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CHAPTER 1: INTRODUCTION 

 

1.1 Full-Depth Precast Concrete Bridge Deck Panels 

 The rapid pace of life in today�s society demands transportation infrastructure which is 

reliable, efficient, and safe.  As traffic volumes continue to increase, the performance and 

durability of existing roads and bridges are challenged and scrutinized on a daily basis.  When 

problems arise, it is important that the responsible transportation agency have the ability to 

perform the necessary maintenance or construction in a timely and effective manner.  For the 

rehabilitation of bridge decks, full-depth precast concrete panels provide a solution which is 

quick and easy to implement. 

 Many advantages to using a precast panel system for bridge decks exist.  First, all of the 

deck panels can be manufactured at a concrete precasting facility prior to the start of construction 

at the bridge site.  This prefabrication eliminates the time it would otherwise take to cast and cure 

a concrete deck in place at a bridge site, leaving only a minimal amount of cast-in-place material 

to be required for securing connections at the site.  Along with simplifying the construction 

process, the precast panels allow for a much faster bridge deck replacement or repair, which 

significantly reduces the duration of bridge closure and the corresponding disruptions of traffic.  

In most cases, the flow of traffic can be maintained on a portion of the bridge while precast 

panels are used to fix segments of the bridge deck in other locations.  The precast system is an 

economical option due to the savings in required field labor and the reduced inconvenience of 

delays for bridge users.  Finally, the precast system can be a practical solution for a variety of 

transportation infrastructure needs, including new bridge construction as well as bridge deck 

rehabilitation or replacement (Issa, 1995b).   

 Although prefabrication of the concrete panels makes the process of constructing the 

precast system fairly easy, the design of the panels and the other components present in the 

system are all important to ensure a properly functioning bridge deck.  The panels themselves 

usually have thicknesses ranging from 6 to 10 in., while their lengths and widths may vary from 

several feet to much longer lengths depending on the bridge deck layout and the requirements of 

the project.  The connection between the precast panel components and the supporting girders is 

typically provided by shear studs, which resist the horizontal shear forces created between the 

bottom of the precast deck and the top of the girders.  The gap between the bottom of the deck 



 2 

panels and the top of the girders is generally 1-2 in. thick and is referred to as the haunch.  A 

specific number of open blockouts are formed through the thickness in each precast panel to 

provide space for the shear studs which extend up from the top flanges of the girders.  The joints 

between the precast panels typically have either a male-female or female-female configuration.  

The precast panels commonly contain prestressing strands, regular steel reinforcement, bonded 

post-tensioning tendons, or some combination of these three in the transverse direction to resist 

bending moments across the width of the bridge.  In addition, the panels should contain ducts for 

longitudinal post-tensioning of the bridge deck, which helps keep the transverse panel joints in 

compression and resist bending moments along the length of the bridge (Issa, 1995a).   

 Given this information about the components of the precast bridge deck system, the 

procedure for construction of the system can be described in a few easy steps.  First, the bridge 

girders are erected on their supports.  Next, groups of precast concrete panels are arranged on top 

of the girders along the bridge, and leveling bolts are used to adjust the panels to their final 

elevations.  After the panels are in place, the transverse panel joints are filled with grout or 

coated with epoxy, and the entire bridge deck is longitudinally post-tensioned to seal and 

compress the joints.  If shear connectors are installed after the precast deck is in place, this step is 

completed next.  Formwork to contain the haunch is assembled, and a non-shrink, high strength 

grout is used to fill the haunch and the open blockouts in the panels.  Most of the grouts used to 

fill the haunch and blockouts set very rapidly and obtain the strength required to allow traffic on 

the bridge within a few hours or days.  Following the grouting process, waterproofing 

membranes and overlays may be added to the deck surface to enhance its appearance, rideability, 

and durability.  Figure 1.1 illustrates the components involved in this construction process for a 

bridge containing precast concrete deck panels and prestressed concrete girders. 
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Figure 1.1: Precast Concrete Bridge Deck Panel System (Scholz, 2004) 

 

1.2 Prestressing Methods 

 Some elaboration on the concepts of prestressing is necessary for a complete 

understanding of this research.  Pretensioning and post-tensioning are the two methods used to 

produce an initial state of compression in concrete members.  While concrete has a significant 

amount of strength in compression, its tensile strength is very low and is often considered to be 

zero in design.  The initial compressive load applied to a concrete member during the process of 

prestressing is therefore intended to lessen or eliminate the tensile stresses that would otherwise 

develop in the concrete under service loads.   

 The primary difference between the methods of pretensioning and post-tensioning 

involves the time at which the compressive force is applied to the concrete member.  In a 

pretensioned member, the steel strands are tensioned and anchored outside the beam area before 

the placement of the concrete.  After the concrete is cast and it attains sufficient strength, the 

prestressing strands are cut; this releases the jacking force, which is transferred from the steel 

strands into the concrete through the bond between the two materials.  In a post-tensioned 

member, on the other hand, the steel strands are stressed and the compressive force is applied to 

the concrete after it has set and has gained adequate strength.  Post-tensioned members typically 
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contain hollow ducts around which the concrete for the member is cast.  The steel strands are 

threaded through these open ducts, anchored at one end, and then stressed at the other end.  The 

stressing mechanism reacts against the concrete member itself.  Once the desired jacking force is 

reached, additional anchors are used to secure the tendons at the stressing end, and the stressing 

jack is detached.  The strand elongation and the jacking pressure are both monitored throughout 

the stressing process to calculate the amount of tension in the strand at any time.   

 Following the post-tensioning process, the ducts containing the tendons are usually filled 

with grout, which is pressurized and pumped into the ducts at one end until it emerges at the 

other end.  Once the grout hardens, the bonds created allow forces to be transferred from the 

steel strands through the grout to the walls of the ducts.  While the primary compression force is 

still applied to the concrete through the anchorages which stay in place, grouting increases the 

member�s flexural strength and enhances its performance in the case of overload (Nilson, 1987).  

The post-tensioning operations described herein apply to the precast concrete bridge deck panels 

investigated in this research. 

 

1.3 Time Dependent Effects in Concrete 

 In concrete structures, creep and shrinkage cause strains to gradually develop.  Usually 

the concrete contains prestressed and/or non-prestressed steel, so the development of strains in 

the cross section over time causes stresses to be induced in every element of the cross section, 

including the concrete itself as well as any steel that is present (Dilger, 1982).  In many cases, the 

stresses and deformations resulting from this continuous redistribution of forces can influence 

the structure as much as the dead and live loads which are applied to it.  Therefore, it is very 

important to consider the long-term effects of creep and shrinkage in concrete, as well as 

relaxation of prestressing steel, in the design and analysis of concrete elements.  In this research, 

the effects which these ongoing changes have on the post-tensioning and the corresponding level 

of compression it applies to the precast concrete bridge deck panels are of particular interest and 

importance.   

 

1.4 Research Objectives 

 The primary objective of this research is to recommend the initial level of post-tensioning 

required in various precast concrete bridge deck panel systems in order to maintain compression 
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in the transverse panel joints until the end of each bridge�s service life.  The predictions of stress 

changes over time are made by performing time-dependent analyses which consider the 

redistribution of forces in bridge systems caused by creep and shrinkage in concrete and 

relaxation of prestressing steel.  The age-adjusted effective modulus method is used to account 

for the ongoing effects of creep and shrinkage in concrete. 

 In order to recommend initial post-tensioning levels for precast concrete deck panels in a 

wide variety of bridge systems, another goal of this research is to conduct parametric studies 

using numerous models which, as a whole, allow for the evaluation of both steel and prestressed 

concrete girders in simple spans as well as two and three span continuous bridges.  All of these 

models were created using Mathcad.  Finally, results from both simple and continuous span 

models are compared to analytical results obtained from finite element models generated in 

DIANA.  These finite element models were verified separately by experimental results obtained 

from a full-scale bridge mockup constructed and tested in the Virginia Tech Structures and 

Materials Laboratory.   

 

1.5 Thesis Organization 

 This document includes five chapters which present different aspects of the research 

performed.  Chapter 2 provides a summary of the applicable literature regarding full-depth 

precast concrete panels used for bridge decks, including prior recommendations made 

concerning levels of post-tensioning required to keep the deck panel joints in compression.  This 

literature review also explains the major time-dependent effects which occur in prestressed 

concrete structures, and presents several models which have been developed and used to predict 

these long-term effects.  Chapter 3 summarizes the methods used to develop the models 

containing steel and prestressed concrete girders in one, two and three spans, and then explains 

the process of conducting parametric studies to investigate the initial amount of post-tensioning 

needed for each different bridge system.  Chapter 4 describes the results of the parametric studies 

and provides an analysis of these results for each different type of bridge system.  In Chapter 5, 

the research is summarized and conclusions are drawn.  The recommended levels of initial 

longitudinal post-tensioning for each type of bridge system investigated in this research are also 

provided. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Precast Concrete Bridge Deck Panel Systems 

2.1.1 History 

 The first attempts at implementing precast concrete slabs for use in bridge decks were 

made by New York, Alabama, and Indiana in the early 1970�s.  These first precast panels were 

more frequently applied in the construction of new bridge decks rather than in deck rehabilitation 

projects, and non-composite deck-girder systems were more common than composite systems.  

In 1982, a PCI Bridge Committee survey concluded that precast, prestressed concrete bridge 

deck panels were being used regularly in 21 states and were starting to be integrated in another 

seven states.  Later, in 1986, a PCI Bridge Producers Committee survey led to the development 

of design specifications for precast panel systems and the subsequent publication of suggested 

practice for implementing such systems (Issa, 1995b). 

 

2.1.2 Implementation 

 In order to gain a better understanding of the ways in which precast bridge deck panels 

were being implemented, Issa et al. (1995b) conducted a survey of the methods being used by 

different transportation agencies throughout the United States and Canada.  The researchers 

requested information regarding construction methods, structural component dimensions and 

details, material specifications, connection types, and performance ratings of the various 

elements of precast bridge deck panels systems.  After compiling this information, it was clear 

that each department of transportation had used unique techniques to design and construct its 

own precast panel bridge decks, and the paper describes some of these applications in selected 

states.  Examination of these different procedures allowed the researchers to identify the most 

important parts of a precast bridge deck system and conclude the essential functions of these 

parts in such a system.  The critical parts of a well functioning precast deck panel system include 

an efficient construction sequence, an appropriate grouting material, transverse prestressing, 

longitudinal post-tensioning, and particular types of panel-to-panel joints and panel-to-girder 

shear connectors (Issa, 1995b).   
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2.1.3 Field Performance 

 In addition to gathering details on the vital components of a precast deck panel system, 

Issa et al. also wished to use the information collected throughout their surveys to �evaluate the 

stability, durability, and performance of the proposed bridge deck system exposed to harsh 

conditions� (1995b).  As a result, the survey respo nses pertaining to the difficulties encountered 

with the panel-to-panel joints and the possible reasons associated with these issues were of 

particular interest.  Of the small number of transportation agencies that did respond to this part of 

the survey, the most common reasons for problems with the precast panel joints were 

construction procedures, material quality, and maintenance.  These conclusions directly lead to 

the first goal for future research presented at the end of the paper, which involves finding �the 

best jointing system between the panels that can provide high flexural and shear resistance, full 

bond, and complete tightness� (Issa, 1995b).  The i nitial level of post-tensioning across the 

precast concrete panels is a key factor in maintaining the desired compression across the panel 

joints. 

 As a follow-up to the aforementioned studies, Issa et al. performed field inspections of 

bridges in several different states to assess the structural performance of full-depth precast, 

prestressed concrete deck panels in service (1995a).  The results of these visual field surveys 

supported the findings of the previous study, further clarifying the best methods for 

implementing precast panels in future bridge deck construction or replacement, along with 

highlighting the advantages and disadvantages of different precast panel systems.  The primary 

conclusion drawn from this follow-up study was that precast concrete panels can provide a cost-

effective and efficient replacement for deteriorated bridge decks.  In most situations, the 

researchers rated the performance of the precast panels as excellent.  Alternatively, the cases 

where inadequate performance was observed were attributed to several possible factors, 

including the absence of longitudinal post-tensioning, the horizontal shear connection type, the 

panel-to-panel joint configuration, and the construction methods and materials used.   

