 5.2.3.2, it is 
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also seen in Table 5.71 and Figure 5.47 that prestress losses at all sections decrease as the 

portion of dead loads taking part in the first loop decreases when considering the 

sequence of loading events. It is also found in Table 5.72 that the reduction of prestress 

loss at near bent (B and D) is larger than that at mid-span (A and C). However, this is not 

as much significant as the results from Section 5.2.3.2, which yielded over 30% reduction 

of prestress loss with L/h = 25.0 when 50% of dead load is taken at time 1t . 

Consequently, it is concluded that about 1% - 13% reduction of prestress loss is 

evaluated from the sequence of loading events for all sections of F4 and F5, and the 

effect is much more significant at the section of near bent than the mid-span. 

 

Table 5.71: Total prestress loss for each loading case of I5-I805 
 

Frame 4 Frame 5 
Loading Ratio 

Section A Section B Section C Section D 
100:0 –115.53 –80.47 –110.68 –89.61 
90:10 –114.23 –79.14 –109.32 –87.28 
70:30 –111.61 –76.47 –106.60 –82.63 
50:50 –109.00 –73.81 –103.87 –77.97 
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Figure 5.47: Change of prestress loss according to each loading ratio in I5-I805 
 

Table 5.72: Differences (%) of prestress loss for each loading case of I5-I805 
 

Frame 4 Frame 5 
Loading Ratio 

Section A Section B Section C Section D 
100:0 0.00 0.00 0.00 0.00 
90:10 –1.13 –1.65 –1.23 –2.60 
70:30 –3.39 –4.96 –3.69 –7.80 
50:50 –5.66 –8.27 –6.15 –12.99 

 

5.3.1.4 Effect of Horizontal Reinforcement 

The location, spacing and amount of horizontal reinforcements (HR) for F4 and 

F5 are illustrated in Figure 5.48. The thickness of concrete covers and the spacing of HR 

at each same location are identical for both bridge spans.  
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Figure 5.48: Configuration of horizontal reinforcements of bridge spans on I5-I805 

 
The amounts of HR ( 3nsA , 4nsA  and 5nsA ) and the distances of centroid of each 

location from top fiber are summarized in Table 5.73. Also, the sectional properties and 

dimensionless coefficients for analysis changed due to the addition of HR are presented 

in Table 5.73 and Table 5.74. 

 

Table 5.73: The amounts and locations of HR for F4 and F5 
 

Span Section 2
3  (cm )nsA 2

4 (cm )nsA 2
5 (cm )nsA 3 (m)nsd 4  (m)nsd  5 (m)nsd

A 239.900 102.500 125.200 0.110 3.125 1.610 
Frame 4 

B 239.900 102.500 125.200 0.110 2.997 1.610 

C 239.900 102.500 87.600 0.110 2.185 1.140 
Frame 5 

D 239.900 102.500 87.600 0.110 2.133 1.140 
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Table 5.74: Sectional properties regarding HR for F4 and F5 
 

Span Section 2
0( ) (m )cA t 2

1 0( ) (m )A t 2
0( , ) (m )A t t 4

0( ) (m )cI t 4
1 0( ) (m )I t  4

0( , ) (m )I t t

A 7.914 8.647 10.725 12.455 13.897 17.791 
Frame 4 

B 10.754 11.487 13.565 16.536 18.009 21.737 

C 6.828 7.570 8.897 5.531 6.243 7.460 
Frame 5 

D 8.474 9.215 10.543 7.297 6.592 8.369 
 

Table 5.75: Analysis coefficients regarding HR for F4 and F5 
 

Span Section Ak  Ik  cck  psk  

A 0.738 0.700 –0.122 0.868 
Frame 4 

B 0.793 0.761 0.236 0.900 

C 0.767 0.741 –0.078 0.915 
Frame 5 

D 0.804 0.788 0.147 0.939 
 

The final prestress losses ( ( )ps totalσ∆ ) incorporating HR and the % differences of 

the loss from the original case without considering HR are shown in Table 5.76 and 

Figure 5.49. As shown in the previous examples, it is also seen that the HR reduces 5% - 

6% of prestress loss at all sections of F4 and F5. However, the differences between the 

sections of mid-span and near bent are not considerable. 

From the results in Section 5.2.3.3, the changes in prestress loss due to the effect 

of HR for bridge spans with L/h = 23.0 and 25.0 have been evaluated as 7% - 9% at mid-

span and 5% - 8% at mid-support. Therfore, 5% - 6% reduction of prestress loss for F4 

and F5 is reasonably matched to the previous results when considering the span-to-depth 

ratios of F4 and F5 as 25.03 and 23.16, respectively. 
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Table 5.76: Total prestress loss (MPa) for each HR 
 

Prestress loss (MPa) 
Span Section 

w/o HR HR 
Difference (%) 

A –115.53 –108.87 –5.77 
Frame 4 

B –80.47 –74.98 –6.82 
C –110.68 –104.92 –5.21 

Frame 5 
D –89.61 –84.52 –5.68 
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Figure 5.49: Change of prestress loss due to horizontal reinforcements for I5-I805 
 

5.3.1.5 Effect of Temperature Variation 

This section demonstrates the effect of thermal creep from the daily variation of 

temepratrue for F4 and F5. The temperature states found from the bridge monitoring data 

in Section 3.2.3.2 and the same cycle ( 1 2k k 0.5= = ) of temperature are incorporated into 

the analysis. The temperature states and the variations of temperature at top and bottom 

of the section for F4 and F5 are resummarized in Table 5.77. As explained in Section 

3.2.3.2, Max and Min in Table 5.77 mean the analysis cases with the thermal creep from 
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the maximum and minimum daily temperature difference between the top and the bottom 

of the section. 

 

Table 5.77: Summary of temperature states for bridge spans on I5-I805 (oC) 
 

Span Daily range T1T T1B T2T T2B T2T -T1T T2B -T1B

Max 17.55 17.84 28.19 19.57 10.64 1.73 
Frame 4 

Min 17.16 16.74 17.95 19.97 0.79 3.23 

Max 15.99 23.52 36.24 26.01 20.25 2.49 
Frame 5 

Min 22.84 22.70 23.59 24.01 0.75 1.31 
 

The analysis variables for computing ασ  and 2σ
∗  are presented in Table 5.78 

and Table 5.79.  

Table 5.78: Variables for ασ  at each section of I5-I805 
 

Section Condition e
1I  (kN)  e

2I  (kN-m) e 2
3I  (kN-m ) e

4I  (kN)  e
5I  (kN-m)

Max 2.325 810× 4.719 710× 3.493 810× 20363.699 14448.748
A 

Min 2.325 810× 4.719 710× 3.493 810× 1542.200 1031.152

Max 2.795 810× 1.639 710× 4.346 810× 22274.686 14472.044
B 

Min 2.795 810× 1.639 710× 4.346 810× 1700.436 1016.275

Max 1.966 810× 2.658 710× 1.507 810× 30866.563 18049.820
C 

Min 1.966 810× 2.658 710× 1.507 810× 2327.735 –127.210

Max 2.157 810× 1.583 710× 1.696 810× 31876.557 18220.316
D 

Min 2.157 810× 1.583 710× 1.696 810× 2617.292 –313.620
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Table 5.79: Variables for 2σ
∗  at each section of I5-I805 

 

Section Condition 1I  (/m)  2I  (m/m) 3I  (m)  4I  (kN)  5I  (kN-m)

Max 1.299 0.021 1.958 –910.428 5962.145
A 

Min 1.794 0.310 2.695 –34.643 492.203 

Max 1.614 –0.216 2.458 –956.511 6282.866
B 

Min 2.169 0.058 3.358 –35.015 533.537 

Max 0.748 0.053 0.576 –3241.077 7342.571
C 

Min 0.924 0.128 0.708 –77.725 –391.285

Max 0.828 0.006 0.650 –2750.961 5839.656
D 

Min 1.013 0.078 0.796 –75.557 –160.098
 

Long-term prestress losses considering the effect of thermal creep are compared 

in Table 5.80 and Figure 5.50, and the differences of loss between the analysis without 

the thermal effect and that with maximum and minimum cases are presented in Table 

5.80.  

From the results, it is found that 1.0% - 3.6% increase of prestress loss is 

generated from the thermal creep effect with maximum difference of temperature at a 

section. However, almost no thermal creep effect on the prestress loss is seen in the case 

with the minimum difference. Also, it is seen that Section B and D (near bent) are more 

influenced by the thermal creep than Section A and C (mid-span) for F4 and F5. This 

might be caused by the larger change of bending moment due to the temperature variation 

T Ttop bot∆ −∆  at Section B and D than Section A and C. 

In the cases with maximum temperature difference, T Ttop bot∆ −∆  is 8.91 oC for 

F4 and 17.76 oC for F5, which raised 2.70% and 3.60% of prestress loss at the section of 



 

 

234

mid-span for both spans. These values also agree well with the results from the box girder 

example in Section 5.2.3.5, which produces about 4.0% increase of prestress loss at 

T Ttop bot∆ −∆ = 15 oC for L/h = 23.1 and 3.0% at 10 oC for for L/h = 25.0. However, 

different from the previous example showing negligible thermal creep effect at mid-span, 

F4 and F5 produce 1.05% and 2.15% change of prestress loss at Section A and C. 

Since the actual state of temperature in real bridge structures should be in between 

the maximum and minimum difference of temperature, the thermal creep effects from 

Min and Max are averaged for a realistic consideration of the final thermal creep effect 

on the prestress loss. The comparison results from the averaged thermal creep with all 

other parameters will be discussed in the following section. 

 

Table 5.80: Total prestress loss (MPa) for thermal creep effect in I5-I805 
 

Prestress loss (MPa) 
Span Section 

w/o temp. Temp. min Temp. max

Min. 
difference  

(%) 

Max 
difference

(%) 
A –115.53 –115.54 –116.75 0.01 1.05 

Frame 4 
B –80.47 –80.48 –82.64 0.02 2.70 
C –110.68 –110.69 –113.06 0.00 2.15 

Frame 5 
D –89.61 –89.62 –92.84 0.00 3.60 
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Figure 5.50: Change of prestress loss due to thermal creep effect in I5-I805 
 

5.3.1.6 Comparison with Predictions from Specifications 

The total prestress losses for F4 and F5 from the proposed comprehensive 

analysis are compared with different prediction values from the basic analysis method by 

Youakim and Karbhari (2006), and various specifications including AASHTO Lump-sum, 

AASHTO Refined, CEB-FIP and Canadian Highway Bridge Design Code (CHBDC) in 

this section. The parameters, of which effects are individually addressed in the preceding 

sections, are included in the comprehensive analysis: the effect of transverse shear 

deformation, the sequence of loading events, horizontal reinforcements, normal strength 

concrete and the averaged thermal creep. 

Not only the measured material properties on cylinder specimens but those from 

different material prediction models are also applied in the comprehensive analysis for 

comparison. The long-term material parameters used at each loading sequence for F4 and 

F5 are summarized in Table 5.81 and Table 5.82.
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Table 5.81: Loading events and long-term material properties for Frame 4 on I5-I805 
 

Name of event 
Age from stressing Date of event Codes 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −  

(GPa) 0( , )it tχ 1( , )it tχ cf ′
(MPa)

Prestressing Mar. 29, 2005 AASHTO 0.00 - 0 31.2 

0t = 0 days  ACI209 0.00 - 0 31.2 

  CEB-FIP 0.00 - 0 35.8 

  GL2000 0.00 - 0 30.1 

  Measured 0.00 - 0 31.2 

- - 38.37

Falsework removal Jul. 29, 2005 AASHTO 0.58 0.00 –75 33.6 

1t = 122 days  ACI209 0.68 0.00 –77 33.6 

  CEB-FIP 1.02 0.00 –43 39.6 

  GL2000 0.97 0.00 –66 35.5 

  Measured 1.26 0.00 –44 31.8 

0.89 - 39.85

Current time Apr. 1, 2009 AASHTO 1.16 1.06 –106 - 

2t = 1464 days  ACI209 0.94 0.87 –41 - 

  CEB-FIP 1.57 1.41 –157 - 

  GL2000 1.75 1.57 –225 - 

  Measured 2.06 1.12 –137 - 

0.85 0.85 - 
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Table 5.82: Loading events and long-term material properties for Frame 5 on I5-I805 
 

Name of event 
Age from stressing Date of event Codes 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −  

(GPa) 0( , )it tχ 1( , )it tχ cf ′
(MPa)

Prestressing May 20, 2005 AASHTO 0.00 - 0 29.8 

0t = 0 days  ACI209 0.00 - 0 29.8 

  CEB-FIP 0.00 - 0 35.0 

  GL2000 0.00 - 0 29.0 

  Measured 0.00 - 0 29.8 

- - 35.06

Falsework removal Jul. 29, 2005 AASHTO 0.53 0.00 –86 32.2 

1t = 70 days  ACI209 0.67 0.00 –132 32.2 

  CEB-FIP 1.09 0.00 –49 38.6 

  GL2000 1.06 0.00 –70 34.3 

  Measured 0.61 0.00 –83 30.2 

0.90 - 36.06

Current time Apr. 1, 2009 AASHTO 1.38 1.19 –175 - 

2t = 1412 days  ACI209 1.06 0.92 –94 - 

  CEB-FIP 1.93 1.40 –203 - 

  GL2000 2.02 1.68 –300 - 

  Measured 1.40 1.23 –186 - 

0.86 0.86 - 

 

The monitored prestress losses from F4 and F5 compared with the values 

predicted by various analysis methods and material models are summarized in Table 5.83, 

Table 5.84, Table 5.85, Table 5.86, Figure 5.51, Figure 5.52, Figure 5.53 and Figure 5.54. 

Note that each column in tables and x-axis in figures shows different material prediction 

models included in each analysis method arranged in every row of tables. “Cylinder” in 

the results means the prestress loss values calculated with the material properties 

measured on concrete cylinder specimens. 

From the results, it is found that AASHTO Lump-sum method does not show 
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reasonable prediction of prestress loss for F4 and F5 since the predicted losses are highly 

overestimated for all cases. Predictions from AASHTO Refined and CHBDC 

specifications present very similar trend for the entire locations and produce well-

matched results with the monitored values at sections C and D of F5, however, both 

methods also excessively overestimate the losses in F4. It is noted that the above three 

prediction models do not include the material characteristics of concrete such as creep 

and shrinkage, and thus they are not varied by the change of material model. 

Different from the three prediction methods aforementioned, CEB-FIP method 

reflects material properties of concrete on the prediction of prestress loss. However, the 

losses are also somewhat overestimateed at both locations for F4 but underestimated for 

F5, although the material properties of concrete can be incorporated in CEB-FIP 

prediction method. 

Compared with the predictions from different specifications, the values from the 

comprehensive analysis method with the material properties from cylinder specimens 

agree well with the monitored prestress losses for all locations of F4 and F5. The analysis 

cases with the loading condition of 70:30 or 50:50 almost exactly predict the losses at all 

sections except the near bent of F5, where 100:0 or 90:10 yeilds better results.  

As for the comparison of material prediction models, AASHTO and CEB-FIP 

model code yield better results than others, and GL2000 produces overestimated losses 

with all loading conditions for both F4 and F5. 

Consequently, it is concluded that a realistic prediction of prestress loss is 

possible by the comprehensive analysis method. The prediction models from the 

specifications might be able to provide preliminary data for the prestress loss as a rough 
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estimate but could not realistically evaluate it since various important parameters 

affecting on real structures cannot be considered in the specifications.  
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Table 5.83: Summary of prestress losses (MPa) at Section A (mid-span) of Frame 4 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –94.41 –94.41 –94.41 –94.41 –94.41 

Basic method –91.24 –74.99 –101.39 –124.57 –115.53 

100:0 –89.40 –73.97 –99.22 –120.42 –111.74 

90:10 –86.16 –70.73 –96.52 –117.56 –109.62 

70:30 –79.69 –64.26 –91.12 –111.85 –105.37 

50:50 –73.23 –57.78 –85.72 –106.14 –101.12 

AASHTO Lump-sum –154.47 –154.47 –154.47 –154.47 –154.47 

AASHTO Refined –162.69 –162.69 –163.62 –162.45 –162.69 

CEB-FIP –90.61 –73.12 –100.77 –126.27 –118.69 

CHBDC –155.96 –155.96 –147.15 –158.26 –155.96 
 

Table 5.84: Summary of prestress losses (MPa) at Section B (near bent) of Frame 4 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –67.64 –67.64 –67.64 –67.64 –67.64 

Basic method –70.36 –57.55 –76.43 –94.20 –80.47 

100:0 –65.72 –54.41 –70.97 –85.66 –72.37 

90:10 –62.87 –51.40 –68.89 –83.68 –71.47 

70:30 –57.15 –45.37 –64.74 –79.71 –69.68 

50:50 –51.44 –39.34 –60.59 –75.73 –67.88 

AASHTO Lump-sum –154.47 –154.47 –154.47 –154.47 –154.47 

AASHTO Refined –114.70 –114.70 –114.89 –114.65 –114.70 

CEB-FIP –66.83 –53.33 –72.17 –91.45 –78.03 

CHBDC –113.03 –113.03 –109.24 –114.02 –113.03 
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Table 5.85: Summary of prestress losses (MPa) at Section C (mid-span) of Frame 5 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –94.05 –94.05 –94.05 –94.05 –94.05 

Basic method –109.08 –94.93 –116.34 –141.47 –110.68 

100:0 –105.03 –92.17 –111.79 –134.02 –106.51 

90:10 –103.52 –90.68 –110.72 –132.70 –104.85 

70:30 –100.51 –87.69 –108.59 –130.07 –101.52 

50:50 –97.50 –84.70 –106.46 –127.44 –98.18 

AASHTO Lump-sum –152.71 –152.71 –152.71 –152.71 –152.71 

AASHTO Refined –103.92 –103.92 –103.92 –103.92 –103.92 

CEB-FIP –75.79 –67.78 –76.97 –96.18 –76.63 

CHBDC –102.25 –102.25 –102.25 –102.25 –102.25 
 

Table 5.86: Summary of prestress losses (MPa) at Section D (near bent) of Frame 5 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –84.40 –84.40 –84.40 –84.40 –84.40 

Basic method –88.19 –79.33 –90.06 –110.77 –89.61 

100:0 –83.76 –76.27 –85.23 –102.66 –85.03 

90:10 –82.04 –74.40 –84.42 –101.60 –83.04 

70:30 –78.59 –70.64 –82.80 –99.49 –79.05 

50:50 –75.14 –66.89 –81.17 –97.37 –75.05 

AASHTO Lump–sum –152.71 –152.71 –152.71 –152.71 –152.71 

AASHTO Refined –86.23 –86.23 –86.23 –86.23 –86.23 

CEB–FIP –66.83 –60.70 –64.16 –83.71 –67.55 

CHBDC –87.30 –87.30 –87.30 –87.30 –87.30 
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Figure 5.51: Comparison of prestress losses at mid-span of Frame 4 
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Figure 5.52: Comparison of prestress losses at near bent of Frame 4 
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Figure 5.53: Comparison of prestress losses at mid-span of Frame 5 
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Figure 5.54: Comparison of prestress losses at near bent of Frame 5 
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In Figure 5.55, Figure 5.56, Figure 5.57 and Figure 5.58, the prestress losses at 

sections A, B, C and D for F4 and F5 are traced by the comprehensive analysis method 

with measured material properties from the cylinder specimens, and compared with the 

monitored results based on the time elapsed. 

135 days, 200 days, 493 days, 759 days, 1065 days and 1464 days (the current 

time) after prestressing for F4, and 87 days, 203 days, 474 days, 768 days, 1046 days and 

1412 days (the current time) after prestressing are accounted for F5. Note that the data 

collection has been performed until the current date as of April 1, 2009. 

As shown in Figure 5.55, Figure 5.56, Figure 5.57 and Figure 5.58, the monitored 

prestress losses are successfully traced by the comprehensive analysis method proposed 

by this study. Also, it is concluded that the proposed method gives better prediction 

results than the basic analysis method for every section except at the near bent of F5. 
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Figure 5.55: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section A (mid-span ) of Frame 4 
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Figure 5.56: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section B (near bent) of Frame 4 
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Figure 5.57: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section C (mid-span ) of Frame 5 
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Figure 5.58: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section D (near bent) of Frame 5 
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From the results of prestress loss shown above, it is found that the basic analysis 

method proposed by Youakim and Karbhari (2006) relatively overepredicts the loss for 

all sections and this overestimation of loss is reduced by the inclusion of the four 

parameters in the comprehensive analysis. The differences (%) of prestress loss for F4 

and F5 caused by each parameter are summarized in Table 5.87, and Figure 5.59 

demonstrates how much fraction of the difference between the basic and the 

comprehensive analysis methods is occupied by each individual parameter. 

From the results in Table 5.87 and Figure 5.59, it is found that the prestress loss is 

generally decreased by the consideration of all parameters in the comprehensive analysis 

due to the effects by the sequence of loading events and horizontal reinforcements, which 

reduce the prestress loss by large and play a significant role in producing the difference of 

prestress loss. 

 

Table 5.87: Differences (%) of prestress loss caused by each parameter in I5-I805 
 

Span Section Shear Loading event 
(70:30) 

Horizontal 
reinforcement 

Averaged 
thermal creep

A 1.96  –3.39  –5.77  0.53  Frame 4 
B –4.86  –4.96  –6.82  1.35  
C 0.33  –3.69  –5.21  1.08  Frame 5 
D –1.12  –7.80  –5.68  1.80  
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Figure 5.59: Effect of parameters causing differences in prestress loss for I5-I805 
 

5.3.2 Northwest and Southeast Connectors on I215-CA91in Riverside, California 

The geometric and cross-sectional properties of NW and SE connectors are shown 

in Figure 5.60 and Figure 5.61. The sections of mid-span (A) and near bent (B) in NW 

are subjected to its self-weight and initial prestressing forces (after immediate losses) of 

42185.889 kN and 42186.345 kN, respectively. The prestressing forces for SE are 

41673.525 kN at mid-span (C) and 41634.903 kN at near bent (D). As depicted in Section 

3.3, the average relative humidity during the monitored period for F4 and SE is 66% and 

65%, respectively. The strength 1862 MPapuf =  of prestress tendons is also used for 

both spans. 
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(c) Cross section of near bent (Section B) 

Figure 5.60: Half elevation and cross section of the NW on I215-CA91(units in m) 
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(b) Cross section of mid-span (Section C) 
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(c) Cross section of near bent (Section D) 

Figure 5.61: Half elevation and cross section of the SE on I215-CA91(units in m) 
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5.3.2.1 Analysis with Basic Method 

The material and sectional properties used in the analysis of NW and SE are 

summarized in Table 5.88, Table 5.89, Table 5.90 and Table 5.91, respectively. The 

values of compressive strength of concrete ( cf ′ ), creep coefficient (ϕ ) and shrinkage 

strain ( csε ) are obtained from measurements on cylinder specimens described in Section 

3.3. 

 

Table 5.88: Material properties for NW connector 
 
Properties (Unit) Description Values 

0t  (days) Time of prestressing 0 
t (days) Current time after prestressing 1006 

0( ) (GPa)cE t  Modulus of elasticity of concrete at time 0t  32.5 

0( ) (GPa)cG t  Shear modulus of concrete at time 0t  13.4 

0( , ) (GPa)cE t t  
Age–adjusted elasticity modulus of concrete between

0t and t 14.0 

0( , ) (GPa)cG t t  
Age–adjusted shear modulus of concrete between

0t and t 5.8 

(GPa)nsE  Modulus of Elasticity of nonprestressed steel 200.0 
(GPa)psE  Modulus of Elasticity of prestressing steel 193.0 
ν  Poisson’s ratio of concrete 0.21 

3 (kN/m )cγ  Specific gravity of concrete 25.0 

0( , )t tϕ  Creep coefficient between 0t and t 1.514 

0( , ) (m/m)cs t tε  Shrinkage strain between 0t and t 42.375 10−− ×

0( , )t tχ  Aging coefficient for concrete between 0t and t 0.874 

rχ  Aging coefficient for steel relaxation 0.800 
 (MPa)cf ′  Compressive strength of concrete at 28 days 41.65 
 (MPa)pyf  Yield stress of prestressing steel 1586.0 
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Table 5.89: Material properties for SE connector 
 
Properties (Unit) Description Values 

0t  (days) Time of prestressing 0 
t (days) Current time after prestressing 866 

0( ) (GPa)cE t  Modulus of elasticity of concrete at time 0t  30.8 

0( ) (GPa)cG t  Shear modulus of concrete at time 0t  12.7 

0( , ) (GPa)cE t t  
Age–adjusted elasticity modulus of concrete between 

0t and t 13.1 

0( , ) (GPa)cG t t  
Age–adjusted shear modulus of concrete between

0t and t 5.4 

(GPa)nsE  Modulus of Elasticity of nonprestressed steel 200.0 
(GPa)psE  Modulus of Elasticity of prestressing steel 193.0 
ν  Poisson’s ratio of concrete 0.21 

3 (kN/m )cγ  Specific gravity of concrete 25.0 

0( , )t tϕ  Creep coefficient between 0t and t 1.548 

0( , ) (m/m)cs t tε  Shrinkage strain between 0t and t 41.719 10−− ×

0( , )t tχ  Aging coefficient for concrete between 0t and t 0.875 

rχ  Aging coefficient for steel relaxation 0.800 
 (MPa)cf ′  Compressive strength of concrete at 28 days 37.54 
 (MPa)pyf  Yield stress of prestressing steel 1586.0 
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Table 5.90: Sectional properties used for analysis for NW connector 
 

Section A (Mid-span) B (Near bent) 
2 (m )A  6.842 7.945 
2 (m )cA  6.667 7.785 
2

1  (m )A  7.033 8.055 
2 (m )A  8.113 9.009 

 (m)ccd  1.043 1.261 

1  (m)d  1.085 1.242 
 (m)d  1.215 1.162 

4 (m )cI  6.323 7.952 
4

1  (m )I  6.968 8.310 
4 (m )I  8.465 9.009 

 

Table 5.91: Sectional properties used for analysis for SE connector 
 

Section C (Mid-span) D (Near bent) 
2 (m )A  7.763 8.598 
2 (m )cA  7.619 8.417 
2

1  (m )A  7.797 8.839 
2 (m )A  8.680 10.053 

 (m)ccd  1.101 1.270 

1  (m)d  1.098 1.259 
 (m)d  1.191 1.192 

4 (m )cI  8.470 10.006 
4

1  (m )I  8.732 10.646 
4 (m )I  10.141 11.935 

 

Based on the material and sectional properties presented in Table 5.88 to Table 

5.91, the analysis results at each section of NW and SE are presented in Table 5.92. The 

total prestress losses are 102.697 MPa at mid-span (A) and 77.079 MPa near bent (B) for 

the monitored span of NW. Prestress losses of 98.794 MPa and 47.557 MPa are 
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computed for sections C and D for SE, respectively. 

 

Table 5.92: Analysis results at Sections A, B, C and D of NW and SE 
 

Section A (Mid-span) B (Near bent) C (Mid-span) D (Near bent)

Dq  (kN/m) –175.817 –201.382 –186.434 –211.359 

DM  (kN-m) 23457.021 –47601.152 34172.347 –73610.408 

eqN  (kN) –42185.889 –42186.345 –41673.525 –41634.903 

eqq  (kN/m) –0.980 –26.543 –48.996 –74.049 

eqM  (kN-m) –25275.552 –11038.661 –21140.834 –38048.092 

Ak  0.822 0.864 0.878 0.837 

Ik  0.747 0.867 0.835 0.838 

cck  –0.352 0.220 –0.189 0.154 

psk  0.872 0.908 0.850 0.915 
 (m/m)Oε∆  44.191 10−− × 44.171 10−− × 43.869 10−− ×  43.436 10−− ×
 (/m)ψ∆  55.724 10−− × 59.446 10−− × 57.173 10−− ×  41.730 10−− ×
 (MPa)psσ∆  –92.204 –66.157 –91.748 –40.032 
 (MPa)prσ∆  –12.032 –12.033 –8.286 –8.228 

( )  (MPa)ps relaxσ∆  –10.493 –10.922 –7.045 –7.525 

( )  (MPa)ps totalσ∆  –102.697 –77.079 –98.794 –47.557 
 

5.3.2.2 Effect of Transverse Shear Deformation 

As shown in F4 and F5, since NW and SE connectors are also composed of three 

spans and six spans each, and the monitored sections are located in the middle of the 

bridges as illustrated in Section 3.2, the “clamed clamped (CC)” condition is applied for 

the boundary conditions of each end of the spans containing the monitored sections. The 

coefficients for calculating transverse shear deformation effects are presented in Table 

5.93.
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Table 5.93: Coefficients for calculating the effect of transverse shear deformation 
 

Span Section Ω  sK  1C  2C  

A 6.661 310−×  0.1 8.863 1010−×  –4.432 1010−×
NW 

B 6.661 310−×  0.1 7.432 1010−×  –3.716 1010−×

C 5.531 310−×  0.1 2.579 1010−×  –1.290 1010−×
SE 

D 5.531 310−×  0.1 2.115 1010−×  –1.058 1010−×
 

The results of total prestress losses ( ( )ps totalσ∆ ) with the effect of transverse shear 

deformation are shown in Table 5.64 and Figure 5.46. Similar results are found in Table 

5.64 and Figure 5.46. The consideration of transverse shear increases the value of 

prestress loss at mid-spans (A and C) but decreases at near bent sections (B and D). Also, 

the sections near the bent are more affected by the shear effect than those at mid-span for 

both bridge frames. Due to the larger section than that of NW, SE is more influenced by 

the shear effect than NW. 

Based on Section 5.2.3.1, the change of total prestress loss is examined. It is 

observed that the changes in prestress loss for NW and SE due to the transverse shear 

effect in Table 5.64 fall reasonably within the range (1% - 5%) evaluated from the box-

girder example in Section 5.2.3.1, considering that the span-to-depth ratios of NW and 

SE are 23.08 and 25.00, respectively. 
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Table 5.94: Summary of total prestress losses for transverse shear effect in I215-CA91 
 

Prestress loss (MPa) 
Span Section 

w/o shear Shear 
Difference (%)

A –102.70 –102.73 0.03 
NW 

B –77.08 –76.62 –0.59 

C –98.79 –100.40 1.62 
SE 

D –47.56 –46.37 –2.50 
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Figure 5.62: Change of prestress loss due to transverse shear effect in I215-CA91 
 

5.3.2.3 Effect of Sequence of Loading Events 

Based on the construction sequence presented in Table 3.1 and Table 3.2 in 

Section 3.2.1.2, the removal of falsework was completed at the end of 77 days and 90 

days after prestressing in NW and SE, respectively. Accordingly, if the time when 

prestressing is finished is set as 0 0t = , 1t  is 77 days and 90 days, and the current time 
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as of April 1, 2009, 2t  is 1006 days and 866 days after prestressing for NW and SE, 

respectively. Material properties at each instance of the loading events measured from the 

concrete cylinder specimens are summarized in Table 5.95 and Table 5.96. 

 

Table 5.95: Loading events and long–term material properties for the NW connector 
 

Name of event 
Age from stressing Date of event 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −

(GPa) 0( , )it tχ  1( , )it tχ cf ′  
(MPa)

Prestressing 
0t = 0 days Jun. 30, 2006 0.00 - 0 32.5 - - 41.65

Falsework removal 
1t = 77 days Sep. 15, 2006 0.79 0.00 –77 32.7 0.91 - 42.13

Current time 
2t = 1006 days Apr. 1, 2009 1.51 0.78 –162 - 0.88 0.87 - 

 

Table 5.96: Loading events and long–term material properties for the SE connector 
 

Name of event 
Age from stressing Date of event 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −

(GPa) 0( , )it tχ  1( , )it tχ cf ′  
(MPa)

Prestressing 
0t = 0 days Nov. 17, 2006 0.00 - 0 30.8 - - 37.54

Falsework removal 
1t = 90 days Feb. 15, 2007 0.81 0.00 –74 31.9 0.91 - 40.22

Current time 
2t = 866 days Apr. 1, 2009 1.55 1.64 –99 - 0.88 0.87 - 

 

Sectional properties and analysis parameters corresponding to each sequence of 

analysis, and force components obtaind from each loading conditions are summarized in 

Table 5.97, Table 5.98, Table 5.99 and Table 5.100. 
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Table 5.97: Sectional properties and analysis parameters of NW 
 

First loop ( 1i = ) Second loop ( 2i = ) 
Properties (Unit)

Section A Section B Section A Section B 
2

1 1( ) (m )iA t −  7.033 8.055 6.997 8.029 
4

1 1( ) (m )iI t −  6.968 8.310 6.906 8.276 
2

2 1( , ) (m )iA t t −  8.113 9.009 7.637 8.610 
4

2 1( , ) (m )iI t t −  8.465 9.170 7.799 8.783 

Ak  0.822 0.864 0.873 0.904 

Ik  0.747 0.867 0.811 0.905 

cck  –0.352 0.220 –0.274 0.163 

psk  0.872 0.908 0.906 0.935 
 (MPa)prσ∆  –10.695 –10.696 0 0 

( )  (MPa)ps relaxσ∆ –9.327 –9.708 0 0 
 

Table 5.98: Force components used in analysis considering loading conditions for NW 
 

Loading 
condition Section 0( )eqN t

(kN) 
0( )eqq t  

(kN/m) 
0( )eqM t

(kN–m)
1( )N t∆  

(kN) 
1( )eqq t∆  

(kN/m) 
1( )M t∆

(kN) 
A –42185.89 –0.98 –25275.55 0 0 0 

100:0 
B –42186.35 –26.54 –11038.66 0 0 0 

A –42185.89 16.60 –27621.25 –79.07 –17.25 2345.70
90:10 

B –42186.35 –6.40 –6278.56 –100.35 –19.72 –4760.10

A –42185.89 51.77 –32312.65 –237.21 –51.76 7037.10
70:30 

B –42186.35 33.87 3241.64 –301.04 –59.17 –14280.30

A –42185.89 86.93 –37004.05 –395.36 –86.27 11728.50
50:50 

B –42186.35 74.15 12761.84 –501.73 –98.61 –23800.50
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Table 5.99: Sectional properties and analysis parameters of SE 
 

First loop ( 1i = ) Second loop ( 2i = ) 
Properties (Unit)

Section C Section D Section C Section D 
2

1 1( ) (m )iA t −  7.797 8.839 7.791 8.825 
4

1 1( ) (m )iI t −  8.732 10.646 8.723 10.625 
2

2 1( , ) (m )iA t t −  8.680 10.053 8.677 10.048 
4

2 1( , ) (m )iI t t −  10.141 11.935 10.137 11.929 

Ak  0.878 0.837 0.878 0.838 

Ik  0.835 0.838 0.836 0.839 

cck  –0.189 0.154 –0.189 0.154 

psk  0.850 0.915 0.851 0.915 
 (MPa)prσ∆  –8.286 –8.228 0 0 

( )  (MPa)ps relaxσ∆ –7.045 –7.525 0 0 
 

Table 5.100: Force components used in analysis considering loading conditions for SE 
 

Loading 
condition Section 0( )eqN t

(kN) 
0( )eqq t  

(kN/m) 
0( )eqM t

(kN–m)
1( )N t∆  

(kN) 
1( )eqq t∆  

(kN/m) 
1( )M t∆

(kN) 
C –41673.52 –49.00 –21140.83 0 0 0 

100:0 
D –41634.90 –74.05 –38048.09 0 0 0 

C –41673.52 –30.35 –24558.07 –120.43 –18.25 3417.23
90:10 

D –41634.90 –52.91 –30687.05 –137.14 –20.68 –7361.04

C –41673.52 6.93 –31392.54 –361.29 –54.74 10251.70
70:30 

D –41634.90 –10.64 –15964.97 –411.41 –62.05 –22083.12

C –41673.52 44.22 –38227.01 –602.16 –91.23 17086.17
50:50 

D –41634.90 31.63 –1242.89 –685.69 –103.42 –36805.20
 

The total prestress losses considering the sequence of loading events for NW and 

SE are presented in Table 5.101 and Figure 5.63, and the % differences of the loss from 

the original analysis case (100:0) are shown in Table 5.102.  

