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Precast, prestressed concrete panels (PCPs) are used in 85% of bridges in Texas.   

The goal of this thesis is to reduce collinear cracking (cracks propagating parallel to 

strands) in PCPs.  One way to reduce collinear cracking would be to reduce the initial 

prestress force.  In design, TxDOT conservatively assumes total prestress losses of 45 ksi.  

Based on eight panel specimens, instrumented and fabricated at two different precast 

plants in Texas, actual prestress losses were measured as at most 25 ksi.  This difference 
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strand to 14.4 kips per strand.  Another way to reduce collinear cracking would be to 

provide additional transverse reinforcement in the end regions of the panels.  By 

comparing crack spacings and crack widths in current and modified panel specimens, it 

was found that additional reinforcement consisting of one or two #3 bars placed 

transverse to strands at panel ends would effectively control collinear cracking in PCPs. 
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CHAPTER 1 

Introduction 

 

1.1 BACKGROUND 

Precast, prestressed concrete panels (PCPs) are used in approximately 85% of all 

bridges in Texas (Merrill, 2002).  Bridge decks containing PCPs can be built very 

efficiently, because the panels act as stay-in-place formwork and serve as the bottom 

portion of the final bridge deck.  The panels are typically 4 in. thick and act compositely 

with a 4-in. overlay of cast-in-place (CIP) concrete.   

Of the 4 million square feet of PCPs produced in Texas annually, a small 

percentage is rejected by TxDOT inspectors due to cracking parallel to the prestressing 

strands.  The exact number is not tracked by TxDOT or fabricators.  One fabricator has 

estimated a 7% rejection rate, while another reported having only 5 panels rejected in one 

year.  TxDOT’s bridge construction specifications indicate that any panel with a crack 

parallel to a strand, within 1 in. of a strand, and running more than a third of the length of 

panel may be rejected.  Significant rejection rates result in an increased price of 

production. 

To address this and other bridge deck-related issues, TxDOT sponsored Research 

Project 0-6348 (“Controlling Cracking in Prestressed Concrete Panels and Optimizing 

Bridge Deck Reinforcing Steel”).  Cracked panels are rejected because of concerns about 

prestress loss.  A loss in prestress force reduces the stiffness of a panel and affects 

performance in service.  Cracking is caused by the initial prestress force and the way that 

force is transferred to the concrete by the strand.  If the initial prestress force could be 

reduced, cracking should also be reduced.  The amount of initial prestress force required 

is determined by the final prestress force desired plus the expected prestress loss.  

Expected prestress loss is calculated based on certain assumptions.  The American 
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Association of State Highway and Transportation Officials (AASHTO) publishes the 

governing code for calculating expected prestress loss in concrete bridge members.  The 

prestress loss calculation methods prescribed by AASHTO have been developed based on 

experimental data on prestressed beams.  It is not clear whether or not these methods are 

appropriate for PCPs.  However, following a conservative AASHTO provision, TxDOT’s 

design calculations assume a lump-sum value of 45 ksi for all prestress losses in PCPs.  If 

the actual prestress loss in a panel is significantly lower than 45 ksi, it would be possible 

to reduce the initial prestress force.  A smaller initial prestress force should result in 

fewer cracks.  Therefore, a major goal of this thesis is to determine the true prestress loss 

in PCPs.   

Typically, steel reinforcing bars are used to control cracking in structural concrete 

elements.  While TxDOT’s specifications require a minimum amount of transverse 

reinforcement in panels to control shrinkage cracking, additional reinforcement near the 

edges of the panel may help control longitudinal crack propagation.  The edge of the 

panel is the critical region for longitudinal crack formation.  A secondary goal of this 

thesis is to determine the feasibility of controlling cracking with additional transverse 

reinforcement in panel edges. 

1.2 SCOPE 

This thesis addresses only the aspects of Project 0-6348 related to controlling 

cracking in PCPs.  A thorough literature review is conducted.  Actual prestress losses in 

PCPs are measured experimentally.  Panels from two different precasters are fabricated 

and instrumented with embedded concrete strain gages.  The strains in the PCPs are 

measured over time and prestress losses are calculated.  Some panels from the two 

precasters are fabricated with additional transverse reinforcement at panel edges.  

Laboratory tests are conducted to investigate the relationship between cracking and slip 

of prestressing strands.  Those tests also allow researchers to evaluate the effectiveness of 

additional edge reinforcement on crack control.    Repair of cracks is not investigated.  
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The researchers express no opinion on whether cracked panels should be accepted by 

TxDOT inspectors. 

1.3 OBJECTIVES 

The objectives of this thesis are: 

1)  Determine possible causes of the cracking that is observed on the top 

surface of panels collinear to strands; 

2)  Assess the significance of that cracking; 

3)  Evaluate the feasibility of additional transverse reinforcement near panel 

edges to control crack propagation; 

4)  Determine the actual prestress loss in PCPs; 

5)  Recommend a new initial prestress force requirement; and 

6)  Recommend design alternatives as necessary. 
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CHAPTER 2 

Literature Review 

 

2.1 DEVELOPMENT OF PRESTRESSED CONCRETE PANELS 

2.1.1 Background 

PCPs were first used in bridge deck construction by the Illinois Toll Highway 

Authority in the early 1950s (Barker, 1975).  Although the first PCP bridges built in 

Texas were opened to traffic in 1963, interest in PCPs increased rapidly in the early 70s.  

Many research projects were conducted by the Texas Highway Department, the 

Pennsylvania Department of Transportation, and the Florida Department of 

Transportation (Barker, 1975).  Research was focused on developing connection details 

and determining how compositely the PCPs interacted with the CIP portion of the deck.   

Design recommendations for PCP bridges were first included in the 1979 

AASHTO Standard Specification for Highway Bridges (Deshmukh, 2004).  In 1983, 

TxDOT specifications were revised to encourage the use of PCPs, and precast 

manufacturers began producing large quantities of panels.  Nationally, interest in PCP 

bridges continued to grow; in 1988, PCI published a special report on them (Ross Bryan 

Associates, Inc., 1988).  That report cites a 1986 survey in which twenty-one state 

highway departments reported specifying the use of PCPs.  In 2002, approximately 85% 

of bridges in Texas used PCPs (Merrill, 2002).  Although PCP deck systems have 

generally performed well in Texas, they sometimes show reflective cracking in the CIP 

portion of the deck. 

Many PCP bridges were constructed in Florida in the 70s and 80s (Deshmukh, 

2004).  While investigating cracks in the decks of such bridges, researchers at the 

University of South Florida conducted a survey of state DOTs to determine their level of 

success with PCP deck construction.  They used the National Bridge Inventory database 
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to determine which states were using PCP bridges and included only those DOT’s in their 

survey.  Their results of their investigation identified 11 states with PCP bridges at that 

time:  

1) Alabama – 2 PCP bridges performing well 

2) Arkansas – 2 PCP bridges 

3) Florida – Many PCP bridges with various results.  Some have been 

replaced due to serious cracking or failure of bridge deck. 

4) Georgia – Many PCP bridges performing satisfactorily 

5) Indiana – Many PCP bridges performing well.  PCP decks are still an 

option for contractors, but they are not chosen very often. 

6) Iowa – Several PCP bridges.  DOT specifies 3/8th in. strands spaced at 6 

in. and stressed to 16.1 kips per strand for panels 5 in. thick.  

7) Kansas –Many PCP bridges performing satisfactorily.  DOT specifies 3.15 

in. panels and 7/16th in. strands stressed to 17.2 kips. 

8) Louisiana – 12 PCP bridges 

9) New Mexico – Several PCP bridges in early state of use, but so far 

performing well. 

10) Oklahoma – Many PCP bridges. 

11) Texas – Many PCP bridges.  DOT specifies 3/8th in. strand spaced 6 in. 

and stressed to 16.1 kips per strand for panels 4-in. thick. 

Deshmukh summarized that although most DOTs reported satisfactory results, only 

Texas encouraged their use (Deshmukh, 2004). 

In 2008, another survey was conducted as part of TxDOT Research Project 0-

4418.  The researchers surveyed 121 state DOTs and tollway authorities about their usage 

of PCPs, specifically trapezoidal and skewed PCPs.  Of the 69 agencies that responded to 

the survey, 29 said that they used PCPs in bridge construction (Kreisa, 2008).  Surveys 

were also sent out to 192 different precasters.  Of the 72 precast plants who responded to 

the survey, 27 said they had fabricated PCPs for bridge construction.   
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2.1.2 Design Guides 

2.1.2.1 Significance of cracking 

A 1988 PCI special report summarizes PCP use at the time and recommends 

certain practices for design and construction (Ross Bryan Associates, Inc., 1988).  The 

bulk of that report discusses production and construction details.  Chapter 4 of that report, 

however, provides recommendations for cracking tolerances and repair.  The writers of 

that report claim that “the most objectionable cracks are those that would increase the 

strand development length with a resulting decrease in panel capacity.”  They list three 

specific crack types which would cause such an increase in development length: 

1) Two cracks, each occurring within 1 in. of two adjacent strands. 

2) Corner cracks or breaks involving two or more strands. 