 Of the above possible contributors to poor precast deck panel performance, the most 

important variable in relation to this research is the level of longitudinal post-tensioning in the 

deck.  One way to avoid malfunction in a bridge deck made up of precast concrete panels is to 

ensure that the transverse joints between adjacent panels remain in compression to prevent 

problems such as leaking, cracking, spalling, and subsequent rusting on the beams below.  In the 



 8 

field inspection performed by Issa et al. (1995a), some of the same bridges which showed 

evidence of these problems occurring at the transverse joints also lacked longitudinal post-

tensioning in their precast decks.  The New York State Thruway Authority bridges at Krumkill 

Road and the Amsterdam Interchange, for example, both exhibited major cracking, spalling, 

leaking, and rusting at the transverse joints; these conditions were all mainly credited to the lack 

of any longitudinal post-tensioning to keep the precast panel joints tight.  The Route 235 Bridge 

over Dogue Creek in Fairfax, Virginia also showed evidence of leakage, cracking, rusting, and 

efflorescence at the precast panel joints in a deck with no longitudinal post-tensioning.  

Similarly, the 18 Alaska DOT bridges over the Dalton Highway displayed cracking at nearly all 

of the transverse joints, with particularly severe cracking and some material loss over the 

supports.  As in the aforementioned bridge examples, these faulty conditions were primarily 

attributed to an absence of longitudinal post-tensioning to tighten the transverse joints and keep 

the deck in compression.  As a result, one of the researchers� major recommendations was to 

longitudinally post-tension precast concrete bridge deck panels �to secure the tightness of the 

joints, to keep the joint in compression, and to guard against leakage� (Issa, 1995a).   

 

2.1.4 Finite Element Modeling 

 Following their literature review, questionnaire surveys, and field investigations on 

precast concrete panels used in bridge deck construction and rehabilitation (1995), Issa et al. 

presented a third study in 1998 regarding the finite element modeling and analysis of such a 

system.  While several different bridges were modeled, two of these models were selected to be 

presented in detail in the third paper.  These two bridges were the Route 229 Bridge over Big 

Indian Run in Culpeper, Virginia and the Welland River Bridge near Niagara Falls in Canada: a 

simply supported bridge and a three-span continuous structure, respectively.  Both bridges 

consisted of precast concrete decks supported by rolled steel beams, and were modeled and 

analyzed using the finite element software ALGOR. 

 The primary objective of this third study by Issa et al. was to use the results obtained 

from the finite element analyses to establish the stresses in the systems under service loads, and 

to recommend the corresponding levels of post-tensioning necessary to maintain compression in 

the transverse joints (1998).  Since the entire deck should remain in compression, the key areas 

of concern were the transverse joints with the highest tension stresses.  For the Culpeper Bridge 
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model, separate analyses considering the individual effects of live load due to maximum moment 

and shear as well as several post-tensioning levels were all superimposed to investigate the 

resulting bridge deck stresses.  As expected in a simple span case, the highest levels of tension 

occurred at the bottom of the transverse joints.  While the largest tension stresses were found to 

be around 100 psi, Issa et al. suggested a minimum initial deck post-tensioning level of 200 psi 

to keep the transverse joints in compression and also account for the time-dependent effects of 

creep and shrinkage in the concrete (1998).   

 The Welland River Bridge model, on the other hand, exemplified more complicated 

behavior due to the negative moment regions induced over the interior supports of the three-span 

continuous structure.  Therefore, in this model, tension values were high both at the bottom of 

the midspan joints and at the top of the joints over the interior supports.  After modeling this 

structure and plotting the stresses at the top and bottom of the bridge deck along its length, it was 

confirmed that the most critical tensile stresses were situated at the interior supports on the top 

surface of the bridge deck.  Following several additional analyses, Issa et al. recommended a 

minimum initial deck post-tensioning level of 450 psi to ensure compression in the deck at the 

critical interior support locations of such continuous bridge structures (1998).  

 

2.1.5 Experimental Testing 

 In 2000, Issa, et al. performed an additional study, this time to investigate the behavior of 

full-depth precast concrete panels used in bridge decks experimentally.  As in previous studies, 

one of their main goals was to examine the amount of longitudinal post-tensioning needed to 

keep the transverse panel joints in compression and maintain continuity in the deck.  To 

accomplish this, they tested three different two-span continuous bridge models with precast 

concrete deck panels supported by steel girders, all scaled down by a factor of … from the design 

of a four-span continuous bridge prototype.  The first bridge model contained a bridge deck with 

no longitudinal post-tensioning, whereas the second and third models incorporated initial post-

tensioning levels of 208 and 380 psi, respectively, into their deck systems.   

 Results of the experimental testing confirmed the need for longitudinal post-tensioning in 

an efficiently functioning precast deck panel system.  The first loading for the bridge with the 

non-post-tensioned deck was a static test, which caused the first crack to form in the transverse 

joint near the interior support of the two-span continuous structure at a load of 11 kips.  The 
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authors credited this early cracking to the absence of longitudinal post-tensioning to keep the 

transverse deck panel joints in compression.  Later loading initiated a crack in the transverse 

joint at the other end of the same panel near the interior support.  This second crack led to 

complete splitting in the transverse joints at both ends of the panel, which then became separated 

from the rest of the panels and caused failure of the deck.  It was also determined that the steel 

stringers had been over designed, so smaller sections were used in the last two bridge models to 

reduce the structure�s overall stiffness by a factor of 0.4. 

 The second bridge model, which contained 208 psi of post-tensioning in the deck, 

showed no cracking following an initial static loading identical to that applied to the nonpost-

tensioned model discussed above.  Issa et al. again credited this result to the longitudinal post-

tensioning added to the deck.  The additional fact that the steel stringer size had been decreased 

between the first and second tests made the absence of cracking after initial loading in the second 

test even more significant.  The researchers claimed these results as proof that the added 

longitudinal post-tensioning �significantly enhance s the structural behavior of the bridge deck 

model as well as reduces the tensile stresses in the transverse joints, hence rendering them in 

compression� (Issa et al., 2000).  When the first c rack in the second test did form, its 

corresponding load was about three times greater than the load for first cracking in the first 

model.  In addition, this crack formed right over the interior support, not at a transverse joint.  

The absence of cracking in the transverse joints upon additional loading further confirms the 

value of the longitudinal post-tensioning in the bridge deck. 

 The only difference between the second and third bridge models was that the third model 

contained a higher level of post-tensioning, 380 psi, in the deck.  Due to this larger amount of 

post-tensioning, initial cracking occurred in the third model at a load of 5 kips higher than that 

for the second.  During further testing of the third bridge model, the most important event 

observed was that the post-tensioning helped to close the crack resulting from the addition of a 

substantial amount of loading.  The most important overall conclusion from the experimental 

research was that �the longitudinal post-tensioning  was effective in delaying crack initiation� 

(Issa et al., 2000).   
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2.2 Time-Dependent Effects in Concrete 

 The behavior of a concrete structure over an extended period of time depends on two 

main criteria.  These two factors include the loads which are applied to the structure, and the 

long-term effects of creep and shrinkage in the concrete and relaxation in the prestressing steel.  

While the applied service loads will be unique for every different structure, the time-dependent 

effects of creep, shrinkage, and steel relaxation can be defined and accounted for in the same 

way for all concrete structures. 

 

2.2.1 Creep 

 Creep is defined as deformation of concrete under constant load over a long period of 

time.  The basic principles of creep can be described using Figure 2.1.   

 

Figure 2.1: Elastic and creep strains due to loading and unloading (after MacGregor, 2005) 

 

When the first load is applied, an initial elastic strain, �i, immediately develops in the concrete.  

Additional creep strains, �c, develop over time as long as the load remains on the structure.  As 

indicated by the slope of the graph between times to and t in Figure 2.1, the rate of creep is 

highest upon initial loading, and then decreases with time after that.  Removal of the load at time 

t results in the recovery of some of the elastic and creep strains, but the remaining amount of 

residual strain results in permanent deformation and deflection of the structure.  Other 
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consequences of creep may include loss of prestressing force and redistribution of stresses within 

a given cross section (MacGregor, 2005).   

 In order to analyze the effects of creep on the behavior of structures, a term called the 

creep coefficient is defined as the ratio of the creep strain after some duration of load (from time 

to to time t in Figure 2.1) to the initial elastic strain: 

 ( , ) c
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t t
�� ��  (2.1) 

The value of the creep coefficient depends on several quantities, including the compressive 

strength of the concrete and its age at loading, the dimensions of the component, and the relative 

humidity and temperature of the environment in which the component is located.  Numerous 

methods for calculating the creep coefficient exist (MacGregor, 2005), and the two different 

procedures applied in this research are presented here. 

 

2.2.1.1 AASHTO LRFD Creep Model 

 The method applied for calculating the creep coefficients in all of the parametric studies 

performed in this research was that presented by the 2006 Interim AASHTO LRFD Bridge 

Design Specifications, where the creep coefficient is computed as: 
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where: 

vsk  = factor for the effect of the volume-to-surface ratio of the component 

hck  = humidity factor for creep 

fk  = factor for the effect of concrete strength 

tdk  = time development factor 



 13 

V/S = volume-to-surface ratio 

H = relative humidity (%) 

’
cif  = specified compressive strength of concrete at time of prestressing for pretensioned 

members 

t = maturity of concrete (days), defined as age of concrete between time of loading and time 

being considered for analysis of creep effects 

ti = age of concrete when load is initially applied (days) 

 

2.2.1.2 CEB-FIP Creep Model 

 The method implemented in selected Mathcad models to allow direct comparison with 

finite element results from DIANA was that presented by the CEB-FIP Model Code 1990 

equations, where the creep coefficient is calculated from 
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where: 

o�  = notional creep coefficient 

�c = coefficient to describe the development of creep with time after loading 
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t = age of concrete (days) 

fcm = mean compressive strength of concrete at age 28 days (MPa), obtained by adding 8 MPa to 

the compressive strength of the concrete 

fcmo = 10 MPa 

RH = relative humidity of the ambient environment (%) 

RHo = 100% 

h = notational size of member (mm) 

Ac = cross-section of member (mm^2) 

u = perimeter of the member in contact with the atmosphere (mm) 

ho = 100 mm 

t1 = 1 day 

t0 = age of concrete at loading (days), adjusted according to 
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where: 

� = 0 for normal or rapid hardening cements (as assumed in this research) 

t1,T = 1 day 

t0,T = the age of concrete at loading (days) adjusted according to 
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where: 

tT = the temperature adjusted concrete age which replaces t in the corresponding equations 

�ti = number of days where a temperature T prevails 

T(�ti) = temperature (°C) during the time period �ti 

T0 = 1°C 

 

Equation F.10 was not used in the implementation of the CEB-FIP Model equations in this 

research.  The quantity t0,T was simply taken as the age of concrete at loading (in days) and then 

adjusted by equation F.9 to obtain t0. 
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2.2.2 Shrinkage 

 Shrinkage is defined as a decrease in the volume of concrete due to loss of water.  The 

basic principles of shrinkage can be described using Figure 2.2.   

 

Figure 2.2: Shrinkage of an unloaded specimen (after MacGregor, 2005) 

 

As illustrated in Figure 2.2, this shrinkage begins as soon as the concrete begins to cure, and 

occurs most rapidly at this initial time.  Like creep, the rate of shrinkage decreases over time, and 

the shrinkage strain approaches some maximum value as time approaches infinity.   

 The main type of shrinkage is referred to most simply as shrinkage, or more descriptively 

as drying shrinkage.  Since moisture must diffuse out of the concrete for this type of shrinkage to 

take place, the magnitude of shrinkage strains is largely dependent on the relative humidity of the 

concrete element�s environment, with larger shrinkage strains occurring in less humid 

environments.  Other factors which affect shrinkage strains include the concrete�s composition 

and the ratio of volume to surface area of the concrete member. 

 Similar to creep, there are numerous methods for calculating shrinkage strains in 

concrete, and the two different procedures applied in this research are presented here. 

 

2.2.2.1 AASHTO LRFD Shrinkage Model 

 The method applied for calculating the shrinkage strains in all of the parametric studies 

performed in this research was that presented by the 2006 Interim AASHTO LRFD Bridge 

Design Specifications, where the strain due to shrinkage at time t is computed as 
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 3*0.48 10sh vs hs f tdk k k k� �� � �  (2.17) 

in which: 

 2.00 0.014hsk H� �  (2.18) 

where: 

hsk  = humidity factor for shrinkage 

t = maturity of concrete (days), defined as age of concrete between end of curing for shrinkage 

calculations and time being considered for analysis of shrinkage effects 

and all other factors and variables are as defined in the previous section for creep, 2.2.1. 