As examined in F4 and F5 in San Diego, it is also seen in Table 5.101 and Figure 
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5.63 that prestress losses at all sections decrease as the portion of dead loads taking part 

in the first loop decreases when considering the sequence of loading events. It is also 

found in Table 5.102 that the reduction of prestress loss at near bent (B and D) sections is 

larger than that at mid-span (A and C). Unlike the results from I5-I805, Section D of SE 

shows significant difference of prestress as much as the results from the box girder 

example in Section 5.2.3.2, which yielded over 30% reduction of prestress loss with L/h 

= 25.0 when 50% of dead load is taken at time 1t . 

Consequently, it is concluded that about 5% - 37% reduction of prestress loss 

results from the sequence of loading events for all sections of NW and SE, and this range 

of change in the prestree loss agree well with the results based on the box girder example 

in Section 5.2.3.2. 

 

Table 5.101: Total prestress loss for each loading case of I215-CA91 
 

NW SE 
Loading Ratio 

Section A Section B Section C Section D 
100:0 –102.70 –77.08 –98.79 –47.56 
90:10 –101.67 –76.15 –95.69 –44.00 
70:30 –99.61 –74.28 –89.47 –36.87 
50:50 –97.54 –72.42 –83.25 –29.75 
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Figure 5.63: Change of prestress loss according to each loading ratio in I215-CA91 
 

Table 5.102: Differences (%) of prestress loss for each loading case of I215-CA91 
 

NW SE 
Loading Ratio 

Section A Section B Section C Section D 
100:0 0.00 0.00 0.00 0.00 
90:10 –1.00 –1.21 –3.15 –7.49 
70:30 –3.01 –3.63 –9.44 –22.46 
50:50 –5.02 –6.04 –15.73 –37.44 

 

5.3.2.4 Effect of Horizontal Reinforcement 

The location, spacing and amount of horizontal reinforcements (HR) for NW and 

SE are depicted in Figure 5.64. The thickness of concrete cover and the spacing of HR at 

each same location are identical for both bridge spans.  
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Figure 5.64: Configuration of horizontal reinforcements of bridge spans on I215-CA91

 
The amounts of HR ( 3nsA , 4nsA  and 5nsA ) and the distances of the centroid of 

each location from the top fiber are summarized in Table 5.103. Also, the sectional 

properties and dimensionless coefficients for analysis changed due to the addition of HR 

are presented in Table 5.104 and Table 5.105. 

 

Table 5.103: The amounts and locations of HR for NW and SE 
 

Span Section 2
3  (cm )nsA 2

4 (cm )nsA 2
5 (cm )nsA 3 (m)nsd 4  (m)nsd  5 (m)nsd

A 253.571 97.533 105.684 0.108 2.510 1.300 
NW 

B 253.571 97.533 105.684 0.108 2.420 1.300 

C 284.000 95.467 114.105 0.115 2.695 1.400 
SE 

D 284.000 95.467 114.105 0.115 2.625 1.400 
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Table 5.104: Sectional properties regarding HR for NW and SE connectors 
 

Span Section 2
0( ) (m )cA t 2

1 0( ) (m )A t 2
0( , ) (m )A t t 4

0( ) (m )cI t 4
1 0( ) (m )I t  4

0( , ) (m )I t t

A 6.621 7.268 8.720 6.279 7.198 9.093 
NW 

B 7.739 8.291 9.617 7.905 8.548 9.750 

C 7.570 8.068 9.384 8.417 9.021 10.922 
SE 

D 8.368 9.110 10.758 9.950 10.948 12.688 
 

Table 5.105: Analysis coefficients regarding HR for NW and SE connectors 
 

Span Section Ak  Ik  cck  psk  

A 0.759 0.691 –0.281 0.878 
Frame 4 

B 0.805 0.811 0.247 0.915 

C 0.807 0.771 –0.131 0.858 
Frame 5 

D 0.778 0.784 0.184 0.921 
 

The final prestress losses ( ( )ps totalσ∆ ) incorporating HR and the % differences of 

the loss from the original case without considering HR are shown in Table 5.106 and 

Figure 5.65. It is seen that the HR reduces 6% - 8% of prestress loss at all sections of NW 

and SE. However, the differences between the sections of mid-span and near bent are not 

considerable. 

From the results in Section 5.2.3.3, the changes in prestress loss due to the effect 

of HR for bridge spans with L/h = 23.0 and 25.0 have been evaluated as 7% - 9% at mid-

span and 5% - 8% at mid-support. Therfore, 6% - 8% reduction of prestress loss for NW 

and SE is reasonably matched to the previous results when considering the span-to-depth 

ratios of NW and SE as 23.00 and 25.00, respectively. 
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Table 5.106: Total prestress loss (MPa) for each HR 
 

Prestress loss (MPa) 
Span Section 

w/o HR HR 
Difference (%) 

A –102.70 –96.25 –6.28 
NW 

B –77.08 –70.78 –8.17 
C –98.79 –91.78 –7.10 

SE 
D –47.56 –44.01 –7.45 
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Figure 5.65: Change of prestress loss due to horizontal reinforcements for I215-CA91 
 

5.3.2.5 Effect of Temperature Variation 

The effect of thermal creep from the daily variation of temepratrue for NW and 

SE is outlined in this section. The same cycle ( 1 2k k 0.5= = ) of temperature is considered 

in the analysis as used for the bridges on I5-I805. The temperature states and the 

variations of temperature at top and bottom of the section for NW and SE are 

resummarized in Table 5.107.  
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Table 5.107: Summary of temperature states for bridge spans on I215-CA91(oC) 
 

Span Daily range T1T T1B T2T T2B T2T –T1T T2B –T1B

Max 26.58 28.09 35.40 33.66 8.82 5.57 
NW 

Min 17.51 17.56 18.05 18.17 0.53 0.61 

Max 19.67 21.67 36.31 25.12 16.64 3.45 
SE 

Min 11.25 14.23 12.95 15.84 1.70 1.61 
 

The analysis variables for computing ασ  and 2σ
∗  are presented in Table 5.108 

and Table 5.109.  

 

Table 5.108: Variables for ασ  at each section of I215-CA91 
 

Section Condition e
1I  (kN)  e

2I  (kN-m) e 2
3I  (kN-m ) e

4I  (kN)  e
5I  (kN-m)

Max 2.224 810× 3.170 710× 2.187 810× 20123.492 6111.212
A 

Min 2.224 810× 3.170 710× 2.187 810× 1530.622 148.425 

Max 2.582 810× –2.122 710× 2.650 810× 22682.263 2120.416
B 

Min 2.582 810× –2.122 710× 2.650 810× 1791.898 –233.047

Max 2.242 810× –1.646 610× 2.545 810× 29893.253 14253.974
C 

Min 2.242 810× –1.646 610× 2.545 810× 4508.314 65.893 

Max 2.506 810× –3.554 710× 3.010 810× 31425.675 12373.901
D 

Min 2.506 810× –3.554 710× 3.010 810× 5025.619 –597.494
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Table 5.109: Variables for 2σ
∗  at each section of I215-CA91 

 

Section Condition 1I  (/m)  2I  (m/m) 3I  (m)  4I  (kN)  5I  (kN-m)

Max 0.584 0.080 0.575 –8389.132 1727.497
A 

Min 1.504 0.219 1.479 –785.046 –69.761 

Max 0.679 –0.060 0.698 –8363.346 1547.502
B 

Min 1.746 –0.138 1.790 –785.071 –51.124 

Max 0.830 –0.131 0.986 –12751.439 8671.642
C 

Min 2.564 0.327 2.807 –2391.550 73.929 

Max 0.945 –0.279 1.187 –12783.055 8810.439
D 

Min 2.819 0.001 3.260 –2391.732 85.925 
 

Long-term prestress losses considering the effect of thermal creep are compared 

in Table 5.110 and Figure 5.66, and the differences of loss between the analysis without 

the thermal effect and that with maximum and minimum cases are presented in Table 

5.110.  

From the results, it is found that 0.0% - 3.5% increase of prestress loss is 

generated from the thermal creep effect with maximum difference of temperature at a 

section. However, almost no thermal creep effect on the prestress loss is seen in the case 

with the minimum difference. Also, it is seen that Section B and D (near bent) are more 

influenced by the thermal creep than Section A and C (mid-span) for NW and SE. 

However, almost no thermal creep effect is found at both sections of NW even with the 

maximum case. This seems to be resulted from the smaller daily variation of temperature 

measured in NW than in other bridge locations as shown in Section 3.2.3.2. 

In the cases with maximum temperature difference for SE, T Ttop bot∆ −∆  is 13.19 

oC, which raised 3.50% of prestress loss at the section of mid-span. This value also agrees 
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well with the results from the box girder example in Section 5.2.3.5, which produces 

about 5.0% increase of prestress loss at T Ttop bot∆ −∆ = 15 oC and 2.5% at 

T Ttop bot∆ −∆ = 10 oC for L/h = 25.0. However, unlike the box girder example, which 

generates a negligible thermal creep at mid-span, SE produces 1.45% change of prestress 

loss at Section C. 

 

Table 5.110: Total prestress loss (MPa) for thermal creep effect in I215-CA91 
 

Prestress loss (MPa) 
Span Section 

w/o temp. Temp. min Temp. max

Min. 
difference  

(%) 

Max 
difference

(%) 
A –102.70 –102.70 –102.78 0.00 0.08 

NW 
B –77.08 –77.08 –77.10 0.00 0.03 
C –98.79 –98.78 –100.22 –0.01 1.45 

SE 
D –47.56 –47.58 –49.24 0.06 3.54 
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Figure 5.66: Change of prestress loss due to thermal creep effect in I215-CA91 
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5.3.2.6 Comparison with Predictions from Specifications 

In this section, the total prestress losses for NW and SE from the proposed 

comprehensive analysis are compared with different prediction values from the basic 

analysis method and various specifications as discussed in Section 5.3.1.6. The same 

parameters addressed for F4 and F5 are also included in the comprehensive analysis for 

NW and SE: the effect of transverse shear deformation, the sequence of loading events, 

horizontal reinforcements, normal strength concrete and the averaged thermal creep. 

Material properties from the cylinder specimens as well as different prediction models are 

also applied in the comprehensive analysis for comparison.  

The long-term material parameters used at each loading sequence for NW and SE 

are summarized in Table 5.111 and Table 5.112. 
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Table 5.111: Loading events and long–term material properties for the NW connector 
 

Name of event 
Age from stressing Date of event Codes 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −  

(GPa) 0( , )it tχ 1( , )it tχ cf ′
(MPa)

Prestressing Jun. 30, 2006 AASHTO 0.00 - 0 32.5 

0t = 0 days  ACI209 0.00 - 0 32.5 

  CEB–FIP 0.00 - 0 36.7 

  GL2000 0.00 - 0 31.3 

  Measured 0.00 - 0 32.5 

- - 41.65

Falsework removal Sep. 15, 2006 AASHTO 0.49 0.00 –89 35.0 

1t = 77 days  ACI209 0.75 0.00 –98 35.0 

  CEB–FIP 1.11 0.00 –43 39.6 

  GL2000 1.00 0.00 –58 36.2 

  Measured 0.80 0.00 –77 32.7 

0.91 - 42.13

Current time Apr. 1, 2009 AASHTO 1.27 1.06 –178 - 

2t = 1006 days  ACI209 1.14 1.00 –87 - 

  CEB–FIP 1.89 1.54 –186 - 

  GL2000 2.04 1.76 –256 - 

  Measured 1.51 0.78 –162 - 

0.88 0.87 - 
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Table 5.112: Loading events and long–term material properties for the SE connector 
 

Name of event 
Age from stressing Date of event Codes 0( , )it tϕ 1( , )it tϕ 0( , )cs it tε

(µm/m)
1( )iE t −  

(GPa) 0( , )it tχ  1( , )it tχ cf ′
(MPa)

Prestressing Nov. 17, 2006 AASHTO 0.00 - 0 30.8 

0t = 0 days  ACI209 0.00 - 0 30.8 

  CEB–FIP 0.00 - 0 35.6 

  GL2000 0.00 - 0 29.8 

  Measured 0.00 - 0 30.8 

- - 37.54

Falsework removal Feb. 15, 2007 AASHTO 0.54 0.00 –109 33.2 

1t = 90 days  ACI209 0.81 0.00 –118 33.2 

  CEB–FIP 1.21 0.00 –54 38.8 

  GL2000 1.11 0.00 –73 34.9 

  Measured 0.83 0.00 –74 31.9 

0.91 - 40.22

Current time Apr. 1, 2009 AASHTO 1.26 1.01 –170 - 

2t = 866 days  ACI209 1.15 0.99 –83 - 

  CEB–FIP 1.92 1.50 –167 - 

  GL2000 2.01 1.67 –229 - 

  Measured 1.55 1.64 –99 - 

0.88 0.87 - 

 

The comparison of prestress loss results for NW and SE are summarized in Table 

5.113, Table 5.114, Table 5.115, Table 5.116, Figure 5.67, Figure 5.68, Figure 5.69 and 

Figure 5.70.  

As already discussed for F4 and F5, AASHTO Lump-sum method also highly 

overpredicted losses excessively overestimated for all cases. Predictions from AASHTO 

Refined and CHBDC specifications present very similar trend and produce slightly larger 

results than the monitored values for the entire locations. In CEB-FIP method, although 

the specification reflects material properties of concrete on the prediction of prestress loss, 
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the prestress loss is highly underestimated for every section of NW and SE. 

Similar to the bridges on I5-I805, the values in prestress loss from the 

comprehensive analysis method with the measured material properties show very well 

agreement with the monitored prestress losses for all locations of NW and SE. The 

analysis cases with the loading condition of 50:50 almost exactly predict the losses at all 

sections except the near bent of SE, where 70:30 gives better results.  

As for the comparison of material prediction models, AASHTO and CEB-FIP 

model codes yield better results than others for NW, and ACI209 produces more 

reasonable prestress losses for SE than others in terms of the comparison with the 

monitored values. As observed in F4 and F5, material model from GL2000 also 

overestimates losses with all loading conditions for every section of both NW and SE. 
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Table 5.113: Summary of prestress losses (MPa) at Section A (mid-span) of NW 
connector 

 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –91.81 –91.81 –91.81 –91.81 –91.81 

Basic method –99.25 –84.08 –99.60 –127.91 –102.70 

100:0 –93.67 –79.51 –94.13 –118.87 –96.45 

90:10 –91.90 –77.68 –92.75 –117.19 –95.17 

70:30 –88.37 –74.02 –90.00 –113.83 –92.59 

50:50 –84.83 –70.37 –87.25 –110.47 –90.02 

AASHTO Lump-sum –152.65 –152.65 –152.65 –152.65 –152.65 

AASHTO Refined –103.81 –103.81 –103.72 –103.84 –103.81 

CEB–FIP –62.97 –49.72 –58.37 –72.54 –59.12 

CHBDC –102.77 –102.77 –100.43 –103.58 –102.77 
 

Table 5.114: Summary of prestress losses (MPa) at Section B (near bent) of NW conector 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –64.51 –64.51 –64.51 –64.51 –64.51 

Basic method –77.96 –63.15 –75.26 –96.65 –77.08 

100:0 –71.68 –58.27 –69.33 –86.57 –70.31 

90:10 –69.72 –56.18 –68.14 –84.86 –69.35 

70:30 –65.79 –51.99 –65.75 –81.44 –67.45 

50:50 –61.87 –47.80 –63.36 –78.02 –65.54 

AASHTO Lump-sum –156.81 –156.81 –156.81 –156.81 –156.81 

AASHTO Refined –84.64 –84.64 –84.40 –84.72 –84.64 

CEB–FIP –55.71 –42.43 –47.59 –60.64 –49.89 

CHBDC –86.05 –86.05 –85.51 –86.25 –86.05 
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Table 5.115: Summary of prestress losses (MPa) at Section C (mid-span) of SE connector 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –72.06 –72.06 –72.06 –72.06 –72.06 

Basic method –105.12 –88.69 –111.48 –135.67 –98.79 

100:0 –100.39 –85.02 –106.18 –127.39 –93.94 

90:10 –98.06 –82.53 –104.47 –125.54 –90.90 

70:30 –93.39 –77.53 –101.05 –121.83 –84.83 

50:50 –88.71 –72.54 –97.63 –118.12 –78.76 

AASHTO Lump-sum –157.16 –157.16 –157.16 –157.16 –157.16 

AASHTO Refined –82.32 –82.32 –82.35 –82.31 –82.32 

CEB–FIP –51.90 –40.34 –40.42 –50.76 –33.92 

CHBDC –84.09 –84.09 –83.96 –84.13 –84.09 
 

Table 5.116: Summary of prestress losses (MPa) at Section D (near bent) of SE connector 
 

 Material properties from specifications and measurements 

Analysis Method AASHTO ACI-209 CEB-FIP GL2000 Cylinder 

Monitoring –37.92 –37.92 –37.92 –37.92 –37.92 

Basic method –62.56 –49.59 –56.22 –69.67 –47.56 

100:0 –57.92 –46.16 –51.54 –62.68 –43.58 

90:10 –55.39 –43.42 –49.73 –60.70 –40.14 

70:30 –50.34 –37.94 –46.13 –56.73 –33.27 

50:50 –45.29 –32.46 –42.52 –52.76 –26.39 

AASHTO Lump-sum –154.99 –154.99 –154.99 –154.99 –154.99 

AASHTO Refined –68.62 –68.62 –68.17 –68.73 –68.62 

CEB–FIP –47.00 –35.14 –31.99 –41.98 –26.27 

CHBDC –71.51 –71.51 –72.69 –71.23 –71.51 
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Figure 5.67: Comparison of prestress losses at mid-span of NW connector 
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Figure 5.68: Comparison of prestress losses at near bent of NW connector 
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Figure 5.69: Comparison of prestress losses at mid-span of SE connector 
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Figure 5.70: Comparison of prestress losses at near bent of SE connector 
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As examined in Section 5.3.1.6, the traction of prestress loss is performed for NW 

and SE, and compared with the monitored results based on the time elapsed in Figure 

5.71, Figure 5.72, Figure 5.73 and Figure 5.74. 

104 days, 230 days, 490 days, and 1006 days (the current time) after prestressing 

for NW, and 91 days, 222 days, 467 days and 866 days (the current time) after 

prestressing are accounted for SE to plot the analytical values in figures. Note that the 

current date is April 1, 2009. 

From the figures, the monitored prestress losses are successfully traced by the 

comprehensive analysis method proposed by this study. 70:30 loading condition provides 

the most reliable results for sections A, B and C, however, the loss at Section D is better 

predicted by the loading condition of 90:10 in terms of the monitored losses. 
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Figure 5.71: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section A (mid-span) of NW connector 
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Figure 5.72: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section B (near bent) of NW connector 
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Figure 5.73: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section C (mid-span) of SE connector 
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Figure 5.74: Comparison of prestress losses from the comprehensive analysis method 
with monitored result at Section D (near bent) of SE connector 
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The differences (%) of prestress loss for NW and SE caused by each parameter 

are summarized in Table 5.117, and Figure 5.75 demonstrates how much fraction of the 

difference between the basic and the comprehensive analysis methods is occupied by 

each individual parameter. 

It is found in Table 5.117 and Figure 5.75 that the prestress loss is reduced by the 

total consideration of four parameters in the comprehensive analysis, and the effects of 

the loading sequence and horizontal reinforcements influence on the most of difference of 

prestress loss for NW and SE. 

 
Table 5.117: Differences (%) of prestress loss caused by each parameter in I215-CA91 

 

Span Section Shear Loading event 
(70:30) 

Horizontal 
reinforcement 

Averaged 
thermal creep

A 0.03  –3.02  –9.14  0.04  NW 
B –0.59  –3.63  –11.38  0.02  
C 1.63  –9.45  –11.31  0.72  SE 
D –2.51  –22.54  –11.64  1.77  
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Figure 5.75: Effect of parameters causing differences in prestress loss for I215-CA91
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6 SUMMARY AND CONCLUSIONS 

6.1 Research Summary 

Since the 1970s, a number of analytical models and computer-aided programs 

have been developed to enable the prediction of long-term prestress loss in prestressed 

concrete structures. These methods have estimated the prestress losses reasonably well 

and have shown some agreement with experiments. In the meantime, various design 

specifications for long-term prestress loss have also been made based on the analytical 

and experimental studies. 

However, the existing specification models and analytical programs have also 

been shown to have several limitations especially as related to aspects of application to 

practical design problems. Most of the specifications and some of the analytical methods 

do not include long-term material properties of concrete such as creep and shrinkage in 

an appropriate manner and do not consider the change of loading conditions possibly 

occurring due to the construction sequence used in the field. Also, most of the computer-

aided programs require large data sets and details that may not be available during the 

design stage. 

It is also very important that the values of concrete creep and shrinkage, which 

substantally influence the long-term prestress loss, are accurately assessed within a 

unified material prediction models incorporated in current specifications under the 

different environmental condition.

In this research, two bridge spans (Frame 4 and Frame 5) on Interstate I5-805 in 

San Diego and two more spans (Northwest and Southeast connectors) on I215-CA91 in 
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Riverside, California were instrumented with vibrating wire strain gages to monitor the 

actual changes in strain and temperature at critical sections of the bridges. The collected 

strains and temperatures from the spans provided the time-dependent behavior of the 

structure. These strain and temperature data were used to determine the loss in prestress 

and the thermal creep that occurred over the monitoring period. 

At the materials level, creep and shrinkage test specimens were cast from the each 

individual batch of concrete used on the selected sections of the bridge spans and were 

placed at the same location as the bridges to resolve the effects of different ambient 

conditions on the long-term material properties of concrete. Also, four different material 

specifications: AASHTO, ACI-209, CEB-FIP and GL2000 were examined to enable 

comparison with the predicted values from the cylinder specimens. 

For the analytical approach, a comprehensive analysis procedure for the 

prediction of long-term prestress loss was proposed. The basic analysis platform for this 

research had been provided earlier by Youakim and Karbhari (2006), and Youakim et al. 

(2007) and it was improved through the inclusion of five influencing parameters, which 

are to date not included in current specifications and analysis programs. The factors 

included in the analysis procedure can be categorized into two levels. The structural-level 

parameters consist of: 1) transverse shear deformation, 2) sequence of loading events and 

3) horizontal reinforcement, and the material-level includes 4) compressive strength of 

concrete and 5) thermal creep. 

To assess the level of influence of these parameters on the long-term prestress loss 

in different structures and to verify the applicability of the proposed analysis method, 

several numerical examples were studied using the parametric studies. Finally, the results 
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from the proposed method were compared with the estimated values from the various 

specification predictions and the previous analysis method. 

6.2 Conclusions 

Major findings from the structural-level bridge monitoring are: 

(1) From the annual variation of temperature, the concrete temperature of I5-I805 in 

San Diego varied between 5 °C and 25 °C, and that of I215-CA91 in Riverside 

fluctuated in the range from 0 °C to 40 °C. 

(2) About 92% to 94% of initial prestressing forces remained in F4 and F5 on I5-I805 

at the 1464th day and the 1412th day as of April 1, 2009, respectively, and 92% to 

96% remained in NW and SE on I215-CA91 at the 1006th day and the 866th day, 

respectively. 

(3) For I5-I805 in San Diego, the prestress losses at mid-span and near bent sections 

appeared to have reached asymptotic values of about 95 MPa and 68 MPa for F4 

and 94 MPa and 84 MPa for F5, respectively. 

(4) For I215-CA91 in Riverside, the prestress losses at mid-span and near bent 

sections appeared to have reached asymptotic values of about 92 MPa and 65 MPa 

for NW and 75 MPa and 38 MPa for SE, respectively. 

 

Major findings from the material-level strain measurements and the comparison with 

specifications are: 

(1) Measured shrinkage data for all bridge spans shows a great deal of fluctuation and 

appears to be more sensitive to the variation of environmental conditions than the 
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corresponding creep data 

(2) CEB-FIP material codes provided a better shrinkage prediction model for F4 and 

F5 on I5-I805 in San Diego, but GL2000 generally overestimated the final 

shrinkage, however, no dominant material code was found for NW and SE on 

I215-CA91 in Riverside, emphasizing the need for a better set of specifications. 

(3) For the creep prediction of I5-I805 in San Diego, AASHTO and ACI209 material 

codes yielded better prediction for the first loading stage in both spans. However, 

for the second loading case, the results were mixed, emphasizing the need to 

consider loading. 

(4) From the creep predictions of I215-CA91 in Riverside, the measured creep 

models were shown to agree well with averaged estimations from the all material 

codes for the first loading case in both NW and SE. For the second loading 

sequence, CEB-FIP presented well-matched results for SE. However, no code was 

found to match well with the measurements for NW, emphasizing site-dependent 

characteristics. 

 

Major findings from the analytical and parametric studies are: 

(1) The consideration of transverse shear increased the value of the total prestress loss 

at mid-spans but decreased at near bent sections. 

(2) The changes in prestress loss in bridge spans on I5-I805 and I215-CA91 due to 

consideration of the transverse shear effect were 1.0% to 5.0% and these 

correspond well with the range from the numerical examples. 

(3) Considering the sequence of loading events generally decreases the prestress 
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losses, and a significant reduction of the prestress loss can be noticed at the 

section of a support with a large span-to-depth ratio from the numerical examples. 

(4) For F4 and F5 on I5-I805, about 1% - 13% reduction of prestress loss was 

evaluated from the effect of sequence of loading events for all sections, and the 

effect was much more significant at the section of near bent than the mid-span. 

(5) For NW and SE on I215-CA91, about 5% - 37% reduction of prestress loss is 

evaluated from the effect of sequence of loading events for all sections, and this 

range of change in the prestress loss agrees well with the results found from the 

numerical examples. 

(6) The addition of horizontal reinforcement in the analysis resulted in about a 2% - 

9% reduction of total prestress losses in the numerical examples. Also, the 

location of reinforcements did not have considerable influence on the long-term 

prestress loss with realistic bridge sections. 

(7) For I5-I805 and I215-CA91, the consideration of HR in the analysis reduced 5% - 

6% and 6% - 8% of prestress loss at all sections. These reductions were 

reasonably matched to the results from the numerical examples. 

(8) The compressive strength of concrete influenced prestress losses in a significant 

manner, however, the use of HSC yielded very different results of the prestress 

loss according to the considered model code, emphasizing need for further study.  

(9) The application of HSC was found to be unsuitable for bridges with large L/h (> 

24.0) in terms of the reduction of prestress loss. 

(10) About 0.3% - 9.5% increase of total prestress losses were evaluated from 5 °C - 

15 °C of temperature difference T Ttop bot∆ −∆  at mid-support while only 0% - 
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0.15% of losses were increased at mid-span. 

(11) 2.7% and 3.6% increase of prestress loss was found for F4 and F5, and 3.5% of 

prestress loss increased at the section of mid-span for SE, however, almost no 

thermal creep effect was found in NW. These values agreed well with the results 

from the numerical examples. 

(12) The AASHTO Lump-sum method excessively overestimated the prestress losses 

for the numerical examples and the bridge spans examined in this study. AASHTO 

Refined, CHBDC and CEB-FIP specifications sometimes under-predicted or over-

predicted the losses for the different examples. 

(13) In terms of material prediction models, AASHTO and CEB-FIP model codes 

yielded better results than others, and GL2000 overestimated losses with all 

loading conditions for all bridge spans. 

(14) The analysis cases with the loading condition of 70:30 or 50:50 almost exactly 

predicted the losses at all bridge spans except the near bent sections of F5 and NW 

on I5-I805 and I215-CA91, respectively. Also, the monitored prestress losses were 

successfully replicated by the use of comprehensive analysis method. 

(15) The prestress loss was largely influenced by the consideration of sequence of 

loading events and horizontal reinforcement and the inclusion of both these 

parameters reduced the prestress loss. 

6.3 Recommendations for Design 

Several recommendations applicable to the determination of prestress loss in a design 

stage are proposed based on the results of the parametric study in the current research. 
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(1) Respectively, 1% - 5% increase and 1% - 5% reduction in prestress loss for mid-

span and near bent sections need to be considered from the transverse shear 

deformation effect. 

(2) For the cast-in-place construction of prestressed concrete bridges, the inclusion of 

50% - 70% of self-weight in the analysis seem to be reasonable to determine the 

long-term prestress loss at the time of prestressing, and the rest 30% - 50% of the 

self-weight can be assumed to act at the time when the falsework and formwork 

are removed. 

(3) To evaluate appropriate long-term material properties of high-strength concrete, 

additional material tests with concrete specimens are required to provide better 

characteristic. 

(4) 2% - 9% reduction in prestress loss needs to be taken into consideration for the 

effect of horizontal reinforcements with the conventional amount of reinforcement 

used in a bridge. 

(5) 1% - 2% increase in prestress loss needs to be accounted for as related to the 

thermal creep effect when measured temperature data are not available. 

6.4 Future Research 

The following recommendations are made to broaden the understanding of the long-term 

prestress loss in prestressed box girder bridges. 

(1) Monitoring needs be conduced on a larger number of bridge sections and 

locations over longer periods of time to develop a more reliable database; 

(2) The movement of the bridge supports needs to be monitored during the change of 
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loading under construction and during other significant events in service since the 

support conditions are crucial for long-term prediction; 

(3) Monitoring of environmental conditions such as relative humidity, temperature 

and wind is essential to more accurately calculate the effect of environmental 

conditions. 

(4) The effect of curves along the length of structures needs to be included in the 

comprehensive analysis method. 
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APPENDIX A. Methods for Predicting Long-Term Properties of Concrete 

The material prediction models for long-term properties of concrete including 

creep and shrinkage suggested by the specifications: AASHTO (AASHTO LRFD, 2004), 

ACI-209 (ACI, 1992), CEB-FIP (CEB-FIP, 1993) and GL2000 (Gardner and Lockman, 

2001) are presented.

The development of creep and shrinkage depends on a number of factors. In this 

study, these parameters for each specification could be categorized into six standard 

parameters. The parameters incorporated in each specification are presented in Table A1 

and Table A2. Also, the limitations when the specifications are applied in design are 

shown in Table A3. More detail explanations and comments about the significance of the 

six standardized input parameters are found in Lewis (2006). 

 

Table A1: Input parameters to specifications for creep coefficient 
 

Specification Input Parameters 
AASHTO ACI-209 CEB-FIP GL2000

Volume-to-surface ratio (V/S) x x x x 
Relative humidity (RH) x x x x 
28-day concrete strength ( cf ′ ) x x x  
Mixture proportion of concrete  x   
Concrete age ( t ) x x x x 
Concrete age at loading ( 0t ) x x x x 
Concrete age at the end of curing ( st )    x 
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Table A2: Input parameters to specifications for shrinkage strain 
 

Specification Input Parameters 
AASHTO ACI-209 CEB-FIP GL2000

Volume-to-surface ratio (V/S) x x x x 
Relative humidity (RH) x x x x 
28-day concrete strength ( cf ′ )  x x x 
Mixture proportion of concrete  x   
Concrete age ( t ) x x x x 
Concrete age at the end of curing ( st )   x x x 

 

Table A3: Limitations for specifications 
 

Specification 
Input Parameters 

AASHTO ACI-209 CEB-FIP GL2000

Mean concrete strength cmf  (MPa) - 28 - 83 20 - 90 20 - 69 

Relative Humidity (%) 40 - 100 40 - 100 40 - 100 40 - 100

Cement type I or III I or III S, NR, R I, II or III

Concrete age at loading 0t  with moist 
cured (days) 

7≥  7≥  - 2≥  

Concrete age at the start of shrinkage st  
with moist cured (days) 

7≥  7≥  14≤  2≥  

 

A1. AASHTO (AASHTO, 2004) 

Creep 

The creep coefficient ( )0,t tϕ  over an interval of time may be taken as 

( ) ( )
( )

0.6
00.118

0 0 0.6
0

, 3.5 1.58
120 10.0c f

t tRHt t k k t
t t

ϕ −
⎛ ⎞−⎛ ⎞= − ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ + −⎝ ⎠

 (A1)
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where 

t = time (in days) from the date concrete was cast;  

0t = age of the concrete at stressing (in days) from the date concrete was cast; 

ck = modification factor for the effect of member size V/S; 

fk = modification factor for 28-day compressive strength of concrete; and 

RH = average relative humidity in percent. 

The factor for the effect of the volume-to-surface ratio of the component ck  specified as 

the following equation. 

( ) ( )

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

+

+=
−

587.2
77.180.1

45

26
/0213.0/0142.0 SVSV

c
e

t
t

te
t

k  (A2)

where 

SV / = volume to surface area ratio, mm.  

The factor for the effect of concrete strength fk  is given by 

c
f f

k
'9.642

62
+

=  (A3)

where 

cf ′= concrete compressive strength at 28 days. 

 

Shrinkage 

The strain due to shrinkage at time t ( ),cs st tε  may be taken as: 
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( ) 3, 0.51 10
35.0cs s s h

tt t k k
t

ε −⎛ ⎞= − ×⎜ ⎟+⎝ ⎠
 (A4)

where 

st = age of the concrete at the start of shrinkage and the end of curing (in days); 

sk = correction factor for the V/S of the concrete; and 

hk = correction factor for the relative humidity influence on shrinkage. 

The correction factor for the influence of the element size sk  is given by 

( ) ( )0.0142 / 1064 3.70 /26
923

45

V S

s

t
V Se tk t

t

⎛ ⎞
⎜ ⎟ −⎛ ⎞+= ⎜ ⎟⎜ ⎟

⎝ ⎠⎜ ⎟⎜ ⎟+⎝ ⎠

 (A5)

The factor for the relative humidity is approximated by the following equations. 

140
70h

RHk −
=  for %80≤RH  

( )3 100
70h

RH
k

−
=  for %10080 ≤< RH  

(A6a)

(A6b)

A2. ACI-209 (ACI Committee 209, 1992) 

The equations from ACI-209 for creep and shrinkage were adopted for use in the 

PCI Bridge Design Manual (PCI, 2003). There exist minor differences in the equations, 

found in the coefficients of the equations, but the ACI-209 and PCI methods are in 

essence the same and produce equivalent predictions of creep and shrinkage. Also, the 

development of strength and modulus of elasticity versus time in this specification is 

adopted by AASHTO specifications (AASHTO, 2004). 
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Strength and elastic properties 

The general equation for predicting concrete strength at any time is 

( )c c
tf t f

tα β
′ ′=

+
 (MPa) (A7)

where 

t = time (in days) from the date concrete was cast; 

cf ′= concrete compressive strength at 28 days in MPa; and 

a and β = coefficients for curing condition and cement type in Table A4. 

 

Table A4: Coefficients for curing condition and cement type in ACI-209 
 

Curing condition Type of cement a β  
I 4.0 0.85 

Moist cured 
III 2.3 0.92 
I 1.0 0.95 

Steam cure 
III 0.7 0.98 

 

The modulus of elasticity for concrete with unit weight between 1442 3kg/m  and 2483 

3kg/m  

( ) 1.50.043 ( )c cE t w f t′=  (MPa) (A8)

where 

w = unit weight of concrete, 3kg/m . 

Creep 

In the absence of specific creep data for local aggregates and conditions, the 

average values suggested for concrete with standard condition and strengths in the range 
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of 4 to 12 ksi are: 

( )
0.6

0 0.6,
10 u c

tt t v
t

ϕ γ=
+

 (A9)

where 

2.35uv =  (recommended by Branson and Christiason ,1971); and 

c la vs sλ α ψγ γ γ γ γ γ γ=  product of correction factors. 

Correction factor for the loading age laγ , 

( ) 0.118
01.25la tγ −=  (A10)

Correction factor for ambient relative humidity λγ , 

1.27 0.0067RHλγ = − 40 100RH≤ ≤  (A11)

Correction factor for volume-surface ratio vsγ , 

[ ]2 3 1 1.13exp( 0.0213 / )vs V Sγ = + −  (A12)

where 

SV / = Volume to surface ratio, mm. 

Correction factor for air content αγ , 

0.46 0.09αγ α= +  (A13)

where 

α  = air content, %. 

Correction factor for slump sγ , 

0.89 0.00161s sγ = +  (A14)

where 
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s = observed slump, mm. 

Correction factor for fine aggregate percentage ψγ , 

0.88 0.0024ψγ ψ= +  (A15)

where 

ψ = ratio of the fine aggregate to total aggregate by weight, %. 

If no data is available for the factors αγ , sγ  and ψγ , they can be taken as 1.0. 

 

Shrinkage 

The general equation for predicting shrinkage within the ACI-209 specification 

appears as the following. 