3) Cracks parallel to and along more than 25% of the strands. 

The writers conclude that such cracks may cause a panel to be rejected but that decisions 

should be decided case by case by a qualified inspector. 

 A 2006 PCI publication further explains that cracks which go from the surface of 

the panel to the strand will cause debonding of the strand and concrete (PCI, 2006).  Such 

cracks propagate along the strand over time.  The writers suggest that panels be rejected 

if two adjacent strands have cracks or if more than 12% of all the strands in the panel 

have cracks.  Because TxDOT panels typically have 16 strands, a 12% limit would mean 

that at most two strands could show cracks anywhere on a panel. 

2.1.2.2 Cause of cracking 

A recent bulletin published by the FIB suggests several sources of longitudinal 

cracking (FIB, 2007).  A similar PCI document agrees with FIB on the main three causes 

(PCI, 2006): 

1) Excessive prestress force; 

2) Inadequate transverse reinforcement; and 

3) Improper release of prestressing strand. 
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The issues of excessive prestress force and inadequate transverse reinforcement are each 

investigated in this thesis.  Precasters in Texas avoid damaging the panels during release 

by slowly torch cutting the strands near the bulkhead.   

 Additional sources of cracking identified by the FIB and PCI individually are: 

1) Uneven or sudden lifting; 

2) Strands too near casting pallet; 

3) Casting concrete in hot forms; 

4) Low release strength of concrete; and 

5) Rapid development in epoxy strand with grit. 

This secondary list of problems is mostly outside the scope of this thesis.  Items related to 

concrete strength or handling are generally well understood by the precasting industry. 

2.1.2.3 Prevention of panel cracking 

To prevent cracking caused by excessive prestress force, the designer can either 

reduce the prestress force or specify smaller prestressing strands (FIB, 2007).  PCI 

recommends that the average prestress acting over the end face of a panel be no more 

than 750 psi (PCI, 2006).  For typical TxDOT panels using 3/8-in. strands, this would 

correspond to a limit of 18.0 kips per strand.  TxDOT currently specifies an initial 

prestress force of 16.1 kips per strand.  Although that value is less than PCI’s 

recommended maximum, reducing it to a still lower value would further reduce panel 

cracking. 

Because panel cracking may also be caused by inadequate transverse 

reinforcement, adding such reinforcement may help control cracking (FIB, 2007).  PCI 

recommends providing transverse reinforcement both above and below the strand at 

panel ends (PCI, 2006).  Such additional reinforcement is most effective at panel ends 

because that is the critical region for crack formation.  In this study, panels will be 

manufactured with additional reinforcement and tested. 



2.1.3 TxDOT Specifications for Precast Prestressed Panels 

Over 40 years of research and construction, TxDOT has developed a reliable 

system for constructing bridges with PCP decks.  The complete set of plans for PCP 

bridge deck construction is given on TxDOT’s website (www.txdot.gov) and is also 

included in the Appendix (TxDOT, 2004).  Basic section and plan views are included in 

this chapter as Figure 2.1 and Figure 2.2, respectively.  The specified release strength for 

panel concrete is 4000 psi, and the minimum 28-day strength is 5000 psi. 

2.1.3.1 Sectional view of typical TxDOT panels 

Panels are typically 4-in. thick and strands are always placed at mid-depth.  

Several options are available for longitudinal reinforcement.  The most common option is 

#3 reinforcing bars spaced at 6 inches or the equivalent area of steel in a welded wire 

mesh.  In the diagram below, the transverse reinforcement is shown above the 

prestressing strands; TxDOT also allows it to be hung below the strands.  Two different 

high-strength strand options are also available. 

 
Figure 2.1 TxDOT section view of typical panel 
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2.1.3.2 Plan view of typical TxDOT panels 

Panels are typically 8-ft long, and are allowed a maximum width of 9 ft – 6 in.  

For panels over 5-ft wide, prestressing strands are permitted to be 3/8 in. or 1/2 in. in 

diameter.  They must be 270-ksi steel, and they must be stressed to an initial tension of at 

least 16.1 kips per strand. 

 
Figure 2.2 TxDOT plan view of typical precast, prestressed panel 
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2.1.3.3 Criteria for panel rejection 

TxDOT standard specifications (TxDOT, 2004) prescribe two conditions 

warranting panel rejection: 

1) Any crack extending to the reinforcing plane and running parallel and 

within 1 in. of a strand for at least 1/3 of the embedded strand length; or 

2) Any transverse or diagonal crack, including corner cracks and breaks, 

intersecting at least 2 adjacent strands and extending to the reinforcing 

plane. 

These criteria are clearly taken from the 1988 PCI special report (Ross Bryan Associates, 

Inc., 1988). 

2.2 PRESTRESS LOSSES 

2.2.1 Introduction 

“The most representative definition of prestress loss is the loss of compressive 

force acting on the concrete component of a prestressed concrete section” (Tadros et al., 

2003).  For purposes of design and of this research project, however, it is easier to think 

about the associated loss of tension in the prestressing strand.  Figure 2.3 shows the many 

components of prestress loss experienced by post-tensioned girders.  Since panels are 

pretensioned, anchorage seating losses do not apply.  Only two of the components shown 

in that figure do apply to panel production:  Section CD (elastic shortening); and Section 

DG (creep, shrinkage, and relaxation).   

 



 
Figure 2.3 Stress in strand versus time for a post-tensioned concrete girder (Tadros et 

al., 2003) 

Elastic shortening is the immediate, short-term loss of tension in the strand after 

release, due to the elastic shortening of the concrete when the initial prestress force is 

transferred to it.   

Creep, shrinkage, and relaxation are long-term losses.  Creep affects materials 

held at a constant stress over long periods of time.  When loaded in compression by the 

prestressing strand, the concrete panel will shorten over time.  Creep is highly dependent 

on material properties, such as the volume content of hydrated cement paste; the relative 

humidity; the type and volume of aggregate; and the geometry of the member (Tadros et 

al., 2003).   

Shrinkage is the loss in volume of a concrete member over time, independent of 

loading.  Within the concrete, it is the cement paste that actually shrinks.  Shrinkage is 

largely dependent on aggregate type, because stiff aggregates restrain the cement from 

shrinking.  Texas precasters typically use either crushed limestone or river-gravel for 

aggregate.  River-gravel is stiffer than crushed limestone.  Figure 2.4 shows the results of 

data comparing different aggregate types.  The tests show 40% less shrinkage in beams 
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made with river-gravel than beams made with limestone aggregate.  It is also shown that 

shrinkage stabilizes after about a year.   

 
Figure 2.4 Shrinkage versus time (ACI, 1971) 

When steel is held at a constant strain, the stress in the steel slowly decreases with 

time.  This material behavior is known as relaxation.  In precast concrete panels, the 

relaxation of the steel accounts for a small portion of the total loss in strand stress.  This 

is especially true for the “low-relaxation” strands, which are currently the standard in 

precast products.  Additionally, relaxation can be predicted with very good accuracy 

(Tadros et al., 2003).  The following equation is given in the AASTHO 4th Edition 

LRFD.  The equation was taken from Tadros et al. (2003). 
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2.2.2 AASHTO 

According to section 426.4 of the TxDOT Specifications, design of bridges in 

Texas is governed by the AASHTO Bridge Design Specifications (TxDOT, 2004).  The 

first guidelines for computation of prestress losses appeared in the 8th edition of the 

AASHTO (then AASHO) specifications, published in 1961.  At that time, the only 
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recommendation given was to use 35 ksi as a lump-sum estimate of total prestress losses 

(AASHO, 1961).  The 11th edition of AASHTO, published in 1973, was the first edition 

to estimate prestress loss as the summation of the main components: elastic shortening, 

creep, shrinkage, and relaxation.  The suggested values for each component are tabulated 

average values, as shown in Figure 2.5.   
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Figure 2.5: Prestress loss provisions of AASHTO 8th Ed. (AASHTO, 1975) 

 A major change to AASHTO’s prestress-loss provisions came in the 12th edition 

(1977), which was the first to use equations to estimate each component of loss.  Those 

equations are given below, with their original AASHTO equation numbers repeated.  The 

 



lump-sum option also remained, but the value was increased to 45 ksi.  This development 

is particularly significant to TxDOT Research Project 0-6348, because 45 ksi is the value 

currently used for TxDOT panel design.   
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In the 1985 supplement to the 12th edition, an equation to predict the relaxation of 

low-relaxation strands was added.  The methods and equations suggested in the 13th 

edition, published in 1975, remained in following editions, up through the 3rd edition of 

AASHTO LRFD (2004).   

AASHTO’s prestress loss provisions were significantly changed again in 2008 

when the 4th LRFD edition was published.  The new provisions incorporated equations 

recommended by Tadros et al. in NCHRP Report 490, and developed based on data from 

bridges in Connecticut, Illinois, Nebraska, New Hampshire, Ohio, Pennsylvania, Texas, 

and Washington. 