 

2.2.2.2 CEB-FIP Shrinkage Model 

 Again, the method implemented in selected Mathcad models to allow direct comparison 

with finite element results from DIANA was that presented by the CEB-FIP Model Code 1990 

equations, where the shrinkage strain is calculated from 
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where: 

�cso = notional shrinkage coefficient 

�s = coefficient to describe the development of shrinkage with time 

t = age of concrete (days) 

ts = age of concrete (days) at the beginning of shrinkage 
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fcm = mean compressive strength of concrete at age 28 days (MPa), obtained by adding 8 MPa to 

the compressive strength of the concrete 

fcmo = 10 MPa 

�sc = coefficient which depends on the type of cement: �sc = 5 for normal or rapid hardening 

cements (as assumed in this research) 

RH = relative humidity of the ambient environment (%) 

RHo = 100% 

h is defined in equation F.6 

ho = 100 mm 

t1 = 1 day 

 

2.2.3 Steel Relaxation 

 Unlike the time-dependent effects of creep and shrinkage which are inherent in the 

behavior of concrete as a material, relaxation occurs in the steel strands used for prestressing 

operations, and therefore only becomes a concern in pretensioned or post-tensioned concrete 

members.  Because this research focuses on post-tensioning of precast concrete bridge deck 

panels, the long-term effects of steel relaxation are certainly an applicable concern.   

 Relaxation can be described as �the loss of stress  in a stressed material held at constant 

length� (Nilson, 1987).  Although changes in applie d loads along with concrete creep and 

shrinkage produce variations in strand length in prestressed concrete elements, tendon length is 

assumed to remain constant for the purposes of calculating loss of force due to steel relaxation.  

Like creep and shrinkage, relaxation of prestressing steel may continue for a very long time, and 

must therefore be considered in design as a notable contributor to long-term loss of prestress 

force.   

 Factors which affect the amount of relaxation that will occur include the magnitude and 

duration of the initial force, as well as the grade and type of steel strands being used.  The two 

main types of prestressing tendons are low-relaxation and stress-relieved strand.  The method 

used for calculating steel relaxation values in this research was that given by the 2006 Interim 

AASHTO LRFD Bridge Design Specifications, where the relaxation over a certain time interval 

is given by: 
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where: 

ptf  = stress in prestressing strands immediately after transfer (ksi) 

’
LK  = factor accounting for type of steel, equal to 45 for low relaxation steel and 10 for stress 

relieved steel 

pyf  = yield strength of prestressing steel (ksi) 

t = time being considered for analysis of relaxation effects (days) 

ti = age of prestressing steel at beginning of the time being considered for analysis of relaxation 

effects (days) 

pSRf�  = prestress loss due to shrinkage of concrete over a given time interval (ksi) 

pCRf�  = prestress loss due to creep of concrete over a given time interval (ksi) 

idK  = factor that accounts for the restraint of the concrete member caused by bonded 

reinforcement 

The AASHTO LRFD Commentary notes that in equation 2.26 above, �the term in the first 

square brackets is the intrinsic relaxation without accounting for strand shortening due to creep 

and shrinkage of concrete,� while �the second term in square brackets accounts for relaxation 

reduction due to creep and shrinkage of concrete� ( AASHTO, 2006).  Therefore, only the term in 

the first square brackets in equation 2.26 was used to calculate steel relaxation losses in this 

research, since creep and shrinkage were accounted for separately using the models presented in 

the previous sections. 

 

2.3 Time-Dependent Analysis Methods for Concrete Structures 

 The theories regarding creep and shrinkage in concrete are reasonably straightforward 

and understandable.  The behavior of concrete becomes much more complex, however, once it is 

placed in a structural system in which the effects of creep and shrinkage are combined with other 

materials and loads.  Stresses and deformations induced by creep and shrinkage of concrete and 

other applied loads are also affected by the presence of reinforcing or prestressing steel within 

the concrete and/or the pairing of concrete elements with steel sections in composite 
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construction.  The effects of creep and shrinkage over time produce constant force redistributions 

in each element of a cross section, and must be considered in the design and analysis of concrete 

structures. 

 Several procedures for describing and modeling these time-dependent effects in concrete 

have been formulated and discussed.  The fundamentals of some of these models along with the 

reasons for the one chosen for use in this research are described in the following. 

 

2.3.1 Effective Modulus (EM) Method 

 The Effective Modulus method, proposed by McMillan (1916) and Faber (1927), is 

suggested by Dilger (2005) to be �the oldest and si mplest method to analyze time dependent 

effects in concrete structures.�  This method invol ves a reduction of the modulus of elasticity to 

account for creep in concrete.  To obtain the effective modulus, the elastic modulus E(to) is 

reduced by a factor which incorporates the creep coefficient ( , )ot t� defined in equation 2.1: 

 
( )

1 ( , )
o

ef
o

E t
E

t t��
�

 (2.27) 

The effective modulus given in equation 2.27 may be employed in any elastic analysis.  

However, this implies that the strain due to creep at age t is governed by the magnitude of the 

stress at that time, and the stress history is disregarded.  Therefore, there are only two 

circumstances under which the EM method produces reliable results.  These two situations occur 

when there are no major variations in the concrete stress throughout the time interval being 

examined, and when the concrete is old enough that the effects of aging are negligible.  The EM 

method underestimates strains when the stress in the concrete is decreasing, and it overestimates 

strains when the stress is increasing (Dilger, 2005). 

 

2.3.2 Rate of Creep (RC) Method 

 A second method for predicting time-dependent effects in concrete was inspired by the 

results of experiments performed by Glanville (1930) on early-age concrete.  Glanville 

concluded that the rate at which concrete creeps is unrelated to the concrete�s age when it is 

loaded; in other words, this means that �all creep curves are parallel� (Dilger, 2005).  While 

creep curves for fairly young concrete may be approximately parallel, this assumption is 

definitely inaccurate for older concrete.  Therefore, overestimations are produced for both 
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deformations due to creep during increasing stress and relaxation of stress during constant strain.  

The following two methods include efforts made to remedy the faults of the RC method. 

 

2.3.3 Rate of Flow (RF) Method 

 Proposed by England and Illston (1965), the rate of flow method was the first attempted 

improvement on the RC method.  They suggested that the creep compliance be defined as the 

sum of �(1) elastic strain, (2) delayed elastic str ain (which is recoverable), and (3) (irrecoverable) 

flow� (Dilger, 2005).  Their experiments showed tha t the recoverable elastic strain component 

was not influenced by the age of concrete at loading and approached a final value more quickly 

than the irrecoverable flow component.  Although this method was considerably better than the 

RC method, the delayed elastic strain and the irrecoverable flow still had to be individual 

components in the formulation of the creep function. 

 

2.3.4 Improved Dischinger (ID) Method 

 Further attempts to enhance the RC and RF methods resulted in the improved Dischinger 

method, which was a mixture of the RC and RF methods and was suggested by Nielsen in 1970.  

Nielsen�s approach was to include the delayed elast ic strain as part of the elastic deformation, 

and then take the irrecoverable flow component to be identical to the total creep from the RC 

method.  Nielsen�s method was later modified by Rusch, Jungwirth and Hilsdorf (1973) and 

presented in the 1978 CEB-FIP Model Code. 

 

2.3.5 Age-Adjusted Effective Modulus (AAEM) Method 

 The age-adjusted effective modulus method is simply an improved version of the 

effective modulus method described above.  The AAEM method enhances the EM method by 

including a quantity called the aging coefficient, �, which was first presented by Trost in 1967, 

and further refined by Bazant (1972).  The age-adjusted effective modulus is given by Dilger 

(1982) as: 

 * ( )

1 ( , )
c o

c
o

E t
E

t t���
�

 (2.28) 
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where: 

( )c oE t  = modulus of elasticity of concrete loaded at age to 

( , )ot t�  = creep coefficient at time t for concrete loaded at age to 

�  = aging coefficient 

 

 Recall that the EM method was unable to account for two frequently occurring instances: 

large variations in the concrete stress as well as aging of the concrete throughout the time 

interval being examined.  Bazant presents the theoretical formulation of the AAEM method, and 

then defends its superiority over the EM method with several examples.  He includes 

computations of the aging coefficient for creep functions both with and without provision for a 

fluctuating elastic modulus.  The aging coefficients which result from the two different creep 

models are very different, illustrating the significance of considering a time-varying elastic 

modulus, which was neglected in prior work.  In addition, Bazant points out that the inclusion of 

the aging coefficient in the effective modulus equation is needed to adjust the quantity for aging 

of the material, whereas the previous effective modulus could only provide accurate results for 

an unchanging material. 

 Dilger implements the principles of the age-adjusted effective modulus method in the 

calculation of what he refers to as �creep-transfor med� section properties in his paper on the 

topic (1982).  Dilger introduces and explains these properties in an attempt to simplify the 

analysis of concrete members either (1) with one or more combined layers of prestressed and 

non-prestressed reinforcement, or (2) as part of a larger composite cross section.  He relates a 

creep-transformed section analysis to an examination of elastic stresses in a member made up of 

two different materials, where the temperature of one material (concrete) changes, while the 

other material (reinforcement) maintains the same temperature.  The final stresses generated in 

each of the two different materials may then be determined by applying the forces created by the 

free temperature strain in one component to the transformed cross section which accounts for the 

two different materials in the original cross section.  Relating this concept to the method Dilger 

presents, the free temperature strain is analogous to the strains produced by free shrinkage and 

creep, while the time-dependent effects of creep in concrete are handled by the creep-

transformed section properties.  Dilger�s creep-transformed section properties are only applicable 

to uncracked concrete cross sections (Dilger, 1982). 
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 Because of its use of the aging coefficient, the age-adjusted effective modulus method is 

ideal for calculating gradual changes in concrete stress due to the long-term effects described 

previously.  The aging coefficient describes the effect which concrete aging has on the final 

value of creep associated with gradual changes in stress following the initial application of load 

at age to.  Similarly, the magnitude of the aging coefficient is influenced by three factors: the 

concrete�s age when it is first loaded, the length of time it is loaded, and the value of the creep 

coefficient.  The argument (t, to) is typically omitted from the notation of the aging coefficient 

since it is identical to the argument of the creep coefficient to which it is related (Dilger, 1982). 

 The concept of the aging coefficient may be better understood by investigating its 

physical meaning using two different approaches.  First, consider a stress of ultimate magnitude 

�o which is (1) gradually applied to a structure beginning at time to, and (2) applied in full, 

immediately at age to.  In this case, the creep resulting from the gradually applied stress is 

smaller than that due to the instantly applied stress by a factor equal to the aging coefficient �.  

The alternative explanation is that the creep produced by the stress �o applied over time is 

equivalent to the creep resulting from the immediate application of the reduced stress ��o at time 

to (Dilger, 2005).   

 The magnitude of the aging coefficient ranges from 0.5 to 1.0.  The minimum value of 

0.5 is associated with concrete loaded very early in its life and subjected to a long duration of 

creep.  The maximum value of 1.0, on the other hand, distinguishes a material which is aged at 

loading and exposed to only a short time interval of creep.  When there is no aging and � is 1.0, 

the age-adjusted effective modulus from equation 2.28 simplifies to the effective modulus given 

in equation 2.27.  When Trost first presented the aging coefficient (1967), he gave it a value of 

0.75, the average of the two bounds (Dilger, 2005).   

 After elaborating on the age-adjusted effective modulus concept first introduced by Trost 

and Bazant, Dilger explains how this method may be applied to the time-dependent analysis of 

non-composite and composite concrete members (1982).  For both types of members, Dilger 

presents equations which satisfy equilibrium, compatibility, and constitutive requirements for 

modeling and calculating the long-term changes occurring in a concrete cross section.  He 

applies these equations in examples, noting the need for additional consideration of two 

important elements in a composite cross-section: the inclusion of the concrete deck in the creep-

transformed section, and the force and moment resulting from the unequal free strains which 
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develop between the deck and the girder.  The equations used for time-dependent analysis in this 

research are based on the same principles as those presented by Dilger (1982). 