( ) ( )0,cs cs shu

tt t
b t

ε ε γ=
+

 (A16)

where 

( ) 6780 10  m/mcs u
ε −= ×  (recommended by Branson and Christiason (1971)); 

b = 35 for moist cured or b = 55 for steam cured; and 

sh la vs sλ α ψγ γ γ γ γ γ γ=  product of correction factors. 

Correction factor for ambient relative humidity λγ , 

1.4 0.0102  for 40 80RH RHλγ = − ≤ ≤  or 

3.0 0.030  for 80 100RH RH− < ≤  
(A17)

Correction factor for volume-surface ratio vsγ , 

1.2exp( 0.00472 / )vs V Sγ = −  (A18)

Correction factor for air content αγ , 



 

 

295

0.95 0.008αγ α= +  (A19)

Correction factor for slump sγ , 

0.89 0.041s sγ = +  (A20)

Correction factor for fine aggregate percentage ψγ , 

0.30 0.014  for 50ψγ ψ ψ= + ≤  or 

0.90 0.002  for 50ψ ψ+ >  
(A21)

A3. CEB-FIP (CEB-FIP, 1993) 

The CEB-FIP equations are written to account for several complex 

interdependencies of inputs that are not similarly treated in other specifications. The 

influence of notional thickness on rate at which relative humidity changes the 

development rate of creep is accounted. Additionally, the modulus of elasticity is 

calculated based on time-development rates of the concrete strength and hardening. 

 

Strength and elastic properties 

The mean concrete compressive strength at any point in time ( )cmf t  may be 

calculated from the following equation. 

( ) ( ) cmcccm fttf β=  (A22)

where 

8' += ccm ff  mean concrete compressive strength at 28 days (MPa); 

( )tccβ  = factor for the time-development rate of concrete strength; 
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( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

t
stcc

281expβ ; and 

s = factor for the influence of concrete hardening rate in Table A5. 

 

Table A5: Factor for the influence of concrete hardening rate in CEB-FIP: s 
 

Hardening rate of concrete s 
Slow hardening (S) 0.38 

Normal and rapid hardening (NR) 0.25 
Rapid hardening (R) 0.20 

 

The modulus of elasticity for concrete at any point in time can be calculated from 

( ) ( ) ( )28cEc EttE β=  (A23)

where 

( )tEc = concrete modulus of elasticity at any point in time; 

( )tEβ = factor for the time development rate of modulus of elasticity; 

( ) ( )tt ccE ββ = ; and 

( )
3/1

10
2150028 ⎟

⎠
⎞

⎜
⎝
⎛= cm

c
fE : modulus of elasticity for concrete at 28 days. 

 

Creep 

Creep is expressed in Equation (A22) 

( ) ( ) ( )0000, ttttt Ec ββφφ −=  (A24)

where 
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( ) ( )00 tfcmRH ββφφ = ; 

3/1
0

100
46.0

100
1

1

⎟
⎠
⎞

⎜
⎝
⎛

−
+=

h

RH

RHφ ; 

RHφ  = factor for the influence of relative humidity on the concrete; 

0h  = notional thickness of the concrete = 2 cA
u

, mm; 

cA  = cross sectional area of concrete; 

u  = perimeter of concrete exposed to the atmosphere; 

( )

10

3.5

cm
cm f

f =β ; 

( )cmfβ  = factor for the influence of concrete strength on the ultimate creep; 

( ) 2.0
0

0 1.0
1

t
t

+
=β ; 

( )0tβ  = factor for the influence of the age at loading on the ultimate creep;  

( )
3.0

0

0
0 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−
−

=−
H

c tt
tttt
β

β ; 

( )( ) 1500250012.01
100

150 180 ≤++= RHh
Hβ ; and 

( ) ( )
( )28

0
0

c

c
E E

tEt =β . 

 

Shrinkage 
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The general form of the shrinkage producing equation for any age of the concrete 

appears as 

( ) ( )sscsssh tttt −= βεε 0,  (A25)

where 

( )

0.5

2
0350

100

s
s s

s

t tt t
h t t

β

⎛ ⎞
⎜ ⎟−⎜ ⎟− =
⎜ ⎟⎛ ⎞ + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

; 

( ) RHcmscs f βεε =0 ; 

( )cms fε = factor for the influence of concrete strength and cement type; 

RHβ = factor for the influence of relative humidity on shrinkage; 

( ) 610
10

910160 −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ −+= cm

sccms
ff βε ; 

scβ = factor for the influence of cement hardening rate; 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛−−=

3

100
155.1 RH

RHβ  for %9940 ≤≤ RH  or 0.25 for %99>RH ; and 

scβ  is a factor for the type of cement used as summarized in Table A6. 

 

Table A6: Factor for the influence of type of cement in CEB-FIP: s 
 

Hardening rate of concrete scβ  

Slow hardening (S) 4 
Normal and rapid hardening (NR) 5 

Rapid hardening (R) 8 
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A4. GL2000 (Gardner and Lockman, 2001) 

Strength and elastic properties 

The mean concrete compressive strength at any point in time cmtf  may be 

calculated from the following equation. 

3/ 4

28 3/ 4cmt cm
tf f

a bt
=

+
 (MPa) (A26)

where 

28 1.1 ' 5cm cf f= + , MPa; 

cf ' = Concrete compressive strength, MPa; and 

a and b = factors for the influence of cement type in Table A7. 

 

Table A7: Factors for the influence of cement type in GL2000 
 

Type of Cement a b 
I 2.8 0.77 
II 3.4 0.72 
III 1.0 0.92 

 

The mean modulus of elasticity for concrete at age t can be estimated from the 

compressive strength 

3500 4300cmt cmtE f= +  (MPa) (A27)

 

Creep 

The creep coefficient is calculated by Equation (A28). 
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( ) ( )

( )
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 (A28)

where 

( )
( )

0.50.5

0
2

0

1
0.12 /

s
c

s

t tt
t t V S

⎛ ⎞⎛ ⎞−⎜ ⎟Φ = − ⎜ ⎟
⎜ ⎟⎜ ⎟− +⎝ ⎠⎝ ⎠

 when 0 ct t>  or 

( ) 1ctΦ =  when 0 ct t= ; 

0t = age concrete loaded, days; 

ct = age drying commenced, days; and 

SV / = Volume to surface area ratio, mm. 

 

Shrinkage 

The general form of the shrinkage-prediction equation is 

( ) ( ) ( )thtt shussh ββεε =,  (A29)

where 

6
5.0

10301000 −
⎟⎟
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⎞
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⎝

⎛
=
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shu f
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⎠
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⎜
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β
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⎜ ⎟− +⎝ ⎠

; and  
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K = factor for the influence of cement type in Table A8. 

 

Table A8: Factor for the influence of cement type on shrinkage in GL2000 
 

Type of Cement K 
I 1.00 
II 0.75 
III 1.15 
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APPENDIX B. Input Files for Structural Analysis in SAP2000 

SAP2000 is one of the most popularly used structural analysis software packages 

for the design of bridge structures. All structural analysis providing fundamental data for 

the calculation of long-term prestress loss were performed with SAP2000 in this study so 

that designers can easily utilize the proposed method. The input files used for each 

analysis example are given in this section.

B1. Beam Example in Section 5.2.1 

The input file for the beam example in Section 5.2.1 with the span length of 30.0 

m is presented. Three analysis cases having the temperature differences of 5 °C, 10 °C 

and 15 °C between at top and bottom of the section ( T Ttop bot∆ −∆ ) are included as loading 

cases: TEMP1, TEMP2 and TEMP3 in the following file. 

SYSTEM 
  DOF=UX,UZ,RY  LENGTH=m  FORCE=KN  LINES=59 
 
JOINT 
  1  X=0     Y=0  Z=0 
  2  X=13.5  Y=0  Z=0 
  3  X=27    Y=0  Z=0 
  4  X=30    Y=0  Z=0 
  5  X=33    Y=0  Z=0 
  6  X=46.5  Y=0  Z=0 
  7  X=60    Y=0  Z=0 
 
RESTRAINT 
  ADD=1  DOF=U3 
  ADD=4  DOF=U1,U2,U3 
  ADD=7  DOF=U3 
 
PATTERN 
  NAME=DEFAULT 
 
MATERIAL 
  NAME=1  IDES=N   
    T=0  E=3.3E+07  U=.21  A=.0000126 
  NAME=STEEL  IDES=S  M=7.8271  W=76.81955 
    T=0  E=1.99948E+08  U=.3  A=.0000117  FY=248211.3 
  NAME=CONC  IDES=C  M=2.40068  W=23.56161 
    T=0  E=2.482113E+07  U=.2  A=.0000099 
 
FRAME SECTION 
  NAME=1 MAT=1 A=1.1106 J=0 I=.4395,0 AS=0,0 T=2,1 
  NAME=2 MAT=1 A=1.1106 J=0 I=.4386,0 AS=0,0 T=2,1 
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FRAME 
  1  J=1,2  SEC=1  NSEG=4  ANG=0 
  2  J=2,3  SEC=1  NSEG=4  ANG=0 
  3  J=3,4  SEC=2  NSEG=4  ANG=0 
  4  J=4,5  SEC=2  NSEG=4  ANG=0 
  5  J=5,6  SEC=1  NSEG=4  ANG=0 
  6  J=6,7  SEC=1  NSEG=4  ANG=0 
 
LOAD 
  NAME=SELF  CSYS=0 
    TYPE=DISTRIBUTED SPAN 
      ADD=1  RD=0,1  U2=-27.764,-27.764 
      ADD=2  RD=0,1  U2=-27.764,-27.764 
      ADD=3  RD=0,1  U2=-27.764,-27.764 
      ADD=4  RD=0,1  U2=-27.764,-27.764 
      ADD=5  RD=0,1  U2=-27.764,-27.764 
      ADD=6  RD=0,1  U2=-27.764,-27.764 
  NAME=TEMP1  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=5 
      ADD=2  T2=5 
      ADD=3  T2=5 
      ADD=4  T2=5 
      ADD=5  T2=5 
      ADD=6  T2=5 
  NAME=TEMP2  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=10 
      ADD=2  T2=10 
      ADD=3  T2=10 
      ADD=4  T2=10 
      ADD=5  T2=10 
      ADD=6  T2=10 
  NAME=TEMP3  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=15 
      ADD=2  T2=15 
      ADD=3  T2=15 
      ADD=4  T2=15 
      ADD=5  T2=15 
      ADD=6  T2=15 
 
OUTPUT 
; No Output Requested 
 
END 
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B2. Box Girder Bridge Example in Section 5.2.3 

The input file for the box girder bridge example in Section 5.2.3 with the span 

length of 40.0 m is shown. Three temperature cases are also included in TEMP1, TEMP2 

and TEMP3. 

SYSTEM 
  DOF=UX,UZ,RY  LENGTH=m  FORCE=KN  LINES=59 
 
JOINT 
  1   X=0  Y=0  Z=0 
  2  X=16  Y=0  Z=0 
  3  X=36  Y=0  Z=0 
  4  X=40  Y=0  Z=0 
  5  X=44  Y=0  Z=0 
  6  X=64  Y=0  Z=0 
  7  X=80  Y=0  Z=0 
 
RESTRAINT 
  ADD=1  DOF=U3 
  ADD=4  DOF=U1,U2,U3 
  ADD=7  DOF=U3 
 
PATTERN 
  NAME=DEFAULT 
 
MATERIAL 
  NAME=1  IDES=N   
    T=0  E=3.3E+07  U=.21  A=.0000126 
  NAME=STEEL  IDES=S  M=7.8271  W=76.81955 
    T=0  E=1.99948E+08  U=.3  A=.0000117  FY=248211.3 
  NAME=CONC  IDES=C  M=2.40068  W=23.56161 
    T=0  E=2.482113E+07  U=.2  A=.0000099 
 
FRAME SECTION 
  NAME=1 MAT=1 A=5.0313 J=0 I=4.647,0 AS=0,0 T=2.5,1 
  NAME=2 MAT=1 A=5.7563 J=0 I=5.577,0 AS=0,0 T=2.5,1 
 
FRAME 
  1  J=1,2  SEC=1  NSEG=4  ANG=0 
  2  J=2,3  SEC=1  NSEG=4  ANG=0 
  3  J=3,4  SEC=2  NSEG=4  ANG=0 
  4  J=4,5  SEC=2  NSEG=4  ANG=0 
  5  J=5,6  SEC=1  NSEG=4  ANG=0 
  6  J=6,7  SEC=1  NSEG=4  ANG=0 
 
LOAD 
  NAME=SELF  CSYS=0 
    TYPE=DISTRIBUTED SPAN 
      ADD=1  RD=0,1  U2=-125.784,-125.784 
      ADD=2  RD=0,1  U2=-125.784,-125.784 
      ADD=3  RD=0,1  U2=-143.908,-143.908 
      ADD=4  RD=0,1  U2=-143.908,-143.908 
      ADD=5  RD=0,1  U2=-125.784,-125.784 
      ADD=6  RD=0,1  U2=-125.784,-125.784 
  NAME=TEMP1  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=5 
      ADD=2  T2=5 
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      ADD=3  T2=5 
      ADD=4  T2=5 
      ADD=5  T2=5 
      ADD=6  T2=5 
  NAME=TEMP2  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=10 
      ADD=2  T2=10 
      ADD=3  T2=10 
      ADD=4  T2=10 
      ADD=5  T2=10 
      ADD=6  T2=10 
  NAME=TEMP3  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=15 
      ADD=2  T2=15 
      ADD=3  T2=15 
      ADD=4  T2=15 
      ADD=5  T2=15 
      ADD=6  T2=15 
 
OUTPUT 
; No Output Requested 
 
END 
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B3. Frame 4 of I5-I805 in Section 5.3.1 

The input file for the Frame 4 of I5-I805 in Section 5.3.1 is shown. 

SYSTEM 
  DOF=UX,UZ,RY  LENGTH=m  FORCE=KN  LINES=59 
 
JOINT 
   1  X=0        Y=0  Z=23.22 
   2  X=.92      Y=0  Z=23.22 
   3  X=1.51     Y=0  Z=23.22 
   4  X=1.6      Y=0  Z=23.22 
   5  X=2.2      Y=0  Z=23.22 
   6  X=5.825    Y=0  Z=23.22 
   7  X=7.35     Y=0  Z=23.22 
   8  X=8.875    Y=0  Z=23.22 
   9  X=13.85    Y=0  Z=23.22 
  10  X=16.19    Y=0  Z=23.22 
  11  X=53.9425  Y=0  Z=23.22 
  12  X=57.35    Y=0  Z=23.22 
  13  X=62.4775  Y=0  Z=23.22 
  14  X=63.85    Y=0  Z=23.22 
  15  X=65.2225  Y=0  Z=23.22 
  16  X=73.7575  Y=0  Z=23.22 
  17  X=134.41   Y=0  Z=23.22 
  18  X=142.945  Y=0  Z=23.22 
  19  X=144.47   Y=0  Z=23.22 
  20  X=145.995  Y=0  Z=23.22 
  21  X=154.53   Y=0  Z=23.22 
  22  X=198.59   Y=0  Z=23.22 
  23  X=205.905  Y=0  Z=23.22 
  24  X=206.97   Y=0  Z=23.22 
  25  X=208.035  Y=0  Z=23.22 
  26  X=214.455  Y=0  Z=23.22 
  27  X=215.055  Y=0  Z=23.22 
  28  X=215.36   Y=0  Z=23.22 
  29  X=215.97   Y=0  Z=23.22 
  30  X=216.655  Y=0  Z=23.22 
  31  X=7.35     Y=0  Z=.47 
  32  X=63.85    Y=0  Z=0 
  33  X=144.47   Y=0  Z=5.5 
  34  X=206.97   Y=0  Z=9.47 
 
RESTRAINT 
  ADD=31  DOF=U1,U2,U3,R1,R2,R3 
  ADD=32  DOF=U1,U2,U3,R1,R2,R3 
  ADD=33  DOF=U1,U2,U3,R1,R2,R3 
  ADD=34  DOF=U1,U2,U3,R1,R2,R3 
 
PATTERN 
  NAME=DEFAULT 
 
MATERIAL 
  NAME=1  IDES=N   
    T=0  E=3.12E+07  U=.21  A=.0000126 
  NAME=STEEL  IDES=S  M=7.8271  W=76.81955 
    T=0  E=1.99948E+08  U=.3  A=.0000117  FY=248211.3 
  NAME=CONC  IDES=C  M=2.40068  W=23.56161 
    T=0  E=2.482113E+07  U=.2  A=.0000099 
 
FRAME SECTION 
  NAME=1 MAT=1 A=14.26 J=0 I=2.26,0 AS=0,0 T=3.22,1 
  NAME=2 MAT=1 A=23.24 J=0 I=9.81,0 AS=0,0 T=3.22,1 
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  NAME=3 MAT=1 A=28.41 J=0 I=17.9,0 AS=0,0 T=3.22,1 
  NAME=4 MAT=1 A=28.94 J=0 I=18.75,0 AS=0,0 T=3.22,1 
  NAME=5 MAT=1 A=9.28 J=0 I=10.58,0 AS=0,0 T=3.22,1 
  NAME=6 MAT=1 A=28.94 J=0 I=18.75,0 AS=0,0 T=3.22,1 
  NAME=7 MAT=1 A=28.94 J=0 I=18.75,0 AS=0,0 T=3.22,1 
  NAME=8 MAT=1 A=8.48 J=0 I=10.09,0 AS=0,0 T=3.22,1 
  NAME=9 MAT=1 A=7.86 J=0 I=10.73,0 AS=0,0 T=3.22,1 
  NAME=10 MAT=1 A=7.86 J=0 I=10.73,0 AS=0,0 T=3.22,1 
  NAME=11 MAT=1 A=7.86 J=0 I=10.73,0 AS=0,0 T=3.22,1 
  NAME=12 MAT=1 A=9.72 J=0 I=15.09,0 AS=0,0 T=3.22,1 
  NAME=13 MAT=1 A=33.8 J=0 I=29.93,0 AS=0,0 T=3.22,1 
  NAME=14 MAT=1 A=33.8 J=0 I=29.93,0 AS=0,0 T=3.22,1 
  NAME=15 MAT=1 A=9.63 J=0 I=15.43,0 AS=0,0 T=3.22,1 
  NAME=16 MAT=1 A=8.14 J=0 I=12.89,0 AS=0,0 T=3.22,1 
  NAME=17 MAT=1 A=9.63 J=0 I=15.43,0 AS=0,0 T=3.22,1 
  NAME=18 MAT=1 A=33.8 J=0 I=29.93,0 AS=0,0 T=3.22,1 
  NAME=19 MAT=1 A=33.8 J=0 I=29.93,0 AS=0,0 T=3.22,1 
  NAME=20 MAT=1 A=9.59 J=0 I=15.05,0 AS=0,0 T=3.22,1 
  NAME=21 MAT=1 A=7.86 J=0 I=10.73,0 AS=0,0 T=3.22,1 
  NAME=22 MAT=1 A=8.48 J=0 I=10.06,0 AS=0,0 T=3.22,1 
  NAME=23 MAT=1 A=28.94 J=0 I=18.75,0 AS=0,0 T=3.22,1 
  NAME=24 MAT=1 A=28.41 J=0 I=17.9,0 AS=0,0 T=3.22,1 
  NAME=25 MAT=1 A=28.41 J=0 I=17.9,0 AS=0,0 T=3.22,1 
  NAME=26 MAT=1 A=28.41 J=0 I=17.9,0 AS=0,0 T=3.22,1 
  NAME=27 MAT=1 A=28.41 J=0 I=17.9,0 AS=0,0 T=3.22,1 
  NAME=28 MAT=1 A=23.24 J=0 I=9.81,0 AS=0,0 T=3.22,1 
  NAME=29 MAT=1 A=14.26 J=0 I=2.26,0 AS=0,0 T=3.22,1 
  NAME=30 MAT=1 A=4.676 J=0 I=2.12,0 AS=0,0 T=3.22,1 
  NAME=31 MAT=1 A=5.864 J=0 I=2.17,0 AS=0,0 T=3.22,1 
  NAME=32 MAT=1 A=4.676 J=0 I=2.12,0 AS=0,0 T=3.22,1 
  NAME=33 MAT=1 A=7.12 J=0 I=2.58,0 AS=0,0 T=3.22,1 
 
FRAME 
  1  J=1,2  SEC=1  NSEG=4  ANG=0 
  2  J=2,3  SEC=2  NSEG=4  ANG=0 
  3  J=3,4  SEC=3  NSEG=4  ANG=0 
  4  J=4,5  SEC=4  NSEG=4  ANG=0 
  5  J=5,6  SEC=5  NSEG=4  ANG=0 
  6  J=6,7  SEC=6  NSEG=4  ANG=0 
  7  J=7,8  SEC=7  NSEG=4  ANG=0 
  8  J=8,9  SEC=8  NSEG=4  ANG=0 
  9  J=9,10  SEC=9  NSEG=4  ANG=0 
  10  J=10,11  SEC=10  NSEG=4  ANG=0 
  11  J=11,12  SEC=11  NSEG=4  ANG=0 
  12  J=12,13  SEC=12  NSEG=4  ANG=0 
  13  J=13,14  SEC=13  NSEG=4  ANG=0 
  14  J=14,15  SEC=14  NSEG=4  ANG=0 
  15  J=15,16  SEC=15  NSEG=4  ANG=0 
  16  J=16,17  SEC=16  NSEG=4  ANG=0 
  17  J=17,18  SEC=17  NSEG=4  ANG=0 
  18  J=18,19  SEC=18  NSEG=4  ANG=0 
  19  J=19,20  SEC=19  NSEG=4  ANG=0 
  20  J=20,21  SEC=20  NSEG=4  ANG=0 
  21  J=21,22  SEC=21  NSEG=4  ANG=0 
  22  J=22,23  SEC=22  NSEG=4  ANG=0 
  23  J=23,24  SEC=23  NSEG=4  ANG=0 
  24  J=24,25  SEC=24  NSEG=4  ANG=0 
  25  J=25,26  SEC=25  NSEG=4  ANG=0 
  26  J=26,27  SEC=26  NSEG=4  ANG=0 
  27  J=27,28  SEC=27  NSEG=4  ANG=0 
  28  J=28,29  SEC=28  NSEG=4  ANG=0 
  29  J=29,30  SEC=29  NSEG=4  ANG=0 
  30  J=31,7  SEC=30  NSEG=4  ANG=0 
  31  J=32,14  SEC=31  NSEG=4  ANG=0 
  32  J=33,19  SEC=32  NSEG=4  ANG=0 
  33  J=34,24  SEC=33  NSEG=4  ANG=0 
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LOAD 
  NAME=SELF  CSYS=0 
    TYPE=DISTRIBUTED SPAN 
      ADD=1  RD=0,1  U2=-450,-450 
      ADD=2  RD=0,1  U2=-450,-450 
      ADD=3  RD=0,1  U2=-450,-450 
      ADD=4  RD=0,1  U2=-682,-682 
      ADD=5  RD=0,1  U2=-219,-219 
      ADD=6  RD=0,1  U2=-219,-219 
      ADD=7  RD=0,1  U2=-219,-219 
      ADD=8  RD=0,1  U2=-219,-180 
      ADD=9  RD=0,1  U2=-180,-180 
      ADD=10  RD=0,1  U2=-180,-202 
      ADD=11  RD=0,1  U2=-202,-261 
      ADD=12  RD=0,1  U2=-261,-261 
      ADD=13  RD=0,1  U2=-261,-261 
      ADD=14  RD=0,1  U2=-261,-261 
      ADD=15  RD=0,1  U2=-261,-192 
      ADD=16  RD=0,1  U2=-192,-192 
      ADD=17  RD=0,1  U2=-192,-261 
      ADD=18  RD=0,1  U2=-261,-261 
      ADD=19  RD=0,1  U2=-261,-261 
      ADD=20  RD=0,1  U2=-261,-180 
      ADD=21  RD=0,1  U2=-180,-190 
      ADD=22  RD=0,1  U2=-190,-219 
      ADD=23  RD=0,1  U2=-219,-219 
      ADD=24  RD=0,1  U2=-219,-219 
      ADD=25  RD=0,1  U2=-219,-219 
      ADD=26  RD=0,1  U2=-682,-682 
      ADD=27  RD=0,1  U2=-450,-450 
      ADD=28  RD=0,1  U2=-450,-450 
      ADD=29  RD=0,1  U2=-450,-450 
  NAME=TEMPMAX  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
ADD=1  T2=8.91 
      ADD=2  T2=8.91 
      ADD=3  T2=8.91 
      ADD=4  T2=8.91 
      ADD=5  T2=8.91 
      ADD=6  T2=8.91 
      ADD=7  T2=8.91 
      ADD=8  T2=8.91 
      ADD=9  T2=8.91 
      ADD=10  T2=8.91 
      ADD=11  T2=8.91 
      ADD=12  T2=8.91 
      ADD=13  T2=8.91 
      ADD=14  T2=8.91 
      ADD=15  T2=8.91 
      ADD=16  T2=8.91 
      ADD=17  T2=8.91 
      ADD=18  T2=8.91 
      ADD=19  T2=8.91 
      ADD=20  T2=8.91 
      ADD=21  T2=8.91 
      ADD=22  T2=8.91 
      ADD=23  T2=8.91 
      ADD=24  T2=8.91 
      ADD=25  T2=8.91 
      ADD=26  T2=8.91 
      ADD=27  T2=8.91 
      ADD=28  T2=8.91 
      ADD=29  T2=8.91 
  NAME=TEMPMIN  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=-2.44 
      ADD=2  T2=-2.44 
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      ADD=3  T2=-2.44 
      ADD=4  T2=-2.44 
      ADD=5  T2=-2.44 
      ADD=6  T2=-2.44 
      ADD=7  T2=-2.44 
      ADD=8  T2=-2.44 
      ADD=9  T2=-2.44 
      ADD=10  T2=-2.44 
      ADD=11  T2=-2.44 
      ADD=12  T2=-2.44 
      ADD=13  T2=-2.44 
      ADD=14  T2=-2.44 
      ADD=15  T2=-2.44 
      ADD=16  T2=-2.44 
      ADD=17  T2=-2.44 
      ADD=18  T2=-2.44 
      ADD=19  T2=-2.44 
      ADD=20  T2=-2.44 
      ADD=21  T2=-2.44 
      ADD=22  T2=-2.44 
      ADD=23  T2=-2.44 
      ADD=24  T2=-2.44 
      ADD=25  T2=-2.44 
      ADD=26  T2=-2.44 
      ADD=27  T2=-2.44 
      ADD=28  T2=-2.44 
      ADD=29  T2=-2.44 
 
OUTPUT 
; No Output Requested 
 
END 
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B4. Frame 5 of I5-I805 in Section 5.3.1 

The input file for the Frame 5 of I5-I805 in Section 5.3.1 is shown. 

SYSTEM 
  DOF=UX,UZ,RY  LENGTH=m  FORCE=KN  LINES=59 
 
JOINT 
  1   X=0        Y=0  Z=14.78 
  2   X=.35      Y=0  Z=14.78 
  3   X=.99      Y=0  Z=14.78 
  4   X=1.59     Y=0  Z=14.78 
  5   X=6.59     Y=0  Z=14.78 
  6   X=45.3475  Y=0  Z=14.78 
  7   X=51.4425  Y=0  Z=14.78 
  8   X=52.815   Y=0  Z=14.78 
  9   X=54.1875  Y=0  Z=14.78 
  10  X=60.2825  Y=0  Z=14.78 
  11  X=98.1675  Y=0  Z=14.78 
  12  X=104.2625 Y=0  Z=14.78 
  13  X=105.635  Y=0  Z=14.78 
  14  X=107.0075 Y=0  Z=14.78 
  15  X=113.1025 Y=0  Z=14.78 
  16  X=150.9875 Y=0  Z=14.78 
  17  X=157.0825 Y=0  Z=14.78 
  18  X=158.455  Y=0  Z=14.78 
  19  X=159.8275 Y=0  Z=14.78 
  20  X=164.555  Y=0  Z=14.78 
  21  X=165.155  Y=0  Z=14.78 
  22  X=165.41   Y=0  Z=14.78 
  23  X=165.92   Y=0  Z=14.78 
  24  X=166.605  Y=0  Z=14.78 
  25  X=52.815   Y=0  Z=0 
  26  X=105.635  Y=0  Z=0 
  27  X=158.455  Y=0  Z=3.5 
 
RESTRAINT 
  ADD=25  DOF=U1,U2,U3,R1,R2,R3 
  ADD=26  DOF=U1,U2,U3,R1,R2,R3 
  ADD=27  DOF=U1,U2,U3,R1,R2,R3 
  ADD=1  DOF=U3 
 
PATTERN 
  NAME=DEFAULT 
 
MATERIAL 
  NAME=1  IDES=N   
    T=0  E=2.98E+07  U=.21  A=.0000126 
  NAME=STEEL  IDES=S  M=7.8271  W=76.81955 
    T=0  E=1.99948E+08  U=.3  A=.0000117  FY=248211.3 
  NAME=CONC  IDES=C  M=2.40068  W=23.56161 
    T=0  E=2.482113E+07  U=.2  A=.0000099 
 
FRAME SECTION 
  NAME=1 MAT=1 A=14.26 J=0 I=2.26,0 AS=0,0 T=2.28,1 
  NAME=2 MAT=1 A=42.66 J=0 I=60.64,0 AS=0,0 T=2.28,1 
  NAME=3 MAT=1 A=30.08 J=0 I=21.06,0 AS=0,0 T=2.28,1 
  NAME=4 MAT=1 A=9.08 J=0 I=11.46,0 AS=0,0 T=2.28,1 
  NAME=5 MAT=1 A=8.47 J=0 I=9.46,0 AS=0,0 T=2.28,1 
  NAME=6 MAT=1 A=8.51 J=0 I=7.3,0 AS=0,0 T=2.28,1 
  NAME=7 MAT=1 A=24.09 J=0 I=10.76,0 AS=0,0 T=2.28,1 
  NAME=8 MAT=1 A=24.09 J=0 I=10.76,0 AS=0,0 T=2.28,1 
  NAME=9 MAT=1 A=7.9 J=0 I=6.31,0 AS=0,0 T=2.28,1 
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  NAME=10 MAT=1 A=7.02 J=0 I=5.7,0 AS=0,0 T=2.28,1 
  NAME=11 MAT=1 A=7.9 J=0 I=6.31,0 AS=0,0 T=2.28,1 
  NAME=12 MAT=1 A=24.09 J=0 I=10.76,0 AS=0,0 T=2.28,1 
  NAME=13 MAT=1 A=32.2 J=0 I=25.86,0 AS=0,0 T=2.28,1 
  NAME=14 MAT=1 A=8.83 J=0 I=13.4,0 AS=0,0 T=2.28,1 
  NAME=15 MAT=1 A=8.14 J=0 I=12.89,0 AS=0,0 T=2.28,1 
  NAME=16 MAT=1 A=8.83 J=0 I=13.4,0 AS=0,0 T=2.28,1 
  NAME=17 MAT=1 A=24.09 J=0 I=10.76,0 AS=0,0 T=2.28,1 
  NAME=18 MAT=1 A=24.09 J=0 I=10.76,0 AS=0,0 T=2.28,1 
  NAME=19 MAT=1 A=8.57 J=0 I=6.74,0 AS=0,0 T=2.28,1 
  NAME=20 MAT=1 A=24.09 J=0 I=10.76,0 AS=0,0 T=2.28,1 
  NAME=21 MAT=1 A=23.55 J=0 I=10.2,0 AS=0,0 T=2.28,1 
  NAME=22 MAT=1 A=19.68 J=0 I=5.95,0 AS=0,0 T=2.28,1 
  NAME=23 MAT=1 A=11 J=0 I=1.04,0 AS=0,0 T=2.28,1 
  NAME=24 MAT=1 A=3.58 J=0 I=2.58,0 AS=0,0 T=2.28,1 
  NAME=25 MAT=1 A=3.58 J=0 I=2.58,0 AS=0,0 T=2.28,1 
  NAME=26 MAT=1 A=3.58 J=0 I=2.58,0 AS=0,0 T=2.28,1 
 
FRAME 
  1  J=1,2  SEC=1  NSEG=4  ANG=0 
  2  J=2,3  SEC=2  NSEG=4  ANG=0 
  3  J=3,4  SEC=3  NSEG=4  ANG=0 
  4  J=4,5  SEC=4  NSEG=4  ANG=0 
  5  J=5,6  SEC=5  NSEG=4  ANG=0 
  6  J=6,7  SEC=6  NSEG=4  ANG=0 
  7  J=7,8  SEC=7  NSEG=4  ANG=0 
  8  J=8,9  SEC=8  NSEG=4  ANG=0 
  9  J=9,10  SEC=9  NSEG=4  ANG=0 
  10  J=10,11  SEC=10  NSEG=4  ANG=0 
  11  J=11,12  SEC=11  NSEG=4  ANG=0 
  12  J=12,13  SEC=12  NSEG=4  ANG=0 
  13  J=13,14  SEC=13  NSEG=4  ANG=0 
  14  J=14,15  SEC=14  NSEG=4  ANG=0 
  15  J=15,16  SEC=15  NSEG=4  ANG=0 
  16  J=16,17  SEC=16  NSEG=4  ANG=0 
  17  J=17,18  SEC=17  NSEG=4  ANG=0 
  18  J=18,19  SEC=18  NSEG=4  ANG=0 
  19  J=19,20  SEC=19  NSEG=4  ANG=0 
  20  J=20,21  SEC=20  NSEG=4  ANG=0 
  21  J=21,22  SEC=21  NSEG=4  ANG=0 
  22  J=22,23  SEC=22  NSEG=4  ANG=0 
  23  J=23,24  SEC=23  NSEG=4  ANG=0 
  24  J=25,8  SEC=24  NSEG=4  ANG=0 
  25  J=26,13  SEC=25  NSEG=4  ANG=0 
  26  J=27,18  SEC=26  NSEG=4  ANG=0 
 
LOAD 
  NAME=SELF  CSYS=0 
    TYPE=DISTRIBUTED SPAN 
      ADD=1  RD=0,1  U2=-450,-450 
      ADD=2  RD=0,1  U2=-450,-450 
      ADD=3  RD=0,1  U2=-682,-682 
      ADD=4  RD=0,1  U2=-196,-177 
      ADD=5  RD=0,1  U2=-177,-167 
      ADD=6  RD=0,1  U2=-167,-206 
      ADD=7  RD=0,1  U2=-206,-206 
      ADD=8  RD=0,1  U2=-206,-206 
      ADD=9  RD=0,1  U2=-206,-165 
      ADD=10  RD=0,1  U2=-165,-165 
      ADD=11  RD=0,1  U2=-165,-206 
      ADD=12  RD=0,1  U2=-206,-206 
      ADD=13  RD=0,1  U2=-206,-206 
      ADD=14  RD=0,1  U2=-206,-165 
      ADD=15  RD=0,1  U2=-165,-165 
      ADD=16  RD=0,1  U2=-165,-206 
      ADD=17  RD=0,1  U2=-206,-206 
      ADD=18  RD=0,1  U2=-206,-206 
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      ADD=19  RD=0,1  U2=-206,-206 
      ADD=20  RD=0,1  U2=-568,-568 
      ADD=21  RD=0,1  U2=-450,-450 
      ADD=22  RD=0,1  U2=-450,-450 
      ADD=23  RD=0,1  U2=-450,-450 
      ADD=24  RD=0,1  U2=-219,-219 
      ADD=25  RD=0,1  U2=-219,-219 
      ADD=26  RD=0,1  U2=-682,-682 
  NAME=TEMPMAX  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=17.76 
      ADD=2  T2=17.76 
      ADD=3  T2=17.76 
      ADD=4  T2=17.76 
      ADD=5  T2=17.76 
      ADD=6  T2=17.76 
      ADD=7  T2=17.76 
      ADD=8  T2=17.76 
      ADD=9  T2=17.76 
      ADD=10  T2=17.76 
      ADD=11  T2=17.76 
      ADD=12  T2=17.76 
      ADD=13  T2=17.76 
      ADD=14  T2=17.76 
      ADD=15  T2=17.76 
      ADD=16  T2=17.76 
      ADD=17  T2=17.76 
      ADD=18  T2=17.76 
      ADD=19  T2=17.76 
      ADD=20  T2=17.76 
      ADD=21  T2=17.76 
      ADD=22  T2=17.76 
      ADD=23  T2=17.76 
      ADD=24  T2=17.76 
      ADD=25  T2=17.76 
      ADD=26  T2=17.76 
  NAME=TEMPMIN  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=-.56 
      ADD=2  T2=-.56 
      ADD=3  T2=-.56 
      ADD=4  T2=-.56 
      ADD=5  T2=-.56 
      ADD=6  T2=-.56 
      ADD=7  T2=-.56 
      ADD=8  T2=-.56 
      ADD=9  T2=-.56 
      ADD=10  T2=-.56 
      ADD=11  T2=-.56 
      ADD=12  T2=-.56 
      ADD=13  T2=-.56 
      ADD=14  T2=-.56 
      ADD=15  T2=-.56 
      ADD=16  T2=-.56 
      ADD=17  T2=-.56 
      ADD=18  T2=-.56 
      ADD=19  T2=-.56 
      ADD=20  T2=-.56 
      ADD=21  T2=-.56 
      ADD=22  T2=-.56 
      ADD=23  T2=-.56 
      ADD=24  T2=-.56 
      ADD=25  T2=-.56 
      ADD=26  T2=-.56 
 
OUTPUT 
END 
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B5. NW Connector of I215-CA91 in Section 5.3.2 

The input file for the SE connector of I215-CA91 in Section 5.3.2 is shown. 