2.3 BOND AND STRESS TRANSFER, AND STRAND SLIP 

2.3.1 Development length 

“In a pretensioned member, the prestressing force imparted by the strand is 

transferred to the concrete by bond in the end region of the member.  The distance over 

which the effective prestress is developed in the strand is called the transfer length” (Zia 

et al., 1977).  The bond in the transfer length is commonly referred to as the “prestress 
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transfer bond” (Janney, 1954).  When loaded, the strands in a prestressed member may 

develop additional bond stress due to flexure.  This additional bond is referred to as 

“flexural bond” so as to differentiate it from prestress transfer bond.  The sum of the 

transfer length and the flexural bond length is known as the development length of a 

strand.  The development length is the distance on each end of a prestressing strand 

required to develop nominal strength of the strand.  The development length of a 3/8-in. 

strand in a PCP was experimentally determined to be 22 in.  (Jones et al., 1970).  The 

transfer length for a 3/8-in. strand in a PCP has been reported from 20 to 26 in. (PCI 

Bridge Committee, 1978).  

 
Figure 2.6: Stress transfer from strand to concrete (Cousins et al., 1990) 

ACI 318-08 presents the following equation to approximate development length.  
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The first term in the equation represents the transfer length and the second term 

represents the flexural bond length.  For a 3/8-in. strand initially stressed to 189.4 ksi and 
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assuming 20% prestress losses, the ACI equation predicts a transfer length of 19 in. and a 

flexural bond length of 44.4 in. 

 
Figure 2.7: Variation of steel stress with distance from free end of strand (Zia et al., 

1977) 

2.3.2 Bond Stress 

The main components of bond strength within the transfer length are:  

1) Friction between the steel and the concrete;  

2) Chemical adhesion between the two materials; and  

3) Mechanical interlock allowed by the helical twist of the strands.   

 

The amount of friction between the steel and the concrete depends on two factors.  

The first is the relative roughness of the two surfaces, generally defined by a coefficient 

of friction.  The coefficient of friction varies with the surface characteristics of the strand 

and the character of the cement paste (Janney, 1954).  For example, lightly rusted strands 

have been shown to have a higher coefficient of friction than clean strands, thereby 

requiring a shorter transfer length.  Friction also depends on the radial pressure developed 
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within the concrete member.  When strands are first released, they come to equilibrium 

with the concrete through elastic shortening.  As the strands shorten, they also expand 

radially (Hoyer, 1939).  The expansion of the strand is resisted by circumferential tension 

in the concrete. As long as the concrete’s tensile strength is not exceeded, the concrete’s 

confinement of the strand creates friction at the strand’s surface. 

Chemical adhesion between the two materials is created by the cement in the 

concrete.  This adhesion can only be maintained, however, if there is no slip of the strand 

relative to the concrete.  Because some slip may occur when strands are released, 

chemical adhesion is not relied upon in the transfer length. 

In a 7-wire strand, the interior wire is slightly larger in diameter than the exterior 

wires.  The geometry allows the void space to be filled with concrete, as shown in Figure 

2.8.  That, combined with the fact that prestress strands are twisted, creates a mechanical 

interlock between the steel and the concrete.  The interlock makes the strand perform like 

a deformed reinforcing bar.  Because longitudinal slip of the strand is resisted by the 

concrete paste that has penetrated into the interstices of the strand, the strand must 

untwist as it slips.   

 
Figure 2.8 Cross-section of a strand cast in concrete (Stocker et al., 1970) 
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2.3.3 Cracks 

As discussed in the previous section, the resultant force transmitted into concrete 

by the prestressing strand has a longitudinal component in the direction of the strand and 

a radial component, as shown in Figure 2.9.  The radial component is equilibrated by 

circumferential tension in the concrete.  If the circumferential tensile stress exceeds the 

tensile strength of the concrete, a crack will form in the concrete. 

 
Figure 2.9 Schematic representation of how the radial components of the bond forces 

are balanced against tensile stress rings in the concrete (Tepfers, 1973) 

The significance of collinear cracks is discussed in Section 2.1.2.1.  In terms of 

bond stress, collinear cracks are a problem because they can decrease confinement which 

is part of the frictional component of bond strength.  A decrease in bond strength could 

lead to strand slip and increased development length. 

2.4 THERMAL EXPANSION OF CONCRETE 

Like all materials, concrete expands when heated.  This behavior is usually 

modeled by a linear thermal coefficient of expansion (CTE).  The true CTE of concrete is 

not constant, and is affected most significantly by age and temperature (Berwanger et al., 

1976).  Nevertheless, it is standard practice to model thermal expansion linearly with a 

constant CTE.  In design, the most commonly used value for CTE of concrete is    

5.5x10-6/oC (Mallela et al., 2005).   

CTE varies with time, temperature, and material.  Many studies have published 

CTE data for different concrete mixtures.  In one report, the CTE for a limestone-
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aggregate concrete is reported as 6.125x10-6/oC (Emanuel et al., 1977).  The same report 

lists a CTE of 7.385x10-6/oC for gravel aggregate concrete.   

2.5 SUMMARY 

Many states currently have PCP bridges in service, and continue to allow PCPs as 

an option for bridge construction.  Texas has by far the most PCP bridges of any state.  

Not surprisingly, TxDOT has also been a leader in PCP research.  With decades of 

research and experience, TxDOT’s PCP decks have become quite reliable.   

Collinear cracks are recognized as a problem in prestressed panels.  Cracks 

disrupt the confinement of the concrete around the strand.  Confinement is considered to 

be a major component of the bond stress which allows the prestressing strand to transfer 

force into the concrete.  If the bond is broken, slip may occur, reducing the prestress in 

the strand. 

PCPs are used in bridge decks, for which AASHTO governs the design. ASSHTO 

has developed very refined equations to estimate the prestress losses in bridge girders, 

which may not apply to PCPs.  No research has specifically focused on determining 

prestress losses in concrete panels.  AASHTO provides the conservative option of 

assuming a total prestress loss of 45 ksi in design.  TxDOT uses that conservative option.  

An investigation of true prestress losses in PCPs may permit this initial prestress 

requirement to be lowered, thereby reducing of panel cracking. 
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CHAPTER 3 

Introduction to Testing Program 

 

3.1 FIELD FABRICATION 

As a part of TxDOT Research Project 0-6348, ten panels were fabricated in Texas 

and monitored or tested at the Ferguson Structural Engineering Lab.  Four panels were 

fabricated at a plant referred to here as Plant A, and six more were fabricated at a plant 

referred to here as Plant B. 

3.1.1 Objectives of field fabrication and panel monitoring 

The main purpose of fabricating and monitoring panels is to measure long-term 

prestress losses.  For the data to be useful, it is also important that the panels be 

fabricated like typical TxDOT panels.  Other than gages and additional transverse 

reinforcement installed by the researchers, the panels tested here are typical of those used 

in Texas for bridge deck construction.   

Because several different precasters make panels in Texas, it was also important 

that panel specimens be fabricated at multiple plants.  Similarly, precasters use different 

concrete mixtures in the winter than in the summer.  To be able to observe the different 

losses associated with different mixes, it was important to have panels fabricated during 

different seasons. 

3.1.2 General sequence of field fabrication and panel monitoring 

1) Panels were fabricated at two different plants.  At each plant, the 

fabrication process required two days.  On the first day, gages were tied to 

prestressed strands and concrete was cast.  On the second day, the strands 

were released and the panels were stacked at the precast yard. 
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2) Sometime in the following two weeks, the panels were transported by 

truck to the Ferguson Structural Engineering Laboratory, and were stacked 

in groups up to four high outside of the laboratory. 

3) Strain data are downloaded and compiled about every month.  Those data 

are used to estimate the prestress losses in each panel. 

3.2 LABORATORY TESTING 

Two of the four panels fabricated at Plant A were tested in the laboratory.  One 

panel provided separately by Plant A, with no embedment gages installed, was also 

tested.  Details of the experiments conducted on the panels are given in Chapter 5. 

3.2.1 Objectives of laboratory testing 

Laboratory tests had two main objectives.  The first was to determine the 

relationship between longitudinal cracking and prestress loss.  The other was to evaluate 

the effectiveness of additional transverse reinforcement in controlling collinear cracking. 

3.2.2 General sequence of laboratory testing 

A total of three specimens were tested.  One of the specimens had additional 

transverse reinforcement at the edge, and the other two did not.  The general sequence of 

testing was as follows: 

1) A testing apparatus was designed to bend a panel about its center, parallel 

to the strands.  The bending was intended to create flexural cracking in the 

center of the panel. 

2) A panel is placed into the test set up, balancing on its centerline on a knife 

edge. 

3) Slip gages (linear potentiometers) were installed on the extended ends of 

critical strands to measure strand retraction, an indicator of prestress loss. 

4) Each panel was tested in flexure.  While testing the panels, researchers 

photographed, counted, and measured cracks. 
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CHAPTER 4 

Fabrication and Panel Monitoring at Plant A 

 

4.1 FIELD FABRICATION 

Four instrumented panels were cast at Plant A on February 18, 2009.  Two of the 

panels were provided with additional transverse reinforcement at the edges.  For the 

purpose of this thesis, those two panels are referred to as M1 and M2.  The other two 

panels were not modified, and are referred to as C1 and C2. 