 

2.4 Summary of Need for Research 

 This chapter has described the progress made regarding the development, application, 

and behavior of precast concrete panels used for rehabilitation or new construction of bridge 

decks.  Since the long-term effects of creep and shrinkage in concrete and relaxation of 

prestressing steel significantly impact the behavior of precast concrete panels, these phenomena 

have also been explained.  Further details concerning the various methods available for 

predicting the behavior of concrete as a result of these time-dependent effects are included.   

 When describing the need for the research presented in this thesis, it is first important to 

note the reasons for which longitudinal post-tensioning in precast concrete bridge deck panels 

should be required.  From their survey of various transportation agencies, Issa et al. determined 

that the quality of the panel-to-panel joint performance was a key element pertaining to the 

success of a fully precast bridge deck (1995).  In their follow-up field inspections of bridges 

containing precast concrete decks, Issa et al. described the performance of the precast panels in 

many cases as excellent (1995).  The problems observed in the cases of inferior performance, 

however, were partially attributed to the absence of longitudinal post-tensioning in the precast 

deck.  As illustrated by the example bridges mentioned above, some of the same bridges which 

experienced leaking, cracking, spalling, and subsequent rusting on the beams at the transverse 

panel joints also lacked longitudinal post-tensioning in their precast decks.  These examples 

prove that the precast panels should be longitudinally post-tensioned in order to tighten the 

transverse joints and keep the deck in compression, thereby eliminating potential problems with 

the panel joints. 

 After justifying the need for post-tensioning of precast concrete bridge deck panels, it is 

necessary to determine the corresponding amount of compressive force which should be applied 

to the panels.  Further studies conducted by Issa, et al. included finite element modeling (1998) 

and experimental testing (2000) of different bridge systems with decks made out of full-depth 

precast concrete panels.  While the finite element studies produced recommended initial levels of 

post-tensioning for both simple and continuous span bridges, each of these two recommendations 

was based on only one bridge configuration.  The two configurations analyzed were a simple 
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span bridge and a three-span continuous bridge, both with precast deck panels supported by 

rolled steel girders.  Furthermore, while the later experimental studies again indicated the need 

for longitudinal post-tensioning in a precast bridge deck, these experiments included only two-

span continuous bridge models of precast concrete panels on steel girders with three different 

levels of longitudinal post-tensioning.   

 While Issa et al. has provided some recommendations regarding levels of longitudinal 

post-tensioning for precast bridge decks, these suggestions have been limited to systems with (1) 

only steel girders and (2) only the specific configurations of span length, girder size, girder 

spacing, and so on used in each finite element model or experimental mockup.  Due to the time-

dependent effects in concrete discussed earlier, a precast concrete bridge deck supported by 

prestressed concrete girders is likely to behave very differently than a precast deck supported by 

steel girders.  Clearly, there is a need for simple, straightforward design recommendations which 

provide appropriate levels of post-tensioning for a variety of bridge systems, including those 

with steel and prestressed concrete girders at different spacings, as well as single or multiple 

continuous spans of assorted lengths.  By simplifying the design of a fully precast concrete 

bridge deck, the recommendations presented in this thesis should motivate the use of more 

precast construction, thereby alleviating more of today�s transportation problems. 
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CHAPTER 3: METHODS, MODELING, AND TESTING 

 

3.1 Introduction 

 To investigate trends in the amount of longitudinal post-tensioning needed to keep the 

joints between precast concrete bridge deck panels in compression, numerous models of different 

bridge systems were developed using the software Mathcad.  Each model bridge cross-section 

consisted of either steel or prestressed concrete girders, a 1 in. haunch, and a deck made out of 

full-depth precast concrete panels.  The level of post-tensioning applied to the precast concrete 

bridge deck in each model was varied until the transverse panel joints were observed to be in 

compression at the assumed end of each bridge�s service life.  This chapter describes the 

procedures used to develop the models in Mathcad, the determination of the girder types and 

other bridge details used for the parametric studies, and the implementation of the models in the 

parametric studies themselves.   

 

3.2 Material Properties 

3.2.1 Steel and Prestressed Concrete Girders 

 The bridge models containing steel girders included either rolled shapes or plate girders, 

each with a modulus of elasticity of 29,000 ksi.  The cross-sections with prestressed concrete 

girders included either Virginia PCBT girders or AASHTO standard girders, each with a 

minimum 28 day compressive strength of 7000 psi and an aging coefficient of 0.7.  The value of 

0.7 was selected as a typical aging coefficient based on past applications of the quantity and its 

range of values from 0.5 to 1 established by Trost (Dilger, 2005).  The prestressing strands were 

all ‰ in. diameter, Grade 270 low relaxation strands, with a cross-sectional area of 0.153 in2 and 

a modulus of elasticity of 28,500 ksi.   

 

3.2.2 Precast Concrete Panels and Haunch 

 The precast concrete panels making up the bridge deck in each model had a minimum 28 

day compressive strength of 5000 psi.  The steel girder bridges had 8.5 in. thick precast decks, 

while the prestressed concrete girder bridges had 8 in. thick precast decks.  Each bridge model 

also contained a 1 in. thick haunch separating the top of each girder from the bottom of the 

precast deck.  The minimum 28 day compressive strength of the haunch was assumed to be equal 
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to that of the precast deck.  As for the prestressed concrete girders, the deck and the haunch were 

both assigned an aging coefficient of 0.7.  Like the strands used in the prestressed concrete 

girders, the deck post-tensioning strands were all ‰ in. diameter, Grade 270 low relaxation 

strands, with a cross-sectional area of 0.153 in2 and a modulus of elasticity of 28,500 ksi.   

 

3.3 Model Development 

 The primary steps in the development of the Mathcad models included denoting the time 

intervals to be analyzed for each type of bridge, and determining the equations to calculate the 

redistribution of stresses due to long-term creep, shrinkage, and steel relaxation corresponding to 

each of these time intervals.  For the multiple span bridges, it was also necessary to consider the 

effects of continuity and live loads, particularly at the interior supports.  The procedures used to 

develop each type of bridge model are discussed in this section. 

 

3.3.1 Construction Time Intervals 

 The time-dependent analyses performed in each Mathcad model were separated into the 

major time intervals existing throughout the construction and service life of a bridge with a deck 

composed of precast concrete panels.  For the bridges with precast concrete deck panels 

supported by steel girders, the two time intervals containing stress redistributions were denoted 

as:  

1. D/SG 1 � Time of post-tensioning the deck to the start of  composite action between the 

deck and girders 

2. D/SG 2 � Start of composite action between deck and girde rs to the end of the bridge�s 

service life, which was estimated as 10,000 days. 

While these two phases also applied to the bridges with precast concrete deck panels supported 

by prestressed concrete girders, an additional phase was necessary to account for the time-

dependent effects occurring in the prestressed concrete girder.  The three time intervals for the 

precast deck panel/prestressed concrete girder system were denoted as: 

1. D/CG 1 � Time of transfer of prestress to the concrete gi rder to the start of composite 

action between the girders and deck 

2. D/CG 2 � Time of post-tensioning the deck to the start of  composite action between the 

deck and girders 
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3. D/CG 3 � Start of composite action between deck and girde rs to the end of the bridge�s 

service life, which was estimated as 10,000 days. 

Table 3.1 indicates the construction time intervals on which the time-dependent analyses 

performed in the various bridge models were based.  The times in days indicated for the two steel 

girder bridge phases are relative to the time at which the precast concrete panels for that system 

were cast.  For the prestressed concrete girder bridges, it was assumed that the concrete girders 

and deck panels were both cast at the same time, so the three concrete girder bridge intervals are 

relative to this particular time of girder and panel casting.  Composite action was assumed to 

occur instantaneously at 60 days in both the steel and prestressed concrete girder bridges. 

 

Table 3.1: Construction Time Intervals for Bridge Models 

Time Interval Start Time End Time 
  (days) (days) 

D/SG 1 55 60 
D/SG 2 60 10000 
D/CG 1 1 60 
D/CG 2 55 60 
D/CG 3 60 10000 

 

 

3.3.2 Equations for Time-Dependent Analysis 

 Once the appropriate time intervals were established, it was necessary to write systems of 

equations to model the behavior and solve for the changes occurring in a given bridge in each of 

the time intervals listed above.  Whereas long-term prestress losses only had to be considered in 

the decks of the bridges with steel girders, the bridges containing prestressed concrete girders 

presented a more complicated situation, with time-dependent effects occurring in both the 

concrete girders and the concrete deck.  Maintaining a consistent sign convention throughout the 

development of these equations was essential.  Tensile stresses and lengthening strains were 

defined as positive, while compressive stresses and shortening strains were considered negative.  

In addition, compression or shortening at the top of a member indicated positive moment and 

positive curvature.  The systems of equations used to solve for the changes occurring in each 

bridge system over time are presented in this section.  Since many of the variables used in each 



 28 

type of model appear multiple times in different equations, all quantities are defined in Appendix 

A. 

 

3.3.2.1 Bridges with Steel Girders 

 The first time interval for the steel girder bridges, D/SG 1, includes the changes in forces 

and strains occurring from the time that the deck is post-tensioned to the start of composite 

action between the concrete deck and the steel girders.  During this time, creep, shrinkage, and 

steel relaxation simultaneously cause the force in the post-tensioning to become less tensile, and 

the corresponding force in the deck concrete to become less compressive.  In addition, 

compressive shrinkage strains occur in the deck concrete, which results in shortening of the post-

tensioning steel as well.  These changes are modeled by the following four equations: 

Equilibrium 
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where all variables are defined in Appendix A. 

 Equation 3.1 defines the equilibrium requirement that the change in the compressive axial 

force in the deck concrete must be equal and opposite of the corresponding change in the tensile 

axial force in the post-tensioning strands.  Equation 3.2 establishes compatibility between the 

changes in strain in the deck concrete and the post-tensioning steel.  Equations 3.3 and 3.4 

identify the constituents of the changes in strain in the deck concrete and the post-tensioning 

tendons.  The three terms in equation 3.3 represent the creep associated with the initial strain in 

the deck, the elastic strain and creep strain components of the change in strain in the deck during 

D/SG 1, and the shrinkage strain in the deck concrete during D/SG 1.  The two quantities in the 

numerator of equation 3.4 represent the change in axial force which contributes to the change in 

strain in the deck post-tensioning strands, and the change in force due to relaxation of the post-
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tensioning steel which is subtracted out since it has no corresponding change in strain.  The 

quantities d� , shd� , and pRf�  in equations 3.3 and 3.4 represent the deck creep coefficient, deck 

shrinkage strain, and post-tensioning strand relaxation corresponding to the D/SG 1 time interval 

only.  Figure 3.1 illustrates the initial axial compressive force and the changes occurring in the 

D/SG 1 phase defined by equations 3.1-3.4.  While all of the varying quantities are represented 

as positive in the figure, the appropriate sign conventions were accounted for in the 

corresponding equations. 

 

Figure 3.1: Initial Force and Changes Occurring in the D/SG 1 Phase 

 

 The second time interval for the steel girder bridges, D/SG 2, includes the changes in 

forces, moments, strains, and curvature from the start of composite action between deck and 

girders to the end of the bridge�s service life, which was estimated as 10,000 days.  In the 

composite cross-sections of the steel girder bridges, the concrete deck and haunch undergo creep 

and shrinkage while the steel girder resists these forces.  The corresponding changes in forces, 

moments, strains and curvature for the D/SG 2 time interval in the steel girder bridges are 

modeled by the following equations: 

Equilibrium 

 0d h g ptdN N N N� � � � � � � �  (3.5) 

 * * 0d h g h gM M M N a N b� � � � � � � � � �  (3.6) 

Compatibility 

 d ptd� �� � �  (3.7) 

 *d h a� � �� � � � �  (3.8) 

 *d g b� � �� � � � �  (3.9) 

Constitutive 

 (1 )doc d
d d d d shd

d d d d

N N

A E A E
� � � � ��� � � � �  (3.10) 



 30 

 g
g

g g

N

A E
�

�
� �  (3.11) 

 (1 )h
h h h shh

h h

N

A E
� � � ��� � � �  (3.12) 

 ptd pR ptd
ptd

ptd ptd

N f A

A E
�

� � �
� �  (3.13) 

 (1 )d
d d

d d

M

I E
� � ��� � �  (3.14) 

 (1 )h
h h

h h

M

I E
� � ��� � �  (3.15) 

 g

g g

M

I E
�

�
� �  (3.16) 

where all variables are defined in Appendix A. 