SYSTEM 
  DOF=UX,UZ,RY  LENGTH=m  FORCE=KN  LINES=59 
 
JOINT 
  1   X=0    Y=0  Z=0 
  2   X=1    Y=0  Z=0 
  3   X=34   Y=0  Z=0 
  4   X=39   Y=0  Z=0 
  5   X=40   Y=0  Z=0 
  6   X=41   Y=0  Z=0 
  7   X=46   Y=0  Z=0 
  8   X=94   Y=0  Z=0 
  9   X=99   Y=0  Z=0 
  10  X=100  Y=0  Z=0 
  11  X=101  Y=0  Z=0 
  12  X=106  Y=0  Z=0 
  13  X=154  Y=0  Z=0 
  14  X=159  Y=0  Z=0 
  15  X=160  Y=0  Z=0 
  16  X=161  Y=0  Z=0 
  17  X=166  Y=0  Z=0 
  18  X=214  Y=0  Z=0 
  19  X=219  Y=0  Z=0 
  20  X=220  Y=0  Z=0 
  21  X=221  Y=0  Z=0 
  22  X=226  Y=0  Z=0 
  23  X=280  Y=0  Z=0 
  24  X=285  Y=0  Z=0 
  25  X=286  Y=0  Z=0 
  26  X=287  Y=0  Z=0 
  27  X=292  Y=0  Z=0 
  28  X=298  Y=0  Z=0 
  29  X=40   Y=0  Z=-5.619 
  30  X=100  Y=0  Z=-7.663 
  31  X=160  Y=0  Z=-10.728 
  32  X=220  Y=0  Z=-12.261 
  33  X=286  Y=0  Z=-14.662 
 
RESTRAINT 
  ADD=1  DOF=U1,U2,U3 
  ADD=29  DOF=U1,U2,U3,R1,R2,R3 
  ADD=30  DOF=U1,U2,U3,R1,R2,R3 
  ADD=31  DOF=U1,U2,U3,R1,R2,R3 
  ADD=32  DOF=U1,U2,U3,R1,R2,R3 
  ADD=33  DOF=U1,U2,U3,R1,R2,R3 
 
PATTERN 
  NAME=DEFAULT 
 
MATERIAL 
  NAME=1  IDES=N   
    T=0  E=3.25E+07  U=.21  A=.0000126 
  NAME=STEEL  IDES=S  M=7.8271  W=76.81955 
    T=0  E=1.99948E+08  U=.3  A=.0000117  FY=248211.3 
  NAME=CONC  IDES=C  M=2.40068  W=23.56161 
    T=0  E=2.482113E+07  U=.2  A=.0000099 
 
FRAME SECTION 
  NAME=1 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
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  NAME=2 MAT=1 A=7.062 J=0 I=6.926,0 AS=0,0 T=2.6,1 
  NAME=3 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=4 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=5 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=6 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=7 MAT=1 A=7.062 J=0 I=6.926,0 AS=0,0 T=2.6,1 
  NAME=8 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=9 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=10 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=11 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=12 MAT=1 A=7.062 J=0 I=6.926,0 AS=0,0 T=2.6,1 
  NAME=13 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=14 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=15 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=16 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=17 MAT=1 A=7.062 J=0 I=6.926,0 AS=0,0 T=2.6,1 
  NAME=18 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=19 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=20 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=21 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=22 MAT=1 A=7.062 J=0 I=6.926,0 AS=0,0 T=2.6,1 
  NAME=23 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=24 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=25 MAT=1 A=22.5786 J=0 I=13.71,0 AS=0,0 T=2.6,1 
  NAME=26 MAT=1 A=8.164 J=0 I=8.459,0 AS=0,0 T=2.6,1 
  NAME=27 MAT=1 A=7.062 J=0 I=6.926,0 AS=0,0 T=2.6,1 
  NAME=28 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=1,1 
  NAME=29 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=1,1 
  NAME=30 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=1,1 
  NAME=31 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=1,1 
  NAME=32 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=1,1 
 
FRAME 
  1  J=1,2  SEC=1  NSEG=4  ANG=0 
  2  J=2,3  SEC=2  NSEG=4  ANG=0 
  3  J=3,4  SEC=3  NSEG=4  ANG=0 
  4  J=4,5  SEC=4  NSEG=4  ANG=0 
  5  J=5,6  SEC=5  NSEG=4  ANG=0 
  6  J=6,7  SEC=6  NSEG=4  ANG=0 
  7  J=7,8  SEC=7  NSEG=4  ANG=0 
  8  J=8,9  SEC=8  NSEG=4  ANG=0 
  9  J=9,10  SEC=9  NSEG=4  ANG=0 
  10  J=10,11  SEC=10  NSEG=4  ANG=0 
  11  J=11,12  SEC=11  NSEG=4  ANG=0 
  12  J=12,13  SEC=12  NSEG=4  ANG=0 
  13  J=13,14  SEC=13  NSEG=4  ANG=0 
  14  J=14,15  SEC=14  NSEG=4  ANG=0 
  15  J=15,16  SEC=15  NSEG=4  ANG=0 
  16  J=16,17  SEC=16  NSEG=4  ANG=0 
  17  J=17,18  SEC=17  NSEG=4  ANG=0 
  18  J=18,19  SEC=18  NSEG=4  ANG=0 
  19  J=19,20  SEC=19  NSEG=4  ANG=0 
  20  J=20,21  SEC=20  NSEG=4  ANG=0 
  21  J=21,22  SEC=21  NSEG=4  ANG=0 
  22  J=22,23  SEC=22  NSEG=4  ANG=0 
  23  J=23,24  SEC=23  NSEG=4  ANG=0 
  24  J=24,25  SEC=24  NSEG=4  ANG=0 
  25  J=25,26  SEC=25  NSEG=4  ANG=0 
  26  J=26,27  SEC=26  NSEG=4  ANG=0 
  27  J=27,28  SEC=27  NSEG=4  ANG=0 
  28  J=5,29  SEC=28  NSEG=4  ANG=0 
  29  J=10,30  SEC=29  NSEG=4  ANG=0 
  30  J=15,31  SEC=30  NSEG=4  ANG=0 
  31  J=20,32  SEC=31  NSEG=4  ANG=0 
  32  J=25,33  SEC=32  NSEG=4  ANG=0 
 
LOAD 
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  NAME=SELF  CSYS=0 
    TYPE=FORCE 
      ADD=28  UY=-3540 
    TYPE=DISTRIBUTED SPAN 
      ADD=1  RD=0,1  U2=-539.9,-539.9 
      ADD=2  RD=0,1  U2=-168.862,-168.862 
      ADD=3  RD=0,1  U2=-168.862,-195.221 
      ADD=4  RD=0,1  U2=-539.9,-539.9 
      ADD=5  RD=0,1  U2=-539.9,-539.9 
      ADD=6  RD=0,1  U2=-195.221,-168.862 
      ADD=7  RD=0,1  U2=-168.862,-168.862 
      ADD=8  RD=0,1  U2=-168.862,-195.221 
      ADD=9  RD=0,1  U2=-539.9,-539.9 
      ADD=10  RD=0,1  U2=-539.9,-539.9 
      ADD=11  RD=0,1  U2=-195.221,-168.862 
      ADD=12  RD=0,1  U2=-168.862,-168.862 
      ADD=13  RD=0,1  U2=-168.862,-195.221 
      ADD=14  RD=0,1  U2=-539.9,-539.9 
      ADD=15  RD=0,1  U2=-539.9,-539.9 
      ADD=16  RD=0,1  U2=-195.221,-168.862 
      ADD=17  RD=0,1  U2=-168.862,-168.862 
      ADD=18  RD=0,1  U2=-168.862,-195.221 
      ADD=19  RD=0,1  U2=-539.9,-539.9 
      ADD=20  RD=0,1  U2=-539.9,-539.9 
      ADD=21  RD=0,1  U2=-195.221,-168.862 
      ADD=22  RD=0,1  U2=-168.862,-168.862 
      ADD=23  RD=0,1  U2=-168.862,-195.221 
      ADD=24  RD=0,1  U2=-539.9,-539.9 
      ADD=25  RD=0,1  U2=-539.9,-539.9 
      ADD=26  RD=0,1  U2=-189.97,-163.61 
      ADD=27  RD=0,1  U2=-163.61,-163.61 
  NAME=TEMPMAX  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=3.25 
      ADD=2  T2=3.25 
      ADD=3  T2=3.25 
      ADD=4  T2=3.25 
      ADD=5  T2=3.25 
      ADD=6  T2=3.25 
      ADD=7  T2=3.25 
      ADD=8  T2=3.25 
      ADD=9  T2=3.25 
      ADD=10  T2=3.25 
      ADD=11  T2=3.25 
      ADD=12  T2=3.25 
      ADD=13  T2=3.25 
      ADD=14  T2=3.25 
      ADD=15  T2=3.25 
      ADD=16  T2=3.25 
      ADD=17  T2=3.25 
      ADD=18  T2=3.25 
      ADD=19  T2=3.25 
      ADD=20  T2=3.25 
      ADD=21  T2=3.25 
      ADD=22  T2=3.25 
      ADD=23  T2=3.25 
      ADD=24  T2=3.25 
      ADD=25  T2=3.25 
      ADD=26  T2=3.25 
      ADD=27  T2=3.25 
  NAME=TEMPMIN  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=-.08 
      ADD=2  T2=-.08 
      ADD=3  T2=-.08 
      ADD=4  T2=-.08 
      ADD=5  T2=-.08 
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      ADD=6  T2=-.08 
      ADD=7  T2=-.08 
      ADD=8  T2=-.08 
      ADD=9  T2=-.08 
      ADD=10  T2=-.08 
      ADD=11  T2=-.08 
      ADD=12  T2=-.08 
      ADD=13  T2=-.08 
      ADD=14  T2=-.08 
      ADD=15  T2=-.08 
      ADD=16  T2=-.08 
      ADD=17  T2=-.08 
      ADD=18  T2=-.08 
      ADD=19  T2=-.08 
      ADD=20  T2=-.08 
      ADD=21  T2=-.08 
      ADD=22  T2=-.08 
      ADD=23  T2=-.08 
      ADD=24  T2=-.08 
      ADD=25  T2=-.08 
      ADD=26  T2=-.08 
      ADD=27  T2=-.08 
 
OUTPUT 
; No Output Requested 
 
END 
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B6. SE Connector of I215-CA91 in Section 5.3.2 

The input file for the NW connector of I215-CA91 in Section 5.3.2 is shown. 

SYSTEM 
  DOF=UX,UZ,RY  LENGTH=m  FORCE=KN  LINES=59 
 
JOINT 
  1   X=0    Y=0  Z=0 
  2   X=1    Y=0  Z=0 
  3   X=59   Y=0  Z=0 
  4   X=65   Y=0  Z=0 
  5   X=66   Y=0  Z=0 
  6   X=67   Y=0  Z=0 
  7   X=73   Y=0  Z=0 
  8   X=125  Y=0  Z=0 
  9   X=131  Y=0  Z=0 
  10  X=132  Y=0  Z=0 
  11  X=133  Y=0  Z=0 
  12  X=139  Y=0  Z=0 
  13  X=195  Y=0  Z=0 
  14  X=201  Y=0  Z=0 
  15  X=202  Y=0  Z=0 
  16  X=203  Y=0  Z=0 
  17  X=209  Y=0  Z=0 
  18  X=254  Y=0  Z=0 
  19  X=255  Y=0  Z=0 
  20  X=66   Y=0  Z=-9.71 
  21  X=132  Y=0  Z=-7.485 
  22  X=202  Y=0  Z=-6.069 
 
RESTRAINT 
  ADD=1  DOF=U2 
  ADD=19  DOF=U1,U2,U3 
  ADD=20  DOF=U1,U2,U3,R1,R2,R3 
  ADD=21  DOF=U1,U2,U3,R1,R2,R3 
  ADD=22  DOF=U1,U2,U3,R1,R2,R3 
 
PATTERN 
  NAME=DEFAULT 
 
MATERIAL 
  NAME=1  IDES=N   
    T=0  E=3.08E+07  U=.21  A=.0000126 
  NAME=STEEL  IDES=S  M=7.8271  W=76.81955 
    T=0  E=1.99948E+08  U=.3  A=.0000117  FY=248211.3 
  NAME=CONC  IDES=C  M=2.40068  W=23.56161 
    T=0  E=2.482113E+07  U=.2  A=.0000099 
 
FRAME SECTION 
  NAME=1 MAT=1 A=7.763 J=0 I=8.715,0 AS=0,0 T=2.8,1 
  NAME=2 MAT=1 A=7.763 J=0 I=8.715,0 AS=0,0 T=2.8,1 
  NAME=3 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
  NAME=4 MAT=1 A=26.1344 J=0 I=4697,0 AS=0,0 T=2.8,1 
  NAME=5 MAT=1 A=26.1344 J=0 I=4697,0 AS=0,0 T=2.8,1 
  NAME=6 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
  NAME=7 MAT=1 A=7.763 J=0 I=8.715,0 AS=0,0 T=2.8,1 
  NAME=8 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
  NAME=9 MAT=1 A=26.1344 J=0 I=4697,0 AS=0,0 T=2.8,1 
  NAME=10 MAT=1 A=26.1344 J=0 I=4697,0 AS=0,0 T=2.8,1 
  NAME=11 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
  NAME=12 MAT=1 A=7.763 J=0 I=8.715,0 AS=0,0 T=2.8,1 
  NAME=13 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
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  NAME=14 MAT=1 A=26.1344 J=0 I=4697,0 AS=0,0 T=2.8,1 
  NAME=15 MAT=1 A=26.1344 J=0 I=4697,0 AS=0,0 T=2.8,1 
  NAME=16 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
  NAME=17 MAT=1 A=7.763 J=0 I=8.715,0 AS=0,0 T=2.8,1 
  NAME=18 MAT=1 A=8.598 J=0 I=10.6,0 AS=0,0 T=2.8,1 
  NAME=19 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=2.8,1 
  NAME=20 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=2.8,1 
  NAME=21 MAT=1 A=5.2725 J=0 I=278.2,0 AS=0,0 T=2.8,1 
 
FRAME 
  1  J=1,2  SEC=1  NSEG=4  ANG=0 
  2  J=2,3  SEC=2  NSEG=4  ANG=0 
  3  J=3,4  SEC=3  NSEG=4  ANG=0 
  4  J=4,5  SEC=4  NSEG=4  ANG=0 
  5  J=5,6  SEC=5  NSEG=4  ANG=0 
  6  J=6,7  SEC=6  NSEG=4  ANG=0 
  7  J=7,8  SEC=7  NSEG=4  ANG=0 
  8  J=8,9  SEC=8  NSEG=4  ANG=0 
  9  J=9,10  SEC=9  NSEG=4  ANG=0 
  10  J=10,11  SEC=10  NSEG=4  ANG=0 
  11  J=11,12  SEC=11  NSEG=4  ANG=0 
  12  J=12,13  SEC=12  NSEG=4  ANG=0 
  13  J=13,14  SEC=13  NSEG=4  ANG=0 
  14  J=14,15  SEC=14  NSEG=4  ANG=0 
  15  J=15,16  SEC=15  NSEG=4  ANG=0 
  16  J=16,17  SEC=16  NSEG=4  ANG=0 
  17  J=17,18  SEC=17  NSEG=4  ANG=0 
  18  J=18,19  SEC=18  NSEG=4  ANG=0 
  19  J=5,20  SEC=19  NSEG=4  ANG=0 
  20  J=10,21  SEC=20  NSEG=4  ANG=0 
  21  J=15,22  SEC=21  NSEG=4  ANG=0 
 
LOAD 
  NAME=SELF  CSYS=0 
    TYPE=DISTRIBUTED SPAN 
      ADD=1  RD=0,1  U2=-624.9,-624.9 
      ADD=2  RD=0,1  U2=-186.155,-186.155 
      ADD=3  RD=0,1  U2=-186.155,-210.695 
      ADD=4  RD=0,1  U2=-624.9,-624.9 
      ADD=5  RD=0,1  U2=-624.9,-624.9 
      ADD=6  RD=0,1  U2=-210.695,-186.155 
      ADD=7  RD=0,1  U2=-186.155,-186.155 
      ADD=8  RD=0,1  U2=-186.155,-210.695 
      ADD=9  RD=0,1  U2=-624.9,-624.9 
      ADD=10  RD=0,1  U2=-624.9,-624.9 
      ADD=11  RD=0,1  U2=-210.695,-186.155 
      ADD=12  RD=0,1  U2=-186.155,-186.155 
      ADD=13  RD=0,1  U2=-186.155,-210.695 
      ADD=14  RD=0,1  U2=-624.9,-624.9 
      ADD=15  RD=0,1  U2=-624.9,-624.9 
      ADD=16  RD=0,1  U2=-210.695,-186.155 
      ADD=17  RD=0,1  U2=-186.155,-186.155 
      ADD=18  RD=0,1  U2=-186.155,-210.695 
  NAME=TEMPMAX  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=13.19 
      ADD=2  T2=13.19 
      ADD=3  T2=13.19 
      ADD=4  T2=13.19 
      ADD=5  T2=13.19 
      ADD=6  T2=13.19 
      ADD=7  T2=13.19 
      ADD=8  T2=13.19 
      ADD=9  T2=13.19 
      ADD=10  T2=13.19 
      ADD=11  T2=13.19 
      ADD=12  T2=13.19 



 

 

319

      ADD=13  T2=13.19 
      ADD=14  T2=13.19 
      ADD=15  T2=13.19 
      ADD=16  T2=13.19 
      ADD=17  T2=13.19 
      ADD=18  T2=13.19 
  NAME=TEMPMIN  CSYS=0 
    TYPE=TEMPERATURE  ELEM=FRAME 
      ADD=1  T2=.09 
      ADD=2  T2=.09 
      ADD=3  T2=.09 
      ADD=4  T2=.09 
      ADD=5  T2=.09 
      ADD=6  T2=.09 
      ADD=7  T2=.09 
      ADD=8  T2=.09 
      ADD=9  T2=.09 
      ADD=10  T2=.09 
      ADD=11  T2=.09 
      ADD=12  T2=.09 
      ADD=13  T2=.09 
      ADD=14  T2=.09 
      ADD=15  T2=.09 
      ADD=16  T2=.09 
      ADD=17  T2=.09 
      ADD=18  T2=.09 
 
OUTPUT 
; No Output Requested 
 
END 
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APPENDIX C. Measured Data from Material Test Specimens 

Calculated strain data based on the measurements on the concrete cylinder test 

specimens for shrinkage and creep of the bridge spans on I5-I805 and I215-CA91 are 

presented. The general procedure for strain calculation from the DEMEC reading values 

is given in Chapter 3. 

C1. Shrinkage Data for I5-I805 

Each data sheet provides DEMEC readings and the shrinkage strains ST,iε  in 

Equation (3.5) directly calculated from the DEMEC data. Final shrinkage strain csε  can 

be computed from Equation (3.6) in Chapter 3. 
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Shrinkage of October Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial 0.022 0.030 0.025 0.016 0 0 0 0 0 17.0 0 0

6 -0.002 0.004 -0.004 -0.010 -120 -130 -145 -130 -131 15.0 -60 -71
10 -0.009 -0.002 -0.011 -0.020 -155 -160 -180 -180 -169 15.0 -60 -109
13 -0.018 -0.013 -0.023 -0.030 -200 -215 -240 -230 -221 17.0 -36 -185
17 -0.018 -0.020 -0.028 -0.036 -200 -250 -265 -260 -244 16.0 -48 -196
20 -0.028 -0.020 -0.028 -0.041 -250 -250 -265 -285 -262 16.0 -48 -214
24 -0.028 -0.022 -0.030 -0.042 -250 -260 -275 -290 -269 16.0 -48 -221
27 -0.015 -0.013 -0.020 -0.034 -185 -215 -225 -250 -219 17.0 -36 -183
31 -0.006 -0.031 -0.026 -0.044 -140 -305 -255 -300 -250 16.0 -48 -202
41 -0.032 -0.019 -0.033 -0.047 -270 -245 -290 -315 -280 18.0 -24 -256
45 -0.037 -0.021 -0.037 -0.047 -295 -255 -310 -315 -294 21.0 12 -306
48 -0.035 -0.032 -0.038 -0.048 -285 -310 -315 -320 -307 17.0 -36 -271
55 -0.036 -0.026 -0.036 -0.046 -290 -280 -305 -310 -296 16.0 -48 -248
59 -0.040 -0.031 -0.042 -0.052 -310 -305 -335 -340 -322 17.2 -34 -289
73 -0.038 -0.029 -0.033 -0.050 -300 -295 -290 -330 -304 18.4 -19 -285
80 -0.041 -0.029 -0.038 -0.051 -315 -295 -315 -335 -315 19.0 -12 -303
85 -0.041 -0.036 -0.041 -0.053 -315 -330 -330 -345 -330 21.0 12 -342
87 -0.047 -0.038 -0.045 -0.060 -345 -340 -350 -380 -354 17.5 -30 -324
92 -0.047 -0.039 -0.044 -0.060 -345 -345 -345 -380 -354 19.0 -12 -342

104 -0.050 -0.046 -0.048 -0.062 -360 -380 -365 -390 -374 18.6 -17 -357
106 -0.053 -0.044 -0.045 -0.062 -375 -370 -350 -390 -371 18.0 -24 -347
122 -0.042 -0.029 -0.036 -0.048 -320 -295 -305 -320 -310 21.1 13 -323
135 -0.045 -0.045 -0.044 -0.055 -335 -375 -345 -355 -352 23.3 40 -392
139 -0.047 -0.045 -0.046 -0.056 -345 -375 -355 -360 -359 19.4 -7 -352
149 -0.046 -0.039 -0.043 -0.054 -340 -345 -340 -350 -344 22.0 24 -368
157 -0.049 -0.045 -0.044 -0.061 -355 -375 -345 -385 -365 18.4 -19 -346
164 -0.043 -0.038 -0.038 -0.052 -325 -340 -315 -340 -330 20.0 0 -330
168 -0.046 -0.043 -0.043 -0.056 -340 -365 -340 -360 -351 18.3 -20 -331
178 -0.043 -0.042 -0.039 -0.055 -325 -360 -320 -355 -340 17.2 -34 -306
183 -0.047 -0.043 -0.042 -0.052 -345 -365 -335 -340 -346 21.0 12 -358
200 -0.048 -0.045 -0.046 -0.057 -350 -375 -355 -365 -361 17.8 -26 -335
206 -0.042 -0.038 -0.037 -0.049 -320 -340 -310 -325 -324 17.1 -35 -289
212 -0.043 -0.036 -0.040 -0.045 -325 -330 -325 -305 -321 17.0 -36 -285
220 -0.059 -0.055 -0.052 -0.062 -405 -425 -385 -390 -401 15.1 -59 -342
226 -0.061 -0.059 -0.055 -0.068 -415 -445 -400 -420 -420 16.0 -48 -372
235 -0.064 -0.066 -0.065 -0.071 -430 -480 -450 -435 -449 18.5 -18 -431
239 -0.059 -0.058 -0.054 -0.064 -405 -440 -395 -400 -410 18.0 -24 -386
251 -0.079 -0.075 -0.072 -0.081 -505 -525 -485 -485 -500 11.5 -102 -398
255 -0.070 -0.069 -0.069 -0.079 -460 -495 -470 -475 -475 15.0 -60 -415
262 -0.074 -0.069 -0.072 -0.081 -480 -495 -485 -485 -486 11.4 -103 -383
268 -0.057 -0.053 -0.051 -0.062 -395 -415 -380 -390 -395 17.5 -30 -365
283 -0.059 -0.041 -0.027 -0.071 -405 -355 -260 -435 -364 15.0 -60 -304
290 -0.067 -0.053 -0.045 -0.075 -445 -415 -350 -455 -416 10.0 -120 -296
303 -0.072 -0.072 -0.057 -0.083 -470 -510 -410 -495 -471 11.0 -108 -363
322 -0.069 -0.067 -0.056 -0.079 -455 -485 -405 -475 -455 13.0 -84 -371
335 -0.059 -0.064 -0.063 -0.074 -405 -470 -440 -450 -441 18.9 -13 -428
339 -0.079 -0.045 -0.079 -0.055 -505 -375 -520 -355 -439 11.7 -100 -339
353 -0.051 -0.056 -0.055 -0.061 -365 -430 -400 -385 -395 13.4 -79 -316
377 -0.047 -0.054 -0.053 -0.056 -345 -420 -390 -360 -379 15.1 -59 -320
405 -0.046 -0.049 -355 -325 -340 17.2 -34 -306
430 -0.027 -0.029 -260 -225 -242 19.0 -12 -230
465 -0.033 -0.035 -290 -255 -272 21.0 12 -284
493 -0.030 -0.030 -275 -230 -252 22.8 34 -286
526 -0.034 -0.042 -295 -290 -292 29.0 108 -400
573 -0.060 -0.062 -425 -390 -407 17.2 -34 -374
650 -0.043 -0.050 -340 -330 -335 19.0 -12 -323
699 -0.038 0.005 -315 -55 -185 21.0 12 -197
727 -0.053 -0.045 -390 -305 -347 22.8 34 -381
759 -0.056 -0.012 -405 -140 -272 29.0 108 -380
786 -0.043 -0.031 -340 -235 -287 17.2 -34 -254
820 -0.032 -0.034 -285 -250 -267 19.0 -12 -255
850 -0.024 -0.025 -245 -205 -225 21.0 12 -237
881 -0.021 -0.024 -230 -200 -215 22.8 34 -249
911 -0.028 -0.031 -265 -235 -250 29.0 108 -358
953 -0.056 -0.058 -405 -370 -387 17.2 -34 -354
1065 -0.022 -0.019 -235 -175 -205 19.0 -12 -193
1098 -0.046 -0.051 -355 -335 -345 21.0 12 -357
1140 -0.048 -0.055 -365 -355 -360 17.0 -36 -324
1235 -0.019 -0.019 -220 -175 -197 25.3 64 -261
1303 -0.027 -0.026 -260 -210 -235 28.1 97 -332
1406 -0.043 -0.045 -340 -305 -322 19.7 -4 -319
1464 -0.049 -0.052 -370 -340 -355 18.7 -16 -339

εcs (1)- (2)
(µm/m)

εthermal,i (2)
(µm/m)

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)
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Shrinkage of November Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial 0.020 0.030 0.028 0.006 0 0 0 0 0 17.0 0 0

6 -0.006 0.001 -0.001 -0.022 -130 -145 -145 -140 -140 15.0 -60 -80
10 -0.016 -0.004 -0.012 -0.030 -180 -170 -200 -180 -182 15.0 -60 -122
13 -0.027 -0.010 -0.020 -0.043 -235 -200 -240 -245 -230 17.0 -36 -194
17 -0.025 -0.020 -0.026 -0.048 -225 -250 -270 -270 -254 16.0 -48 -206
20 -0.036 -0.025 -0.020 -0.013 -280 -275 -240 -95 -222 16.0 -48 -174
24 -0.023 -0.038 -0.032 -0.057 -215 -340 -300 -315 -292 16.0 -48 -244
27 -0.025 -0.015 -0.021 -0.049 -225 -225 -245 -275 -242 17.0 -36 -206
31 -0.037 -0.018 -0.041 -0.042 -285 -240 -345 -240 -277 16.0 -48 -229
41 -0.048 -0.028 -0.044 -0.065 -340 -290 -360 -355 -336 18.0 -24 -312
45 -0.050 -0.031 -0.047 -0.069 -350 -305 -375 -375 -351 21.0 12 -363
48 -0.052 -0.037 -0.050 -0.072 -360 -335 -390 -390 -369 17.0 -36 -333
55 -0.046 -0.033 -0.046 -0.070 -330 -315 -370 -380 -349 16.0 -48 -301
59 -0.054 -0.041 -0.055 -0.077 -370 -355 -415 -415 -389 17.2 -34 -355
73 -0.051 -0.041 -0.051 -0.076 -355 -355 -395 -410 -379 18.4 -19 -360
80 -0.058 -0.036 -0.056 -0.079 -390 -330 -420 -425 -391 19.0 -12 -379
85 -0.059 -0.042 -0.056 -0.082 -395 -360 -420 -440 -404 21.0 12 -416
87 -0.065 -0.050 -0.063 -0.088 -425 -400 -455 -470 -437 17.5 -30 -407
92 -0.064 -0.051 -0.060 -0.086 -420 -405 -440 -460 -431 19.0 -12 -419

104 -0.063 -0.051 -0.067 -0.093 -415 -405 -475 -495 -447 18.6 -17 -431
106 -0.063 -0.051 -0.062 -0.089 -415 -405 -450 -475 -436 18.0 -24 -412
122 -0.051 -0.041 -0.059 -0.080 -355 -355 -435 -430 -394 21.1 13 -407
135 -0.061 -0.049 -0.066 -0.091 -405 -395 -470 -485 -439 22.4 29 -468
139 -0.062 -0.050 -0.065 -0.092 -410 -400 -465 -490 -441 19.4 -7 -434
149 -0.058 -0.048 -0.066 -0.092 -390 -390 -470 -490 -435 22.0 24 -459
157 -0.069 -0.051 -0.073 -0.096 -445 -405 -505 -510 -466 18.4 -19 -447
164 -0.057 -0.042 -0.062 -0.085 -385 -360 -450 -455 -412 20.0 0 -412
168 -0.066 -0.050 -0.067 -0.091 -430 -400 -475 -485 -447 18.3 -20 -427
178 -0.062 -0.044 -0.065 -0.087 -410 -370 -465 -465 -427 17.2 -34 -394
183 -0.060 -0.047 -0.063 -0.087 -400 -385 -455 -465 -426 21.0 12 -438
200 -0.067 -0.055 -0.069 -0.096 -435 -425 -485 -510 -464 17.8 -26 -437
206 -0.063 -0.045 -0.055 -0.084 -415 -375 -415 -450 -414 17.1 -35 -379
212 -0.064 -0.044 -0.060 -0.087 -420 -370 -440 -465 -424 17.0 -36 -388
220 -0.074 -0.059 -0.071 -0.098 -470 -445 -495 -520 -482 15.1 -59 -424
226 -0.080 -0.065 -0.076 -0.104 -500 -475 -520 -550 -511 16.0 -48 -463
235 -0.086 -0.072 -0.084 -0.113 -530 -510 -560 -595 -549 18.5 -18 -531
239 -0.077 -0.064 -0.078 -0.108 -485 -470 -530 -570 -514 18.0 -24 -490
251 -0.091 -0.079 -0.097 -0.121 -555 -545 -625 -635 -590 11.5 -102 -488
255 -0.087 -0.074 -0.094 -0.114 -535 -520 -610 -600 -566 15.0 -60 -506
262 -0.093 -0.079 -0.097 -0.117 -565 -545 -625 -615 -587 11.4 -103 -484
268 -0.072 -0.060 -0.080 -0.097 -460 -450 -540 -515 -491 17.5 -30 -461
283 -0.060 -0.052 -0.060 -0.084 -400 -410 -440 -450 -425 15.0 -60 -365
290 -0.074 -0.070 -0.082 -0.102 -470 -500 -550 -540 -515 10.0 -120 -395
303 -0.099 -0.078 -0.088 -0.107 -595 -540 -580 -565 -570 11.0 -108 -462
322 -0.090 -0.072 -0.081 -0.105 -550 -510 -545 -555 -540 13.0 -84 -456
335 -0.085 -0.062 -0.083 -0.101 -525 -460 -555 -535 -519 18.9 -13 -505
339 -0.084 -0.063 -0.063 -0.103 -520 -465 -455 -545 -496 11.7 -100 -397
353 -0.074 -0.069 -0.067 -0.088 -470 -495 -475 -470 -477 13.4 -79 -398
377 -0.071 -0.064 -0.064 -0.085 -455 -470 -460 -455 -460 15.1 -59 -401
405 -0.061 -0.053 -0.055 -0.080 -405 -415 -415 -430 -416 17.2 -34 -383
430 -0.040 -0.037 -0.049 -0.060 -300 -335 -385 -330 -337 19.0 -12 -325
465 -0.045 -0.034 -0.005 -0.061 -325 -320 -164 -335 -286 21.0 12 -298
493 -0.033 -0.029 -0.058 -0.052 -265 -295 -430 -290 -320 22.8 34 -354
526 -0.046 -0.037 -0.062 -0.064 -330 -335 -450 -350 -366 29.0 108 -474
573 -0.073 -0.069 -0.091 -0.090 -465 -495 -595 -480 -509 17.2 -34 -475
650 -0.061 -0.050 -0.072 -0.088 -405 -400 -500 -470 -444 19.0 -12 -432
699 -0.008 -0.043 -0.027 -0.080 -140 -365 -275 -430 -302 21.0 12 -314
727 -0.062 -0.061 -0.083 -0.098 -410 -455 -555 -520 -485 22.8 34 -519
759 -0.022 -0.067 -0.065 -0.066 -210 -485 -465 -360 -380 29.0 108 -488
786 -0.058 -0.054 -0.055 -0.091 -390 -420 -415 -485 -427 17.2 -34 -394
820 -0.053 -0.046 -0.055 -0.078 -365 -380 -415 -420 -395 19.0 -12 -383
850 -0.046 -0.033 -0.041 -0.064 -330 -315 -345 -350 -335 21.0 12 -347
881 -0.040 -0.028 -0.038 -0.066 -300 -290 -330 -360 -320 22.8 34 -354
911 -0.047 -0.035 -0.051 -0.076 -335 -325 -395 -410 -366 29.0 108 -474
953 -0.068 -0.059 -0.074 -0.101 -440 -445 -510 -535 -482 17.2 -34 -449
1065 -0.004 0.025 -0.038 -0.068 -120 -25 -330 -370 -211 19.0 -12 -199
1098 -0.032 -0.045 -0.069 -0.097 -260 -375 -485 -515 -409 21.0 12 -421
1140 -0.051 -0.051 -0.100 -0.100 -355 -405 -640 -530 -482 17.0 -36 -446
1235 -0.038 -0.025 -0.055 -0.060 -290 -275 -415 -330 -327 25.3 64 -391
1303 -0.032 -0.025 -0.069 -0.076 -260 -275 -485 -410 -357 28.1 97 -455
1406 -0.067 -0.052 -0.066 -0.085 -435 -410 -470 -455 -442 19.7 -4 -439
1464 -0.069 -0.059 -0.074 -0.098 -445 -445 -510 -520 -480 18.7 -16 -464

εthermal,i (2)
(µm/m)

εcs (1)- (2)
(µm/m)

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)
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Shrinkage of March Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial -0.019 0.006 0.005 -0.012 0 0 0 0 0 17.0 0 0