4.1.1 Panel Design 

TxDOT specifications for panel design and fabrication are summarized in Section 

2.1.3 of this thesis.  Those specifications allow several options for transverse 

reinforcement.  Additionally, precasters determine their own mixture designs, within the 

requirements of TxDOT specifications.  The relevant details of Plant A’s panel design are 

described in Section 4.1.1.1 and Section 4.1.1.2. 

4.1.1.1 Reinforcement 

Plant A typically uses welded wire mesh for transverse reinforcement, as shown 

in Figure 4.1.  D7.5 wires at 4 in. satisfy TxDOT Specification requirements for an area 

equivalent to that of #3 bars at 6 in.  The mesh is placed directly on top of the strands.  

Once the strands are stressed, the mesh is tied to the strands at a few points on each panel. 



 
Figure 4.1 Transverse reinforcement in place at Plant A 

In addition to Plant A’s standard mesh reinforcement, extra reinforcing bars 

oriented perpendicular to the strands were tied (by the researchers) at the edges of panels 

M1 and M2.  Panels M1 and M2 each have the same reinforcement layout, shown below 

in Figure 4.2 and Figure 4.3.  One edge of each panel (shown as the left edge in Figure 

4.2) has two additional #3 bars tied 1 inch from the edge.  The lower bar is tied directly to 

the strand, and the higher bar is tied to the lower bar with a spacer.  The spacer is 5/8-

inch high, leaving 3/8-in. clear cover for the top bar.  The other edge of the panel (shown 

as the right edge in Figure 4.2) has one additional reinforcing bar tied 1 inch from the 

edge.  The purpose of the additional reinforcement in the edge regions is to control the 

growth of cracks collinear to strands.  The two edges of a modified panel are reinforced 

differently so that two different design alternatives can be evaluated. 
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1 additional #3 bar
(1 in. from panel edge, 

3/8 in. clear cover to top) 1 additional #3 bar 
(1 in. from panel edge)

prestressing 
strand

typical transverse reinforcement

1 additional #3 bar 
(1 in. from panel edge)

 
Figure 4.2 Section view of reinforcemnt layout in panels M1 and M2 (modifications 

shown in orange) 

 

 

prestressing 
strands

1 additional #3 bar

2 additional #3 bars

 
Figure 4.3  Plan view of reinforcement layout in panels M1 and M2 (modifications 

shown in orange) 
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4.1.1.2 Concrete Mixture Design 

Plant A uses crushed limestone aggregate in their panel mixture.  TxDOT 

specifies concrete with a 4000-psi compressive strength at release and a 5000-psi for 

design.  For PCPs, Plant A uses a mixture with a 5000-psi compressive strength at release 

and a 9000-psi design strength.  Concrete cylinder tests performed by Plant A show an 

average 28-day compressive strength of 11,015 psi.  Details of Plant A’s mixture design 

and material testing are given in the Appendix. 

4.1.2 Instrumentation 

4.1.2.1 Data Acquisition 

The data acquisition systems used to monitor the panels are Campbell Scientific’s, 

Model CR5000, shown in Figure 4.4.  During fabrication, each panel was connected to its 

own CR5000 for the sake of mobility.  However, once the panels were stored at Ferguson 

Laboratory, they were eventually connected to single CR5000 using multiplexers, which 

allow 16 new channels to be connected through just one channel on the CR5000.  

Without any modifications, the CR5000 can support 20 separate channels. 

 
Figure 4.4 Campbell Scientific CR5000 measurement and control system 
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In the field, the CR5000’s were placed inside weatherproof cases which were kept 

inside of plywood boxes.  The boxes were painted orange to increase their visibility to 

operators of heavy machinery. 

 

4.1.2.2 Strain Gages 

Two different types of strain gages were installed in the panels at Plant A.  Each 

panel was equipped with ten concrete embedment gages and ten foil reinforcing bar 

gages.  Twenty gages were installed per panel because the CR5000 data acquisition 

system is designed to handle twenty channels.  The locations of the gages are shown in 

Figure 4.5 and Figure 4.6.  The embedment gage locations are the same for all four 

panels.  However, the foil gage locations differ because the configuration of reinforcing 

bars differs.  The foil gages were pre-installed on #3 reinforcing bars at Ferguson 

Laboratory, and those bars were then tied into the forms at Plant A.  The embedment 

gages were all installed in the field. 
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Figure 4.5 Gage layout and numbering scheme for Panels C1 and C2 
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Figure 4.6 Gage layout for Panels M1 and M2 
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The embedment gages, shown in Figure 4.7, are the Tokyo Sokki Kenkyujo 

Company’s Model PMFL-60-8LT.  In Figure 4.5 and Figure 4.6, Gages 1 through 10 are 

embedment gages.  The purpose of Gages 4, 5, 6, and 7 is to allow the researchers to 

monitor the levels of strain in a panel over time.  Those four strain gages are all aligned 

with the prestressing strands.  Since the gages were installed before the panels were cast, 

the strain data allow researchers to calculate and monitor prestress losses in the panel.  

The purpose of Gages 1, 2, 3, 8, 9, and 10 (shown in Figure 4.5 and Figure 4.6) is to 

indicate the transverse strains at the edge of the panels.  If cracks were to form at the 

location of a transverse embedment gage, the strain in the concrete at that location would 

be of interest. 

 
Figure 4.7 Concrete embedment gage (Tokyo Sokki Kenkyujo Co.) 

The embedment gages were tied beneath the prestressing strands with plastic zip 

ties and Styrofoam spacers, as shown in Figure 4.8.  It was important to tie the gage 

firmly so that it would not be dislodged or lose its orientation.  However, it was also 

important not to put any bending stresses into the gage.  Perhaps the most important 

requirement for gage installation was time.  To minimize inconvenience to Plant A, the 
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selected method of gage installation needed to be fast.  The use of zip ties proved to be a 

quick way to secure gages, and using two of them prevented the gage from twisting.  It 

would have been slightly quicker to install the gages above the strands, but placing the 

gages beneath the strands was much safer. 

 
Figure 4.8 Concrete embedment gage installed parallel to a prestressing strand 

The foil gages were also manufactured by the Tokyo Sokki Kenkyujo Company 

(Model FLA-6-350-11-8LT).  The purpose of the foil gages was to monitor the stresses in 

the transverse steel at edges of the panel.  This is important for two reasons.  The first 

reason is to permit a comparison between the three different reinforcement options.  

Panels C1 and C2 have typical transverse reinforcement.  Panels M1 and M2 each have 

an edge with one additional bar, and an edge with two additional bars.  The second reason 

is to permit strains in edge steel to be monitored as cracks form. 

To save time in the field, the foil gages were installed on reinforcing bars at 

Ferguson Laboratory prior to the field work.  Those bars were later tied to the 

prestressing strands in the field.  This approach was ideal for Panels M1 and M2, because 

since those additional reinforcing bars needed to be placed whether or not they were 

instrumented.  For Panels C1 and C2, the precast plant cut their typical mesh short by two 

bars.  The mesh was still positioned in the center of the panel so that the end bar on each 
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side was missing.  Those two bars were replaced with the bars from Ferguson Laboratory, 

which had strain gages already connected. 

The process to install the strain gages on to the reinforcing bar is as follows: 

1. Grind a 6-mm long portion of the surface of the bar just enough so the 

deformations are gone and surface is smooth and shiny; 

2. Clean the surface of the bar with acetone and let it dry; 

3. Apply glue to the dry, smooth surface and press down the gage; 

4. Wrap the gage with yellow, waterproof, heat-shrink tape; and 

5. Coat the tape with wax sealant. 

Those steps are necessary and sufficient to protect the gage from the wet concrete.  

Finished gages installed on additional bars are shown in Figure 4.9. 

 
Figure 4.9 Set of gages completely installed on additional bars 

4.1.3 Fabrication 

Installing the gages and routing the wires on all four panels (Figure 4.10) took 

about two hours. 
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Figure 4.10 Installing gages at Plant A 

When the research team finished installing the gages, the panel crew at Plant A 

began casting the panels.  Concrete was poured into the forms from a sidewinder concrete 

transporter, as shown in Figure 4.11. 
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Figure 4.11 Sidewinder pouring concrete into forms and over gages at Plant A 

Once the concrete was in place, a crew dragged a vibrating screed over the top of 

the formwork, as shown in Figure 4.12.  Since the embedment gages were hung below 

the strands and the wires were zip-tied to reinforcing bars, the screed shouldn’t have 

damaged any of the electronics. 
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Figure 4.12 Plant A’s crew running a vibrating screed over the wet concrete 

The research team returned to Plant A the following day to observe strand release 

and confirm that the electronics were functioning properly.  The strands were slowly 

released by gradual torch cutting, as shown in Figure 4.13.  Unfortunately, there was a 

problem acquiring data from Panel C1 during release.  The data acquisition system was 

programmed to record a strain value either every thirty minutes, or every three seconds.  