 

 Equations 3.5 and 3.6 define the equilibrium requirements for the changes in forces and 

moments in the composite system.  Equation 3.7 was discussed previously, and equations 3.8 and 

3.9 establish additional strain compatibility relationships present based on the assumption that 

plane sections remain plane throughout the composite cross section.  The terms in equations 

3.10, 3.12, and 3.13 are similar to those discussed for the D/SG 1 time interval, and the quantity 

Ndoc in equation 3.10 is the force in the deck at the beginning of the composite phase.  Equation 

3.11 represents the change in strain in the steel girder which undergoes no creep or shrinkage.  

Equations 3.14 and 3.15 each describe the change in curvature based on the elastic and creep-

producing changes in moment in the concrete deck and haunch, respectively.  Equation 3.16 also 

represents the change in curvature, but in terms of the elastic change in moment in the steel 

girder.  The quantities d� , h� , shd� , shh� , and pRf�  in the above equations represent the creep 

coefficients, shrinkage strains, and steel strand relaxation corresponding to the D/SG 2 time 

interval only.  Figure 3.2 illustrates the initial force present and the changes occurring throughout 

the D/SG 2 phase defined by equations 3.5-3.16.  While all of the varying quantities are 

represented as positive in the figure, the appropriate sign conventions were accounted for in the 

corresponding equations. 
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Figure 3.2: Initial Force and Changes Occurring in the D/SG 2 Phase 

 

3.3.2.2 Bridges with Prestressed Concrete Girders 

 The first phase listed above for the prestressed concrete girder bridges, D/CG 1, includes 

the changes in forces, moments, strains, and curvature occurring from the time that prestress is 

transferred to the girder to the time that the girder becomes composite with the deck.  Since steel 

girders alone are not affected by long-term prestress losses, this phase was not needed in the 

analysis of the steel girder bridges.  The changes occurring in the prestressed concrete girder 

from transfer of prestress to composite action with the deck are modeled by the following 

equations: 

Equilibrium 

 0g psgN N� � � �  (3.17) 

 * 0g psg gM N e� � � �  (3.18) 

Compatibility 

 *g psg ge� � �� � � � �  (3.19) 

Constitutive 

 (1 )go g
g g g g shg

gn g gn g

N N

A E A E
� � � � ��

� � � � �  (3.20) 

 (1 )go g
g g g

g gn g gn

M M

E I E I
� � � ��

� � � �  (3.21) 

 psg pR psg
psg

psg psg

N f A

A E
�

� � �
� �  (3.22) 



 32 

where all variables are defined in Appendix A. 

 While the format and purpose of equations 3.17 through 3.22 are similar to that explained 

for the steel girder time intervals above, these equations now account for the prestressing force 

and time-dependent effects occurring in the concrete girder.  The quantities Ngo and Mgo indicate 

the initial force and moment due to the prestress in the girder, and the variables g� , shg� , and 

pRf�  represent the girder creep coefficient, girder shrinkage strain, and prestressing strand 

relaxation corresponding to the D/CG 1 time interval only.  Figure 3.3 illustrates the initial force 

and moment as well as the changes occurring in the D/CG 1 phase defined by equations 3.17-

3.22.  While all of the varying quantities are represented as positive in the figure, the appropriate 

sign conventions were accounted for in the corresponding equations. 

 

Figure 3.3: Initial Effects and Changes Occurring in the D/CG 1 Phase 

 

 The second phase listed above for the prestressed concrete girder bridges, D/CG 2, is 

identical to the first time interval for the steel girder bridges (D/SG 1).  This is true because only 

the concrete deck panels are affected by the changes occurring during this time interval, which 

spans from the time of deck post-tensioning to the beginning of composite action between the 

deck and girders.  Therefore, the same equations (3.1 to 3.4) presented for calculating changes 

during the D/SG 1 phase apply for calculating changes during the D/CG 2 phase, and Figure 3.1 

again illustrates these quantities.   

 The third time interval for the prestressed concrete girder bridge models, D/CG 3, is 

similar to the second time interval for the steel girder bridges (D/SG 2).  For both types of 

girders, this phase begins with the start of composite action between the deck and girders and 

concludes at the end of the bridge�s service life.  In the composite cross-sections of the 

prestressed concrete girder bridges, however, the concrete deck, haunch, and girder each 
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experience the effects of creep and shrinkage at different rates, making the time-dependent 

redistribution of forces and moments much more complex than in the steel girder bridges.  The 

changes in forces, moments, strains and curvature for the D/CG 3 time interval in the prestressed 

concrete girder bridges are modeled by the following equations: 

Equilibrium 

 0d h g psg ptdN N N N N� � � � � � � � � �  (3.23) 

 * * * 0d h g h g psgM M M N a N b N c� � � � � � � � � � � �  (3.24) 

Compatibility 
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where all variables are defined in Appendix A. 

 Equations 3.23 through 3.36 represent the same kind of changes that were discussed for 

the composite steel girder bridge phase (D/SG 2), except now the equations are further 

complicated by the prestressing and time-dependent effects in the concrete girder as well as the 

deck.  The quantities Ndoc and Ngoc are the initial forces in the deck and girder at the beginning of 

the composite phase, while Mgoc is the initial moment in the girder at the beginning of the 

composite phase.  The creep coefficients, shrinkage strains, and steel strand relaxation quantities 

correspond to the D/CG 3 time interval only.  Figure 3.4 illustrates the initial forces and moment 

as well as the changes occurring in the D/CG 3 phase defined by equations 3.23-3.36.  While all 

of the varying quantities are represented as positive in the figure, the appropriate sign 

conventions were accounted for in the corresponding equations. 

 

Figure 3.4: Initial Effects and Changes Occurring in the D/CG 3 Phase 

 

3.3.3 Simple Span Models 

 This section summarizes the step-by-step approach taken to formulate each of the simple 

span bridge models in Mathcad.  All variables used in the Mathcad models are presented in 

Appendix A.  Examples of a simple span steel girder model and a simple span prestressed 

concrete girder model are given in Appendix B.  It is important to note that any section 

properties or stresses calculated in the following procedures are located at midspan.  In the 

simple span prestressed concrete girder models, midspan was the critical location for potential 

tensile stresses in the deck if upward camber of the girder dominated the curvature of the span.  
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In the simple span steel girder models, midspan was then also used as the location for calculating 

the stresses throughout the deck, which are constant along a span under uniform curvature.   

 

3.3.3.1 Bridges with Steel Girders 

 The basic steps to formulate the simple span steel girder bridge models included: 

1. Define and/or calculate all material properties, section properties, and time intervals. 

2. Program Mathcad routines to calculate creep coefficients and shrinkage values based on 

the AASHTO 2006 Interim equations provided in Chapter 2. 

3. Perform calculations for phase D/SG 1, deck post-tensioning to composite action: 

a. Compute the average stress in the post-tensioning tendons immediately after 

jacking, considering instantaneous losses due to anchor seating.   

b. Apply equation 2.9 to find the relaxation in the tendons over the time interval. 

c. Apply the creep and shrinkage routines programmed in step 2 to calculate the 

creep coefficient and shrinkage strain in the concrete deck during the time 

interval. 

d. Insert equations 3.1-3.4 into matrices and use matrix algebra to solve for the 

unknown changes in forces and strains. 

4. Perform calculations for phase D/SG 2, composite action to end of bridge service life: 

a. Apply the creep and shrinkage routines programmed in step 2 to calculate the 

creep coefficient and shrinkage strain in the concrete deck during the time 

interval. 

b. Update the initial axial force Ndo in the deck to account for the change in force in 

the deck from D/SG 1, and use the new quantity Ndoc for the calculations in the 

interval D/SG 2. 

c. Apply equation 2.9 to find the relaxation in the post-tensioning strands over the 

time interval. 

d. Insert equations 3.5-3.16 into matrices and use matrix algebra to solve for the 

unknown changes in forces, moments, strains, and curvature. 

e. Calculate and plot the final stresses throughout the composite cross section. 
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3.3.3.2 Bridges with Prestressed Concrete Girders 

 The basic steps to formulate the simple span prestressed concrete girder bridge models 

were very similar to those used for the steel girder bridge models, except for the addition of the 

D/CG 1 time interval to account for the concrete in the girder.  The approach for formulating 

these models is described in the following: 

1. Define and/or calculate all material properties, section properties, and time intervals.  

Include the net section properties and the transformed section properties for the 

prestressed concrete girder alone. 

2. Include the programmed Mathcad routines to calculate creep coefficients and shrinkage 

values based on the AASHTO 2006 Interim equations provided in Chapter 2. 

3. Perform calculations for phase D/CG 1, transfer of girder prestress to the start of 

composite action between the girders and deck: 

a. Calculate the jacking force in the prestressing strand, and subtract the elastic 

shortening losses to obtain the initial force in the net concrete cross-section. 

b. Calculate the initial moment at midspan, considering the girder self weight and 

the initial prestressing force. 

c. Apply equation 2.9 to find the relaxation in the prestressing strands over the time 

interval. 

d. Apply the Mathcad routines to calculate the creep coefficient and shrinkage strain 

in the concrete girder during the time interval. 

e. Insert equations 3.17-3.22 into matrices and use matrix algebra to solve for the 

unknown changes in forces, moments, strains, and curvature. 

4. Perform calculations for phase D/CG 2, post-tensioning of the deck to the start of 

composite action between the deck and prestressed concrete girders: 

a. These computations are identical to those described for phase D/SG 1. 

5. Perform calculations for phase D/CG 3, start of composite action to the end of the 

bridge�s service life: 

a. These computations are similar to those described for phase D/SG 2, except that 

the time-dependent equations for the concrete girder composite section (3.23-

3.36) are implemented. 
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3.3.4 Continuous Span Models 

 All of the two and three span continuous bridge models begin with the simple span 

procedures described above.  Once this process is used to find the stresses in the concrete deck in 

a simple span case, each Mathcad model continues with additional calculations to account for the 

time-dependent effects in either two or three continuous spans.  Although somewhat 

conservative, the continuous spans were created by duplicating the previously designed simple 

spans and assuming continuity at the interior supports to maintain simplicity in the models.  It is 

also important to note that the most critical location in the continuous models was assumed to be 

at the interior support(s), where the highest values of tension in the concrete should occur at the 

top of the deck due to negative bending caused by live loads and stress redistributions.   

 The first new step introduced in the two and three-span continuous bridge models 

involved using the force method to calculate the stresses induced by the time-dependent effects 

and continuity at the interior support(s).  This procedure was very similar for the two and three-

span continuous models, and is illustrated in Figures 3.5 and 3.6, respectively.  The force method 

equations are also presented along with the figures.  Refer to Appendix A for variable 

definitions. 

 

Figure 3.5: Force Method Approach for Two-Span Continuous Bridges 
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In Figure 3.5(b), the midspan deflection is 

 
2

1
1 8

L�� �  (3.37) 

where the curvature � is calculated from the age-adjusted effective modulus method. 

 

The deflection restored by the force P1 is 
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where 

Egaatr = age-adjusted transformed modulus of elasticity of the girder, ksi 

Iatr = age-adjusted transformed moment of inertia of the composite cross section, in4 

 

Since �1 must equal �P1, setting equations 3.37 and 3.38 equal and solving for P1 results in 
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After solving for P1, the maximum negative moment at the interior support was calculated using 

the equation in Figure 3.5(d), and the corresponding stress in the deck concrete was determined 

by 
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Figure 3.6: Force Method Approach for Three-Span Continuous Bridges 

 

In Figure 3.6(b), the midspan deflection is 
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The deflection restored by the force P2 is 

 
2

3
2 2

28P
gaatr atr

P L

E I
� �  (3.42) 

where 

Egaatr = age-adjusted transformed modulus of elasticity of the girder, ksi 

Iatr = age-adjusted transformed moment of inertia of the composite cross section, in4 

 

Since �2 must equal �P2, setting equations 3.41 and 3.42 equal and solving for P2 results in 
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After solving for P2, the maximum negative moment at the interior support was calculated using 

the equation in Figure 3.6(d), and the corresponding stress in the deck concrete was determined 

by equation 3.40. 

 After finding the critical deck stress due to time-dependent effects, the next new 

requirement for a continuous system was to account for the component of stress in the deck due 

to live loads.  The live loads on each bridge created negative moments and subsequent tensile 

stresses at the interior support(s).  These negative moments were found using QConBridge, a 

software package created by the Washington State Department of Transportation (Brice, 2005).  