6 -0.043 -0.013 -0.020 -0.037 -120 -95 -125 -124 -116 15.0 -60 -56
10 -0.056 -0.011 -0.031 -0.041 -185 -85 -180 -144 -148 15.0 -60 -88
13 -0.064 -0.022 -0.026 -0.055 -225 -140 -155 -214 -183 17.0 -36 -147
17 -0.071 -0.027 -0.047 -0.060 -260 -165 -260 -239 -231 16.0 -48 -183
20 -0.079 -0.037 -0.052 -0.068 -300 -215 -285 -279 -270 16.0 -48 -222
24 -0.084 -0.041 -0.053 -0.074 -325 -235 -290 -309 -290 16.0 -48 -242
27 -0.078 -0.033 -0.047 -0.067 -295 -195 -260 -274 -256 17.0 -36 -220
31 -0.075 -0.022 -0.040 -0.065 -280 -140 -225 -264 -227 16.0 -48 -179
41 -0.090 -0.043 -0.063 -0.079 -355 -245 -340 -334 -318 18.0 -24 -294
45 -0.098 -0.052 -0.067 -0.082 -395 -290 -360 -349 -348 21.0 12 -360
48 -0.100 -0.061 -0.076 -0.090 -405 -335 -405 -389 -383 17.0 -36 -347
55 -0.102 -0.061 -0.075 -0.090 -415 -335 -400 -389 -385 16.0 -48 -337
59 -0.109 -0.068 -0.085 -0.100 -450 -370 -450 -439 -427 17.2 -34 -394
73 -0.112 -0.071 -0.087 -0.097 -465 -385 -460 -424 -433 18.4 -19 -414
80 -0.114 -0.069 -0.087 -0.096 -475 -375 -460 -419 -432 19.0 -12 -420
85 -0.113 -0.074 -0.089 -0.099 -470 -400 -470 -434 -443 21.0 12 -455
87 -0.126 -0.083 -0.095 -0.104 -535 -445 -500 -459 -485 17.5 -30 -455
92 -0.122 -0.080 -0.096 -0.106 -515 -430 -505 -469 -480 19.0 -12 -468

104 -0.133 -0.080 -0.102 -0.110 -570 -430 -535 -489 -506 18.6 -17 -489
106 -0.125 -0.084 -0.093 -0.109 -530 -450 -490 -484 -488 18.0 -24 -464
122 -0.116 -0.076 -0.089 -0.104 -485 -410 -470 -459 -456 21.1 13 -469
135 -0.126 -0.085 -0.096 -0.110 -535 -455 -505 -489 -496 22.4 29 -525
139 -0.127 -0.086 -0.097 -0.112 -540 -460 -510 -499 -502 19.4 -7 -495
149 -0.124 -0.083 -0.091 -0.108 -525 -445 -480 -479 -482 22.0 24 -506
157 -0.130 -0.089 -0.098 -0.115 -555 -475 -515 -514 -515 18.4 -19 -495
164 -0.124 -0.081 -0.088 -0.110 -525 -435 -465 -489 -478 20.0 0 -478
168 -0.130 -0.089 -0.094 -0.113 -555 -475 -495 -504 -507 18.3 -20 -487
178 -0.128 -0.086 -0.093 -0.113 -545 -460 -490 -504 -500 17.2 -34 -466
183 -0.126 -0.085 -0.093 -0.107 -535 -455 -490 -474 -488 21.0 12 -500
200 -0.134 -0.091 -0.096 -0.119 -575 -485 -505 -534 -525 17.8 -26 -498
206 -0.127 -0.080 -0.083 -0.118 -540 -430 -440 -529 -485 17.1 -35 -450
212 -0.128 -0.081 -0.086 -0.115 -545 -435 -455 -514 -487 17.0 -36 -451
220 -0.136 -0.091 -0.094 -0.123 -585 -485 -495 -554 -530 15.1 -59 -471
226 -0.140 -0.096 -0.097 -0.128 -605 -510 -510 -579 -551 16.0 -48 -503
235 -0.147 -0.104 -0.104 -0.134 -640 -550 -545 -609 -586 18.5 -18 -568
239 -0.145 -0.099 -0.104 -0.130 -630 -525 -545 -589 -572 18.0 -24 -548
251 -0.151 -0.112 -0.121 -0.139 -660 -590 -630 -634 -628 11.5 -102 -526
255 -0.150 -0.109 -0.116 -0.137 -655 -575 -605 -624 -615 15.0 -60 -555
262 -0.155 -0.111 -0.120 -0.137 -680 -585 -625 -624 -628 11.4 -103 -525
268 -0.134 -0.096 -0.106 -0.114 -575 -510 -555 -509 -537 17.5 -30 -507
283 -0.105 -0.076 -0.070 -0.129 -430 -410 -375 -584 -450 15.0 -60 -390
290 -0.128 -0.092 -0.082 -0.138 -545 -490 -435 -629 -525 10.0 -120 -405
303 -0.134 -0.100 -0.089 -0.139 -575 -530 -470 -634 -552 11.0 -108 -444
322 -0.132 -0.101 -0.095 -0.129 -565 -535 -500 -584 -546 13.0 -84 -462
335 -0.142 -0.092 -0.102 -0.112 -615 -490 -535 -499 -535 18.9 -13 -521
339 -0.112 -0.112 -0.078 -0.150 -465 -590 -415 -689 -540 11.7 -100 -440
353 -0.130 -0.092 -0.089 -0.112 -555 -490 -470 -499 -503 13.4 -79 -424
377 -0.122 -0.080 -0.086 -0.111 -515 -430 -455 -494 -473 15.1 -59 -415
405 -0.109 -0.081 -0.087 -0.111 -450 -435 -460 -494 -460 17.2 -34 -426
430 -0.087 -0.065 -0.061 -0.084 -340 -355 -330 -359 -346 19.0 -12 -334
465 -0.091 -0.061 -0.063 -0.089 -360 -335 -340 -384 -355 21.0 12 -367
493 -0.109 -0.054 -0.059 -0.088 -450 -300 -320 -379 -362 22.8 34 -396
526 -0.108 -0.060 -0.070 -0.092 -445 -330 -375 -399 -387 29.0 108 -495
573 -0.140 -0.093 -0.103 -0.124 -605 -495 -540 -559 -550 17.2 -34 -516
650 -0.143 -0.044 -0.094 -0.115 -620 -250 -495 -514 -470 19.0 -12 -458
699 -0.078 -0.057 -0.052 -0.102 -295 -315 -285 -449 -336 21.0 12 -348
727 -0.124 -0.087 -0.088 -0.125 -525 -465 -465 -564 -505 22.8 34 -538
759 -0.137 -0.057 -0.098 -0.083 -590 -315 -515 -354 -443 29.0 108 -551
786 -0.121 -0.076 -0.081 -0.091 -510 -410 -430 -394 -436 17.2 -34 -402
820 -0.116 -0.074 -0.081 -0.099 -485 -400 -430 -434 -437 19.0 -12 -425
850 -0.102 -0.064 -0.073 -0.090 -415 -350 -390 -389 -386 21.0 12 -398
881 -0.106 -0.063 -0.071 -0.089 -435 -345 -380 -384 -386 22.8 34 -419
911 -0.112 -0.071 -0.080 -0.094 -465 -385 -425 -409 -421 29.0 108 -529
953 -0.133 -0.094 -0.101 -0.114 -570 -500 -530 -509 -527 17.2 -34 -494
1065 -0.111 -0.067 -0.072 -0.094 -460 -365 -385 -409 -405 19.0 -12 -393
1098 -0.132 -0.092 -0.095 -0.118 -565 -490 -500 -529 -521 21.0 12 -533
1140 -0.133 -0.099 -0.100 -0.124 -570 -525 -525 -559 -545 17.0 -36 -509
1235 -0.104 -0.064 -0.075 -0.090 -425 -350 -400 -389 -391 25.3 64 -454
1303 -0.100 -0.056 -0.067 -0.086 -405 -310 -360 -369 -361 28.1 97 -458
1406 -0.122 -0.090 -0.096 -0.117 -515 -480 -505 -524 -506 19.7 -4 -502
1464 -0.136 -0.096 -0.103 -0.123 -585 -510 -540 -554 -547 18.7 -16 -532

εthermal,i (2)
(µm/m)

εcs (1)- (2)
(µm/m)

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)
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Shrinkage of April Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial 0.018 -0.023 0.025 0.028 0 0 0 0 0 20.0 0 0

7 -0.014 -0.033 -0.005 0.012 -160 -50 -150 -80 -110 14.0 -72 -38
10 -0.029 -0.056 -0.021 -0.008 -235 -165 -230 -180 -202 16.5 -42 -160
13 -0.034 -0.056 -0.019 -0.009 -260 -165 -220 -185 -207 16.0 -48 -159
17 -0.033 -0.058 -0.020 -0.013 -255 -175 -225 -205 -215 16.0 -48 -167
27 -0.066 -0.081 -0.049 -0.038 -420 -290 -370 -330 -352 18.0 -24 -328
29 -0.067 -0.087 -0.052 -0.044 -425 -320 -385 -360 -372 16.9 -37 -335
31 -0.069 -0.091 -0.059 -0.046 -435 -340 -420 -370 -391 20.4 5 -396
34 -0.073 -0.093 -0.067 -0.048 -455 -350 -460 -380 -411 17.2 -34 -378
38 -0.074 -0.093 -0.062 -0.045 -460 -350 -435 -365 -402 19.7 -4 -399
38 -0.074 -0.093 -0.062 -0.045 -460 -350 -435 -365 -402 21.7 20 -423
41 -0.081 -0.102 -0.072 -0.059 -495 -395 -485 -435 -452 16.0 -48 -404
45 -0.089 -0.107 -0.072 -0.069 -535 -420 -485 -485 -481 17.2 -34 -448
59 -0.098 -0.114 -0.084 -0.071 -580 -455 -545 -495 -519 18.4 -19 -500
66 -0.106 -0.117 -0.091 -0.083 -620 -470 -580 -555 -556 19.0 -12 -544
71 -0.110 -0.123 -0.095 -0.080 -640 -500 -600 -540 -570 21.0 12 -582
72 -0.115 -0.121 -0.094 -0.085 -665 -490 -595 -565 -579 18.0 -24 -555
73 -0.118 -0.123 -0.095 -0.083 -680 -500 -600 -555 -584 17.5 -30 -554
78 -0.117 -0.125 -0.102 -0.086 -675 -510 -635 -570 -597 19.0 -12 -585
90 -0.124 -0.130 -0.111 -0.089 -710 -535 -680 -585 -627 18.6 -17 -611
92 -0.129 -0.129 -0.104 -0.086 -735 -530 -645 -570 -620 18.0 -24 -596

108 -0.113 -0.122 -0.096 -0.083 -655 -495 -605 -555 -577 21.1 13 -591
125 -0.127 -0.132 -0.108 -0.094 -725 -545 -665 -610 -636 19.4 -7 -629
135 -0.124 -0.129 -0.106 -0.092 -710 -530 -655 -600 -624 22.0 24 -648
143 -0.131 -0.135 -0.117 -0.095 -745 -560 -710 -615 -657 18.4 -19 -638
150 -0.133 -0.132 -0.113 -0.098 -755 -545 -690 -630 -655 20.0 0 -655
154 -0.136 -0.139 -0.122 -0.104 -770 -580 -735 -660 -686 18.3 -20 -666
164 -0.137 -0.134 -0.124 -0.099 -775 -555 -745 -635 -677 17.2 -34 -644
169 -0.136 -0.145 -0.121 -0.103 -770 -610 -730 -655 -691 21.0 12 -703
186 -0.142 -0.145 -0.135 -0.106 -800 -610 -800 -670 -720 17.8 -26 -694
192 -0.117 -0.142 -0.142 -0.072 -675 -595 -835 -500 -651 17.1 -35 -616
198 -0.121 -0.137 -0.123 -0.084 -695 -570 -740 -560 -641 17.0 -36 -605
206 -0.140 -0.145 -0.137 -0.097 -790 -610 -810 -625 -709 15.1 -59 -650
212 -0.144 -0.149 -0.140 -0.100 -810 -630 -825 -640 -726 16.0 -48 -678
221 -0.156 -0.157 -0.146 -0.116 -870 -670 -855 -720 -779 18.5 -18 -761
225 -0.148 -0.152 -0.139 -0.112 -830 -645 -820 -700 -749 18.0 -24 -725
237 -0.168 -0.165 -0.152 -0.127 -930 -710 -885 -775 -825 11.5 -102 -723
241 -0.155 -0.160 -0.143 -0.122 -865 -685 -840 -750 -785 15.0 -60 -725
248 -0.163 -0.163 -0.155 -0.128 -905 -700 -900 -780 -821 11.4 -103 -718
254 -0.140 -0.141 -0.125 -0.103 -790 -590 -750 -655 -696 17.5 -30 -666
269 -0.136 -0.112 -0.095 -0.098 -770 -445 -600 -630 -611 15.0 -60 -551
276 -0.148 -0.124 -0.109 -0.124 -830 -505 -670 -760 -691 10.0 -120 -571
289 -0.155 -0.136 -0.127 -0.115 -865 -565 -760 -715 -726 11.0 -108 -618
308 -0.148 -0.129 -0.120 -0.108 -830 -530 -725 -680 -691 13.0 -84 -607
321 -0.141 -0.119 -0.123 -0.091 -795 -480 -740 -595 -652 18.9 -13 -639
325 -0.116 -0.158 -0.112 -0.122 -670 -675 -685 -750 -695 11.7 -100 -595
339 -0.131 -0.138 -0.126 -0.089 -745 -575 -755 -585 -665 13.4 -79 -586
363 -0.125 -0.136 -0.128 -0.093 -715 -565 -765 -605 -662 15.1 -59 -604
391 -0.118 -0.139 -0.110 -0.101 -680 -580 -675 -645 -645 17.2 -34 -611
416 -0.097 -0.121 -0.083 -0.096 -575 -490 -540 -620 -556 19.0 -12 -544
451 -0.104 -0.119 -0.086 -0.082 -610 -480 -555 -550 -549 21.0 12 -561
479 -0.118 -0.115 -0.104 -0.083 -680 -460 -645 -555 -585 22.8 34 -619
512 -0.102 -0.127 -0.092 -0.085 -600 -520 -585 -565 -567 29.0 108 -675
559 -0.143 -0.129 -0.130 -0.093 -805 -530 -775 -605 -679 17.2 -34 -645
636 -0.120 -0.127 -0.125 -0.082 -690 -520 -750 -550 -627 19.0 -12 -615
713 -0.163 -0.140 -0.130 -0.082 -905 -585 -775 -550 -704 22.8 34 -737
772 -0.119 -0.105 -0.097 -0.091 -685 -410 -610 -595 -575 15.0 -60 -515
806 -0.121 -0.124 -0.107 -0.084 -695 -505 -660 -560 -605 22.7 32 -637
836 -0.112 -0.113 -0.101 -0.075 -650 -450 -630 -515 -561 21.0 12 -573
867 -0.106 -0.114 -0.098 -0.075 -620 -455 -615 -515 -551 22.8 34 -585
897 -0.113 -0.113 -0.108 -0.080 -655 -450 -665 -540 -577 29.0 108 -685
939 -0.143 -0.139 -0.130 -0.105 -805 -580 -775 -665 -706 17.2 -34 -673
1084 -0.118 -0.125 -0.113 -0.082 -680 -510 -690 -550 -607 21.0 12 -619
1126 -0.128 -0.129 -0.124 -0.096 -730 -530 -745 -620 -656 17.0 -36 -620
1221 -0.098 -0.101 -0.098 -0.074 -580 -390 -615 -510 -524 25.3 64 -587
1289 -0.105 -0.104 -0.093 -0.065 -615 -405 -590 -465 -519 28.1 97 -616
1392 -0.115 -0.113 -0.127 -0.099 -665 -450 -760 -635 -627 19.7 -4 -624
1450 -0.131 -0.125 -0.133 -0.106 -745 -510 -790 -670 -679 18.7 -16 -663

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)

εthermal,i (2)
(µm/m)

εcs (1)- (2)
(µm/m)
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Shrinkage of May Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial 0.055 0.070 0.063 0.088 0 0 0 0 0 20.4 0 -5

3 0.024 0.031 0.032 0.046 -155 -195 -155 -210 -179 17.2 -34 -145
7 0.019 0.025 0.026 0.039 -180 -225 -185 -245 -209 19.7 -4 -205
7 0.019 0.025 0.026 0.039 -180 -225 -185 -245 -209 21.7 20 -229

10 0.007 0.010 0.017 0.028 -240 -300 -230 -300 -267 16.0 -48 -219
14 -0.007 -0.002 0.004 0.020 -310 -360 -295 -340 -326 17.2 -34 -293
28 -0.027 -0.018 -0.016 0.003 -410 -440 -395 -425 -417 18.5 -18 -399
35 -0.035 -0.022 -0.018 -0.005 -450 -460 -405 -465 -445 19.0 -12 -433
40 -0.043 -0.037 -0.037 -0.015 -490 -535 -500 -515 -510 21.0 12 -522
41 -0.042 -0.035 -0.033 -0.013 -485 -525 -480 -505 -499 18.1 -23 -476
42 -0.046 -0.036 -0.038 -0.019 -505 -530 -505 -535 -519 17.4 -31 -487
47 -0.045 -0.042 -0.037 -0.021 -500 -560 -500 -545 -526 19.0 -12 -514
59 -0.061 -0.056 -0.052 -0.030 -580 -630 -575 -590 -594 18.6 -17 -577
61 -0.055 -0.044 -0.039 -0.022 -550 -570 -510 -550 -545 18.0 -24 -521
77 -0.051 -0.038 -0.036 -0.020 -530 -540 -495 -540 -526 21.1 13 -539
94 -0.067 -0.058 -0.055 -0.037 -610 -640 -590 -625 -616 19.4 -7 -609

104 -0.066 -0.055 -0.051 -0.036 -605 -625 -570 -620 -605 22.0 24 -629
112 -0.073 -0.063 -0.060 -0.045 -640 -665 -615 -665 -646 18.4 -19 -627
119 -0.074 -0.060 -0.061 -0.040 -645 -650 -620 -640 -639 20.0 0 -639
123 -0.079 -0.065 -0.066 -0.048 -670 -675 -645 -680 -667 18.3 -20 -647
133 -0.081 -0.063 -0.069 -0.047 -680 -665 -660 -675 -670 17.2 -34 -636
138 -0.079 -0.073 -0.068 -0.055 -670 -715 -655 -715 -689 21.0 12 -701
155 -0.086 -0.075 -0.073 -0.058 -705 -725 -680 -730 -710 17.8 -26 -683
161 -0.084 -0.062 -0.068 -0.049 -695 -660 -655 -685 -674 17.1 -35 -639
167 -0.078 -0.061 -0.068 -0.051 -665 -655 -655 -695 -667 17.0 -36 -631
175 -0.087 -0.074 -0.074 -0.064 -710 -720 -685 -760 -719 15.1 -59 -660
181 -0.091 -0.079 -0.082 -0.070 -730 -745 -725 -790 -747 16.0 -48 -699
190 -0.102 -0.090 -0.089 -0.079 -785 -800 -760 -835 -795 18.5 -18 -777
194 -0.095 -0.080 -0.081 -0.070 -750 -750 -720 -790 -752 18.0 -24 -728
206 -0.108 -0.095 -0.096 -0.082 -815 -825 -795 -850 -821 11.5 -102 -719
210 -0.102 -0.091 -0.091 -0.075 -785 -805 -770 -815 -793 15.0 -60 -733
217 -0.104 -0.093 -0.092 -0.081 -795 -815 -775 -845 -807 11.4 -103 -704
223 -0.080 -0.072 -0.073 -0.060 -675 -710 -680 -740 -701 17.5 -30 -671
238 -0.055 -0.073 -0.050 -0.055 -550 -715 -565 -715 -636 15.0 -60 -576
245 -0.070 -0.080 -0.053 -0.061 -625 -750 -580 -745 -675 10.0 -120 -555
258 -0.078 -0.080 -0.067 -0.073 -665 -750 -650 -805 -717 11.0 -108 -609
277 -0.077 -0.076 -0.066 -0.070 -660 -730 -645 -790 -706 13.0 -84 -622
290 -0.078 -0.069 -0.064 -0.051 -665 -695 -635 -695 -672 18.9 -13 -659
294 -0.070 -0.091 -0.052 -0.078 -625 -805 -575 -830 -709 11.7 -100 -609
308 -0.072 -0.066 -0.065 -0.058 -635 -680 -640 -730 -671 13.4 -79 -592
332 -0.070 -0.067 -0.063 -0.055 -625 -685 -630 -715 -664 15.1 -59 -605
360 -0.065 -0.062 -0.057 -0.044 -600 -660 -600 -660 -630 17.2 -34 -596
385 -0.049 -0.047 -0.047 -0.036 -520 -585 -550 -620 -569 19.0 -12 -557
420 -0.052 -0.052 -0.053 -0.030 -535 -610 -580 -590 -579 21.0 12 -591
448 -0.056 -0.041 -0.049 -0.029 -555 -555 -560 -585 -564 22.8 34 -597
481 -0.054 -0.046 -0.044 -0.031 -545 -580 -535 -595 -564 29.0 108 -672
528 -0.084 -0.072 -0.069 -0.043 -695 -710 -660 -655 -680 17.2 -34 -646
605 -0.065 -0.067 -0.063 -0.038 -600 -685 -630 -630 -636 19.0 -12 -624
682 -0.090 -0.064 -0.079 -0.048 -725 -670 -710 -680 -696 22.8 34 -730
741 -0.069 -0.066 -0.063 -0.050 -620 -680 -630 -690 -655 15.0 -60 -595
775 -0.064 -0.056 -0.056 -0.034 -595 -630 -595 -610 -607 22.7 32 -640
805 -0.053 -0.043 -0.043 -0.028 -540 -565 -530 -580 -554 21.0 12 -566
836 -0.050 -0.039 -0.041 -0.024 -525 -545 -520 -560 -537 22.8 34 -571
866 -0.059 -0.049 -0.052 -0.033 -570 -595 -575 -605 -586 29.0 108 -694
908 -0.089 -0.075 -0.074 -0.055 -720 -725 -685 -715 -711 17.2 -34 -677
1053 -0.078 -0.071 -0.061 -0.033 -665 -705 -620 -605 -649 21.0 12 -661
1095 -0.082 -0.068 -0.066 -0.044 -685 -690 -645 -660 -670 17.0 -36 -634
1190 -0.048 -0.042 -0.031 -0.012 -515 -560 -470 -500 -511 25.3 64 -575
1258 -0.042 -0.033 -0.045 -0.024 -485 -515 -540 -560 -525 28.1 97 -622
1361 -0.080 -0.070 -0.046 -0.020 -675 -700 -545 -540 -615 19.7 -4 -611
1419 -0.082 -0.077 -0.061 -0.028 -685 -735 -620 -580 -655 18.7 -15.6 -639

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)

εcs (1)- (2)
(µm/m)

εthermal,i (2)
(µm/m)
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C2. Creep Data for I5-I805 

Similar to shrinkage data shown in the previous section, each creep data sheet 

provides DEMEC readings and the creep strains CST,iε  in Equation (3.7) directly 

calculated from the DEMEC readings. The isolated pure creep strain ,cr iε  is calculated 

by Equation (3.8) as an intermediate step and the final creep coefficient ϕ  can obtained 

from Equation (3.9) in Chapter 3. 
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First Creep of October Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.010 0.016 0.006 0.006 0.022 0.004 0 0 0 0 0 0 0 0

0 -0.066 -0.080 -0.135 -0.076 -0.028 -0.028 -380 -480 -705 -410 -250 -160 -397 0 -397 0 0.00
6 -0.125 -0.139 -0.215 -0.120 -0.066 -0.043 -675 -775 -1105 -630 -440 -235 -643 131 -512 -115 0.32

10 -0.122 -0.132 -0.209 -0.124 -0.070 -0.051 -660 -740 -1075 -650 -460 -275 -643 169 -475 -77 0.22
13 -0.127 -0.139 -0.217 -0.128 -0.082 -0.060 -685 -775 -1115 -670 -520 -320 -681 221 -460 -62 0.19
17 -0.133 -0.146 -0.225 -0.134 -0.084 -0.064 -715 -810 -1155 -700 -530 -340 -708 244 -465 -67 0.19
20 -0.150 -0.163 -0.240 -0.139 -0.087 -0.065 -800 -895 -1230 -725 -545 -345 -757 262 -494 -97 0.27
24 -0.153 -0.166 -0.248 -0.146 -0.094 -0.069 -815 -910 -1270 -760 -580 -365 -783 269 -515 -117 0.33
27 -0.143 -0.152 -0.233 -0.140 -0.087 -0.060 -765 -840 -1195 -730 -545 -320 -732 219 -514 -116 0.33
31 -0.155 -0.164 -0.245 -0.147 -0.097 -0.067 -825 -900 -1255 -765 -595 -355 -782 250 -532 -135 0.39
41 -0.158 -0.166 -0.246 -0.153 -0.098 -0.073 -840 -910 -1260 -795 -600 -385 -798 280 -518 -121 0.34
45 -0.163 -0.164 -0.255 -0.155 -0.102 -0.073 -865 -900 -1305 -805 -620 -385 -813 294 -520 -122 0.35
48 -0.168 -0.175 -0.265 -0.161 -0.106 -0.078 -890 -955 -1355 -835 -640 -410 -847 307 -540 -143 0.40
55 -0.167 -0.174 -0.266 -0.159 -0.105 -0.077 -885 -950 -1360 -825 -635 -405 -843 296 -547 -150 0.41
59 -0.171 -0.178 -0.269 -0.161 -0.106 -0.077 -905 -970 -1375 -835 -640 -405 -855 322 -532 -135 0.38
73 -0.172 -0.178 -0.273 -0.163 -0.113 -0.078 -910 -970 -1395 -845 -675 -410 -867 304 -564 -166 0.47
80 -0.173 -0.176 -0.280 -0.159 -0.108 -0.078 -915 -960 -1430 -825 -650 -410 -865 315 -550 -153 0.42
85 -0.174 -0.182 -0.282 -0.160 -0.109 -0.079 -920 -990 -1440 -830 -655 -415 -875 330 -545 -148 0.40
87 -0.182 -0.188 -0.287 -0.170 -0.114 -0.086 -960 -1020 -1465 -880 -680 -450 -909 354 -555 -158 0.43
92 -0.183 -0.187 -0.286 -0.169 -0.116 -0.084 -965 -1015 -1460 -875 -690 -440 -907 354 -554 -156 0.43

104 -0.187 -0.194 -0.298 -0.171 -0.117 -0.085 -985 -1050 -1520 -885 -695 -445 -930 374 -556 -159 0.44
106 -0.185 -0.194 -0.290 -0.171 -0.115 -0.083 -975 -1050 -1480 -885 -685 -435 -918 371 -547 -150 0.42
122 -0.179 -0.183 -0.291 -0.165 -0.110 -0.076 -945 -995 -1485 -855 -660 -400 -890 310 -580 -183 0.50
135 -0.186 -0.189 -0.300 -0.172 -0.114 -0.082 -980 -1025 -1530 -890 -680 -430 -922 352 -570 -173 0.47
139 -0.191 -0.196 -0.306 -0.177 -0.121 -0.088 -1005 -1060 -1560 -915 -715 -460 -952 359 -594 -196 0.53
149 -0.186 -0.191 -0.302 -0.170 -0.115 -0.082 -980 -1035 -1540 -880 -685 -430 -925 344 -581 -184 0.50
157 -0.200 -0.204 -0.315 -0.181 -0.126 -0.095 -1050 -1100 -1605 -935 -740 -495 -987 365 -622 -225 0.60
164 -0.191 -0.193 -0.307 -0.175 -0.118 -0.085 -1005 -1045 -1565 -905 -700 -445 -944 330 -614 -217 0.58
168 -0.197 -0.199 -0.313 -0.184 -0.126 -0.096 -1035 -1075 -1595 -950 -740 -500 -982 351 -631 -234 0.62
178 -0.194 -0.199 -0.319 -0.182 -0.124 -0.090 -1020 -1075 -1625 -940 -730 -470 -977 340 -637 -239 0.63
183 -0.192 -0.180 -0.300 -0.182 -0.129 -0.101 -1010 -980 -1530 -940 -755 -525 -957 346 -610 -213 0.57
200 -0.215 -0.229 -0.354 -0.204 -0.114 -0.108 -1125 -1225 -1800 -1050 -680 -560 -1073 361 -712 -315 0.76
206 -0.208 -0.218 -0.344 -0.195 -0.134 -0.101 -1090 -1170 -1750 -1005 -780 -525 -1053 324 -730 -332 0.86
212 -0.204 -0.212 -0.339 -0.194 -0.134 -0.098 -1070 -1140 -1725 -1000 -780 -510 -1037 321 -716 -319 0.83
220 -0.223 -0.237 -0.363 -0.210 -0.153 -0.116 -1165 -1265 -1845 -1080 -875 -600 -1138 401 -737 -340 0.88
226 -0.220 -0.232 -0.361 -0.208 -0.149 -0.111 -1150 -1240 -1835 -1070 -855 -575 -1121 420 -701 -303 0.79
235 -0.228 -0.239 -0.372 -0.225 -0.162 -0.128 -1190 -1275 -1890 -1155 -920 -660 -1182 449 -733 -335 0.86
239 -0.230 -0.241 -0.373 -0.221 -0.158 -0.124 -1200 -1285 -1895 -1135 -900 -640 -1176 410 -766 -368 0.95
251 -0.253 -0.262 -0.392 -0.234 -0.173 -0.137 -1315 -1390 -1990 -1200 -975 -705 -1262 500 -762 -365 0.94
255 -0.250 -0.258 -0.388 -0.235 -0.175 -0.136 -1300 -1370 -1970 -1205 -985 -700 -1255 475 -780 -383 1.00
262 -0.257 -0.261 -0.394 -0.235 -0.173 -0.135 -1335 -1385 -2000 -1205 -975 -695 -1266 486 -780 -382 0.99
268 -0.233 -0.247 -0.372 -0.224 -0.160 -0.124 -1215 -1315 -1890 -1150 -910 -640 -1187 395 -792 -394 1.02
283 -0.226 -0.226 -0.353 -0.229 -0.173 -0.130 -1180 -1210 -1795 -1175 -975 -670 -1167 364 -804 -406 1.07
290 -0.250 -0.253 -0.380 -0.242 -0.174 -0.135 -1300 -1345 -1930 -1240 -980 -696 -1249 416 -832 -435 1.13
303 -0.263 -0.270 -0.403 -0.245 -0.181 -0.142 -1365 -1430 -2045 -1255 -1015 -730 -1307 471 -835 -438 1.13
322 -0.255 -0.265 -0.398 -0.239 -0.178 -0.138 -1325 -1405 -2020 -1225 -1000 -710 -1281 455 -826 -428 1.11
335 -0.240 -0.251 -0.389 -0.226 -0.160 -0.122 -1250 -1335 -1975 -1160 -910 -630 -1210 441 -769 -371 0.96
339 -0.255 -0.269 -0.406 -0.238 -0.177 -0.135 -1325 -1425 -2060 -1220 -995 -695 -1287 439 -848 -450 1.16
353 -0.245 -0.257 -0.397 -0.231 -0.165 -0.125 -1275 -1365 -2015 -1185 -935 -645 -1237 395 -842 -444 1.14
377 -0.242 -0.251 -0.390 -0.227 -0.159 -0.119 -1260 -1335 -1980 -1165 -905 -615 -1210 379 -831 -434 1.12
405 -0.235 -0.245 -0.383 -0.228 -0.156 -0.111 -1225 -1305 -1945 -1170 -890 -575 -1185 340 -845 -447 1.17
430 -0.217 -0.223 -0.371 -0.220 -0.131 -0.095 -1135 -1195 -1885 -1130 -765 -495 -1101 242 -858 -461 1.18
465 -0.220 -0.224 -0.369 -0.205 -0.143 -0.099 -1150 -1200 -1875 -1055 -825 -515 -1103 272 -831 -433 1.13
493 -0.219 -0.224 -0.364 -0.206 -0.142 -0.102 -1145 -1200 -1850 -1060 -820 -530 -1101 252 -848 -451 1.17
526 -0.221 -0.230 -0.353 -0.204 -0.143 -0.101 -1155 -1230 -1795 -1050 -825 -525 -1097 292 -804 -407 1.07
573 -0.224 -0.246 -0.391 -0.235 -0.169 -0.126 -1170 -1310 -1985 -1205 -955 -650 -1212 407 -805 -407 1.05
650 -0.250 -0.259 -0.406 -0.242 -0.165 -0.111 -1300 -1375 -2060 -1240 -935 -575 -1247 335 -912 -515 1.35
699 -0.260 -0.266 -0.405 -0.248 -0.170 -0.118 -1350 -1410 -2055 -1270 -960 -610 -1276 185 -1091 -693 1.80
727 -0.266 -0.281 -0.433 -0.255 -0.184 -0.134 -1380 -1485 -2195 -1305 -1030 -690 -1347 347 -1000 -602 1.55
759 -0.258 -0.272 -0.420 -0.245 -0.179 -0.128 -1340 -1440 -2130 -1255 -1005 -660 -1305 272 -1032 -635 1.64
786 -0.254 -0.266 -0.413 -0.240 -0.171 -0.123 -1320 -1410 -2095 -1230 -965 -635 -1276 287 -988 -591 1.53
820 -0.245 -0.259 -0.402 -0.236 -0.167 -0.116 -1275 -1375 -2040 -1210 -945 -600 -1241 267 -973 -576 1.50
850 -0.231 -0.244 -0.392 -0.222 -0.157 -0.099 -1205 -1300 -1990 -1140 -895 -515 -1174 225 -949 -552 1.45
881 -0.233 -0.242 -0.393 -0.223 -0.155 -0.098 -1215 -1290 -1995 -1145 -885 -510 -1173 215 -958 -561 1.47
911 -0.237 -0.250 -0.400 -0.231 -0.158 -0.102 -1235 -1330 -2030 -1185 -900 -530 -1202 250 -952 -554 1.45
953 -0.265 -0.282 -0.435 -0.251 -0.183 -0.130 -1375 -1490 -2205 -1285 -1025 -670 -1342 387 -954 -557 1.44

1065 -0.213 -0.205 -0.348 -0.239 -0.154 -0.087 -1115 -1105 -1770 -1225 -880 -455 -1092 205 -887 -489 1.34
1098 -0.249 -0.266 -0.413 -0.252 -0.173 -0.117 -1295 -1410 -2095 -1290 -975 -605 -1278 345 -933 -536 1.41
1140 -0.263 -0.280 -0.429 -0.255 -0.176 -0.120 -1365 -1480 -2175 -1305 -990 -620 -1322 360 -962 -565 1.48
1235 -0.236 -0.256 -0.413 -0.229 -0.147 -0.093 -1230 -1360 -2095 -1175 -845 -485 -1198 197 -1001 -603 1.56
1303 -0.245 -0.257 -0.422 -0.235 -0.140 -0.087 -1275 -1365 -2140 -1205 -810 -455 -1208 235 -973 -576 1.49
1406 -0.286 -0.306 -0.474 -0.268 -0.178 -0.123 -1480 -1610 -2400 -1370 -1000 -635 -1416 322 -1093 -696 1.79
1464 -0.281 -0.307 -0.478 -0.267 -0.182 -0.125 -1455 -1615 -2420 -1365 -1020 -645 -1420 355 -1065 -667 1.71

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

εCST,i (µm/m) εST,i (1)
(µm/m)

DEMEC Reading (DR)
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First Creep of November Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.014 0.012 0.013 0.015 -0.015 0.023 0 0 0 0 0 0 0 0

0 -0.091 -0.089 -0.092 -0.043 -0.077 -0.039 -526 -505 -525 -290 -310 -310 -411 0 -411 0 0.00
6 -0.132 -0.138 -0.143 -0.083 -0.118 -0.068 -731 -750 -780 -490 -515 -455 -620 140 -480 -69 0.16