The system for Panel C1 was accidently set to record every thirty minutes.  The release 

process lasted only fifteen minutes, so there are no data for Panel C1 during that time. 
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Figure 4.13 Strands being torch-released at Plant A 

After the strands were released, the panels were lifted by cranes and stacked four 

high, as shown in Figure 4.14.  The data-loggers, which are housed in the orange boxes, 

were strapped to the top of the stack of panels.  The panels were then transported by 

forklift to the storage area, as shown in Figure 4.15. 
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Figure 4.14 Panels lifted out of prestressing bed and stacked at Plant A 

 
Figure 4.15 Stack of panels placed in storage area at Plant A 
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4.2 TRANSPORTATION AND STORAGE 

The panels were transported to Ferguson Laboratory a week after casting.  They 

were loaded onto a flatbed truck and secured with straps, as shown in Figure 4.16.  An 

important detail of the strapping process is shown in Figure 4.17.  The truck driver is 

tightening the straps by putting leverage on a long rod, which hooks into the ratchet-

clamp. By doing so, he is able to get the straps very tight, which is good for keeping the 

panels secure to the truck, but potentially bad for introducing bending stresses into the 

top panel.  As shown in Figure 4.18, the straps are not aligned perfectly over the top of 

the dunnage.  Therefore, the force from the straps causes bending stresses in the top 

panel.  The panels were inspected when they arrived at the Ferguson Laboratory, and no 

cracks were found. 

 
Figure 4.16 Panels strapped to flatbed truck 
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Figure 4.17 Truck driver tightening straps 
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Figure 4.18 Side view showing relative alignment of straps and dunnage 

4.3 PANEL MONITORING 

Once stacked at Ferguson Lab, monitoring the panels was very simple.  The 

CR5000 data-logger was programmed to record a strain reading from each gage in each 

panel every thirty minutes.  Periodically, a researcher would download the data and 

compile it in a master file.  Of the four Plant A panels, two were intended for long-term 

monitoring, and two were monitored short-term and then tested in the lab.  One problem 

arose when the battery charger for the CR5000’s was accidentally unplugged.  The 

battery voltages in Panels C2 and M2 dropped below the required level, and the units shut 

down.  A week’s worth of data was lost from Panel C2, and a month of data from Panel 

M2.  When the problem was discovered, power was restored to the units and they started 

working again.   

 40
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CHAPTER 5 

Laboratory Testing of Panels Fabricated at Plant A 

 

5.1 OBJECTIVES OF TESTING 

Laboratory tests of the panels from Plant A had two major objectives.  The first 

was to investigate the relationship between panel cracks and loss of prestress.  The 

second was to compare the effectiveness of crack control provided by different edge 

reinforcement options.   

Neither of those two objectives had been completed by simply monitoring the 

panels.  The panels were inspected at Ferguson Lab; no cracks were found; and no 

comparisons could be made.  To accomplish the two major objectives, the panels were 

intentionally cracked in the lab.  The most reliable way to crack a panel is to bend it, and 

the test setup designed to do this is described in detail in Section 5.2. 

5.2 TEST SETUP 

5.2.1 Knife edge 

A knife edge was used to provide a controlled means of cracking the panels.  The 

components of the setup (Figure 5.1) are structural steel shapes.  The knife edge itself is 

simply two 6-in. angles bolted together.  The load-distribution beams are two W10x15 

shapes welded along the flanges.  The setup is anchored to a strong floor using ¾-in. 

threaded rods.  One-inch holes were drilled through the load distribution beams to allow 

the threaded rods to pass through.  The panel is placed into the setup with strands running 

parallel to the knife edge.  It is positioned so that the center strand is directly above the 

knife edge, where the highest bending moment will exist. 



Hydraulic Ram 

Load Distribution 
BeamKnife Edge

Load Cell

Prestressed Panel

 
Figure 5.1 Knife edge setup to induce flexural cracks 

5.2.2 Loading 

The two hydraulic rams, shown as orange cylinders in Figure 5.1, were connected 

to a single hand pump.  The hydraulic line from the hand pump divided at a manifold so 

that each ram would be at equal pressure.  The load was increased in increments of 100 

psi, inspecting the panel for cracks after at each increment.  The panels were loaded until 

failure, which was controlled by fracture of the transverse reinforcement. 

5.2.3 Test specimens 

In total, three panels were tested in the laboratory, and are referred to as 

Specimens C1, M1, and C3.  Specimen C1 is a current design panel, with internal gages 

located as shown in Figure 4.5.  Specimen M1 is a modified design panel with internal 

gages and additional reinforcement located as shown in Figure 4.6.  Specimen C3 is a 

current design panel, without gages, provided by Plant A.  Specimen C1 was the first 

panel tested, and was used as a pilot test.  The results of the test conducted on Specimen 

C3 are used in place of those that would have come from Specimen C1. 
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5.2.4 Instrumentation and data acquisition 

5.2.4.1 Instrumentation 

Several different external gages were connected to the test specimens.  To 

estimate the prestress losses caused by the cracks generated during the test, slip gages (2-

in. linear potentiometers) were installed on the extensions of the critical strands (Figure 

5.1).  They are manufactured by Novotechnik and are accurate to one ten-thousandth of 

an inch.  They were fastened to a wood block bolted to the strand, and positioned so that 

the plunger of the potentiometer reacted against the side of the panel, measuring strand 

retraction directly. 

To use this type of gage, it is very important to have the gage tightly secured to 

the strand, so that the gage cannot move.  Unfortunately, the strand extensions of 

Specimen C1 had been trimmed very short to allow the specimen to fit through the lab 

doors.  This made it very difficult to properly secure the slip gages, and is one reason that 

Specimen C1 was designated as a pilot specimen, and replaced by Specimen C3. 



 
Figure 5.2 Typical slip gage installed on a strand 

The same type of linear potentiometer was also used to measure the average strain 

transverse to the center strand.  A metal wire was tied between the linear potentiometer 

and a fastener.  The fastener and the gage were then glued to the panel, as shown below 

in Figure 5.3.  The two components of the resulting string potentiometer were separated 

by a 15-in. gage length.  The main use of this type of gage was to estimate average crack 

widths, as the total elongation of the gage divided by the number of cracks within that 

gage length. 
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Figure 5.3 Linear potentiometer used with metal wire to measure average strain over 

center strand 

In an additional attempt to measure prestress losses, strain gages were glued to the 

top and bottom surfaces of Specimen C1, as shown in Figure 5.4.  The surface of the 

panel was ground smooth and epoxy was used to fill any voids.  The gages are the Tokyo 

Sokki Kenkyujo Company’s Model PL-60-11-5LT.  After testing Specimen C1, however, 

it was clear that these gages were not providing good data.  The overall change in strain 

the panel associated with the amount of prestress force loss to cracking was too small for 

the gages to detect.  Therefore, these gages were not used on the other two specimens. 
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Figure 5.4 Concrete surface strain gages as applied to Specimen C1 

Although many gages were attached to the specimens to record strains and 

displacements, crack widths were also measured and counted by hand.  Initial 

measurements were made using a special microscope, shown below in Figure 5.5.  As 

cracks widened further, widths were measured using crack comparators. 
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Figure 5.5 Crack microscope 

5.2.4.2 Data acquisition system 

The data acquisition system, shown in Figure 5.7 and Figure 5.7, consisted of a 

desktop computer, an Agilent 34980A Multifunction Switch/Measure Unit, and several 

“pods” containing bridge completion modules, specially made by Ferguson Lab staff.  

Each pod has eight channels.  The channels can be set to read strain gages, displacement 

gages, or load cells.  The total system was equipped with eight pods, so that roughly 64 

channels were available.  Three of the pods are shown in Figure 5.8.  The system was 

controlled by a program written in National Instruments’ LabVIEW®.   
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Figure 5.6 Upper components of data-acquisition system 

 

 
Figure 5.7 Lower components of data-acquisition system 
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Figure 5.8 Three of the “pods” used with the data-acquisition system 

5.3 TESTING OF SPECIMEN C1 

Specimen C1 was tested on July 7, 2009, at an age of 109 days.  The specimen 

was instrumented with the gages described in Section 5.2.4.1, as shown in Figure 5.9 and 

Figure 5.10.  The gages were positioned to record the effects of what was expected to be 

one large crack down the center of the panel, over the knife edge.  However, as the panel 

was being loaded, many cracks began to form over the central 5 feet of the panel, with 

the final distribution as shown in Figure 5.11.  Due to the broad distribution of cracking 

in Specimen C1, many more strands were instrumented with slip gages for the other two 

specimens. 
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Figure 5.9 Gage layout for top of Specimen C1 
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Figure 5.10 Gage layout for bottom of Specimen C1 
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Figure 5.11 Final distribution of cracking in central zone of Specimen C1 

5.4 TESTING OF SPECIMEN M1 

Specimen M1 was tested on September 30, 2009, at an age of 120 days.  The 

locations of the gages used for the test are shown in Figure 5.12.  As is shown, the center 

six strands were instrumented with slip gages, and no concrete surface gages were used.  