The QConBridge software allows the user to input the bridge specifications, from which it 

calculates the shear and moment envelopes for the loading combination(s) selected by the user.  

The available live load categories were Design Tandem + Lane, Design Truck + Lane, Dual 

Truck Train + Lane, Dual Tandem Train + Lane, and Fatigue Truck.  The Live Load Envelope 

option determined the worst case of each of these combinations, so that envelope was plotted for 

each bridge to find the maximum negative moment at the interior support(s).  Since QConBridge 

included impact but not distribution factors in its analyses, the live load distribution factor for 

moment in an interior girder had to be calculated for each bridge model.  The equations for 

computing these distribution factors are provided in Appendix C. 

 

3.3.4.1 Bridges with Steel Girders 

 After the simple span analysis, the additional steps necessary to analyze two or three 

continuous spans with steel girders follow.  Refer to Appendix C for an example continuous steel 

girder bridge model in Mathcad. 

1. Calculate the regular and age-adjusted transformed section properties for the composite 

section including the haunch. 

2. Calculate the stresses induced by continuity at the interior support(s) using the 

appropriate force method described above. 

3. Use QConBridge to determine the negative moment at the interior support(s) due to live 

loads on the bridge, and calculate the corresponding tensile stress.   

4. Multiply the stress due to live loads by the appropriate distribution factor calculated from 

the equations in Appendix C.  The stress due to live loads was also multiplied by a factor 

of 0.8, which is for the Service III �load combinat ion relating only to tension in 
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prestressed concrete superstructures with the objective of crack control� (AASHTO, 

2004).  Although the original intention of this factor was for controlling cracking in the 

tensile region at the bottom of prestressed concrete girders in positive bending, for this 

research it was similarly assumed to apply to tension at the top of the concrete in a 

negative moment region of a bridge deck.   

5. Find the final stress in the deck by summing three quantities: the stress at the top of the 

deck after the simple span analysis, the stress generated at the interior support(s) due to 

continuity and time-dependent effects, and the factored stress due to live loads.   

 

3.3.4.2 Bridges with Prestressed Concrete Girders 

 The procedure for analysis of the continuous spans with prestressed concrete girders was 

significantly more complicated than that for the steel girders.  Unlike the uniform change in 

curvature assumed to exist along the full length of a composite span with steel beams, a span 

with composite concrete girders does not exhibit a constant change in curvature along its length 

because of the varying centroid of prestress in the girders and the time-dependent effects 

involved in the system.  In this case, the time-dependent behavior is complicated by the typically 

unequal ages of the girder and deck concretes as well as the effects of continuity.  Therefore, a 

sectional analysis was performed for these models, and the change in curvature during the 

composite time interval (D/CG 3) was calculated at several locations along each span.  These 

locations included the ends (Section A), the … and ¾ points (Section B) and midspan (Section C) 

in each span.  The change in curvature at each location during the interval D/CG 3 was then used 

to calculate the component of stress at the continuous supports due to continuity using the force 

method described above. 

 With reference to the simple span analysis described above, the additional steps 

necessary to evaluate two or three continuous spans with prestressed concrete girders include the 

following.  Refer to Appendix C for additional details regarding the calculations indicated, as 

well as two examples of continuous prestressed concrete girder bridge models in Mathcad. 

1. Design the harped strand layout for each girder using allowable stress limits.  This task 

was not necessary in the concrete girder simple span models because midspan was the 

only location considered.  For the continuous span models, however, section properties at 

the supports had to be calculated and used to find the corresponding stresses.   
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2. At each section considered along the beam, calculate the centroid and eccentricity of the 

prestressing strands in the girder alone, along with the net section and transformed 

section properties for the prestressed concrete girder. 

3. Perform calculations for the D/CG 1 time interval as in the simple span models, except 

repeat these calculations at each section (A, B, and C) to be analyzed along the span.   

4. Perform calculations for the D/CG 2 phase as in the simple span models.   

5. Perform calculations for the D/CG 3 time interval as in the simple span models, again 

repeating these calculations at each location to be analyzed along the span.   

6. Plot the change in curvature from phase D/CG 3 at each location along the span.   

7. Using the change in curvature vs. length graph, apply the moment-area method to 

compute the resulting deflection at the interior support(s), assuming removal of the 

support(s).   

8. Calculate the regular and age-adjusted transformed section properties for the composite 

section including the haunch at the cross-section located at the end of each span.   

9. Use the force method described above to restore the previously computed deflection and 

find the corresponding stress at the top of the deck at the same support location.  Use the 

age-adjusted transformed section properties in this step since the stress is produced by a 

slowly developing force. 

10. Determine the negative moment and the corresponding tensile stress at the interior 

support(s) due to live loads on the bridge.  QConBridge was implemented again for 

assistance with this task. 

11. As in the continuous steel girder bridges, multiply the live load stress by the appropriate 

distribution factor and the 0.8 Service III load factor. 

12. Compute the final stress in the bridge deck.   

 

3.4 Parametric Studies 

 After developing each type of bridge model in Mathcad, these models were employed to 

investigate the response of different bridge layouts to various amounts of post-tensioning in their 

precast concrete decks.  The primary goal was to look for trends in the behavior of similar 

bridges so that simple design recommendations regarding levels of post-tensioning for bridge 

decks could be made.  Several design aids were accessed to establish the characteristics of the 
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bridges used in these parametric studies.  Once the bridge layouts were determined, executing the 

parametric studies was fairly straightforward. 

 

3.4.1 Selection of Steel Girders 

 Span lengths of 60 ft, 90 ft, and 120 ft with girder spacings of 6 ft and 9 ft were selected 

for evaluation in the steel girder bridge parametric studies.  To easily determine appropriate 

girder sizes corresponding to these dimensions, suggestions from the Structural Steel Designer�s 

Handbook (Brockenbrough, 2006) were incorporated.  The girder depth to be used in each span 

length was determined by the Handbook�s recommendat ion that the depth of the steel girder 

alone should be at least 1/30 of the span for composite highway girders (2006).  This guideline 

determined the use of W24 and W36 rolled sections for the 60 and 90 ft spans, respectively, as 

well as the use of 48 in. deep plate girders for the 120 ft spans, since W48 rolled sections are not 

available.  An Excel worksheet created by the author for the design of simple span steel girder 

bridges was then used to perform the additional checks necessary to determine the specific 

dimensions of each girder.  The following checks typical of any steel girder bridge design were 

completed: 

� Strength limit states, including nominal flexural resistance, compact section, ductility, 

flange and web proportions, shear of unstiffened webs, web local yielding, and web 

crippling 

� Fatigue and fracture 

� Service limit states 

� Constructability, including yielding, lateral-torsional buckling, flange local buckling, and 

web bend-buckling 

Tables 3.2 and 3.3 provide the details of the different steel girders used in the simple and 

continuous span parametric studies. 
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Table 3.2: Steel Girders used in Parametric Studies 

Girder 
Spacing 

Span 
Length 

Steel Girder 
Depth 

W or Plate Girder 
Section 

(ft) (ft) (in)  
6 60 24 W24x103 
6 90 36 W36x160 
6 120 48 PL 1, d=48 
9 60 24 W24x146 
9 90 36 W36x232 
9 120 48 PL 2, d=50 

 

Table 3.3: Plate Girder Dimensions 

Plate 
Girder 

Total 
Depth tf bf tw dw 

  (in) (in) (in) (in) (in) 
PL 1 48 1.125 14 0.75 45.75 
PL 2 50 1.375 16 0.875 47.25 

 

 

3.4.2 Selection of Prestressed Concrete Girders 

 Due to the larger availability of PCBT and AASHTO girder design aids and the 

additional complexity inherent in the time-dependent analysis of bridges with prestressed 

concrete girders, a greater number of cross sections with concrete girders were analyzed in the 

parametric studies.  Three different sizes of each type of concrete girder were selected, and a 

�short� and a �long� span length for both 6 and 9 f t girder spacings were designed for each type of 

girder.  An attempt was made to maintain consistent span length to girder depth ratios for each 

set of similar span lengths and girder spacings for each girder type.   

 The bridges with PCBT, or Prestressed Concrete Bulb-T, girders were designed using the 

Virginia standard bulb-T details and preliminary design tables.  The PCBT-37, PCBT-61, and 

PCBT-85 girders (with respective depths of 37, 61, and 85 in.) were chosen, and the required 

number of prestressing strands for each combination of span length and girder spacing was 

determined using the preliminary design tables.  The bridges with AASHTO girders were 

designed using the AASHTO I-Beam details and design charts provided in the PCI Bridge 

Design Manual (2005).  The AASHTO Type II, Type IV, and Type VI girders with respective 

depths of 36, 54, and 72 in. were selected, and the required number of prestressing strands for 

each combination of span length and girder spacing was determined using the preliminary design 
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charts.  Table 3.4 shows the details of the different prestressed concrete girders used in the 

simple and continuous span parametric studies. 

 

Table 3.4: Prestressed Concrete Girders used in Parametric Studies 

Girder Type 
Girder 
Spacing 

Span 
Length L/d 

No. of ‰ in. Dia. 
Strands 

  (ft) (ft)     
40 13.0 14 

6 
75 24.3 28 
40 13.0 14 

PCBT-37 
9 

- - - 
65 12.8 16 

6 
125 24.6 50 
50 9.8 18 

PCBT-61 
9 

85 16.7 28 
85 12.0 20 

6 
150 21.2 50 
70 9.9 22 

PCBT-85 
9 

125 17.6 44 
45 15.0 8 

6 
70 23.3 28 
35 11.7 8 

AASHTO Type II  
(d = 36 in.) 

9 
55 18.3 24 
75 16.7 16 

6 
120 26.7 54 
65 14.4 18 

AASHTO Type IV 
(d = 54 in.) 

9 
100 22.2 50 
100 16.7 22 

6 
160 26.7 76 
100 16.7 30 

AASHTO Type VI 
(d = 72 in.) 

9 
140 23.3 76 

 

 

3.4.3 Method for Conducting Parametric Studies 

 After all of the models were created and the steel and prestressed concrete girder bridges 

were designed, the amount of initial compression in the deck of each bridge model was varied by 

changing the number of post-tensioning strands.  This process was started at an initial 

compression stress of about 100 or 200 psi in the deck, and as the stress was increased by 

increments of either 100 or 200 psi, the resulting stress in the deck panel joints at the end of each 

time-dependent analysis was recorded.  The number of post-tensioning strands in the deck was 
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increased until the results showed that the deck panel joints remained in compression at the end 

of the bridge service life.   
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CHAPTER 4: RESULTS AND ANALYSIS 

 

4.1 Overview 

 Parametric studies were performed to investigate the amount of post-tensioning required 

in precast concrete bridge decks to keep the panel joints in compression throughout the service 

life of a bridge.  These studies included bridges with many different configurations.  Once the 

results were obtained, they were examined for relationships between the required level of 

compression in the deck and the three main variables of girder type, girder spacing, and 

individual span length.  The results of the parametric studies and the trends recognized in these 

findings are discussed in this chapter.  Before any of these parametric studies were performed, 

however, the results of selected Mathcad models were verified with finite element model results. 

 

4.2 Comparison with Finite Element Modeling Results 

 In order to verify the modeling procedures used in this research, results from selected 

Mathcad models were compared with results from finite element models created using the 

software DIANA.  While the Mathcad models divided the analysis of each bridge into only the 

two or three major time intervals throughout its construction and life, the finite element models 

incorporated a much more rigorous time-step approach for considering the time-dependent 

effects in concrete and the corresponding redistributions of forces and moments in the bridge 

cross sections.  To properly compare results from the two types of models, the AASHTO LRFD 

creep and shrinkage equations incorporated in the Mathcad models and parametric studies were 

changed to the CEB-FIP Model Code 1990 equations which were used to account for creep and 

shrinkage in the DIANA software.  The CEB-FIP Model Code 1990 equations were presented in 

Chapter 2.   