10 -0.138 -0.144 -0.147 -0.085 -0.117 -0.088 -761 -780 -800 -500 -510 -555 -651 182 -469 -58 0.14
13 -0.139 -0.148 -0.155 -0.091 -0.124 -0.093 -766 -800 -840 -530 -545 -580 -677 230 -447 -36 0.08
17 -0.145 -0.153 -0.163 -0.099 -0.131 -0.100 -796 -825 -880 -570 -580 -615 -711 254 -457 -46 0.11
20 -0.151 -0.163 -0.173 -0.102 -0.134 -0.106 -826 -875 -930 -585 -595 -645 -743 222 -520 -109 0.27
24 -0.156 -0.167 -0.175 -0.104 -0.137 -0.110 -851 -895 -940 -595 -610 -665 -759 292 -467 -56 0.13
27 -0.150 -0.159 -0.166 -0.100 -0.136 -0.102 -821 -855 -895 -575 -605 -625 -729 242 -487 -76 0.18
31 -0.157 -0.168 -0.177 -0.104 -0.139 -0.110 -856 -900 -950 -595 -620 -665 -764 277 -487 -76 0.18
41 -0.162 -0.173 -0.181 -0.109 -0.144 -0.122 -881 -925 -970 -620 -645 -725 -794 336 -458 -47 0.11
45 -0.166 -0.178 -0.180 -0.111 -0.146 -0.120 -901 -950 -965 -630 -655 -715 -803 351 -451 -40 0.09
48 -0.170 -0.182 -0.183 -0.116 -0.152 -0.124 -921 -970 -980 -655 -685 -735 -824 369 -456 -45 0.10
55 -0.169 -0.180 -0.181 -0.116 -0.150 -0.123 -916 -960 -970 -655 -675 -730 -818 349 -469 -58 0.14
59 -0.173 -0.185 -0.184 -0.120 -0.153 -0.124 -936 -985 -985 -675 -690 -735 -834 389 -446 -35 0.07
73 -0.177 -0.185 -0.183 -0.119 -0.158 -0.128 -956 -985 -980 -670 -715 -755 -844 379 -465 -54 0.12
80 -0.175 -0.186 -0.189 -0.119 -0.156 -0.127 -946 -990 -1010 -670 -705 -750 -845 391 -454 -43 0.09
85 -0.176 -0.185 -0.190 -0.120 -0.157 -0.131 -951 -985 -1015 -675 -710 -770 -851 404 -447 -36 0.08
87 -0.185 -0.194 -0.196 -0.128 -0.168 -0.136 -996 -1030 -1045 -715 -765 -795 -891 437 -454 -43 0.09
92 -0.186 -0.194 -0.195 -0.127 -0.167 -0.136 -1001 -1030 -1040 -710 -760 -795 -889 431 -458 -47 0.10

104 -0.189 -0.198 -0.200 -0.130 -0.167 -0.140 -1016 -1050 -1065 -725 -760 -815 -905 447 -458 -47 0.10
106 -0.189 -0.196 -0.201 -0.128 -0.168 -0.135 -1016 -1040 -1070 -715 -765 -790 -899 436 -463 -52 0.11
122 -0.183 -0.192 -0.194 -0.122 -0.160 -0.131 -986 -1020 -1035 -685 -725 -770 -870 394 -476 -65 0.15
135 -0.185 -0.197 -0.201 -0.126 -0.168 -0.137 -996 -1045 -1070 -705 -765 -800 -897 439 -458 -47 0.10
139 -0.195 -0.204 -0.210 -0.132 -0.172 -0.142 -1046 -1080 -1115 -735 -785 -825 -931 441 -490 -79 0.18
149 -0.190 -0.199 -0.205 -0.128 -0.167 -0.138 -1021 -1055 -1090 -715 -760 -805 -908 435 -473 -62 0.13
157 -0.203 -0.212 -0.215 -0.139 -0.183 -0.151 -1086 -1120 -1140 -770 -840 -870 -971 466 -505 -94 0.22
164 -0.194 -0.205 -0.211 -0.130 -0.173 -0.143 -1041 -1085 -1120 -725 -790 -830 -932 412 -519 -108 0.25
168 -0.201 -0.211 -0.217 -0.139 -0.180 -0.152 -1076 -1115 -1150 -770 -825 -875 -969 447 -521 -110 0.26
178 -0.200 -0.212 -0.221 -0.138 -0.177 -0.150 -1071 -1120 -1170 -765 -810 -865 -967 427 -539 -128 0.30
183 -0.198 -0.196 -0.211 -0.140 -0.181 -0.152 -1061 -1040 -1120 -775 -830 -875 -950 426 -524 -113 0.28
200 -0.221 -0.240 -0.251 -0.156 -0.195 -0.173 -1176 -1260 -1320 -855 -900 -980 -1082 464 -618 -207 0.50
206 -0.214 -0.233 -0.241 -0.149 -0.190 -0.164 -1141 -1225 -1270 -820 -875 -935 -1044 414 -631 -220 0.53
212 -0.210 -0.230 -0.235 -0.148 -0.190 -0.163 -1121 -1210 -1240 -815 -875 -930 -1032 424 -608 -197 0.48
220 -0.229 -0.255 -0.257 -0.163 -0.206 -0.182 -1216 -1335 -1350 -890 -955 -1025 -1129 482 -646 -235 0.57
226 -0.225 -0.252 -0.250 -0.158 -0.198 -0.180 -1196 -1320 -1315 -865 -915 -1015 -1104 511 -593 -182 0.43
235 -0.237 -0.256 -0.263 -0.173 -0.217 -0.194 -1256 -1340 -1380 -940 -1010 -1085 -1169 549 -620 -209 0.51
239 -0.239 -0.259 -0.262 -0.171 -0.212 -0.191 -1266 -1355 -1375 -930 -985 -1070 -1164 514 -650 -239 0.58
251 -0.260 -0.279 -0.283 -0.186 -0.227 -0.205 -1371 -1455 -1480 -1005 -1060 -1140 -1252 590 -662 -251 0.60
255 -0.257 -0.274 -0.279 -0.184 -0.225 -0.205 -1356 -1430 -1460 -995 -1050 -1140 -1239 566 -672 -261 0.63
262 -0.268 -0.277 -0.279 -0.186 -0.228 -0.206 -1411 -1445 -1460 -1005 -1065 -1145 -1255 587 -668 -257 0.62
268 -0.244 -0.261 -0.270 -0.172 -0.215 -0.202 -1291 -1365 -1415 -935 -1000 -1125 -1189 491 -697 -286 0.70
283 -0.238 -0.244 -0.244 -0.173 -0.220 -0.200 -1261 -1280 -1285 -940 -1025 -1115 -1151 425 -726 -315 0.81
290 -0.258 -0.267 -0.265 -0.188 -0.231 -0.206 -1361 -1395 -1390 -1015 -1080 -1145 -1231 515 -716 -305 0.77
303 -0.271 -0.284 -0.282 -0.195 -0.235 -0.216 -1426 -1480 -1475 -1050 -1100 -1195 -1288 570 -718 -307 0.76
322 -0.265 -0.275 -0.277 -0.188 -0.230 -0.204 -1396 -1435 -1450 -1015 -1075 -1135 -1251 540 -711 -300 0.74
335 -0.249 -0.268 -0.273 -0.178 -0.212 -0.196 -1316 -1400 -1430 -965 -985 -1095 -1199 519 -680 -269 0.65
339 -0.263 -0.286 -0.289 -0.189 -0.226 -0.206 -1386 -1490 -1510 -1020 -1055 -1145 -1268 496 -771 -360 0.88
353 -0.254 -0.274 -0.280 -0.180 -0.217 -0.198 -1341 -1430 -1465 -975 -1010 -1105 -1221 477 -744 -333 0.81
377 -0.251 -0.268 -0.270 -0.173 -0.218 -0.191 -1326 -1400 -1415 -940 -1015 -1070 -1194 460 -734 -323 0.79
405 -0.244 -0.264 -0.265 -0.170 -0.207 -0.187 -1291 -1380 -1390 -925 -960 -1050 -1166 416 -750 -339 0.83
430 -0.240 -0.251 -0.243 -0.151 -0.198 -0.175 -1271 -1315 -1280 -830 -915 -990 -1100 337 -763 -352 0.86
465 -0.335 -0.249 -0.247 -0.154 -0.203 -0.176 -1746 -1305 -1300 -845 -940 -995 -1189 286 -903 -491 1.17
493 -0.229 -0.243 -0.244 -0.155 -0.193 -0.171 -1216 -1275 -1285 -850 -890 -970 -1081 320 -761 -350 0.87
526 -0.228 -0.245 -0.247 -0.160 -0.193 -0.170 -1211 -1285 -1300 -875 -890 -965 -1088 366 -721 -310 0.76
573 -0.237 -0.263 -0.271 -0.177 -0.222 -0.204 -1256 -1375 -1420 -960 -1035 -1135 -1197 509 -688 -277 0.69
650 -0.259 -0.281 -0.281 -0.182 -0.224 -0.203 -1366 -1465 -1470 -985 -1045 -1130 -1244 444 -800 -389 0.96
699 -0.269 -0.280 -0.273 -0.190 -0.233 -0.208 -1416 -1460 -1430 -1025 -1090 -1155 -1263 302 -960 -549 1.39
727 -0.272 -0.299 -0.308 -0.199 -0.242 -0.226 -1431 -1555 -1605 -1070 -1135 -1245 -1340 485 -855 -444 1.10
759 -0.264 -0.290 -0.297 -0.194 -0.238 -0.218 -1391 -1510 -1550 -1045 -1115 -1205 -1303 380 -923 -512 1.29
786 -0.258 -0.285 -0.288 -0.186 -0.230 -0.212 -1361 -1485 -1505 -1005 -1075 -1175 -1268 427 -840 -429 1.07
820 -0.252 -0.278 -0.282 -0.178 -0.226 -0.208 -1331 -1450 -1475 -965 -1055 -1155 -1239 395 -844 -432 1.08
850 -0.239 -0.260 -0.266 -0.165 -0.213 -0.192 -1266 -1360 -1395 -900 -990 -1075 -1164 335 -829 -418 1.04
881 -0.240 -0.260 -0.261 -0.166 -0.210 -0.188 -1271 -1360 -1370 -905 -975 -1055 -1156 320 -836 -425 1.06
911 -0.245 -0.266 -0.269 -0.174 -0.224 -0.194 -1296 -1390 -1410 -945 -1045 -1085 -1195 366 -829 -418 1.05
953 -0.272 -0.300 -0.301 -0.194 -0.244 -0.224 -1431 -1560 -1570 -1045 -1145 -1235 -1331 482 -849 -438 1.09

1065 -0.221 -0.214 -0.204 -0.180 -0.224 -0.190 -1176 -1130 -1085 -975 -1045 -1065 -1079 211 -868 -457 1.23
1098 -0.262 -0.272 -0.266 -0.192 -0.235 -0.216 -1381 -1420 -1395 -1035 -1100 -1195 -1254 409 -846 -435 1.11
1140 -0.275 -0.288 -0.290 -0.198 -0.239 -0.222 -1446 -1500 -1515 -1065 -1120 -1225 -1312 482 -829 -418 1.05
1235 -0.250 -0.265 -0.268 -0.172 -0.209 -0.194 -1321 -1385 -1405 -935 -970 -1085 -1184 327 -856 -445 1.11
1303 -0.240 -0.260 -0.260 -0.178 -0.211 -0.196 -1271 -1360 -1365 -965 -980 -1095 -1173 357 -815 -404 1.02
1406 -0.296 -0.318 -0.310 -0.203 -0.240 -0.228 -1551 -1650 -1615 -1090 -1125 -1255 -1381 442 -939 -527 1.30
1464 -0.292 -0.314 -0.313 -0.208 -0.248 -0.231 -1531 -1630 -1630 -1115 -1165 -1270 -1390 480 -910 -499 1.24

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
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First Creep of March Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.009 0.010 0.020 -0.097 -0.202 -0.004 0 0 0 0 0 0 0 0

0 -0.088 -0.116 -0.103 -0.181 -0.267 -0.064 -485 -630 -615 -420 -325 -300 -463 0 -463 0 0.00
6 -0.154 -0.197 -0.184 -0.250 -0.308 -0.120 -815 -1035 -1020 -765 -531 -580 -791 116 -675 -213 0.49

10 -0.163 -0.210 -0.191 -0.264 -0.311 -0.127 -860 -1100 -1055 -835 -546 -615 -835 148 -687 -224 0.53
13 -0.172 -0.219 -0.202 -0.271 -0.318 -0.135 -905 -1145 -1110 -870 -581 -655 -878 183 -694 -232 0.55
17 -0.183 -0.228 -0.211 -0.278 -0.325 -0.140 -960 -1190 -1155 -905 -616 -680 -918 231 -687 -224 0.53
20 -0.191 -0.236 -0.223 -0.287 -0.334 -0.153 -1000 -1230 -1215 -950 -661 -745 -967 270 -697 -235 0.55
24 -0.199 -0.247 -0.232 -0.294 -0.338 -0.159 -1040 -1285 -1260 -985 -681 -775 -1004 290 -715 -252 0.60
27 -0.195 -0.242 -0.226 -0.292 -0.335 -0.155 -1020 -1260 -1230 -975 -666 -755 -984 256 -728 -266 0.63
31 -0.206 -0.247 -0.226 -0.299 -0.347 -0.164 -1075 -1285 -1230 -1010 -726 -800 -1021 227 -794 -331 0.77
41 -0.217 -0.263 -0.246 -0.308 -0.354 -0.173 -1130 -1365 -1330 -1056 -761 -845 -1081 318 -763 -300 0.70
45 -0.225 -0.271 -0.251 -0.313 -0.357 -0.175 -1170 -1405 -1355 -1081 -776 -855 -1107 348 -758 -296 0.69
48 -0.233 -0.276 -0.257 -0.317 -0.361 -0.184 -1210 -1430 -1385 -1101 -796 -900 -1137 383 -753 -291 0.68
55 -0.238 -0.285 -0.265 -0.322 -0.362 -0.185 -1235 -1475 -1425 -1126 -801 -905 -1161 385 -776 -314 0.73
59 -0.242 -0.289 -0.269 -0.329 -0.365 -0.182 -1255 -1495 -1445 -1161 -816 -890 -1177 427 -750 -287 0.67
73 -0.250 -0.292 -0.277 -0.336 -0.371 -0.188 -1295 -1510 -1485 -1196 -846 -920 -1209 433 -775 -313 0.73
80 -0.247 -0.292 -0.278 -0.341 -0.372 -0.190 -1280 -1510 -1490 -1221 -851 -930 -1214 432 -781 -319 0.74
85 -0.251 -0.294 -0.281 -0.339 -0.374 -0.195 -1300 -1520 -1505 -1211 -861 -955 -1225 443 -782 -319 0.75
87 -0.261 -0.302 -0.287 -0.347 -0.381 -0.200 -1350 -1560 -1535 -1251 -896 -980 -1262 485 -777 -315 0.73
92 -0.261 -0.304 -0.291 -0.349 -0.382 -0.206 -1350 -1570 -1555 -1261 -901 -1010 -1274 480 -795 -332 0.78

104 -0.267 -0.304 -0.295 -0.353 -0.388 -0.201 -1380 -1570 -1575 -1281 -931 -985 -1287 506 -781 -318 0.73
106 -0.266 -0.311 -0.297 -0.349 -0.386 -0.201 -1375 -1605 -1585 -1261 -921 -985 -1289 488 -800 -338 0.78
122 -0.262 -0.306 -0.294 -0.342 -0.380 -0.193 -1355 -1580 -1570 -1226 -891 -945 -1261 456 -805 -343 0.78
135 -0.267 -0.311 -0.303 -0.346 -0.385 -0.198 -1380 -1605 -1615 -1246 -916 -970 -1289 496 -793 -330 0.75
139 -0.274 -0.319 -0.309 -0.354 -0.390 -0.204 -1415 -1645 -1645 -1286 -941 -1000 -1322 502 -820 -357 0.82
149 -0.272 -0.318 -0.305 -0.352 -0.387 -0.200 -1405 -1640 -1625 -1276 -926 -980 -1309 482 -826 -364 0.83
157 -0.286 -0.329 -0.318 -0.361 -0.396 -0.211 -1475 -1695 -1690 -1321 -971 -1035 -1364 515 -850 -387 0.88
164 -0.280 -0.321 -0.314 -0.355 -0.390 -0.205 -1445 -1655 -1670 -1291 -941 -1005 -1334 478 -856 -393 0.90
168 -0.284 -0.328 -0.316 -0.362 -0.395 -0.214 -1465 -1690 -1680 -1326 -966 -1050 -1363 507 -856 -393 0.90
178 -0.285 -0.328 -0.322 -0.359 -0.395 -0.212 -1470 -1690 -1710 -1311 -966 -1040 -1364 500 -865 -402 0.92
183 -0.285 -0.316 -0.311 -0.363 -0.391 -0.210 -1470 -1630 -1655 -1331 -946 -1030 -1344 488 -855 -393 0.91
200 -0.309 -0.360 -0.355 -0.382 -0.411 -0.232 -1590 -1850 -1875 -1426 -1046 -1140 -1488 525 -963 -501 1.14
206 -0.302 -0.353 -0.350 -0.375 -0.406 -0.225 -1555 -1815 -1850 -1391 -1021 -1105 -1456 485 -971 -509 1.15
212 -0.298 -0.350 -0.343 -0.372 -0.402 -0.222 -1535 -1800 -1815 -1376 -1001 -1090 -1436 487 -949 -486 1.11
220 -0.317 -0.367 -0.360 -0.388 -0.417 -0.239 -1630 -1885 -1900 -1456 -1076 -1175 -1520 530 -991 -528 1.20
226 -0.311 -0.364 -0.354 -0.381 -0.414 -0.237 -1600 -1870 -1870 -1421 -1061 -1165 -1498 551 -947 -484 1.10
235 -0.322 -0.376 -0.369 -0.397 -0.429 -0.252 -1655 -1930 -1945 -1501 -1136 -1240 -1568 586 -982 -519 1.18
239 -0.327 -0.378 -0.370 -0.399 -0.424 -0.249 -1680 -1940 -1950 -1511 -1111 -1225 -1569 572 -997 -535 1.22
251 -0.348 -0.396 -0.387 -0.413 -0.443 -0.264 -1785 -2030 -2035 -1581 -1206 -1300 -1656 628 -1028 -565 1.28
255 -0.344 -0.393 -0.384 -0.412 -0.437 -0.259 -1765 -2015 -2020 -1576 -1176 -1275 -1638 615 -1023 -561 1.27
262 -0.347 -0.397 -0.386 -0.413 -0.440 -0.261 -1780 -2035 -2030 -1581 -1191 -1285 -1650 628 -1022 -559 1.27
268 -0.329 -0.379 -0.376 -0.400 -0.428 -0.251 -1690 -1945 -1980 -1516 -1131 -1235 -1583 537 -1046 -583 1.32
283 -0.318 -0.358 -0.345 -0.405 -0.435 -0.261 -1635 -1840 -1825 -1541 -1166 -1285 -1549 450 -1099 -636 1.45
290 -0.339 -0.379 -0.364 -0.415 -0.443 -0.263 -1740 -1945 -1920 -1591 -1206 -1295 -1616 525 -1091 -629 1.43
303 -0.355 -0.397 -0.385 -0.421 -0.448 -0.270 -1820 -2035 -2025 -1621 -1231 -1330 -1677 552 -1125 -662 1.50
322 -0.350 -0.396 -0.383 -0.409 -0.437 -0.260 -1795 -2030 -2015 -1561 -1176 -1280 -1643 546 -1097 -634 1.44
335 -0.338 -0.392 -0.384 -0.403 -0.425 -0.244 -1735 -2010 -2020 -1531 -1116 -1200 -1602 535 -1067 -605 1.36
339 -0.351 -0.407 -0.400 -0.415 -0.439 -0.259 -1800 -2085 -2100 -1591 -1186 -1275 -1673 540 -1133 -671 1.51
353 -0.345 -0.397 -0.389 -0.410 -0.445 -0.255 -1770 -2035 -2045 -1566 -1216 -1255 -1648 503 -1144 -682 1.52
377 -0.342 -0.392 -0.390 -0.402 -0.431 -0.247 -1755 -2010 -2050 -1526 -1146 -1215 -1617 473 -1144 -681 1.52
405 -0.337 -0.391 -0.381 -0.400 -0.424 -0.243 -1730 -2005 -2005 -1516 -1111 -1195 -1594 460 -1134 -671 1.51
430 -0.313 -0.378 -0.358 -0.391 -0.406 -0.213 -1610 -1940 -1890 -1471 -1021 -1045 -1496 346 -1150 -688 1.53
465 -0.324 -0.384 -0.360 -0.395 -0.418 -0.230 -1665 -1970 -1900 -1491 -1081 -1130 -1539 355 -1185 -722 1.61
493 -0.321 -0.377 -0.368 -0.389 -0.419 -0.233 -1650 -1935 -1940 -1461 -1086 -1145 -1536 362 -1174 -711 1.59
526 -0.325 -0.380 -0.375 -0.400 -0.421 -0.234 -1670 -1950 -1975 -1516 -1096 -1150 -1559 387 -1172 -710 1.59
573 -0.329 -0.399 -0.400 -0.418 -0.440 -0.298 -1690 -2045 -2100 -1606 -1191 -1470 -1684 550 -1134 -671 1.57
650 -0.350 -0.421 -0.417 -0.425 -0.437 -0.261 -1795 -2155 -2185 -1641 -1176 -1285 -1706 470 -1236 -774 1.74
699 -0.352 -0.410 -0.393 -0.430 -0.443 -0.263 -1805 -2100 -2065 -1666 -1206 -1295 -1689 336 -1354 -891 2.00
727 -0.368 -0.436 -0.423 -0.435 -0.453 -0.271 -1885 -2230 -2215 -1691 -1256 -1335 -1769 505 -1264 -801 1.79
759 -0.362 -0.435 -0.419 -0.429 -0.443 -0.269 -1855 -2225 -2195 -1661 -1206 -1325 -1744 443 -1301 -838 1.88
786 -0.355 -0.419 -0.406 -0.423 -0.441 -0.264 -1820 -2145 -2130 -1631 -1196 -1300 -1704 436 -1268 -805 1.81
820 -0.351 -0.411 -0.400 -0.419 -0.435 -0.258 -1800 -2105 -2100 -1611 -1166 -1270 -1675 437 -1238 -776 1.75
850 -0.340 -0.401 -0.388 -0.410 -0.422 -0.243 -1745 -2055 -2040 -1566 -1101 -1195 -1617 386 -1231 -768 1.73
881 -0.332 -0.392 -0.377 -0.405 -0.430 -0.238 -1705 -2010 -1985 -1541 -1141 -1170 -1592 386 -1206 -743 1.65
911 -0.345 -0.405 -0.392 -0.412 -0.427 -0.247 -1770 -2075 -2060 -1576 -1126 -1215 -1637 421 -1216 -753 1.69
953 -0.368 -0.434 -0.423 -0.435 -0.448 -0.273 -1885 -2220 -2215 -1691 -1231 -1345 -1764 527 -1237 -775 1.75

1065 -0.303 -0.357 -0.331 -0.409 -0.413 -0.230 -1560 -1835 -1755 -1561 -1056 -1130 -1483 405 -1078 -616 1.40
1098 -0.346 -0.405 -0.383 -0.429 -0.430 -0.262 -1775 -2075 -2015 -1661 -1141 -1290 -1659 521 -1139 -676 1.55
1140 -0.370 -0.433 -0.418 -0.438 -0.439 -0.266 -1895 -2215 -2190 -1706 -1186 -1310 -1750 545 -1206 -743 1.69
1235 -0.348 -0.414 -0.403 -0.409 -0.416 -0.238 -1785 -2120 -2115 -1561 -1071 -1170 -1637 391 -1246 -783 1.76
1303 -0.339 -0.409 -0.396 -0.413 -0.411 -0.236 -1740 -2095 -2080 -1581 -1046 -1160 -1617 361 -1256 -793 1.79
1406 -0.389 -0.464 -0.447 -0.443 -0.438 -0.267 -1990 -2370 -2335 -1731 -1181 -1315 -1820 506 -1314 -852 1.92
1464 -0.376 -0.454 -0.446 -0.440 -0.438 -0.266 -1925 -2320 -2330 -1716 -1181 -1310 -1797 547 -1250 -787 1.78

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

 



 

 

330

First Creep of April Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.111 -0.100 -0.040 -0.091 -0.041 -0.107 0 0 0 0 0 0 0 0

0 -0.208 -0.207 -0.154 -0.184 -0.117 -0.182 -485 -535 -570 -465 -380 -375 -469 0 -469 0 0.00
3 -0.253 -0.252 -0.199 -0.217 -0.150 -0.218 -710 -760 -795 -630 -545 -555 -666 50 -616 -148 0.32
7 -0.264 -0.263 -0.208 -0.223 -0.155 -0.223 -765 -815 -840 -660 -570 -580 -705 79 -627 -158 0.33

21 -0.287 -0.284 -0.231 -0.240 -0.168 -0.240 -880 -920 -955 -745 -635 -665 -800 116 -684 -216 0.45
28 -0.291 -0.292 -0.237 -0.247 -0.171 -0.243 -900 -960 -985 -780 -650 -680 -826 154 -672 -204 0.43
33 -0.297 -0.299 -0.244 -0.251 -0.173 -0.257 -931 -995 -1020 -800 -660 -750 -860 167 -692 -224 0.47
34 -0.305 -0.306 -0.251 -0.258 -0.180 -0.257 -971 -1031 -1055 -835 -695 -750 -890 176 -713 -245 0.51
35 -0.305 -0.306 -0.253 -0.261 -0.186 -0.262 -971 -1031 -1065 -850 -725 -775 -903 181 -722 -253 0.54
40 -0.311 -0.312 -0.258 -0.264 -0.191 -0.264 -1001 -1061 -1090 -865 -750 -785 -925 195 -730 -262 0.55
52 -0.320 -0.319 -0.267 -0.272 -0.197 -0.272 -1046 -1096 -1135 -905 -780 -825 -965 225 -740 -271 0.57
54 -0.325 -0.324 -0.272 -0.271 -0.195 -0.271 -1071 -1121 -1160 -900 -770 -820 -974 217 -756 -288 0.60
70 -0.324 -0.331 -0.277 -0.271 -0.194 -0.274 -1066 -1156 -1185 -900 -765 -835 -985 175 -810 -341 0.72
87 -0.345 -0.351 -0.298 -0.289 -0.209 -0.290 -1171 -1256 -1290 -990 -840 -915 -1077 234 -843 -375 0.79
97 -0.342 -0.351 -0.298 -0.286 -0.207 -0.287 -1156 -1256 -1290 -975 -830 -900 -1068 221 -847 -378 0.79

105 -0.358 -0.365 -0.310 -0.300 -0.221 -0.298 -1236 -1326 -1350 -1045 -900 -956 -1135 255 -880 -412 0.87
112 -0.353 -0.357 -0.303 -0.292 -0.212 -0.292 -1211 -1286 -1315 -1005 -855 -925 -1100 252 -847 -379 0.79
116 -0.361 -0.363 -0.308 -0.301 -0.220 -0.297 -1251 -1316 -1340 -1050 -895 -951 -1134 284 -850 -382 0.80
126 -0.357 -0.363 -0.316 -0.299 -0.217 -0.296 -1231 -1316 -1380 -1040 -880 -946 -1132 275 -857 -389 0.81
131 -0.354 -0.350 -0.307 -0.300 -0.217 -0.296 -1216 -1251 -1335 -1045 -880 -946 -1112 289 -823 -355 0.75
148 -0.389 -0.399 -0.352 -0.325 -0.240 -0.321 -1391 -1496 -1560 -1171 -995 -1071 -1281 317 -963 -495 1.04
154 -0.377 -0.392 -0.350 -0.316 -0.231 -0.290 -1331 -1461 -1550 -1126 -950 -915 -1222 249 -973 -505 1.05
160 -0.371 -0.388 -0.341 -0.314 -0.231 -0.296 -1301 -1441 -1505 -1116 -950 -946 -1210 239 -971 -502 1.05
168 -0.396 -0.412 -0.360 -0.330 -0.246 -0.317 -1426 -1561 -1600 -1196 -1025 -1051 -1310 306 -1003 -535 1.12
174 -0.393 -0.408 -0.357 -0.324 -0.241 -0.310 -1411 -1541 -1585 -1166 -1000 -1016 -1286 324 -963 -494 1.03
183 -0.405 -0.421 -0.367 -0.342 -0.258 -0.327 -1471 -1606 -1635 -1256 -1085 -1101 -1359 376 -983 -514 1.07
187 -0.420 -0.425 -0.368 -0.341 -0.256 -0.333 -1546 -1626 -1640 -1251 -1075 -1131 -1378 346 -1032 -563 1.18
199 -0.437 -0.445 -0.385 -0.354 -0.269 -0.350 -1631 -1726 -1725 -1316 -1140 -1216 -1459 422 -1036 -568 1.19
203 -0.435 -0.441 -0.383 -0.354 -0.268 -0.350 -1621 -1706 -1715 -1316 -1135 -1216 -1451 382 -1069 -600 1.26
210 -0.438 -0.445 -0.386 -0.353 -0.268 -0.351 -1636 -1726 -1730 -1311 -1135 -1221 -1460 419 -1041 -573 1.20
216 -0.416 -0.428 -0.371 -0.342 -0.255 -0.340 -1526 -1641 -1655 -1256 -1070 -1166 -1386 294 -1092 -623 1.31
231 -0.406 -0.400 -0.342 -0.346 -0.264 -0.324 -1476 -1501 -1510 -1276 -1115 -1086 -1327 209 -1118 -650 1.39
238 -0.431 -0.427 -0.361 -0.355 -0.270 -0.336 -1601 -1636 -1605 -1321 -1145 -1146 -1409 289 -1120 -652 1.38
251 -0.454 -0.448 -0.381 -0.363 -0.275 -0.346 -1716 -1741 -1705 -1361 -1170 -1196 -1481 324 -1158 -689 1.45
270 -0.444 -0.446 -0.380 -0.354 -0.262 -0.337 -1666 -1731 -1700 -1316 -1105 -1151 -1445 289 -1156 -688 1.44
283 -0.432 -0.449 -0.389 -0.347 -0.254 -0.318 -1606 -1746 -1745 -1281 -1065 -1056 -1416 250 -1166 -698 1.45
287 -0.445 -0.460 -0.406 -0.357 -0.266 -0.324 -1671 -1801 -1830 -1331 -1125 -1086 -1474 292 -1181 -713 1.48
301 -0.434 -0.447 -0.389 -0.349 -0.259 -0.326 -1616 -1736 -1745 -1291 -1090 -1096 -1429 262 -1166 -698 1.46
325 -0.429 -0.445 -0.371 -0.343 -0.250 -0.327 -1591 -1726 -1655 -1261 -1045 -1101 -1396 260 -1136 -668 1.40
353 -0.425 -0.438 -0.373 -0.339 -0.247 -0.320 -1571 -1691 -1665 -1241 -1030 -1066 -1377 242 -1135 -666 1.39
378 -0.410 -0.431 -0.357 -0.313 -0.240 -0.304 -1496 -1656 -1585 -1111 -995 -986 -1305 154 -1151 -682 1.43
413 -0.413 -0.427 -0.360 -0.325 -0.238 -0.311 -1511 -1636 -1600 -1171 -985 -1021 -1321 146 -1174 -706 1.48
441 -0.407 -0.422 -0.355 -0.326 -0.233 -0.310 -1481 -1611 -1575 -1176 -960 -1016 -1303 182 -1121 -652 1.36
474 -0.413 -0.426 -0.357 -0.330 -0.233 -0.304 -1511 -1631 -1585 -1196 -960 -986 -1311 165 -1146 -678 1.42
521 -0.420 -0.443 -0.382 -0.360 -0.261 -0.341 -1546 -1716 -1710 -1346 -1100 -1171 -1431 276 -1155 -687 1.45
598 -0.449 -0.462 -0.394 -0.356 -0.256 -0.326 -1691 -1811 -1770 -1326 -1075 -1096 -1461 225 -1236 -768 1.60
675 -0.466 -0.483 -0.419 -0.373 -0.279 -0.343 -1776 -1916 -1895 -1411 -1190 -1181 -1561 301 -1260 -792 1.65
734 -0.448 -0.468 -0.398 -0.363 -0.267 -0.335 -1686 -1841 -1790 -1361 -1130 -1141 -1491 172 -1319 -850 1.79
768 -0.441 -0.467 -0.392 -0.358 -0.263 -0.329 -1651 -1836 -1760 -1336 -1110 -1111 -1467 202 -1265 -796 1.67
798 -0.430 -0.451 -0.380 -0.347 -0.250 -0.320 -1596 -1756 -1700 -1281 -1045 -1066 -1407 159 -1249 -780 1.64
829 -0.431 -0.450 -0.377 -0.347 -0.248 -0.321 -1601 -1751 -1685 -1281 -1035 -1071 -1404 149 -1255 -787 1.65
859 -0.435 -0.457 -0.382 -0.355 -0.256 -0.327 -1621 -1786 -1710 -1321 -1075 -1101 -1436 175 -1261 -792 1.66
901 -0.463 -0.489 -0.418 -0.376 -0.275 -0.353 -1761 -1946 -1890 -1426 -1170 -1231 -1571 304 -1267 -798 1.67

1046 -0.450 -0.465 -0.391 -0.368 -0.258 -0.335 -1696 -1826 -1755 -1386 -1085 -1141 -1481 205 -1276 -808 1.69
1088 -0.463 -0.482 -0.404 -0.371 -0.263 -0.340 -1761 -1911 -1820 -1401 -1110 -1166 -1528 254 -1274 -806 1.68
1183 -0.439 -0.468 -0.396 -0.351 -0.237 -0.310 -1641 -1841 -1780 -1301 -980 -1016 -1426 121 -1305 -837 1.74
1251 -0.444 -0.460 -0.384 -0.357 -0.239 -0.315 -1666 -1801 -1720 -1331 -990 -1041 -1425 116 -1309 -840 1.75
1354 -0.490 -0.521 -0.442 -0.381 -0.262 -0.333 -1896 -2106 -2010 -1451 -1105 -1131 -1616 225 -1392 -923 1.91
1412 -0.482 -0.524 -0.450 -0.386 -0.272 -0.356 -1856 -2121 -2050 -1476 -1155 -1246 -1651 276 -1374 -906 1.88

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ

 



 

 

331

First Creep of May Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.017 0.029 0.018 0.035 0.050 0.047 0 0 0 0 0 0 0 0

0 -0.088 -0.096 -0.125 -0.067 -0.021 -0.010 -525 -625 -715 -510 -355 -285 -502 0 -502 0 0.00
3 -0.127 -0.139 -0.168 -0.112 -0.062 -0.055 -720 -840 -930 -735 -560 -510 -716 59 -657 -155 0.34
7 -0.144 -0.157 -0.187 -0.127 -0.075 -0.069 -805 -930 -1025 -810 -625 -580 -796 117 -678 -176 0.38

21 -0.171 -0.185 -0.217 -0.161 -0.105 -0.100 -940 -1070 -1175 -980 -775 -735 -946 209 -737 -235 0.51
28 -0.177 -0.194 -0.225 -0.173 -0.110 -0.106 -970 -1115 -1215 -1040 -800 -765 -984 236 -748 -245 0.53
33 -0.185 -0.200 -0.233 -0.187 -0.120 -0.116 -1010 -1145 -1255 -1110 -850 -815 -1031 301 -730 -227 0.49
34 -0.188 -0.205 -0.239 -0.189 -0.126 -0.119 -1025 -1170 -1285 -1120 -880 -830 -1052 290 -762 -259 0.56
35 -0.190 -0.208 -0.242 -0.190 -0.128 -0.123 -1035 -1185 -1300 -1125 -890 -850 -1064 310 -754 -252 0.55
40 -0.194 -0.211 -0.247 -0.191 -0.136 -0.130 -1055 -1200 -1325 -1130 -930 -885 -1087 317 -770 -268 0.59
52 -0.202 -0.224 -0.259 -0.203 -0.143 -0.140 -1095 -1265 -1385 -1190 -965 -935 -1139 385 -754 -252 0.55
54 -0.208 -0.228 -0.264 -0.211 -0.148 -0.140 -1125 -1285 -1410 -1230 -990 -935 -1162 336 -826 -324 0.70
70 -0.214 -0.235 -0.273 -0.217 -0.153 -0.147 -1155 -1320 -1455 -1260 -1015 -970 -1196 317 -878 -376 0.82
87 -0.233 -0.256 -0.297 -0.242 -0.172 -0.164 -1250 -1425 -1575 -1385 -1110 -1055 -1300 407 -892 -390 0.84
97 -0.230 -0.255 -0.294 -0.238 -0.173 -0.164 -1235 -1420 -1560 -1365 -1115 -1055 -1291 396 -895 -393 0.85