Specimen M1 was loaded to failure, indicated by a popping sound as the transverse 

reinforcement ruptured.  As the transverse steel was yielding, a large crack began 

opening up in the center of the panel.  This was in contrast to Specimen C1, which was 

not loaded to failure.  Specimen M1 after testing is shown in Figure 5.13.   
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Figure 5.12 Gage layout for Specimen M1 
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Figure 5.13 Specimen M1 after testing (the near edge is the double-bar edge) 

5.5 TESTING OF SPECIMEN C3 

Specimen C3 was provided by Plant A, with no internal gages.  It was tested on 

November 6, 2009, but it’s casting date is unknown.  After testing two other specimens, it 

was clear that slip gages provided the most useful data.  Therefore, a total of 20 slip 

gages were attached to Specimen C3.  Three crack-width gages were also used, to 

maintain consistency with Specimen M1.  Gage locations are shown in Figure 5.14. 

Specimen C3 was tested to failure, which was again marked by a popping noise as 

the transverse reinforcement ruptured, similar to Specimen M1.  Because Specimen C3 

had no additional reinforcement, however, the center crack (over the knife edge) opened 

very wide over the full length of the panel.  Specimen C3 after testing is shown in Figure 

5.15.  Because the center crack opens the widest, the center strand experiences the most 
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slip.  Unfortunately, on one edge of the panel, the main crack occurred precisely where 

the slip gage was in contact with the panel (Figure 5.16).  The crack was so wide that the 

plunger slipped into the crack, and therefore could no longer record slip.  In future tests, 

this can be prevented by connected a small disk to the tip of the plunger, so that it would 

not fit in a crack. 
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gage
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42

Slip gages 31‐40

Slip gages 21‐30

 
Figure 5.14 Gage locations for Specimen C3 
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Figure 5.15 Photograph of Specimen C3 

 
Figure 5.16 Gage 26 shown with the plunger stuck in the major crack of Specimen C3 
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CHAPTER 6 

Fabrication and Panel Monitoring at Plant B 

 

6.1 FIELD FABRICATION 

Six panels were cast at Plant B on February 18, 2010.  Of the six panels, four 

were instrumented and two were not.  Of the four instrumented panels, two were 

modified with additional edge reinforcement.  Those two panels are referred to as 

Specimens M3 and M4.  The two unmodified and instrumented panels are referred to as 

Specimens C4 and C5.  Specimens M3, M4, C4 and C5 are intended for long-term 

monitoring.  The two panels without instrumentation are considered short-term and are 

intended for laboratory testing.  One short-term panel is modified with additional edge 

reinforcement and one is unmodified.  They are referred to as M5 and C6, respectively. 

6.1.1 Panel Design 

TxDOT’s specifications for panel design and fabrication are summarized in 

Section 2.1.3 of this thesis.  The relevant details of Plant B’s panel design are described 

in the following two sections. 

6.1.1.1 Reinforcement 

Plant B uses D7.5 wires at 4 in. in the transverse direction and D3.5 wires at 18 

in. in the longitudinal direction.  A photograph of the reinforcement in place at Plant B is 

shown in Figure 6.1.  The only difference between the practices of Plant A and Plant B is 

that at Plant B, the meshes are placed below the strands.  Once the strands are stressed, 

the mesh is lifted with a hook and tied to the strands. 



 
Figure 6.1 Transverse reinforcement in place at Plant B 

 

In addition to Plant B’s standard mesh reinforcement, extra reinforcing bars were 

tied at the edges of Specimens M3, M4, and M5.  The layout of the additional 

reinforcement (detailed in Section 4.1.1.1) is the same used for Specimens M1 and M2, 

which were cast at Plant A.  The section and plan views of the reinforcement layout are 

shown in Figure 6.2 and Figure 6.3, respectively. 

1 additional #3 bar
(1 in. from panel edge, 

3/8 in. clear cover to top) 1 additional #3 bar 
(1 in. from panel edge)

typical  transverse 
reinforcement

prestressing strand

1 additional #3 bar 
(1 in. from panel edge)

 
Figure 6.2 Section view of reinforcemnt layout in panels M3, M4, and M5 

(modifications shown in orange) 
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prestressing 
strands

1 additional #3 bar

2 additional #3 bars

 
Figure 6.3 Plan view of reinforcement layout in panels M3, M4, and M5 

(modifications shown in orange) 

6.1.1.2 Concrete Mixture Design 

Plant B uses a panel mixture with river-gravel aggregate.  TxDOT specifies a 

concrete compressive strength of 4000 psi for release and 5000 psi for design.  Concrete 

cylinders taken from the same batch as the specimens had an average 28-day compressive 

strength of 10,640 psi.  Details of Plant B’s mixture design and material testing are given 

in the Appendix. 

6.1.2 Instrumentation 

6.1.2.1 Data Acquisition 

The data acquisition systems used at Plant B were the same as those used at Plant 

A (described in Section 4.1.2.1). 
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6.1.2.2 Strain Gages 

The gage layout used for the specimens cast at Plant B was slightly altered from 

the layout used for the specimens cast at Plant A.  The biggest difference is that no foil 

reinforcing-bar gages were used for the Plant B specimens.  Although it was originally 

thought that those reinforcing-bar gages might help permit comparisons between the 

different edge reinforcement options, crack widths proved to be the most useful criterion 

for that comparison.  Additionally, the transverse embedment gages in the edge regions 

provide essentially the same data as the foil reinforcing-bar gages. 

Since no foil reinforcing-bar gages were installed, 10 channels were available for 

each CR5000, 9 of which were used for additional embedment gages, distributed over the 

panels to provide a more complete picture of how losses vary within a panel.  The last 

open channel was used for a thermocouple.  Although the CR5000 unit records the 

ambient temperature, knowing the temperature inside of the panel would be helpful for 

determining how thermal expansion affects prestress losses. 

The final modification to the instrumentation plan for the specimens cast at Plant 

B was the addition of a vibrating wire gage (VWG).  One VGW was placed at the center 

of each panel.  Each specimen has the same gage layout, shown below in Figure 6.4.  The 

thermocouples, not shown in Figure 6.4, were tied to the center of the panel. 
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Figure 6.4 Gage layout and numbering scheme for Panels M3, M4, C4, and C5 

The embedment gages, shown in Figure 4.7, are the same type used at Plant A 

(PMFL-60-8LT).  The embedment gages were tied beneath the prestressing strands with 

the same zip tie method explained in Section 4.1.2.2.  An embedment gage installed at 

Plant B is shown in Figure 6.5.   
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Figure 6.5 Concrete embedment gage installed parallel to a prestressing strand 

The VWGs, labeled Number 21 in Figure 6.4, are Geocon’s Model 4200.  The 

VWGs were installed like the embedment gages, in the center of the panels, and parallel 

to the strands.  Figure 6.6 shows a VWG installed alongside an embedment gage in panel 

formwork at Plant B.  The VWGs were included primarily to confirm the long-term 

quality of the other gages, such as the PMFL-60-8LT foil embedment gages.  An 

additional benefit of adding the VWGs is that they are independent of the CR5000 

system.  If something were to go wrong with the CR5000 unit and some data were lost or 

corrupted, the VWG data could be used to replace the lost data. 

 62



 
Figure 6.6 VWG installed next to an embedment gage 

6.1.3 Fabrication 

Installing the gages and routing the wires out of all four panels took 

approximately three hours (Figure 6.7).  The vibrating screed used at Plant B, shown in 

Figure 6.8, was much larger than the screed used at Plant A.  The maximum clearance 

under the screed was much less than the height of the wooden boxes housing the data-

loggers.  Therefore, the gages couldn’t be wired into the CR5000’s until after the 

concrete had been placed.  This required additional time, since at Plant A the gages had 

been already wired to the data-loggers before they were installed. 
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Figure 6.7 Installing gages at Plant B 
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Figure 6.8 Vibrating screed used at Plant B 

When the research team finished installing gages, the panel crew at Plant B began 

casting the panels.  Concrete was poured into the forms from a sidewinder concrete truck, 

as shown in Figure 6.9. 
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Figure 6.9 Sidewinder pouring concrete into forms and over gages 

Once the concrete was in place, the vibrating screed was driven over the top of the 

formwork, as shown in Figure 6.10.  Because the embedment gages were hung below the 

strands and the wires were zip-tied to reinforcing bars, the screed shouldn’t have 

damaged any of the electronics.  The wires were routed out of the sides of the panels 

alongside strands.  The external lengths of the wires were wrapped into a plastic bag and 

the screed was raised over the bag as it moved from one panel to the next. 
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Figure 6.10 Vibrating screed being maneuvered over a panel at Plant B 

A member of Plant B’s panel crew followed behind the screed with a broom, 

giving the panels a rough finish.  After the panels were finished, they were covered in wet 

burlap to cure.  At this point, research team was able to connect the wires to the data-

loggers and begin to measure the strains in the panels. 

The research team returned to Plant B the following day to observe strand release 

and confirm that the electronics were functioning properly.  The strands are slowly 

released by gradual torch cutting, as shown in Figure 6.11.  Strain readings from the 

VWGs were recorded immediately before and after the strands were released, so that 

elastic shortening could be calculated accurately. 
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Figure 6.11 Strands being torch released at Plant B 

After the strands were released, the panels were lifted by cranes and stacked 

alongside the prestressing beds, as shown in Figure 6.12.  The four panels with gages 

were stacked together, and the two panels without gages were stacked together.  All six 

remained in storage at that location for a week.   
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Figure 6.12 Stacked panels being placed in the storage area at Plant B 

6.2 TRANSPORTATION AND STORAGE 

The six panels from Plant B were delivered to Ferguson Lab on March 1, 2010.  