 The first comparison between the two types of models was performed for the 125 ft long 

simple span bridge with PCBT-61 girders spaced at 6 ft.  The precast deck panels were initially 

post-tensioned to 309 psi, and the self weight of the panels was neglected in the calculations for 

the composite phase in each model.  The differences in results between the two models are given 

in Table 4.1. 
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Table 4.1: Comparison between Mathcad and DIANA Finite Element Models 

Time Interval Quantity Mathcad Results DIANA Results % Difference 

�Ng = � 159.18 k 152.62 k 4.30% 

�Nps = � -159.18 k -152.62 k 4.30% 
�� = � 7.2 ��/in� 6.59 ��/in� 9.26% 

��g = � -0.000552  -0.000549   0.55% 

Phase 1: Day 1 - Day 55 

��ps = � -0.00073  -0.0007   4.29% 
              

�Nd = � 1.36 k 1.31 k 3.82% 

�Npt = � -1.36 k -1.31 k 3.82% 

��d = � -0.0000521  -0.00005   4.20% 
Phase 2: Day 55 - Day 60 

��pt = � -0.0000521  -0.00005   4.20% 
              

�Nd = � 2.52 k 2.75 k 8.36% 

�Npt = � -12.96 k -11.54 k 12.31% 

�Nh = � -21.32 k -22.6 k 5.66% 

�Nps = � -168.86 k -165.7 k 1.91% 

��d = � -0.00049549  -0.000441   12.36% 

��pt = � -0.00049549  -0.000441   12.36% 

��h = � -0.00051721  -0.000471   9.81% 

��g = � -0.00066635  -0.00065   2.52% 

��ps = � -0.0007745  -0.00076   1.91% 

Phase 3: Day 60 - Day 10000 

�� = � 4.57 ��/in� 5.295 ��/in� 13.69% 
              

�d_top = � -0.266 ksi -0.254 ksi 4.72% 

�d_bot = � -0.340 ksi -0.351 ksi 3.13% 

�h_top = � -0.451 ksi -0.479 ksi 5.85% 

�h_bot = � -0.457 ksi -0.482 ksi 5.19% 

�g_top = � -0.696 ksi -0.752 ksi 7.45% 

Total Stresses at Day 10000 

�g_bot = � -1.81 ksi -1.77 ksi 2.26% 
 

The differences in results between the two models shown in Table 4.1 are all less than 15%, so 

the results produced from the parametric studies conducted using the Mathcad models were 

considered valid.   

 The second comparison between the Mathcad and finite element models was drawn using 

the bridge model with two continuous 60 ft spans of W24x103 rolled steel girders spaced at 6 ft.  

Table 4.2 shows the results obtained from performing both Mathcad and DIANA analyses to 

determine the final stress at the top of the deck over the interior support in this two span 

continuous steel girder bridge model.  The stresses reported in Table 4.2 are only due to the 
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initial post-tensioning, member self weight, creep, and shrinkage; relaxation losses and live loads 

were neglected in both models to obtain these results.  Figure 4.1 graphically illustrates the 

results given in Table 4.2. 

 

Table 4.2: Final Stresses at Top of Deck over Int. Supp. for Two Span Cont. W24x103 Girders 

No. of Strands in Deck Initial Comp. in Deck Mathcad Result DIANA Result 
  (psi) (psi) (psi) 
6 -300 302 328 
12 -600 153 33.9 
16 -799 54 -196 
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Figure 4.1: Comparison of Final Stresses at Top of Deck over Interior Support 

 

Figure 4.1 confirms that the results obtained from Mathcad and DIANA exhibit similar trends.  

The Mathcad results become more conservative with increasing amounts of initial compression 

by predicting larger overall losses of compression in the precast concrete bridge deck.   
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4.3 Simple Span Models 

4.3.1 Bridges with Steel Girders 

 The first set of parametric studies was performed for simple span bridges with steel 

girders and a precast concrete deck.  The precast concrete decks in each of the six different steel 

girder bridges were post-tensioned to stresses ranging from 100 to 400 psi in increments of 

approximately 100 psi.  The results are given in Table 4.3.  Because the initial compression in 

the deck was altered by changing the number of post-tensioning strands, the initial compressive 

stresses vary slightly from 100 to 103 psi in the first set of parametric studies, 200 to 206 psi in 

the second set, and so on.  This explanation applies to the slight variation in initial deck 

compressive stress for each set of parametric studies in all of the tables that follow.  In addition, 

Figure 4.2 illustrates typical distributions of stress and strain obtained throughout the steel girder 

bridge cross sections at the end of service.  The values shown in Figure 4.2 correspond with the 

results for the simple span W24x103 model initially post-tensioned to -200 psi in Table 4.3, 

which is also provided as an example Mathcad model in Appendix B. 
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Table 4.3: Parametric Studies for Simple Span Steel Girder Models 

Girder Girder Span No. of  Initial Comp. Final Stress in Deck 

Type Spacing Length Strands in Deck Top Middle Bottom 

  (ft) (ft) in Deck (psi) (psi) (psi) (psi) 

W24x103 6 60 2 -100 -112 -47 19 

W36x160 6 90 2 -102 -63 -19 26 

PL 1, d=48 6 120 2 -103 -23 9 41 

W24x146 9 60 3 -100 -109 -45 19 

W36x232 9 90 3 -102 -62 -19 24 

PL 2, d=50 9 120 3 -103 -29 2 34 

                

W24x103 6 60 4 -200 -209 -136 -62 

W36x160 6 90 4 -204 -156 -106 -56 

PL 1, d=48 6 120 4 -206 -111 -75 -39 

W24x146 9 60 6 -200 -205 -133 -62 

W36x232 9 90 6 -204 -154 -105 -57 

PL 2, d=50 9 120 6 -206 -117 -82 -47 

                

W24x103 6 60 6 -300 -303 -222 -142 

W36x160 6 90 6 -306 -246 -191 -136 

PL 1, d=48 6 120 6 -309 -197 -158 -118 

W24x146 9 60 9 -300 -294 -216 -137 

W36x232 9 90 9 -306 -240 -187 -134 

PL 2, d=50 9 120 9 -309 -200 -162 -124 

                

W24x103 6 60 8 -400 -393 -305 -218 

W36x160 6 90 8 -408 -332 -273 -213 

PL 1, d=48 6 120 8 -412 -280 -237 -194 

W24x146 9 60 12 -400 -373 -289 -206 

W36x232 9 90 12 -408 -316 -260 -203 

PL 2, d=50 9 120 12 -412 -274 -234 -193 
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Figure 4.2: Typical Distributions of Stress and Strain for Steel Girder Bridge Models at End of 

Service Life 

 

For each bridge model and different amount of initial post-tensioning in the deck, Table 4.3 

shows the final stresses at the top, middle, and bottom of the concrete deck at midspan after 

accounting for the time-dependent effects in the concrete.  Although these calculations were 

performed at midspan, the changes in stress throughout the depth of the concrete deck are 

constant along the length of the simple span which experiences uniform changes in curvature.  

For the simple span steel girder bridges, it was expected that the worst location for potential 

tensile stresses in the concrete would be along the bottom of the deck throughout the span, since 

this is where the steel girder provides the greatest restraint of creep and shrinkage in the concrete 

deck.  These predictions were verified by the results, which showed that in each of the 24 

parametric studies, the compressive stresses were highest at the top of the bridge deck, and the 

stresses became less compressive or even somewhat tensile from the top of the deck to the 

bottom of the deck.   

 In order to maintain compression throughout the depth of the concrete deck at midspan, 

at least 200 psi of initial post-tensioning in the precast panels was required.  The initial 

compressive stress of 200 psi resulted in a minimum of 39-62 psi residual compression in the 

precast panel joints in each of the six models.  Larger amounts of initial post-tensioning were 

needed to obtain greater amounts of residual compression in the concrete deck.  Figure 4.3 

illustrates the relationship between the most tensile final stress (located at the bottom of the 
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concrete deck in each case) and the span length at each of the four levels of initial post-

tensioning. 
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Figure 4.3: Final Deck Stress vs. Span Length for Simple Span Steel Girder Models 

 

 Figure 4.3 indicates a linear relationship between the span length and the critical deck 

stress at the end of service for the simple span steel girder bridges.  The final stresses were not 

significantly affected by the girder spacing (6 ft or 9 ft).  The figure also shows that at each 

different level of initial post-tensioning, the net loss of compression in the deck increases with 

span length.  These losses are better identified in Figure 4.4. 
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Figure 4.4: Net Loss of Compression at Middle of Deck for Simple Span Steel Girder Models 

 

 The behavior indicated in Figures 4.3 and 4.4 for the simple span steel girder bridges is 

logical.  While the steel girder sizes increase proportionally with span length, the size of the 

effective deck cross sections at 6 ft. and 9 ft. girder spacings stay the same.  Therefore, as the 

deck becomes less stiff relative to the girder with increasing girder sizes, the steel girder restrains 

the creep and shrinkage of the deck concrete more, causing it to experience greater losses of 

compression.  The deck to girder stiffness ratios are shown in Table 4.4. 

 

Table 4.4: Comparison of Deck and Girder Stiffnesses for Each Steel Girder Model 

Girder Spacing Span Ag Ad Eg*Ag Ed*Ad Larger (Ed*Ad)/(Eg*Ag) 
  (ft) (ft) (in2) (in2)     EA   

W24x103 6 60 30.30 612 878700 2466671 deck 2.81 
W36x160 6 90 47.00 612 1363000 2466671 deck 1.81 

PL 1, d=48 6 120 65.81 612 1908490 2466671 deck 1.29 
W24x146 9 60 43.00 918 1247000 3700007 deck 2.97 
W36x232 9 90 68.10 918 1974900 3700007 deck 1.87 

PL 2, d=50 9 120 85.34 918 2474860 3700007 deck 1.50 
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4.3.2 Bridges with Prestressed Concrete Girders 

 The second set of parametric studies was performed for simple span bridges with 

prestressed concrete girders and a precast concrete deck.  The precast decks in each of the 23 

different prestressed concrete girder bridges were post-tensioned to stresses ranging from 100-

330 psi in increments of approximately 100 psi.  The results for PCBT and AASHTO girders are 

given in Tables 4.5 and 4.6, respectively.  For each bridge model and different amount of initial 

post-tensioning in the deck, these tables show the final stresses at the top, middle, and bottom of 

the concrete deck at midspan after accounting for the time-dependent effects in the concrete.   
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Table 4.5: Parametric Studies for Simple Span PCBT Girder Models 

Girder Girder Span No. of Initial Comp. Final Stress in Deck 
Type Spacing Length Strands in Deck Top Middle Bottom 

  (ft) (ft) in Deck (psi) (psi) (psi) (psi) 
PCBT-37 6 40 2 -102 -7 -27 -47 
PCBT-37 6 40 4 -205 -92 -108 -123 
PCBT-37 6 40 6 -307 -177 -188 -199 
PCBT-37 6 75 2 -108 -118 -137 -157 
PCBT-37 6 75 4 -215 -207 -222 -237 
PCBT-37 6 75 6 -323 -295 -305 -316 
PCBT-37 9 40 3 -102 -40 -55 -70 
PCBT-37 9 40 6 -205 -130 -140 -150 
PCBT-37 9 40 9 -307 -220 -224 -229 

                
PCBT-61 6 65 2 -107 -52 -58 -65 
PCBT-61 6 65 4 -213 -135 -139 -143 
PCBT-61 6 65 6 -320 -217 -218 -220 
PCBT-61 6 125 2 -110 -234 -246 -257 
PCBT-61 6 125 4 -219 -319 -327 -336 
PCBT-61 6 125 6 -329 -403 -409 -415 
PCBT-61 9 50 3 -105 -29 -42 -55 
PCBT-61 9 50 6 -209 -116 -126 -135 
PCBT-61 9 50 9 -314 -202 -209 -216 
PCBT-61 9 85 3 -108 -114 -123 -132 
PCBT-61 9 85 6 -216 -203 -209 -215 
PCBT-61 9 85 9 -325 -292 -294 -297 

                
PCBT-85 6 85 2 -108 -66 -71 -75 
PCBT-85 6 85 4 -216 -147 -149 -152 
PCBT-85 6 85 6 -325 -227 -228 -228 
PCBT-85 6 150 2 -110 -260 -262 -265 
PCBT-85 6 150 4 -220 -341 -342 -342 
PCBT-85 6 150 6 -330 -422 -421 -420 
PCBT-85 9 70 3 -107 -46 -54 -62 
PCBT-85 9 70 6 -214 -131 -137 -143 
PCBT-85 9 70 9 -322 -216 -220 -224 
PCBT-85 9 125 3 -110 -177 -183 -189 
PCBT-85 9 125 6 -219 -264 -268 -272 
PCBT-85 9 125 9 -329 -350 -352 -354 
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Table 4.6: Parametric Studies for Simple Span AASHTO Girder Models 