105 -0.247 -0.270 -0.305 -0.249 -0.182 -0.175 -1320 -1495 -1615 -1420 -1160 -1110 -1353 437 -916 -413 0.89
112 -0.242 -0.264 -0.298 -0.243 -0.176 -0.169 -1295 -1465 -1580 -1390 -1130 -1080 -1323 430 -893 -391 0.84
116 -0.249 -0.271 -0.307 -0.253 -0.184 -0.172 -1330 -1500 -1625 -1440 -1170 -1095 -1360 459 -901 -399 0.85
126 -0.247 -0.270 -0.310 -0.254 -0.181 -0.175 -1320 -1495 -1640 -1445 -1155 -1110 -1361 461 -900 -397 0.85
131 -0.247 -0.265 -0.314 -0.252 -0.184 -0.178 -1320 -1470 -1660 -1435 -1170 -1125 -1363 480 -883 -381 0.82
148 -0.267 -0.299 -0.338 -0.279 -0.203 -0.200 -1420 -1640 -1780 -1570 -1265 -1235 -1485 501 -984 -481 1.03
154 -0.261 -0.291 -0.329 -0.266 -0.194 -0.188 -1390 -1600 -1735 -1505 -1220 -1175 -1437 465 -972 -470 1.00
160 -0.261 -0.290 -0.324 -0.269 -0.194 -0.187 -1390 -1595 -1710 -1520 -1220 -1170 -1434 459 -975 -473 1.01
168 -0.276 -0.309 -0.345 -0.282 -0.212 -0.203 -1465 -1690 -1815 -1585 -1310 -1250 -1519 510 -1009 -507 1.08
174 -0.270 -0.305 -0.342 -0.279 -0.207 -0.199 -1435 -1670 -1800 -1570 -1285 -1230 -1498 539 -960 -457 0.97
183 -0.280 -0.315 -0.347 -0.293 -0.222 -0.216 -1485 -1720 -1825 -1640 -1360 -1315 -1557 586 -971 -469 1.01
187 -0.287 -0.318 -0.351 -0.297 -0.221 -0.217 -1520 -1735 -1845 -1660 -1355 -1320 -1572 544 -1029 -526 1.13
199 -0.307 -0.338 -0.370 -0.310 -0.235 -0.232 -1620 -1835 -1940 -1725 -1425 -1395 -1656 612 -1044 -542 1.16
203 -0.304 -0.335 -0.368 -0.310 -0.234 -0.230 -1605 -1820 -1930 -1725 -1420 -1385 -1647 585 -1062 -560 1.20
210 -0.307 -0.337 -0.367 -0.310 -0.234 -0.232 -1620 -1830 -1925 -1725 -1420 -1395 -1652 599 -1054 -551 1.18
216 -0.288 -0.319 -0.360 -0.300 -0.228 -0.224 -1525 -1740 -1890 -1675 -1390 -1355 -1596 492 -1103 -601 1.30
231 -0.283 -0.290 -0.319 -0.303 -0.230 -0.224 -1500 -1595 -1685 -1690 -1400 -1355 -1537 427 -1110 -607 1.36
238 -0.304 -0.315 -0.339 -0.315 -0.239 -0.247 -1605 -1720 -1785 -1750 -1445 -1470 -1629 466 -1163 -660 1.47
251 -0.317 -0.333 -0.358 -0.330 -0.245 -0.243 -1670 -1810 -1880 -1825 -1475 -1450 -1685 509 -1176 -674 1.47
270 -0.311 -0.334 -0.356 -0.327 -0.238 -0.225 -1640 -1815 -1870 -1810 -1440 -1360 -1656 497 -1158 -656 1.41
283 -0.301 -0.331 -0.359 -0.299 -0.226 -0.217 -1590 -1800 -1885 -1670 -1380 -1320 -1607 464 -1144 -641 1.37
287 -0.313 -0.333 -0.368 -0.307 -0.235 -0.224 -1650 -1810 -1930 -1710 -1425 -1355 -1646 500 -1147 -644 1.38
301 -0.304 -0.326 -0.361 -0.303 -0.226 -0.218 -1605 -1775 -1895 -1690 -1380 -1325 -1611 462 -1149 -647 1.38
325 -0.300 -0.322 -0.354 -0.297 -0.222 -0.217 -1585 -1755 -1860 -1660 -1360 -1320 -1590 455 -1135 -632 1.36
353 -0.297 -0.322 -0.351 -0.295 -0.218 -0.211 -1570 -1755 -1845 -1650 -1340 -1290 -1575 421 -1154 -651 1.39
378 -0.290 -0.307 -0.343 -0.279 -0.199 -0.198 -1535 -1680 -1805 -1570 -1245 -1225 -1510 360 -1150 -647 1.38
413 -0.281 -0.318 -0.341 -0.290 -0.207 -0.201 -1490 -1735 -1795 -1625 -1285 -1240 -1528 370 -1158 -656 1.40
441 -0.281 -0.307 -0.337 -0.286 -0.205 -0.197 -1490 -1680 -1775 -1605 -1275 -1220 -1507 355 -1152 -650 1.39
474 -0.281 -0.310 -0.330 -0.270 -0.210 -0.191 -1490 -1695 -1740 -1525 -1300 -1190 -1490 355 -1135 -632 1.35
521 -0.290 -0.328 -0.359 -0.300 -0.229 -0.224 -1535 -1785 -1885 -1675 -1395 -1355 -1605 471 -1134 -631 1.36
598 -0.308 -0.342 -0.376 -0.305 -0.225 -0.216 -1625 -1855 -1970 -1700 -1375 -1315 -1640 427 -1212 -710 1.50
675 -0.321 -0.353 -0.385 -0.323 -0.246 -0.235 -1690 -1910 -2015 -1790 -1480 -1410 -1716 487 -1228 -726 1.55
734 -0.311 -0.340 -0.373 -0.302 -0.236 -0.219 -1640 -1845 -1955 -1685 -1430 -1330 -1647 446 -1201 -699 1.49
768 -0.305 -0.335 -0.363 -0.294 -0.229 -0.216 -1610 -1820 -1905 -1645 -1395 -1315 -1615 399 -1216 -714 1.53
798 -0.293 -0.320 -0.354 -0.284 -0.218 -0.204 -1550 -1745 -1860 -1595 -1340 -1255 -1557 345 -1212 -710 1.52
829 -0.293 -0.321 -0.347 -0.283 -0.218 -0.205 -1550 -1750 -1825 -1590 -1340 -1260 -1552 329 -1224 -721 1.55
859 -0.300 -0.330 -0.356 -0.295 -0.222 -0.205 -1585 -1795 -1870 -1650 -1360 -1260 -1586 377 -1209 -707 1.50
901 -0.323 -0.356 -0.387 -0.313 -0.245 -0.233 -1700 -1925 -2025 -1740 -1475 -1400 -1711 502 -1208 -706 1.50

1046 -0.304 -0.328 -0.356 -0.303 -0.236 -0.223 -1605 -1785 -1870 -1690 -1430 -1350 -1621 440 -1182 -679 1.47
1088 -0.318 -0.348 -0.370 -0.303 -0.238 -0.229 -1675 -1885 -1940 -1690 -1440 -1380 -1668 461 -1207 -705 1.51
1183 -0.303 -0.333 -0.361 -0.299 -0.221 -0.208 -1600 -1810 -1895 -1670 -1355 -1275 -1601 302 -1298 -796 1.69
1251 -0.306 -0.317 -0.348 -0.295 -0.220 -0.206 -1615 -1730 -1830 -1650 -1350 -1265 -1573 316 -1257 -755 1.62
1354 -0.340 -0.366 -0.396 -0.325 -0.244 -0.238 -1785 -1975 -2070 -1800 -1470 -1425 -1754 406 -1348 -845 1.79
1412 -0.344 -0.375 -0.408 -0.324 -0.256 -0.252 -1805 -2020 -2130 -1795 -1530 -1495 -1796 446 -1349 -847 1.81

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

 



 

 

332

Second Creep of October Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.039 0.034 0.038 0.041 0.034 0.042 0 0 0 0 0 0 0 0

0 -0.056 -0.060 -0.057 -0.013 -0.014 -0.023 -475 -470 -475 -270 -240 -325 -376 0 -376 0 0.00
4 -0.082 -0.090 -0.086 -0.035 -0.041 -0.051 -605 -620 -620 -380 -375 -465 -511 6 -504 -135 0.35

14 -0.085 -0.096 -0.094 -0.036 -0.044 -0.054 -620 -650 -660 -385 -390 -480 -531 -9 -539 -155 0.44
22 -0.101 -0.110 -0.108 -0.048 -0.058 -0.067 -700 -720 -730 -445 -460 -545 -600 12 -587 -224 0.56
29 -0.093 -0.102 -0.098 -0.038 -0.049 -0.056 -660 -680 -680 -395 -415 -490 -553 -22 -576 -177 0.52
33 -0.101 -0.109 -0.106 -0.046 -0.056 -0.063 -700 -715 -720 -435 -448 -525 -590 -1 -592 -215 0.57
43 -0.097 -0.108 -0.104 -0.044 -0.054 -0.062 -680 -710 -710 -425 -440 -520 -581 -12 -593 -205 0.58
48 -0.100 -0.114 -0.107 -0.047 -0.062 -0.067 -695 -740 -725 -440 -480 -545 -604 -6 -610 -228 0.62
65 -0.120 -0.133 -0.129 -0.062 -0.071 -0.083 -795 -835 -835 -515 -525 -625 -688 9 -679 -312 0.82
71 -0.112 -0.126 -0.114 -0.058 -0.067 -0.077 -755 -800 -760 -495 -505 -595 -652 -29 -680 -276 0.82
77 -0.109 -0.123 -0.113 -0.055 -0.064 -0.071 -740 -785 -755 -480 -490 -565 -636 -31 -667 -260 0.78
85 -0.125 -0.140 -0.135 -0.067 -0.078 -0.089 -820 -870 -865 -540 -560 -655 -718 49 -669 -342 0.79
91 -0.131 -0.144 -0.139 -0.073 -0.085 -0.095 -850 -890 -885 -570 -595 -685 -746 67 -678 -370 0.81

100 -0.139 -0.157 -0.154 -0.079 -0.092 -0.101 -890 -955 -960 -600 -630 -715 -792 96 -695 -416 0.85
104 -0.138 -0.153 -0.151 -0.078 -0.087 -0.097 -885 -935 -945 -595 -605 -695 -777 57 -719 -401 0.92
116 -0.152 -0.170 -0.168 -0.089 -0.103 -0.115 -955 -1020 -1030 -650 -685 -785 -854 147 -707 -478 0.88
120 -0.148 -0.168 -0.167 -0.087 -0.100 -0.112 -935 -1010 -1025 -640 -670 -770 -842 122 -719 -466 0.92
127 -0.153 -0.173 -0.171 -0.090 -0.102 -0.114 -960 -1035 -1045 -655 -680 -780 -859 134 -725 -483 0.94
133 -0.137 -0.157 -0.156 -0.075 -0.089 -0.102 -880 -955 -970 -580 -615 -720 -787 42 -744 -411 0.99
148 -0.137 -0.160 -0.160 -0.079 -0.090 -0.100 -880 -970 -990 -600 -620 -710 -795 11 -784 -419 1.11
155 -0.151 -0.174 -0.175 -0.094 -0.103 -0.116 -950 -1040 -1065 -675 -685 -790 -867 64 -804 -492 1.17
168 -0.161 -0.185 -0.188 -0.099 -0.114 -0.128 -1000 -1095 -1130 -700 -740 -850 -919 119 -800 -543 1.15
187 -0.155 -0.177 -0.180 -0.091 -0.108 -0.124 -970 -1055 -1090 -660 -710 -830 -886 102 -783 -510 1.10
200 -0.147 -0.169 -0.169 -0.087 -0.100 -0.115 -930 -1015 -1035 -640 -670 -785 -846 89 -757 -470 1.04
204 -0.157 -0.182 -0.180 -0.094 -0.116 -0.122 -980 -1080 -1090 -675 -750 -820 -899 86 -813 -523 1.17
218 -0.149 -0.172 -0.173 -0.088 -0.107 -0.119 -940 -1030 -1055 -645 -705 -805 -863 42 -821 -487 1.20
242 -0.137 -0.168 -0.161 -0.083 -0.101 -0.107 -880 -1010 -995 -620 -675 -745 -821 26 -794 -445 1.14
270 -0.136 -0.160 -0.157 -0.079 -0.096 -0.105 -875 -970 -975 -600 -650 -735 -801 -12 -813 -425 1.18
295 -0.121 -0.147 -0.143 -0.064 -0.080 -0.086 -800 -905 -905 -525 -570 -640 -724 -110 -834 -348 1.24
330 -0.123 -0.149 -0.143 -0.065 -0.082 -0.093 -810 -915 -905 -530 -580 -675 -736 -80 -816 -360 1.19
358 -0.121 -0.142 -0.137 -0.059 -0.078 -0.090 -800 -880 -875 -500 -560 -660 -712 -100 -812 -337 1.17
391 -0.120 -0.142 -0.156 -0.056 -0.078 -0.090 -795 -880 -970 -485 -560 -660 -725 -60 -785 -349 1.10
438 -0.148 -0.165 -0.163 -0.081 -0.097 -0.115 -935 -995 -1005 -610 -655 -785 -831 55 -776 -455 1.08
515 -0.163 -0.182 -0.185 -0.090 -0.113 -0.124 -1010 -1080 -1115 -655 -735 -830 -904 -17 -921 -528 1.45
564 -0.165 -0.192 -0.202 -0.093 -0.115 -0.165 -1020 -1130 -1200 -670 -745 -1035 -966 -167 -1134 -591 2.11
592 -0.171 -0.197 -0.202 -0.098 -0.121 -0.152 -1050 -1155 -1200 -695 -775 -970 -974 -5 -979 -598 1.65
624 -0.165 -0.192 -0.190 -0.091 -0.113 -0.133 -1020 -1130 -1140 -660 -735 -875 -926 -80 -1006 -551 1.71
651 -0.158 -0.187 -0.188 -0.089 -0.112 -0.131 -985 -1105 -1130 -650 -730 -865 -911 -65 -976 -535 1.63
685 -0.151 -0.179 -0.178 -0.079 -0.100 -0.120 -950 -1065 -1080 -600 -670 -810 -862 -85 -947 -487 1.55
715 -0.138 -0.163 -0.166 -0.065 -0.089 -0.109 -885 -985 -1020 -530 -615 -755 -798 -127 -926 -422 1.48
746 -0.139 -0.165 -0.166 -0.065 -0.089 -0.107 -890 -995 -1020 -530 -615 -745 -799 -137 -936 -423 1.51
776 -0.150 -0.175 -0.176 -0.076 -0.099 -0.118 -945 -1045 -1070 -585 -665 -800 -852 -102 -954 -476 1.56
818 -0.173 -0.200 -0.201 -0.097 -0.119 -0.147 -1060 -1170 -1195 -690 -765 -945 -971 35 -936 -595 1.52
930 -0.147 -0.175 -0.174 -0.076 -0.093 -0.113 -930 -1045 -1060 -585 -635 -775 -838 -147 -986 -462 1.66
963 -0.174 -0.200 -0.205 -0.096 -0.117 -0.144 -1065 -1170 -1215 -685 -755 -930 -970 -7 -977 -594 1.63

1005 -0.177 -0.210 -0.215 -0.100 -0.120 -0.148 -1080 -1220 -1265 -705 -770 -950 -998 8 -991 -622 1.68
1100 -0.145 -0.178 -0.189 -0.070 -0.090 -0.116 -920 -1060 -1135 -555 -620 -790 -847 -155 -1001 -471 1.71
1168 -0.163 -0.196 -0.206 -0.078 -0.101 -0.131 -1010 -1150 -1220 -595 -675 -865 -919 -117 -1036 -543 1.79
1271 -0.198 -0.215 0.220 -0.111 -0.126 -0.152 -1185 -1245 910 -760 -800 -970 -675 -30 -705 -299 0.72
1329 -0.201 -0.230 -0.237 -0.111 -0.122 -0.159 -1200 -1320 -1375 -760 -780 -1005 -1073 3 -1071 -697 1.90

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

εCST,i (µm/m) εST,i (1)
(µm/m)

DEMEC Reading (DR)
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Second Creep of November Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.040 0.044 0.038 0.044 0.040 0.039 0 0 0 0 0 0 0 0

0 -0.028 -0.027 -0.029 -0.037 -0.041 -0.047 -340 -355 -335 -405 -405 -430 -378 0 -407 0 0.00
4 -0.053 -0.053 -0.056 -0.065 -0.071 -0.080 -465 -485 -470 -545 -555 -595 -519 2 -514 -107 0.26

14 -0.058 -0.057 -0.061 -0.067 -0.076 -0.086 -490 -505 -495 -555 -580 -625 -542 -4 -562 -155 0.38
22 -0.068 -0.070 -0.074 -0.081 -0.091 -0.100 -540 -570 -560 -625 -655 -695 -607 27 -616 -209 0.51
29 -0.061 -0.063 -0.067 -0.074 -0.085 -0.092 -505 -535 -525 -590 -625 -655 -572 -26 -546 -139 0.34
33 -0.070 -0.069 -0.073 -0.083 -0.093 -0.099 -550 -565 -555 -635 -665 -690 -610 9 -598 -191 0.47
43 -0.069 -0.066 -0.073 -0.081 -0.089 -0.098 -545 -550 -555 -625 -645 -685 -601 -11 -556 -149 0.37
48 -0.065 -0.065 -0.070 -0.082 -0.084 -0.105 -525 -545 -540 -630 -620 -720 -597 -12 -596 -189 0.46
65 -0.091 -0.089 -0.094 -0.104 -0.114 -0.117 -655 -665 -660 -740 -770 -780 -712 25 -710 -303 0.75
71 -0.088 -0.082 -0.090 -0.095 -0.106 -0.101 -640 -630 -640 -695 -730 -700 -672 -25 -613 -206 0.51
77 -0.083 -0.081 -0.087 -0.092 -0.104 -0.105 -615 -625 -625 -680 -720 -720 -664 -15 -613 -206 0.51
85 -0.100 -0.097 -0.104 -0.108 -0.122 -0.120 -700 -705 -710 -760 -810 -795 -747 44 -731 -324 0.80
91 -0.106 -0.104 -0.108 -0.111 -0.129 -0.127 -730 -740 -730 -775 -845 -830 -775 72 -799 -392 0.97

100 -0.112 -0.111 -0.115 -0.125 -0.140 -0.140 -760 -775 -765 -845 -900 -895 -823 110 -915 -508 1.25
104 -0.109 -0.109 -0.115 -0.122 -0.137 -0.143 -745 -765 -765 -830 -885 -910 -817 75 -867 -460 1.14
116 -0.123 -0.126 -0.129 -0.135 -0.159 -0.160 -815 -850 -835 -895 -995 -995 -897 151 -947 -539 1.33
120 -0.122 -0.122 -0.130 -0.134 -0.155 -0.156 -810 -830 -840 -890 -975 -975 -886 127 -954 -547 1.35
127 -0.126 -0.124 -0.129 -0.137 -0.157 -0.162 -830 -840 -835 -905 -985 -1005 -900 149 -945 -538 1.33
133 -0.104 -0.102 -0.108 -0.128 -0.144 -0.142 -720 -730 -730 -860 -920 -905 -811 52 -833 -426 1.05
148 -0.109 -0.115 -0.122 -0.122 -0.141 -0.140 -745 -795 -800 -830 -905 -895 -828 -14 -754 -347 0.86
155 -0.125 -0.125 -0.128 -0.134 -0.160 -0.160 -825 -845 -830 -890 -1000 -995 -897 76 -854 -447 1.10
168 -0.137 -0.137 -0.140 -0.146 -0.170 -0.177 -885 -905 -890 -950 -1050 -1080 -960 131 -983 -576 1.42
187 -0.130 -0.131 -0.135 -0.142 -0.161 -0.169 -850 -875 -865 -930 -1005 -1040 -927 101 -945 -537 1.32
200 -0.120 -0.120 -0.131 -0.132 -0.155 -0.165 -800 -820 -845 -880 -975 -1020 -890 80 -957 -550 1.35
204 -0.130 -0.135 -0.132 -0.144 -0.166 -0.170 -850 -895 -850 -940 -1030 -1045 -935 57 -893 -486 1.19
218 -0.125 -0.124 -0.125 -0.140 -0.159 -0.161 -825 -840 -815 -920 -995 -1000 -899 39 -859 -451 1.11
242 -0.124 -0.119 -0.119 -0.136 -0.153 -0.149 -820 -815 -785 -900 -965 -940 -871 21 -833 -426 1.05
270 -0.112 -0.113 -0.115 -0.129 -0.145 -0.147 -760 -785 -765 -865 -925 -930 -838 -22 -782 -375 0.92
295 -0.090 -0.093 -0.098 -0.113 -0.133 -0.131 -650 -685 -680 -785 -865 -850 -752 -101 -639 -232 0.56
330 -0.093 -0.093 -0.101 -0.115 -0.134 -0.133 -665 -685 -695 -795 -870 -860 -762 -153 -621 -214 0.52
358 -0.097 -0.092 -0.094 -0.113 -0.129 -0.130 -685 -680 -660 -785 -845 -845 -750 -119 -665 -258 0.63
391 -0.097 -0.090 -0.094 -0.113 -0.130 -0.134 -685 -670 -660 -785 -850 -865 -752 -72 -788 -381 0.93
438 -0.138 -0.157 -0.170 -200 -220 -190 -910 -985 -1045 -592 70 -628 -221 0.47
515 -0.134 -0.125 -0.125 -0.155 -0.165 -0.161 -870 -845 -815 -995 -1025 -1000 -925 5 -918 -511 1.26
564 -0.139 -0.143 -0.140 -0.162 -0.176 -0.178 -895 -935 -890 -1030 -1080 -1085 -986 -136 -861 -454 1.12
592 -0.146 -0.145 -0.146 -0.161 -0.181 -0.185 -930 -945 -920 -1025 -1105 -1120 -1007 46 -1087 -680 1.68
624 -0.150 -0.137 -0.132 -0.153 -0.174 -0.176 -950 -905 -850 -985 -1070 -1075 -972 -59 -1022 -614 1.51
651 -0.138 -0.132 -0.134 -0.153 -0.172 -0.174 -890 -880 -860 -985 -1060 -1065 -956 -11 -912 -505 1.24
685 -0.123 -0.120 -0.122 -0.147 -0.163 -0.165 -815 -820 -800 -955 -1015 -1020 -904 -44 -848 -441 1.08
715 -0.111 -0.109 -0.111 -0.128 -0.147 -0.148 -755 -765 -745 -860 -935 -935 -832 -104 -741 -334 0.82
746 -0.111 -0.106 -0.102 -0.126 -0.150 -0.151 -755 -750 -700 -850 -950 -950 -826 -119 -741 -333 0.81
776 -0.124 -0.117 -0.125 -0.145 -0.156 -0.162 -820 -805 -815 -945 -980 -1005 -895 -72 -930 -523 1.29
818 -0.144 -0.144 -0.151 -0.163 -0.182 -0.184 -920 -940 -945 -1035 -1110 -1115 -1011 44 -1021 -614 1.51
930 -0.123 -0.122 -0.108 -0.140 -0.155 -0.144 -815 -830 -730 -920 -975 -915 -864 -227 -625 -217 0.53
963 -0.143 -0.139 -0.134 -0.163 -0.182 -0.183 -915 -915 -860 -1035 -1110 -1110 -991 -30 -973 -566 1.39

1005 -0.150 -0.151 -0.145 -0.171 -0.187 -0.191 -950 -975 -915 -1075 -1135 -1150 -1033 44 -1041 -634 1.56
1100 -0.115 -0.115 -0.115 -0.135 -0.151 -0.158 -775 -795 -765 -895 -955 -985 -861 -111 -814 -407 1.00
1168 -0.123 -0.129 -0.130 -0.140 -0.168 -0.182 -815 -865 -840 -920 -1040 -1105 -931 -81 -947 -540 1.32
1271 -0.161 -0.156 -0.143 -0.179 -0.190 -0.198 -1005 -1000 -905 -1115 -1150 -1185 -1060 4 -1060 -653 1.60
1329 -0.165 -0.158 -0.153 -0.189 -0.196 -0.203 -1025 -1010 -955 -1165 -1180 -1210 -1091 41 -1116 -709 1.74

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)
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Second Creep of March Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial 0.043 0.035 0.039 0.041 0.034 0.032 0 0 0 0 0 0 0 0

0 -0.062 -0.070 -0.068 -0.042 -0.037 -0.046 -525 -525 -535 -415 -355 -390 -457 0 -457 0 0.00
4 -0.091 -0.102 -0.103 -0.067 -0.067 -0.081 -670 -685 -710 -540 -505 -565 -612 6 -606 -149 0.29

14 -0.097 -0.111 -0.112 -0.070 -0.071 -0.089 -700 -730 -755 -555 -525 -605 -645 -14 -659 -201 0.40
22 -0.113 -0.129 -0.129 -0.085 -0.088 -0.102 -780 -820 -840 -630 -610 -670 -725 19 -706 -249 0.50
29 -0.108 -0.123 -0.120 -0.078 -0.077 -0.094 -755 -790 -795 -595 -555 -630 -687 -17 -704 -247 0.50
33 -0.116 -0.130 -0.128 -0.086 -0.086 -0.102 -795 -825 -835 -635 -600 -670 -727 11 -715 -258 0.52
43 -0.116 -0.130 -0.127 -0.086 -0.086 -0.102 -795 -825 -830 -635 -600 -670 -726 4 -722 -265 0.53
48 -0.118 -0.132 -0.130 -0.095 -0.095 -0.108 -805 -835 -845 -680 -645 -700 -752 -8 -759 -302 0.60
65 -0.140 -0.153 -0.150 -0.108 -0.108 -0.126 -915 -940 -945 -745 -710 -790 -841 29 -812 -355 0.72
71 -0.134 -0.147 -0.146 -0.105 -0.104 -0.117 -885 -910 -925 -730 -690 -745 -814 -11 -825 -368 0.75
77 -0.131 -0.144 -0.142 -0.102 -0.099 -0.122 -870 -895 -905 -715 -665 -770 -803 -9 -812 -355 0.71
85 -0.145 -0.161 -0.159 -0.115 -0.115 -0.136 -940 -980 -990 -780 -745 -840 -879 34 -845 -388 0.78
91 -0.152 -0.168 -0.166 -0.122 -0.124 -0.144 -975 -1015 -1025 -815 -790 -880 -916 55 -861 -404 0.81

100 -0.161 -0.179 -0.172 -0.129 -0.133 -0.159 -1020 -1070 -1055 -850 -835 -955 -964 90 -874 -417 0.82
104 -0.160 -0.180 -0.175 -0.129 -0.133 -0.159 -1015 -1075 -1070 -850 -835 -955 -966 76 -890 -433 0.85
116 -0.173 -0.196 -0.189 -0.143 -0.151 -0.179 -1080 -1155 -1140 -920 -925 -1055 -1046 133 -913 -456 0.88
120 -0.171 -0.192 -0.189 -0.139 -0.150 -0.174 -1070 -1135 -1140 -900 -920 -1030 -1032 119 -914 -456 0.88
127 -0.175 -0.196 -0.190 -0.142 -0.151 -0.176 -1090 -1155 -1145 -915 -925 -1040 -1045 133 -912 -455 0.89
133 -0.150 -0.183 -0.183 -0.128 -0.142 -0.168 -965 -1090 -1110 -845 -880 -1000 -981 41 -940 -483 0.92
148 -0.162 -0.187 -0.165 -0.127 -0.131 -0.149 -1025 -1110 -1020 -840 -825 -905 -954 -46 -1000 -543 1.09
155 -0.172 -0.197 -0.176 -0.142 -0.151 -0.168 -1075 -1160 -1075 -915 -925 -1000 -1025 29 -996 -539 1.06
168 -0.185 -0.208 -0.193 -0.150 -0.165 -0.184 -1140 -1215 -1160 -955 -995 -1080 -1091 56 -1034 -577 1.13
187 -0.182 -0.199 -0.189 -0.143 -0.156 -0.177 -1125 -1170 -1140 -920 -950 -1045 -1058 50 -1008 -551 1.08
200 -0.172 -0.194 -0.187 -0.138 -0.150 -0.174 -1075 -1145 -1130 -895 -920 -1030 -1032 39 -994 -536 1.05
204 -0.181 -0.204 -0.198 -0.151 -0.160 -0.170 -1120 -1195 -1185 -960 -970 -1010 -1073 44 -1029 -572 1.15
218 -0.179 -0.194 -0.194 -0.146 -0.150 -0.167 -1110 -1145 -1165 -935 -920 -995 -1045 8 -1037 -580 1.17
242 -0.166 -0.184 -0.188 -0.139 -0.140 -0.167 -1045 -1095 -1135 -900 -870 -995 -1006 -22 -1029 -572 1.14
270 -0.162 -0.178 -0.181 -0.133 -0.139 -0.163 -1025 -1065 -1100 -870 -865 -975 -983 -36 -1019 -562 1.11
295 -0.141 -0.165 -0.169 -0.115 -0.120 -0.147 -920 -1000 -1040 -780 -770 -895 -901 -150 -1051 -593 1.17
330 -0.142 -0.166 -0.175 -0.119 -0.128 -0.151 -925 -1005 -1070 -800 -810 -915 -921 -141 -1062 -605 1.19
358 -0.147 -0.165 -0.174 -0.121 -0.127 -0.146 -950 -1000 -1065 -810 -805 -890 -920 -134 -1054 -596 1.18
391 -0.145 -0.170 -0.177 -0.119 -0.122 -0.144 -940 -1025 -1080 -800 -780 -880 -917 -109 -1026 -569 1.14
438 -0.176 -0.193 -0.200 -0.144 -0.147 -0.182 -1095 -1140 -1195 -925 -905 -1070 -1055 54 -1001 -544 1.07
515 -0.193 -0.207 -0.202 -0.155 -0.156 -0.180 -1180 -1210 -1205 -980 -950 -1060 -1097 -26 -1124 -666 1.34
564 -0.195 -0.220 -0.209 -0.158 -0.166 -0.185 -1190 -1275 -1240 -995 -1000 -1085 -1131 -160 -1291 -833 1.68
592 -0.200 -0.222 -0.218 -0.164 -0.171 -0.192 -1215 -1285 -1285 -1025 -1025 -1120 -1159 9 -1150 -693 1.39
624 -0.191 -0.218 -0.218 -0.158 -0.159 -0.192 -1170 -1265 -1285 -995 -965 -1120 -1133 -52 -1186 -728 1.47
651 -0.186 -0.248 -0.215 -0.155 -0.158 -0.182 -1145 -1415 -1270 -980 -960 -1070 -1140 -60 -1200 -742 1.52
685 -0.179 -0.204 -0.236 -0.147 -0.152 -0.176 -1110 -1195 -1375 -940 -930 -1040 -1098 -59 -1157 -699 1.43
715 -0.166 -0.193 -0.201 -0.132 -0.138 -0.161 -1045 -1140 -1200 -865 -860 -965 -1012 -110 -1122 -665 1.34
746 -0.165 -0.189 -0.166 -0.133 -0.139 -0.163 -1040 -1120 -1025 -870 -865 -975 -982 -110 -1092 -635 1.25
776 -0.179 -0.203 -0.197 -0.144 -0.150 -0.172 -1110 -1190 -1180 -925 -920 -1020 -1057 -75 -1132 -675 1.36
818 -0.197 -0.222 -0.227 -0.170 -0.171 -0.195 -1200 -1285 -1330 -1055 -1025 -1135 -1171 31 -1140 -683 1.38
930 -0.173 -0.198 -0.189 -0.141 -0.140 -0.155 -1080 -1165 -1140 -910 -870 -935 -1016 -91 -1108 -650 1.33
963 -0.194 -0.222 -0.219 -0.162 -0.166 -0.188 -1185 -1285 -1290 -1015 -1000 -1100 -1146 25 -1121 -663 1.34

1005 -0.202 -0.229 -0.230 -0.169 -0.175 -0.199 -1225 -1320 -1345 -1050 -1045 -1155 -1190 49 -1141 -684 1.37
1100 -0.171 -0.199 -0.204 -0.139 -0.143 -0.169 -1070 -1170 -1215 -900 -885 -1005 -1041 -105 -1146 -688 1.39
1168 -0.186 -0.216 -0.217 -0.132 -0.146 -0.186 -1145 -1255 -1280 -865 -900 -1090 -1089 -135 -1224 -767 1.54
1271 -0.221 -0.227 -0.224 -0.176 -0.177 -0.207 -1320 -1310 -1315 -1085 -1055 -1195 -1213 10 -1203 -746 1.50
1329 -0.236 -0.248 -0.245 -0.186 -0.183 -0.215 -1395 -1415 -1420 -1135 -1085 -1235 -1281 51 -1229 -772 1.58

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
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C3. Shrinkage Data for I215-CA91 

Shrinkage of February Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/initial -0.090 -0.082 -0.103 -0.096 0 0 0 0 0 36.0 192 -192

10 -0.128 -0.116 -0.136 -0.143 -190 -170 -165 -235 -190 33.0 156 -346
17 -0.125 -0.117 -0.104 -0.121 -175 -175 -5 -125 -120 34.0 168 -288
24 -0.133 -0.109 -0.135 -0.145 -215 -135 -160 -245 -189 36.0 192 -381
32 -0.141 -0.121 -0.146 -0.153 -255 -195 -215 -285 -238 27.0 84 -322
69 -0.153 -0.105 -0.158 -0.160 -315 -115 -275 -320 -256 27.0 84 -340
77 -0.158 -0.116 -0.163 -0.166 -338 -169 -303 -349 -290 27.0 84 -374

104 -0.173 -0.152 -0.182 -0.185 -415 -350 -395 -445 -401 18.3 -20 -381
140 -0.181 -0.158 -0.180 -0.190 -455 -380 -385 -470 -423 23.0 36 -459
170 -0.196 -0.196 -0.192 -0.177 -530 -570 -445 -405 -488 11.0 -108 -380
196 -0.215 -0.204 -0.162 -0.216 -625 -610 -295 -600 -533 4.0 -192 -341
230 -0.203 -0.165 -0.168 -0.174 -565 -415 -325 -390 -424 23.3 40 -464
270 -0.192 -0.174 -0.158 -0.188 -510 -460 -275 -460 -426 14.4 -67 -359
300 -0.138 -0.140 -0.130 -0.133 -240 -290 -135 -185 -213 9.0 -132 -81
328 -0.136 -0.131 -0.148 -0.128 -230 -245 -225 -160 -215 17.5 -30 -185
362 -0.158 -0.142 -0.157 -0.152 -340 -300 -270 -280 -298 38.3 220 -517
392 -0.159 -0.142 -0.153 -0.156 -345 -300 -250 -300 -299 0.0 -240 -59
423 -0.165 -0.145 -0.167 -0.167 -375 -315 -320 -355 -341 33.0 156 -497
453 -0.176 -0.159 -0.178 -0.174 -430 -385 -375 -390 -395 27.0 84 -479
490 -0.195 -0.175 -0.195 -0.196 -525 -465 -460 -500 -488 22.1 25 -513
580 -0.136 -0.114 -0.109 -0.131 -230 -160 -30 -175 -149 14.2 -70 -79
607 -0.132 -0.106 -0.113 -0.103 -210 -120 -50 -35 -104 23.0 36 -140
682 -0.147 -0.125 -0.119 -0.142 -285 -215 -80 -230 -203 19.7 -4 -199

εcs (1)- (2)
(µm/m)

εthermal,i (2)
(µm/m)

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)

 

 

Shrinkage of June Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial -0.036 -0.045 -0.018 -0.022 0 0 0 0 0 36.0 192 -192

10 -0.092 -0.087 -0.110 -0.081 -280 -210 -460 -295 -311 33.0 156 -467
17 -0.099 -0.096 -0.085 -0.076 -315 -255 -335 -270 -294 34.0 168 -462
24 -0.107 -0.116 -0.105 -0.105 -355 -355 -435 -415 -390 36.0 192 -582
32 -0.118 -0.126 -0.126 -0.112 -410 -405 -540 -450 -451 27.0 84 -535
69 -0.132 -0.132 -0.140 -0.130 -480 -435 -610 -540 -516 27.0 84 -600
77 -0.138 -0.143 -0.146 -0.134 -509 -488 -642 -562 -550 27.0 84 -634