The panels had been tightly secured to the truck bed by straps, as shown in Figure 6.13.  

The straps were not necessarily aligned with the dunnage, however, so securely strapping 

them to the truck bed introduces bending stresses.     
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Figure 6.13 Plant B panels arrive at Ferguson Lab 

The panels were stacked outside Ferguson Lab, alongside the panels from Plant 

A.  The 4 instrumented panels are intended for long-term monitoring of prestress force.  

They were stacked together with the data-loggers strapped to the top panel, as shown in 

Figure 6.14.  The 2 short-term panels were temporarily stacked next to the long-term 

panels.  At some point, they will be moved into the lab for testing. 
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Figure 6.14 Panels from Plant B stacked outside of Ferguson Lab 

6.3 PANEL MONITORING 

Once stacked at Ferguson Lab, monitoring the panels was very simple.  The 

CR5000 data-logger was programmed to record a strain reading from each gage in each 

panel every thirty minutes.  Periodically, a researcher would download the data and 

compile it in a master file.  Unfortunately, one data-logger malfunctioned and the early 

strain readings from Panel C4 were lost.  However, since VWGs were installed in each of 

the long-term panels, elastic shortening data are still available. 
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CHAPTER 7 

Test Results 

 

7.1 PRESTRESS LOSSES 

7.1.1 Short-Term Prestress Losses (Elastic Shortening) 

7.1.1.1 Estimated Values using AASHTO Equation 

The 2008 AASHTO LRFD Design Manual (AASHTO LRFD, 2008) presents the 

following equation to predict the short-term prestress losses (due to elastic shortening) of 

a prestressed bridge member: 
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When this equation is applied to the TxDOT PCP, the predicted loss in prestress 

due to elastic shortening is 5.1 ksi.  This calculation is based on a minimum specified 

release strength for the concrete of 4,000 psi, a corresponding elastic modulus of 3,740 

ksi, and an assumed unit weight of 147.5 lb/ft3. 

7.1.1.2 Measured Values 

Strains in the test panels were measured during release at each plant, and those 

measured strain values were used to monitor the change of stress in prestressing strands 

during release.  It was assumed that the force in each strand immediately prior to release 

was 16.1 kips.  It was also assumed that the strain in each strand was equal to the strain in 

nearby concrete.  Gage #6 (from Figure 4.5 and Figure 4.6) is located in the center of the 

panels cast at Plant A.  The changes of stress in the prestressing strand at the center of 
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Specimens C2, M1, and M2 are shown in Figure 7.1, Figure 7.2, and Figure 7.3, 

respectively.  Release data for Specimen C1 are not available. 
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Figure 7.1 Stress in prestressing strands at the center of Specimen C2 during release 
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Figure 7.2 Stress in prestressing strands at the center of Specimen M1 during release  
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Figure 7.3 Stress in prestressing strands at the center of Specimen M2 during release  

Elastic shortening in the panels from Plant A resulted in an average prestress loss 

of 3.5 ksi.  The strand stress was calculated in the same way for the specimens from Plant 

B.  Data from Gages #10 (Figure 6.4) were used to plot the stress variation in the center 

of Specimens C4, C5, M3, and M4 during release.   
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Figure 7.4 Stress in prestressing strands at the center of Specimen C4 during release 
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Figure 7.5 Stress in prestressing strands at the center of Specimen C5 during release 
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Figure 7.6 Stress in prestressing strands at the center of Specimen M3 during release 
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Figure 7.7 Stress in prestressing strands at the center of Specimen M4 during release 
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Elastic shortening in panels from Plant B resulted in an average prestress loss of 

3.2 ksi.  Vibrating wire gages (VWGs) were installed next to Gages #10 in the panels 

from Plant B.  The average prestress loss measured by the VWGs was 3.1 ksi.  In Table 
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7.1 are compared the predicted and measured values of elastic shortening for all panels 

monitored. 

Table 7.1 Calculated versus measured values of elastic shortening (ksi) 

AASHTO 2008   

Eq. (5.9.5.2.3a-1) 5.0  

   

Plant A Panels Gage #6  

C2 4.0  

M1 3.3  

M2 3.1  

Average 3.5  

   

Plant B Panels Gages #10 VWG 

C4 3.0 3.2 

C5 3.1 3.1 

M3 3.1 3.1 

M4 3.4 2.9 

Average 3.2 3.1 
 

7.1.2 Long-Term Prestress Losses (Creep, Shrinkage, and Relaxation) 

7.1.3 Estimated Losses 

7.1.3.1 AASHTO 2004 

TxDOT currently designs bridges to meet the 2004 AASHTO Specifications.  

When applied to TxDOT’s panel design, the 2004 AASHTO equations predict an 

ultimate prestress loss of 24.2 ksi (calculations provided in the Appendix).  These values 

are time-independent. 
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7.1.3.2 AASHTO 2008 

The AASHTO prestress loss equations were significantly changed in 2008, to 

give time-dependent values.  Since the specimens of this study are monitored over time 

and tested at various ages, a time-dependent prediction method provides a more 

reasonable comparison.  When evaluated at 10,000 days, the 2008 equations predict an 

ultimate prestress loss of 32.6 ksi.  Predicted time-dependent prestress losses for 

individual specimens (based on age) are summarized in Table 7.2, and calculations are 

provided in the Appendix. 

7.1.4 Observed Losses 

Data acquisition systems were set to record a strain value every thirty minutes.  

Barring maintenance or malfunction, the panels were monitored continuously once 

fabricated.  These long-term strain data were used to calculate long-term prestress losses.   

To better understand the effects of creep, shrinkage, and relaxation, it was 

necessary to correct the data for the effects of temperature.  For this purpose, thermal 

expansion was assumed to be linear and the coefficient of thermal expansion (CTE) was 

assumed constant.  The limestone-aggregate panels from Plant A were assumed to have a 

CTE of 6x10-6/oC.  Temperature data for the Plant A specimens were recorded directly by 

the data-logger, whose temperature records provide an accurate estimate of the 

temperature of the air at the location of the panels.   

The temperature of the air at the location of the panels was not necessarily a 

perfect indicator of the temperature in each individual panel, however.  Because the 

panels were stacked in piles of four, three, or two (depending on the date), and because 

the order in which the panels were stacked was not consistent, whichever panel was on 

the top of the stack would receive direct sunlight while the other three would be shaded.  

Nevertheless, air temperature was the only datum available for the Plant A specimens, 

and a CTE of 6x10-6/oC was used with the air temperature data to provide an average 

temperature correction for all the panels. 



 Each panel from Plant A had 4 PMFL embedment gages installed parallel to the 

strands (Figure 4.5 and Figure 4.6).   Gage #6 is located in the center of the panel, where 

prestress losses are expected to be the highest.  Data from Gages #6 in the four Plant A 

panels were used to calculate the prestress losses.  Figure 7.8, Figure 7.9, Figure 7.10, 

and Figure 7.11 show the stress in the strand in the center of each Plant A panel.  Because 

Specimens C1 and M1 were tested and destroyed in the lab, there is not as much data for 

them.  Because the time axes on the plots are all scaled the same, however, the data can 

be directly compared. 
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Figure 7.8 Stress in the strand at the center of Specimen C1  
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Figure 7.9 Stress in the strand at the center of Specimen C2  

165

170

175

180

185

190

2/18 3/20 4/19 5/20 6/19 7/20 8/19 9/1910/1911/1912/191/18 2/18 3/20

St
re
ss
 (k
si
)

Time (months)Feb 18, 2009

1 2      3     4      5      6      7      8     9    10    11    12    13 

 
Figure 7.10 Stress in the strand at the center of Specimen M1  
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Figure 7.11 Stress in the strand at the center of Specimen M2 

Specimens C2 and M2 have been monitored for over a year.  After about seven 

months, the stress in the panels stabilized.  Due to atmospheric changes such as increased 

humidity, some losses were even shown to recover, slightly.  Of the four Plant A panels 

monitored, the greatest prestress loss recorded was 23.1 ksi in Specimen M2.  Figure 7.12 

shows the stresses in the center of each panel, plotted on a single set of axes.  Also 

included in the plot are the lump-sum 45-ksi prestress loss currently used by TxDOT, the 

total loss predicted by the 2004 AASHTO method, and the total loss predicted by the 

2008 AASHTO method. 
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Figure 7.12 Long-term stresses in the center strand of Plant A panels as well as lump-

sum code values 

For the river-gravel panels from Plant B, a CTE of 7.5x10-6/oC was used.  The 

four panels fabricated at Plant B each had a thermocouple installed in the center of the 

panel, permitting a more accurate correction for temperature.  Additionally, VWGs were 

installed in the center of the Plant B panels, next to Gage #10 (Figure 6.4).  The VWG 

data provides a good way to check the performance of the PMFL embedment gages.  