Girder Girder Span No. of Initial Comp. Final Stress in Deck 
Type Spacing Length Strands in Deck Top Middle Bottom 

  (ft) (ft) in Deck (psi) (psi) (psi) (psi) 
Type II 6 45 2 -104 -110 -114 -118 
Type II 6 45 4 -207 -206 -205 -203 
Type II 6 45 6 -311 -302 -295 -288 
Type II 6 70 2 -107 -129 -177 -226 
Type II 6 70 4 -214 -229 -271 -314 
Type II 6 70 6 -322 -327 -364 -401 
Type II 9 35 3 -101 -88 -97 -106 
Type II 9 35 6 -202 -184 -187 -191 
Type II 9 35 9 -302 -280 -277 -275 
Type II 9 55 3 -106 -85 -133 -180 
Type II 9 55 6 -211 -186 -227 -269 
Type II 9 55 9 -317 -285 -321 -357 

                
Type IV 6 75 2 -108 -122 -115 -107 
Type IV 6 75 4 -215 -210 -200 -189 
Type IV 6 75 6 -323 -298 -284 -270 
Type IV 6 120 2 -109 -246 -253 -260 
Type IV 6 120 4 -219 -335 -339 -342 
Type IV 6 120 6 -328 -424 -424 -425 
Type IV 9 65 3 -107 -100 -98 -95 
Type IV 9 65 6 -213 -192 -186 -180 
Type IV 9 65 9 -320 -284 -275 -265 
Type IV 9 100 3 -109 -165 -178 -191 
Type IV 9 100 6 -218 -259 -268 -278 
Type IV 9 100 9 -327 -352 -358 -364 

                
Type VI 6 100 2 -109 -124 -119 -113 
Type VI 6 100 4 -218 -205 -197 -189 
Type VI 6 100 6 -327 -285 -275 -265 
Type VI 6 160 2 -110 -321 -322 -324 
Type VI 6 160 4 -220 -401 -401 -401 
Type VI 6 160 6 -330 -482 -479 -477 
Type VI 9 100 3 -109 -128 -126 -125 
Type VI 9 100 6 -218 -214 -210 -206 
Type VI 9 100 9 -327 -300 -293 -287 
Type VI 9 140 3 -110 -231 -240 -249 
Type VI 9 140 6 -220 -317 -324 -331 
Type VI 9 140 9 -329 -404 -408 -412 
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 Due to the greater complexity of a prestressed concrete girder composite cross section, 

predicting the time-dependent behavior of these simple span bridges was much less 

straightforward than for the steel girder bridges.  In the prestressed concrete girder models, the 

negative moment due to the upward camber of the girder counteracted the positive moments 

caused by the girder and deck self weights.  The behavior of each system was further 

complicated by the time-dependent losses occurring at different rates in the girder and deck 

concretes of different ages.  Therefore, the results of the prestressed concrete girder bridge 

parametric studies were much more dependent on the specific dimensions and characteristics of 

each model than in the steel girder bridges.   

 

4.3.2.1 PCBT Girder Bridge Analyses 

 In all of the 33 simple span PCBT girder parametric studies, the entire depth of the bridge 

deck remained in compression at the end of the bridge service life.  In each of these models 

except one, the compressive stresses in the bridge deck at the end of service were highest at the 

bottom of the deck, and became less compressive from the bottom to the top of the deck.  In 

order to maintain compression throughout the depth of the concrete deck at midspan, at least 100 

psi of initial post-tensioning in the precast panels was required.  The initial compressive stress of 

100 psi resulted in minimum residual compressive stresses ranging from 7 psi to 260 psi in the 

precast panel joints in the PCBT girder models.  Figure 4.5 illustrates the relationship between 

the final stress at the middle of the concrete deck and the span length at the three different levels 

of initial post-tensioning in the simple span PCBT girder models. 
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Figure 4.5: Final Deck Stress vs. Span Length for Simple Span PCBT Girder Models 

 

 Figure 4.5 shows a general trend of increasing residual compression in the concrete deck 

with increasing span length at each level of initial post-tensioning for both the 6 and 9 ft girder 

spacings.  This behavior is the opposite of the trend observed in the simple span steel girder 

models, which involved decreasing residual compression in the concrete deck with increasing 

span length at each level of initial post-tensioning.  While most of the concrete bridge decks in 

the simple span PCBT girder models experienced a net loss of compression from the time of 

post-tensioning to the end of service but still remained in compression, a few of the models with 

longer span lengths underwent an overall gain in compression during this time.  Whereas the 

steel girders do not creep and shrink, the initial compression present in the concrete girders 

probably plays a role in helping the concrete girder bridge decks to lose a smaller amount of 

compression, or even gain some compression, by the end of service life.  Figure 4.6 shows the 

net change in compressive stress at the middle of the deck for the simple span PCBT girder 

models. 
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Figure 4.6: Net Change in Compression at Middle of Deck for PCBT Girder Models 

 

4.3.2.2 AASHTO Girder Bridge Analyses 

 In the 36 simple span AASHTO girder parametric studies, the bridge decks again all 

remained in compression throughout their depths at the end of service life of each bridge model.  

In 20 of the parametric studies, the minimum residual compressive stress was located at the top 

of the concrete deck at midspan, while in the other 16 models the minimum residual compressive 

stress occurred at the bottom of the deck at midspan.   

 In order to maintain compression throughout the depth of the concrete deck at midspan, 

at least 100 psi of initial post-tensioning in the precast panels was required.  The initial 

compressive stress of 100 psi resulted in minimum residual compressive stresses ranging from 

85 psi to 321 psi in the precast deck panels in the PCBT girder models.  Figure 4.7 illustrates the 

relationship between the final stress at the middle of the concrete deck and the span length at the 

three different levels of initial post-tensioning in the simple span AASHTO girder models. 
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Figure 4.7: Final Deck Stress vs. Span Length for Simple Span AASHTO Girder Models 

 

 As observed for the PCBT girder models, Figure 4.7 illustrates a general trend of 

increasing residual compression in the concrete deck with increasing span length at each level of 

initial post-tensioning in the AASHTO girder models for both the 6 and 9 ft girder spacing.  This 

time, only a few of the concrete bridge decks experienced a net loss of compression from the 

time of post-tensioning to the end of service but still remained in compression, while a majority 

of the models underwent an overall gain in compression during this time.  Possible reasons for 

this behavior were addressed in the previous section.  Figure 4.8 shows the net change in 

compressive stress at the middle of the deck for the simple span AASHTO girder models. 
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Figure 4.8: Net Change in Compression at Middle of Deck for AASHTO Girder Models 

 

4.4 Continuous Span Models 

4.4.1 Bridges with Steel Girders 

 The two and three span continuous models with steel girders exemplified behavior 

similar to the simple span steel girder models, but included much additional tension in the 

concrete deck due to negative moments caused by live loads and the restraint of downward 

deflection at the piers.  Tables D.1 and D.2 in Appendix D show the results of the parametric 

studies for the two and three span continuous steel girder bridge models, respectively.  The tables 

give the final stresses at the top of the concrete deck both with and without the tension due to 

live loads for each level of initial post-tensioning applied.  All stresses given for the two and 

three span continuous bridges are located at the interior support(s), which was assumed to be the 

critical location because of the maximum negative moments created there by live loads and 

restraint moments.  The results provided in these tables are illustrated graphically in Figures 4.9, 

4.10, 4.11, and 4.12. 
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Figure 4.9: Final Stresses for Two-Span Continuous Steel Girder Bridges, Including Live Load 
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Figure 4.10: Final Stresses for Two-Span Continuous Steel Girder Bridges, Not Incl. Live Load 
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Figure 4.11: Final Stresses for Three-Span Continuous Steel Girder Bridges, Incl. Live Load 
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Figure 4.12: Final Stresses for Three-Span Continuous Steel Girder Bridges, Not Incl. Live Load 
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 Figures 4.9 through 4.12 show the much larger losses of compression generated in the 

concrete decks of the two and three span continuous steel girder bridges than the losses which 

occurred in the simple span steel girder models.  After comparing the respective two and three 

span graphs with and without the stress due to live loads, it is clear that the live loads contribute 

a significant portion of the tensile stress present in the concrete deck at the interior supports.   

 In order to further investigate the effect of live loads on the final stresses in the concrete 

deck, the live loads and corresponding deck stresses at a distance of 4 ft away from each interior 

support were calculated.  While previous calculations were performed under the worst case 

assumption that a panel joint would be located directly over an interior support, these 

calculations incorporated the best case assumption that a typical 8 ft wide deck panel would be 

centered over each interior support, placing each of the adjacent panel joints 4 ft away from the 

interior support.  The results of these analyses are given in Figures 4.13 and 4.14. 
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Figure 4.13: Final Stresses for Two-Span Continuous Steel Girder Bridges, 4 ft Away from 

Interior Support, Incl. Live Load 
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Figure 4.14: Final Stresses for Three-Span Continuous Steel Girder Bridges, 4 ft Away from 

Interior Supports, Incl. Live Load 

 

The results given in Figures 4.13 and 4.14 indicate that the tension in the deck at a distance of 4 

ft away from the interior supports is only reduced by about 100 psi.  These findings verified the 

significance of the negative moment and corresponding tension in the deck produced by live 

loads, and the subsequent need for more initial post-tensioning than in the simple span steel 

girder bridges. 

 To provide reasonable recommendations for precast deck panel post-tensioning in the 

two and three span continuous steel girder models, the AASHTO LRFD limits regarding tensile 

stresses in concrete were incorporated.  Table 5.9.4.2.2-1 in LRFD establishes a tension limit for 

the types of bridges considered in this research and �subjected to not worse than moderate 

corrosion conditions;� this limit is given in Equat ion 4.1: 

 

 0.19 ’t cf� �  (4.1) 
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where: 

’cf  is the concrete compressive strength in ksi. 

Equation 4.1 is equivalent to 6 ’cf  with ’cf  in psi. 

 

For the 5000 psi concrete panels used in this research, equation 4.1 produces a tensile stress limit 

of 425 psi.  Based on the results illustrated in Figure 4.9 (the two span continuous system with 

live load), an initial compressive stress of about 650 psi must be provided in the precast concrete 

deck of a two span continuous steel girder bridge to prevent tensile stresses exceeding the limit 

425 psi under time-dependent effects and live loads.  For three span continuous steel girder 

bridges, Figure 4.11 shows that an initial compressive stress of about 500 psi must be provided in 

the precast concrete deck to prevent tensile stresses exceeding the limit of 425 psi under time-

dependent effects and live loads.  These initial compressive stresses are provided by longitudinal 

post-tensioning in the precast concrete deck.  In addition to keeping the maximum deck stresses 

below the tensile limit, these initial levels of post-tensioning also keep the deck in compression 

under permanent loads and loads induced from time dependent effects in the concrete.   

 

4.4.2 Bridges with Prestressed Concrete Girders 

 The two and three span continuous models with prestressed concrete girders behaved 

differently than the simple span concrete girder models, but were also less affected by the live 

loads than the continuous steel girder bridges.  Tables E.1 and E.2 in Appendix E show the 

results of the parametric studies for the two and three span continuous prestressed concrete girder 

bridge models, respectively.  Like the continuous steel girder results, the tables give the final 

stresses at the top of the concrete deck both with and without the tension due to live loads for 

each level of initial post-tensioning applied.  Again, all stresses given for the two and three span 

continuous bridges are located at the interior support(s), which was assumed to be the critical 

location because of the maximum negative moments created there by live loads.  Selected results 

from Tables E.1 and E.2 are summarized graphically in Figures 4.15 through 4.22 which follow.  

Additional figures which illustrate results for the two and three span continuous PCBT and 

AASHTO girder models are provided in Appendix E.   
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Figure 4.15: Final Stresses for Two-Span Continuous PCBT Girder Bridges, Incl. Live Load 
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Figure 4.16: Final Stresses for Two-Span Continuous AASHTO Girder Bridges, Incl. Live Load 
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Figure 4.17: Final Stresses for Three-Span Continuous PCBT Girder Bridges, Incl. Live Load 
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Figure 4.18: Final Stresses for Three-Span Cont. AASHTO Girder Bridges, Incl. Live Load 
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Figure 4.19: Final Stresses for Two-Span Continuous PCBT Girder Bridges, Not Incl. Live Load 
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Figure 4.20: Final Stresses for Two-Span Cont. AASHTO Girder Bridges, Not Incl. Live Load 