104 -0.157 -0.178 -0.168 -0.149 -605 -665 -750 -635 -664 18.3 -20 -643
140 -0.176 -0.187 -0.174 -0.164 -700 -710 -780 -710 -725 23.0 36 -761
170 -0.193 -0.207 -0.191 -0.188 -785 -810 -865 -830 -823 11.0 -108 -715
196 -0.213 -0.213 -0.153 -0.176 -885 -840 -675 -770 -793 4.0 -192 -601
230 -0.188 -0.186 -0.156 -0.165 -760 -705 -690 -715 -718 23.3 40 -757
270 -0.175 -0.192 -0.173 -0.170 -695 -735 -775 -740 -736 14.4 -67 -669
300 -0.149 -0.132 -0.120 -0.146 -565 -435 -510 -620 -533 9.0 -132 -401
328 -0.138 -0.134 -0.132 -0.136 -510 -445 -570 -570 -524 17.5 -30 -494
362 -0.144 -0.144 -0.147 -0.138 -540 -495 -645 -580 -565 38.3 220 -785
392 -0.143 -0.146 -0.144 -0.137 -535 -505 -630 -575 -561 0.0 -240 -321
423 -0.148 -0.158 -0.150 -0.139 -560 -565 -660 -585 -593 33.0 156 -749
453 -0.166 -0.167 -0.167 -0.153 -650 -610 -745 -655 -665 27.0 84 -749
490 -0.180 -0.184 -0.183 -0.173 -720 -695 -825 -755 -749 22.1 25 -774
580 -0.106 -0.101 -0.095 -0.092 -350 -280 -385 -350 -341 14.2 -70 -272
607 -0.107 -0.095 -0.095 -0.082 -355 -250 -385 -300 -323 23.0 36 -359
682 -0.119 -0.125 -0.120 -0.106 -415 -400 -510 -420 -436 19.7 -4 -433

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)

εthermal,i (2)
(µm/m)

εcs (1)- (2)
(µm/m)
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Shrinkage of August Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial -0.156 -0.183 -0.139 -0.162 0 0 0 0 0 23.0 36 -36

30 -0.168 -0.181 -0.166 -0.188 -60 10 -135 -130 -79 11.0 -108 29
56 -0.144 -0.220 -0.185 -0.205 60 -185 -230 -215 -143 4.0 -192 49
90 -0.130 -0.204 -0.158 -0.173 130 -105 -95 -55 -31 23.3 40 -71

130 -0.160 -0.200 -0.158 -0.156 -20 -85 -95 30 -43 14.4 -67 25
160 -0.128 -0.171 -0.103 -0.117 140 60 180 225 151 9.0 -132 283
188 -0.123 -0.165 -0.099 -0.134 165 90 200 140 149 17.5 -30 179
222 -0.138 -0.176 -0.118 -0.140 90 35 105 110 85 38.3 220 -135
252 -0.145 -0.179 -0.122 -0.149 55 20 85 65 56 0.0 -240 296
283 -0.153 -0.192 -0.138 -0.159 15 -45 5 15 -3 33.0 156 -159
313 -0.169 -0.204 -0.152 -0.174 -65 -105 -65 -60 -74 27.0 84 -158
350 -0.180 -0.218 -0.167 -0.192 -120 -175 -140 -150 -146 22.1 25 -172
534 -0.116 -0.138 -0.076 -0.113 200 225 315 245 246 14.2 -70 316
561 -0.113 -0.136 -0.088 -0.075 215 235 255 435 285 23.0 36 249
636 -0.126 -0.164 -0.102 -0.129 150 95 185 165 149 19.7 -4 152

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)

εthermal,i (2)
(µm/m)

εcs (1)- (2)
(µm/m)

 

 

Shrinkage of October Batch 

1A 1B 2A 2B 1A 1B 2A 2B Ave. (1)
0/Initial -0.024 -0.027 -0.073 -0.024 0 0 0 0 0 23.0 36 -36

10 -0.070 -0.073 -0.117 -0.065 -230 -230 -220 -205 -221 11.0 -108 -113
17 -0.088 -0.088 -0.132 -0.079 -320 -305 -295 -275 -299 20.0 0 -299
30 -0.113 -0.093 -0.144 -0.099 -445 -330 -355 -375 -376 11.0 -108 -268
56 -0.168 -0.097 -0.189 -0.140 -720 -350 -580 -580 -558 4.0 -192 -366
90 -0.122 -0.130 -0.187 -0.125 -490 -515 -570 -505 -520 23.3 40 -560

130 -0.161 -0.153 -0.215 -0.157 -685 -630 -710 -665 -673 14.4 -67 -605
160 -0.107 -0.104 -0.150 -0.099 -415 -385 -385 -375 -390 9.0 -132 -258
188 -0.124 -0.116 -0.167 -0.120 -500 -445 -470 -480 -474 17.5 -30 -444
222 -0.153 -0.145 -0.196 -0.139 -645 -590 -615 -575 -606 38.3 220 -826
252 -0.156 -0.151 -0.199 -0.145 -660 -620 -630 -605 -629 0.0 -240 -389
283 -0.169 -0.160 -0.209 -0.154 -725 -665 -680 -650 -680 33.0 156 -836
313 -0.180 -0.176 -0.222 -0.169 -780 -745 -745 -725 -749 27.0 84 -833
350 -0.201 -0.193 -0.245 -0.186 -885 -830 -860 -810 -846 22.1 25 -872
440 -0.148 -0.120 -0.157 -0.103 -620 -465 -420 -395 -475 14.2 -70 -405
467 -0.141 -0.117 -0.158 -0.102 -585 -450 -425 -390 -463 23.0 36 -499
542 -0.165 -0.146 -0.182 -0.138 -705 -595 -545 -570 -604 19.7 -4 -600

εthermal,i (2)
(µm/m)

εcs (1)- (2)
(µm/m)

Time
(days)

DEMEC Reading (DR) εST,i (µm/m) Temp.
(C°)
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C4. Creep Data for I215-CA91 

First Creep of February Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.078 -0.118 -0.087 -0.088 -0.098 -0.099 0 0 0 0 0 0 0 0

0 -0.181 -0.208 -0.171 -0.199 -0.166 -0.247 -515 -450 -420 -555 -340 -740 -504 0 -504 0 0.00
10 -0.250 -0.293 -0.247 -0.299 -0.237 -0.367 -860 -876 -800 -1055 -695 -1341 -938 190 -748 -244 0.46
17 -0.262 -0.296 -0.252 -0.303 -0.240 -0.374 -920 -891 -825 -1075 -710 -1376 -966 120 -846 -343 0.68
24 -0.291 -0.314 -0.284 -0.320 -0.272 -0.403 -1065 -981 -985 -1161 -870 -1521 -1097 189 -908 -405 0.82
32 -0.304 -0.328 -0.294 -0.334 -0.290 -0.420 -1130 -1051 -1035 -1231 -960 -1606 -1169 238 -931 -428 0.87
69 -0.329 -0.361 -0.320 -0.372 -0.307 -0.456 -1255 -1216 -1166 -1421 -1046 -1786 -1315 256 -1058 -555 1.13

104 -0.367 -0.396 -0.352 -0.411 -0.343 -0.492 -1446 -1391 -1326 -1616 -1226 -1966 -1495 401 -1093 -590 1.21
140 -0.372 -0.401 -0.357 -0.412 -0.345 -0.501 -1471 -1416 -1351 -1621 -1236 -2011 -1517 423 -1095 -591 1.20
170 -0.398 -0.429 -0.381 -0.442 -0.374 -0.534 -1601 -1556 -1471 -1771 -1381 -2176 -1659 488 -1171 -668 1.36
196 -0.416 -0.445 -0.405 -0.456 -0.388 -0.551 -1691 -1636 -1591 -1841 -1451 -2261 -1745 533 -1212 -709 1.45
230 -0.382 -0.414 -0.368 -0.424 -0.362 -0.517 -1521 -1481 -1406 -1681 -1321 -2091 -1583 424 -1159 -656 1.34
270 -0.397 -0.425 -0.377 -0.436 -0.358 -0.530 -1596 -1536 -1451 -1741 -1301 -2156 -1630 426 -1203 -700 1.42
300 -0.387 -0.418 -0.365 -0.429 -0.346 -0.522 -1546 -1501 -1391 -1706 -1241 -2116 -1583 213 -1371 -867 1.79
328 -0.366 -0.399 -0.347 -0.415 -0.329 -0.506 -1441 -1406 -1301 -1636 -1156 -2036 -1496 215 -1281 -777 1.59
362 -0.360 -0.394 -0.342 -0.408 -0.324 -0.502 -1411 -1381 -1276 -1601 -1131 -2016 -1469 298 -1171 -668 1.34
392 -0.365 -0.392 -0.347 -0.408 -0.329 -0.504 -1436 -1371 -1301 -1601 -1156 -2026 -1482 299 -1183 -679 1.37
423 -0.373 -0.401 -0.358 -0.417 -0.331 -0.515 -1476 -1416 -1356 -1646 -1166 -2081 -1523 341 -1182 -678 1.35
453 -0.383 -0.407 -0.369 -0.425 -0.352 -0.527 -1526 -1446 -1411 -1686 -1271 -2141 -1580 395 -1185 -681 1.37
490 -0.415 -0.440 -0.404 -0.458 -0.385 -0.558 -1686 -1611 -1586 -1851 -1436 -2296 -1744 488 -1256 -753 1.53
580 -0.397 -0.437 -0.373 -0.450 -0.346 -0.517 -1596 -1596 -1431 -1811 -1241 -2091 -1627 149 -1479 -975 2.06
607 -0.383 -0.408 -0.363 -0.423 -0.333 -0.517 -1526 -1451 -1381 -1676 -1176 -2091 -1550 104 -1446 -943 1.95
682 -0.417 -0.437 -0.399 -0.452 -0.364 -0.559 -1696 -1596 -1561 -1821 -1331 -2301 -1717 203 -1515 -1011 2.09
845 -0.417 -0.433 -0.405 -0.455 -0.374 -0.580 -1696 -1576 -1591 -1836 -1381 -2406 -1747
948 -0.430 -0.450 -0.382 -0.465 -0.343 -0.575 -1761 -1661 -1476 -1886 -1226 -2381 -1732

1006 -0.437 -0.454 -0.398 -0.471 -0.345 -0.590 -1796 -1681 -1556 -1916 -1236 -2456 -1773

Time
(days)

εCST,i (µm/m) εST,i (1)
(µm/m)

DEMEC Reading (DR) (3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ

 

 

First Creep of June Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.027 -0.051 -0.024 -0.040 -0.016 -0.059 0 0 0 0 0 0 0 0

0 -0.160 -0.182 -0.158 -0.152 -0.192 -0.129 -665 -655 -670 -560 -880 -350 -630 0 -630 0 0.00
10 -0.294 -0.348 -0.296 -0.290 -0.370 -0.268 -1335 -1485 -1360 -1250 -1770 -1045 -1374 311 -1063 -433 0.65
17 -0.328 -0.369 -0.323 -0.299 -0.398 -0.284 -1505 -1590 -1495 -1295 -1910 -1125 -1487 294 -1193 -563 0.84
24 -0.357 -0.393 -0.357 -0.326 -0.434 -0.316 -1650 -1710 -1665 -1430 -2090 -1285 -1639 390 -1249 -618 0.92
32 -0.383 -0.412 -0.383 -0.346 -0.462 -0.330 -1780 -1805 -1795 -1530 -2230 -1355 -1749 451 -1298 -668 1.00
69 -0.441 -0.478 -0.426 -0.401 -0.515 -0.378 -2070 -2136 -2010 -1805 -2495 -1595 -2019 516 -1502 -872 1.32

104 -0.479 -0.513 -0.469 -0.433 -0.551 -0.412 -2260 -2311 -2225 -1965 -2675 -1766 -2200 664 -1537 -906 1.37
140 -0.493 -0.525 -0.478 -0.450 -0.572 -0.428 -2330 -2371 -2270 -2050 -2780 -1846 -2275 725 -1549 -919 1.39
170 -0.517 -0.553 -0.507 -0.475 -0.601 -0.450 -2450 -2511 -2415 -2175 -2925 -1956 -2405 823 -1583 -953 1.44
196 -0.546 -0.567 -0.534 -0.489 -0.622 -0.461 -2595 -2581 -2550 -2245 -3030 -2011 -2502 793 -1709 -1079 1.64
230 -0.507 -0.552 -0.498 -0.486 -0.588 -0.436 -2400 -2506 -2370 -2230 -2860 -1886 -2375 718 -1658 -1028 1.57
270 -0.520 -0.566 -0.506 -0.485 -0.594 -0.460 -2465 -2576 -2410 -2225 -2890 -2006 -2429 736 -1692 -1062 1.60
300 -0.512 -0.565 -0.495 -0.476 -0.582 -0.442 -2425 -2571 -2355 -2180 -2830 -1916 -2380 533 -1847 -1217 1.85
328 -0.494 -0.554 -0.478 -0.467 -0.563 -0.432 -2335 -2516 -2270 -2135 -2735 -1866 -2310 524 -1786 -1156 1.75
362 -0.493 -0.556 -0.477 -0.463 -0.567 -0.430 -2330 -2526 -2265 -2115 -2755 -1856 -2308 565 -1743 -1113 1.69
392 -0.500 -0.562 -0.486 -0.465 -0.573 -0.428 -2365 -2556 -2310 -2125 -2785 -1846 -2331 561 -1770 -1140 1.74
423 -0.514 -0.568 -0.494 -0.478 -0.580 -0.447 -2435 -2586 -2350 -2190 -2820 -1941 -2387 593 -1794 -1164 1.76
453 -0.519 -0.579 -0.508 -0.485 -0.602 -0.450 -2460 -2641 -2420 -2225 -2930 -1956 -2439 665 -1774 -1144 1.74
490 -0.554 -0.609 -0.538 -0.516 -0.635 -0.478 -2635 -2791 -2570 -2380 -3095 -2096 -2595 749 -1846 -1216 1.85
580 -0.540 -0.597 -0.517 -0.488 -0.603 -0.414 -2565 -2731 -2465 -2240 -2935 -1776 -2452 341 -2111 -1481 2.30
607 -0.528 -0.573 -0.504 -0.469 -0.599 -0.410 -2505 -2611 -2400 -2145 -2915 -1756 -2389 323 -2066 -1436 2.22
682 -0.558 -0.607 -0.532 -0.511 -0.640 -0.470 -2655 -2781 -2540 -2355 -3120 -2056 -2585 436 -2148 -1518 2.31
845 -0.562 -0.627 -0.537 -0.525 -0.666 -0.509 -2675 -2881 -2565 -2425 -3250 -2251 -2675
948 -0.575 -0.640 -0.530 -0.534 -0.653 -0.494 -2740 -2946 -2530 -2470 -3185 -2176 -2675

1006 -0.584 -0.644 -0.550 -0.544 -0.668 -0.507 -2785 -2966 -2630 -2521 -3260 -2241 -2734

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
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First Creep of August Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.153 -0.160 -0.129 -0.138 -0.139 -0.161 0 0 0 0 0 0 0 0

0 -0.253 -0.324 -0.212 -0.303 -0.226 -0.333 -500 -821 -415 -826 -435 -861 -643 0 -643 0 0.00
10 -0.315 -0.405 -0.267 -0.379 -0.276 -0.418 -811 -1226 -690 -1206 -685 -1286 -984 26 -958 -315 0.51
17 -0.325 -0.422 -0.274 -0.387 -0.284 -0.432 -861 -1311 -725 -1246 -726 -1356 -1037 45 -993 -350 0.57
30 -0.337 -0.435 -0.282 -0.405 -0.281 -0.455 -921 -1376 -765 -1336 -710 -1471 -1097 79 -1018 -375 0.58
56 -0.368 -0.476 -0.312 -0.455 -0.325 -0.492 -1076 -1581 -916 -1586 -931 -1656 -1291 143 -1148 -505 0.81
90 -0.347 -0.458 -0.284 -0.426 -0.285 -0.484 -971 -1491 -776 -1441 -731 -1616 -1171 31 -1140 -497 0.75

130 -0.360 -0.494 -0.297 -0.454 -0.307 -0.505 -1036 -1671 -841 -1581 -841 -1721 -1282 43 -1239 -596 0.92
160 -0.366 -0.493 -0.292 -0.461 -0.299 -0.514 -1066 -1666 -816 -1616 -801 -1766 -1288 -151 -1440 -797 1.26
188 -0.356 -0.485 -0.294 -0.458 -0.310 -0.493 -1016 -1626 -826 -1601 -856 -1661 -1264 -149 -1413 -770 1.25
222 -0.358 -0.492 -0.295 -0.459 -0.323 -0.503 -1026 -1661 -831 -1606 -921 -1711 -1293 -85 -1378 -735 1.18
252 -0.370 -0.509 -0.310 -0.473 -0.334 -0.523 -1086 -1746 -906 -1676 -976 -1811 -1367 -56 -1423 -780 1.25
283 -0.377 -0.529 -0.315 -0.494 -0.340 -0.542 -1121 -1846 -931 -1781 -1006 -1907 -1432 3 -1429 -786 1.24
313 -0.393 -0.537 -0.330 -0.499 -0.358 -0.553 -1201 -1887 -1006 -1806 -1096 -1962 -1493 74 -1419 -776 1.23
350 -0.432 -0.572 -0.370 -0.533 -0.398 -0.583 -1396 -2062 -1206 -1976 -1296 -2112 -1675 146 -1528 -885 1.45
440 -0.406 -0.576 -0.300 -0.530 -0.322 -0.574 -1266 -2082 -856 -1961 -916 -2067 -1524 -246 -1771 -1128 1.77
467 -0.402 -0.547 -0.299 -0.507 -0.307 -0.580 -1246 -1937 -851 -1846 -841 -2097 -1469 -285 -1755 -1112 1.73
542 -0.446 -0.578 -0.365 -0.539 -0.378 -0.624 -1466 -2092 -1181 -2006 -1196 -2317 -1710 -149 -1858 -1215 1.97
705 -0.455 -0.582 -0.332 -0.551 -0.421 -0.670 -1511 -2112 -1016 -2066 -1411 -2547 -1777
808 -0.476 -0.608 -0.389 -0.570 -0.402 -0.679 -1616 -2242 -1301 -2161 -1316 -2592 -1871
866 -0.481 -0.611 -0.402 -0.570 -0.414 -0.681 -1641 -2257 -1366 -2161 -1376 -2602 -1901

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ

 

 

First Creep of October Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.013 -0.021 -0.058 0.012 -0.054 -0.029 0 0 0 0 0 0 0 0

0 -0.125 -0.157 -0.156 -0.112 -0.172 -0.147 -560 -680 -490 -620 -590 -590 -588 0 -588 0 0.00
10 -0.234 -0.277 -0.258 -0.223 -0.303 -0.270 -1105 -1280 -1000 -1175 -1245 -1205 -1168 221 -947 -359 0.60
17 -0.259 -0.305 -0.286 -0.251 -0.341 -0.298 -1230 -1420 -1140 -1315 -1435 -1345 -1314 299 -1016 -427 0.72
30 -0.292 -0.341 -0.317 -0.284 -0.382 -0.333 -1395 -1600 -1295 -1480 -1640 -1520 -1489 376 -1112 -524 0.88
56 -0.343 -0.408 -0.368 -0.352 -0.447 -0.408 -1650 -1935 -1550 -1820 -1966 -1895 -1803 558 -1245 -657 1.08
90 -0.356 -0.412 -0.387 -0.355 -0.470 -0.406 -1715 -1955 -1645 -1835 -2081 -1885 -1853 520 -1333 -744 1.26

130 -0.404 -0.461 -0.435 -0.400 -0.530 -0.445 -1955 -2200 -1886 -2060 -2381 -2080 -2094 673 -1421 -833 1.43
160 -0.416 -0.474 -0.451 -0.411 -0.537 -0.451 -2015 -2265 -1966 -2115 -2416 -2110 -2148 390 -1758 -1169 2.02
188 -0.414 -0.473 -0.448 -0.414 -0.548 -0.455 -2005 -2260 -1951 -2130 -2471 -2130 -2158 474 -1684 -1096 1.89
222 -0.423 -0.486 -0.458 -0.428 -0.461 -0.471 -2050 -2325 -2001 -2200 -2036 -2210 -2137 606 -1531 -942 1.59
252 -0.436 -0.502 -0.471 -0.440 -0.575 -0.482 -2115 -2405 -2066 -2260 -2606 -2265 -2286 629 -1657 -1069 1.84
283 -0.454 -0.519 -0.485 -0.457 -0.594 -0.502 -2205 -2490 -2136 -2345 -2701 -2365 -2374 680 -1694 -1105 1.89
313 -0.463 -0.530 -0.498 -0.470 -0.618 -0.520 -2250 -2545 -2201 -2410 -2821 -2455 -2447 749 -1698 -1110 1.89
350 -0.500 -0.568 -0.534 -0.507 -0.653 -0.559 -2435 -2735 -2381 -2595 -2996 -2650 -2632 846 -1786 -1197 2.04
440 -0.495 -0.559 -0.528 -0.481 -0.613 -0.506 -2410 -2690 -2351 -2465 -2796 -2385 -2516 475 -2041 -1453 2.54
467 -0.473 -0.547 -0.501 -0.475 -0.611 -0.514 -2300 -2630 -2216 -2435 -2786 -2425 -2465 463 -2003 -1414 2.43
542 -0.500 -0.581 -0.537 -0.513 -0.564 -0.662 -2435 -2800 -2396 -2625 -2551 -3165 -2662 604 -2058 -1470 2.34
705 -0.510 -0.594 -0.550 -0.522 -0.590 -0.698 -2485 -2865 -2461 -2670 -2681 -3345 -2751
808 -0.532 -0.618 -0.566 -0.515 -0.588 -0.702 -2595 -2985 -2541 -2635 -2671 -3365 -2799
866 -0.534 -0.622 -0.565 -0.530 -0.595 -0.714 -2605 -3005 -2536 -2710 -2706 -3425 -2831

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
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Second Creep of February Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.179 -0.163 -0.177 -0.181 -0.167 -0.181 0 0 0 0 0 0 0 0

0 -0.281 -0.257 -0.299 -0.285 -0.250 -0.310 -510 -470 -611 -520 -415 -646 -529 0 -529 0 0.00
6 -0.293 -0.281 -0.283 -0.314 -0.251 -0.343 -571 -590 -530 -666 -420 -811 -598 25 -573 -44 0.06

17 -0.299 -0.284 -0.291 -0.319 -0.259 -0.347 -601 -605 -571 -691 -460 -831 -626 70 -556 -27 0.03
27 -0.316 -0.294 -0.322 -0.328 -0.274 -0.355 -686 -656 -726 -736 -535 -871 -701 112 -590 -61 0.10
63 -0.333 -0.314 -0.345 -0.344 -0.290 -0.377 -771 -756 -841 -816 -616 -981 -797 133 -663 -135 0.24
93 -0.362 -0.336 -0.356 -0.368 -0.313 -0.398 -916 -866 -896 -936 -731 -1086 -905 198 -707 -178 0.33

119 -0.378 -0.351 -0.370 -0.390 -0.338 -0.412 -996 -941 -966 -1046 -856 -1156 -993 243 -750 -221 0.43
153 -0.345 -0.322 -0.335 -0.365 -0.289 -0.382 -831 -796 -791 -921 -611 -1006 -826 134 -691 -163 0.30
193 -0.350 -0.331 -0.333 -0.367 -0.288 -0.387 -856 -841 -781 -931 -606 -1031 -841 137 -704 -175 0.32
223 -0.344 -0.327 -0.334 -0.368 -0.288 -0.383 -826 -821 -786 -936 -606 -1011 -831 -77 -908 -379 0.74
251 -0.333 -0.309 -0.327 -0.346 -0.278 -0.372 -771 -731 -751 -826 -555 -956 -765 -74 -839 -310 0.59
285 -0.333 -0.306 -0.323 -0.344 -0.275 -0.376 -771 -716 -731 -816 -540 -976 -758 8 -750 -221 0.40
315 -0.335 -0.303 -0.329 -0.343 -0.282 -0.373 -781 -701 -761 -811 -575 -961 -765 9 -755 -227 0.42
346 -0.339 -0.312 -0.333 -0.353 -0.288 -0.384 -801 -746 -781 -861 -606 -1016 -802 52 -750 -221 0.40
376 -0.341 -0.319 -0.338 -0.361 -0.292 -0.393 -811 -781 -806 -901 -626 -1061 -831 106 -725 -196 0.35
413 -0.396 -0.357 -0.396 -0.398 -0.349 -0.432 -1086 -971 -1096 -1086 -911 -1256 -1068 198 -869 -341 0.65
503 -0.352 -0.348 -0.330 -0.393 -0.281 -0.385 -866 -926 -766 -1061 -570 -1021 -868 -141 -1009 -480 0.95
530 -0.339 -0.314 -0.322 -0.366 -0.263 -0.379 -801 -756 -726 -926 -480 -991 -780 -186 -966 -437 0.83
605 -0.402 -0.342 -0.388 -0.399 -0.318 -0.430 -1116 -896 -1056 -1091 -756 -1246 -1027 -87 -1114 -585 1.12
768 -0.424 -0.339 -0.423 -0.393 -0.353 -0.462 -1226 -881 -1231 -1061 -931 -1406 -1123
871 -0.432 -0.356 -0.397 -0.406 -0.328 -0.453 -1266 -966 -1101 -1126 -806 -1361 -1104
929 -0.439 -0.360 -0.419 -0.413 -0.341 -0.458 -1301 -986 -1211 -1161 -871 -1386 -1153

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

εCST,i (µm/m) εST,i (1)
(µm/m)

DEMEC Reading (DR)

 

 

Second Creep of June Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.141 -0.157 -0.139 -0.188 -0.157 -0.161 0 0 0 0 0 0 0 0

0 -0.235 -0.290 -0.207 -0.335 -0.243 -0.315 -470 -666 -340 -736 -430 -771 -569 0 -569 0 0.00
6 -0.269 -0.330 -0.229 -0.379 -0.272 -0.356 -640 -866 -450 -956 -575 -976 -744 25 -719 -150 0.27

17 -0.271 -0.336 -0.241 -0.385 -0.282 -0.362 -650 -896 -510 -986 -625 -1006 -779 72 -707 -138 0.26
27 -0.287 -0.348 -0.252 -0.405 -0.301 -0.373 -731 -956 -565 -1086 -721 -1061 -853 114 -739 -171 0.33
63 -0.302 -0.368 -0.266 -0.421 -0.317 -0.395 -806 -1056 -635 -1166 -801 -1171 -939 175 -764 -195 0.36
93 -0.329 -0.402 -0.289 -0.453 -0.341 -0.424 -941 -1226 -751 -1326 -921 -1316 -1080 273 -807 -239 0.44

119 -0.348 -0.424 -0.308 -0.477 -0.361 -0.447 -1036 -1336 -846 -1446 -1021 -1431 -1186 243 -943 -375 0.71
153 -0.322 -0.397 -0.281 -0.451 -0.332 -0.420 -906 -1201 -710 -1316 -876 -1296 -1051 168 -883 -314 0.58
193 -0.331 -0.410 -0.291 -0.464 -0.338 -0.434 -951 -1266 -761 -1381 -906 -1366 -1105 186 -919 -350 0.65
223 -0.330 -0.407 -0.282 -0.461 -0.332 -0.428 -946 -1251 -715 -1366 -876 -1336 -1082 -17 -1099 -530 1.01
251 -0.313 -0.393 -0.262 -0.451 -0.310 -0.420 -861 -1181 -615 -1316 -766 -1296 -1006 -26 -1032 -463 0.85
285 -0.311 -0.395 -0.258 -0.451 -0.311 -0.424 -851 -1191 -595 -1316 -771 -1316 -1007 15 -992 -423 0.75
315 -0.319 -0.398 -0.267 -0.458 -0.319 -0.430 -891 -1206 -640 -1351 -811 -1346 -1041 11 -1030 -461 0.84
346 -0.333 -0.409 -0.278 -0.468 -0.330 -0.442 -961 -1261 -695 -1401 -866 -1406 -1098 43 -1056 -487 0.89
376 -0.340 -0.420 -0.289 -0.479 -0.345 -0.451 -996 -1316 -751 -1456 -941 -1451 -1152 115 -1037 -468 0.86
413 -0.373 -0.455 -0.320 -0.518 -0.380 -0.487 -1161 -1491 -906 -1652 -1116 -1631 -1326 199 -1127 -558 1.03
503 -0.363 -0.445 -0.309 -0.502 -0.345 -0.444 -1111 -1441 -851 -1571 -941 -1416 -1222 -209 -1431 -862 1.70
530 -0.347 -0.427 -0.289 -0.485 -0.337 -0.448 -1031 -1351 -751 -1486 -901 -1436 -1159 -227 -1387 -818 1.57
605 -0.380 -0.459 -0.317 -0.522 -0.376 -0.511 -1196 -1511 -891 -1672 -1096 -1751 -1353 -114 -1466 -898 1.68
768 -0.379 -0.468 -0.320 -0.539 -0.395 -0.543 -1191 -1556 -906 -1757 -1191 -1912 -1419
871 -0.398 -0.485 -0.324 -0.559 -0.383 -0.539 -1286 -1641 -926 -1857 -1131 -1892 -1455
929 -0.405 -0.487 -0.346 -0.562 -0.403 -0.553 -1321 -1651 -1036 -1872 -1231 -1962 -1512

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
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Second Creep of August Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0/Initial -0.190 -0.204 -0.213 -0.180 -0.188 -0.190 0 0 0 0 0 0 0 0

0 -0.286 -0.327 -0.355 -0.313 -0.313 -0.314 -480 -616 -711 -666 -626 -621 -620 0 -620 0 0.00
6 -0.318 -0.362 -0.420 -0.385 -0.351 -0.347 -641 -791 -1036 -1026 -816 -786 -849 2 -847 -228 0.38

15 -0.313 -0.358 -0.410 -0.385 -0.351 -0.339 -616 -771 -986 -1026 -816 -746 -827 4 -822 -203 0.35
22 -0.324 -0.370 -0.432 -0.408 -0.364 -0.348 -671 -831 -1096 -1141 -881 -791 -902 6 -896 -276 0.47
30 -0.325 -0.374 -0.442 -0.424 -0.364 -0.354 -676 -851 -1146 -1221 -881 -821 -933 8 -924 -304 0.51
40 -0.346 -0.393 -0.476 -0.455 -0.386 -0.372 -781 -946 -1316 -1376 -991 -911 -1054 11 -1042 -422 0.71
70 -0.352 -0.395 -0.497 -0.483 -0.393 -0.377 -811 -956 -1422 -1516 -1026 -936 -1111 -183 -1294 -674 1.13
98 -0.346 -0.390 -0.508 -0.494 -0.388 -0.370 -781 -931 -1477 -1571 -1001 -901 -1110 -180 -1290 -671 1.13

132 -0.352 -0.399 -0.529 -0.512 -0.398 -0.377 -811 -976 -1582 -1661 -1051 -936 -1169 -116 -1286 -666 1.13
162 -0.364 -0.407 -0.547 -0.530 -0.404 -0.388 -871 -1016 -1672 -1752 -1081 -991 -1230 -88 -1318 -698 1.18
193 -0.380 -0.428 -0.570 -0.563 -0.425 -0.405 -951 -1121 -1787 -1917 -1186 -1076 -1340 -29 -1368 -749 1.27
223 -0.387 -0.435 -0.580 -0.570 -0.431 -0.415 -986 -1156 -1837 -1952 -1216 -1126 -1379 43 -1336 -717 1.21
260 -0.421 -0.472 -0.615 -0.607 -0.472 -0.448 -1156 -1341 -2012 -2137 -1421 -1291 -1560 115 -1445 -825 1.39
350 -0.416 -0.465 -0.615 -0.609 -0.448 -0.429 -1131 -1306 -2012 -2147 -1301 -1196 -1516 -278 -1793 -1174 1.98
377 -0.398 -0.454 -0.601 -0.586 -0.451 -0.414 -1041 -1251 -1942 -2032 -1316 -1121 -1451 -317 -1767 -1147 1.94
452 -0.428 -0.486 -0.636 -0.626 -0.497 -0.451 -1191 -1411 -2117 -2232 -1546 -1306 -1634 -180 -1814 -1194 2.01
615 -0.438 -0.500 -0.652 -0.646 -0.526 -0.473 -1241 -1482 -2197 -2332 -1692 -1416 -1727
718 -0.455 -0.527 -0.673 -0.661 -0.533 -0.470 -1326 -1617 -2302 -2407 -1727 -1401 -1797
776 -0.452 -0.515 -0.667 -0.615 -0.575 -0.446 -1311 -1557 -2272 -2177 -1937 -1281 -1756

Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ

 

 

Second Creep of October Batch 

1A 2A 3A 1B 2B 3B 1A 2A 3A 1B 2B 3B Ave. (3)
0 -0.133 -0.120 -0.106 -0.308 -0.130 -0.094 0 0 0 0 0 0 0 0
0 -0.220 -0.250 -0.188 -0.380 -0.244 -0.162 -435 -650 -410 -361 -570 -340 -461 0 -461 0 0.00
6 -0.252 -0.307 -0.248 -0.453 -0.315 -0.200 -595 -936 -710 -726 -926 -530 -737 -11 -748 -287 0.66

15 -0.248 -0.310 -0.250 -0.476 -0.316 -0.198 -575 -951 -720 -841 -931 -520 -756 -28 -784 -323 0.76
22 -0.261 -0.325 -0.265 -0.491 -0.329 -0.213 -640 -1026 -795 -916 -996 -595 -828 -41 -869 -408 0.94
30 -0.264 -0.337 -0.276 -0.527 -0.345 -0.224 -655 -1086 -850 -1097 -1076 -650 -902 -56 -958 -497 1.16
40 -0.284 -0.360 -0.303 -0.554 -0.385 -0.254 -756 -1201 -986 -1232 -1276 -800 -1042 153 -889 -428 1.00
70 -0.290 -0.377 -0.314 -0.567 -0.391 -0.263 -786 -1286 -1041 -1297 -1306 -845 -1093 -130 -1223 -762 1.72
98 -0.291 -0.387 -0.322 -0.572 -0.401 -0.266 -791 -1336 -1081 -1322 -1356 -860 -1124 -46 -1170 -709 1.61

132 -0.299 -0.405 -0.342 -0.572 -0.414 -0.275 -831 -1426 -1181 -1322 -1421 -905 -1181 86 -1095 -633 1.44
162 -0.306 -0.418 -0.355 -0.628 -0.430 -0.283 -866 -1491 -1246 -1602 -1501 -945 -1275 109 -1166 -705 1.64
193 -0.325 -0.440 -0.376 -0.648 -0.455 -0.310 -961 -1601 -1351 -1703 -1626 -1081 -1387 160 -1227 -766 1.76
223 -0.333 -0.450 -0.386 -0.632 -0.466 -0.318 -1001 -1651 -1401 -1622 -1681 -1121 -1413 229 -1184 -723 1.65
260 -0.365 -0.487 -0.419 -0.672 -0.499 -0.352 -1161 -1836 -1566 -1823 -1846 -1291 -1587 326 -1261 -800 1.82
350 -0.350 -0.486 -0.396 -0.635 -0.472 -0.297 -1086 -1831 -1451 -1638 -1711 -1015 -1455 -45 -1500 -1039 2.37
377 -0.343 -0.460 -0.379 -0.644 -0.461 -0.296 -1051 -1701 -1366 -1683 -1656 -1010 -1411 -58 -1469 -1007 2.31
452 -0.373 -0.492 -0.419 -0.682 -0.508 -0.337 -1201 -1861 -1566 -1873 -1891 -1216 -1601 84 -1517 -1056 2.41
615 -0.382 -0.508 -0.440 -0.689 -0.548 -0.366 -1246 -1941 -1671 -1908 -2091 -1361 -1703
718 -0.391 -0.525 -0.442 -0.673 -0.534 -0.336 -1291 -2026 -1681 -1828 -2021 -1211 -1676
776 -0.414 -0.534 -0.456 -0.713 -0.547 -0.360 -1406 -2071 -1751 -2028 -2086 -1331 -1779

(3) - (1)
(µm/m)

εcr,i (4)
(µm/m)

ϕ
Time
(days)

DEMEC Reading (DR) εCST,i (µm/m) εST,i (1)
(µm/m)
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