Gage #10 is the center gage for the Plant B specimens.  The data from Gages #10 were 

used to calculate the stress in the strand in the center of each panel.  Those data are 

presented in Figure 7.8, Figure 7.9, Figure 7.10, and Figure 7.11.  A portion of the data 

from Specimen C5 was corrupted and unusable. 
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Figure 7.13 Stress in the strand at the center of Specimen C4 
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Figure 7.14 Stress in the strand at the center of Specimen C5 
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Figure 7.15 Stress in the strand at the center of Specimen M3 
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Figure 7.16 Stress in the strand at the center of Specimen M4 
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Comparing the PMFL data to the VWG data shows a good agreement between the 

two.  One month of data, however, is not enough to confirm this agreement, so the VWGs 

must continue to be monitored. 

Insufficient data exist from the Plant B panels to estimate final losses.  As shown 

in Figure 7.17, visual comparison of the first month of data from the limestone-aggregate 

panels (Plant A) to the first month of data from the river-gravel aggregate panels (Plant 

B) indicates that the two sets of panels are behaving similarly.  On average, during the 

first month, prestress losses were about 10% lower for the river-gravel panels than for the 

limestone-aggregate panels. 
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Figure 7.17 Stress in the strand at the center of limestone and river-gravel panels 

(limestone is dashed and river-gravel is solid) 
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Table 2 provides a summary of total prestress loss measurements and predictions.  

For the Plant A panels, the 2008 AASHTO equations over-predicted prestress losses by 

an average of 40%.  However, the 2004 AASHTO equation predicted an ultimate 

prestress loss of 24 ksi.  The largest losses measured so far have been 23 ksi.  If prestress 

losses have stabilized in Specimen M2, then the 2004 AASHTO equations are quite 

accurate.   

Table 7.2 Summary of long-term prestress losses and predictions 

Plant A Panels Age (days) PMFL #(ksi) VWG (ksi) 
AASHTO 
2008 (ksi) 

C1 138 19.1 - 26.4 

C2 397 21.2 - 30.1 

M1 202 16.0 - 28.1 

M2 397 23.1 - 30.1 

Average  19.8  28.7 

     

Plant B Panels     

C4 33 10.4 8.2 17.5 

C5 33 - 8.4 17.5 

M3 33 8.3 8.6 17.5 

M4 33 13.9 8.5 17.5 

Average  10.9 8.4 17.5 

     

 AASHTO 2004 AASHTO 2008   

At 10,000 days 24.2 34.0   

 

 



7.2 TRANSVERSE TENSILE STRESSES DURING RELEASE 

Transverse strains in the test panels were measured during release at each plant, 

and those measured strain values were used to estimate tensile stresses in the edges of the 

panels during release.  TxDOT requires a compressive strength of 5,000 psi for release 

but material tests reported by Plants A and B indicate an average release strength of 6,500 

psi.  Assuming a compressive strength of 6,500 psi, Equation 7.1 was used to calculate an 

average modulus of elasticity of concrete at release.   

cc fE '57000=           Equation 7.1 

Based on the measured strains and the assumed modulus of elasticity, the tensile 

stresses in the edges of the panels were calculated.  The maximum tensile stresses 

calculated in each panel are summarized in Table 7.3. 

Table 7.3 Summary of maximum calculated tensile stresses at panel edges during 

release 

Plant Panel Strain (in/in) Tensile Stress (psi) 

A C2 0.00004 184 

A M1 0.000023 106 

A M2 0.000028 129 

B C4 0.00005 230 

B C5 0.000036 165 

B M3 0.000019 87 

B M4 0.00003 138 

 

Several different methods exist for experimentally determining the tensile 

strength of concrete.  Three common ways of measuring tensile strength are shown below 

in Figure 7.18.  The most common of the three is the modulus of rupture (MOR) test.  
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The tensile strength determined by an MOR test is generally taken to be 7.5 cf ' .    

   
Figure 7.18 Testing methods used to determine tensile strength of concrete 

(Tuchscherer, 2009) 

A compilation of 1330 data points taken from MOR tests over the last 80 years is 

shown in Figure 7.19.  Various models relating the tensile strength of concrete to cf '  

are also plotted in Figure 7.19.  The figure shows that the tensile strength of concrete is 

highly variable, and that 7.5 cf '  is an approximation which tends to be conservative at 

high compressive strengths.  According to Figure 7.19, the lowest MOR values reported 

for tests of concrete with a compressive strength of 5,000-6,500 psi are around 400-500 

psi.  A direct tensile strength would be expected to be 4/7.5 (53%) of 400-500 psi, which 

is 210-265 psi.  The greatest tensile stress calculated in the panels during release was 230 

psi.  While the stresses measured in the panel test specimens do not exceed most of the 

reported tensile strengths plotted in Figure 7.19, they may exceed a few.  In short, it is 

clear that the maximum tensile stresses inferred from strains measured at panel edges 

during release were in the neighborhood of the cracking strength of concrete.  On 

average, concrete stresses should be below the cracking strength, but in some instances 
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panels may crack, based on the information presented in Table 7.3, Figure 7.18, and 

Figure 7.19.  This observation is consistent with the frequency of panel cracking and 

rejection seen in precast plants. 

 
Figure 7.19 Relationship between modulus of rupture and compressive strength of 

concrete (Tuchscherer, 2009) 

7.3 EFFECTIVENESS OF BURSTING REINFORCEMENT 

A secondary goal of this thesis is to determine the feasibility of controlling 

cracking with additional transverse reinforcement in panel edges.  The M-series test 

specimens have a modified design which includes additional reinforcing bars at the 

edges.  One edge of each panel has one additional #3 reinforcing bar.  The other edge has 

two additional bars, one spaced 5/8 in. above the other.  All additional bars were placed 

in the top half of the panel. 

To compare how well the additional bars controlled crack growth, panel 

Specimens C1, C3, and M1 were tested in the lab as described in Chapter 5.  Because of 

unexpected issues encountered while testing Specimen C1 (also described in Chapter 5), 
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results from Specimen C3 were used instead of Specimen C1.  While the panels were 

bent over the knife edge, cracks were counted, crack widths were measured, and the 

panel edges were photographed.  Specimens C3 and M1 were both tested to failure, 

indicated by the rupture of the reinforcement.   

An edge of Specimen C3 after testing is shown in Figure 7.20.  With no additional 

reinforcing bars, the crack distribution is fairly uniform.  A small number of cracks 

formed, most coinciding with the location of a strand. 

 
Figure 7.20 Edge of Specimen C3 after testing 

The single-bar edge of Specimen M1 after testing is shown in Figure 7.21.  

Compared to Specimen C3, the additional bar resulted in a 20% decrease in crack spacing 

and a 27% increase in number of cracks.  A decrease in crack spacing also means a 

decrease in crack widths.  Although the main crack is very wide at the center of each 

panel, that crack width is kept small at the single-bar edge of the modified specimen. 
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Figure 7.21 Single-bar edge of Specimen M2 after testing 

The double-bar edge of Specimen M1 after testing is shown in Figure 7.22.  

Compared to the single-bar, the double-bar creates even smaller crack spacings and an 

additional 17% more cracks.  Some of the cracks are still aligned with the prestressing 

strands, but because the number of cracks is so high, the width of any single crack is 

smaller than it would be with fewer total cracks.   Considering all three edges, it is clear 

that more transverse reinforcement results in more cracks with smaller spacing and 

smaller widths.  Prestress loss occurs only if a crack is collinear with a strand.  For each 

edge condition, some collinear cracks formed.  The collinear cracks are smaller in width, 

however, with an additional bar than without.  Collinear crack widths are even smaller 

when two additional bars are added rather than one. 
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Figure 7.22 Double-bar edge of Specimen M2 after testing 

7.4 EFFECTS OF CRACKING ON PRESTRESS LOSSES 

In this research, the main question regarding cracks in PCPs is how panel 

cracking affects the loss of prestress in the strands.  Based on the knife-edge tests 

described in Chapter 5, which included the use of slip gages to monitor strand slip as 

cracking occurred, it was observed that strands do not slip unless a crack coincides 

directly with the strand.   

As the panels were tested in transverse flexure, crack widths over strands were 

measured with crack comparators.  The smallest measureable crack width was 0.002 in.  

Common crack widths observed in rejected panels by TxDOT inspectors are estimated by 

TxDOT to be 0.01 in.  Assuming that measured strand slip is distributed evenly along the 

length of a strand, it is possible to estimate the total amount of prestress remaining in one 

prestressing strand for which slip is measured (example calculation shown in the 

Appendix).  In reality, any measured slip was likely to be concentrated in the 

development length of the strand, near the edge of the panel.  However, it is conservative 

to assume the slip is distributed along the entire strand.  Figure 7.23 shows the 
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relationship between crack width and percentage prestress force remaining in particular 

strands.  The strands represented are those that had a collinear crack wide enough to be 

measured by with a crack comparator.  This included one crack on the double-bar edge of 

Specimen M1, three cracks on the single-bar edge of Specimen M1, and four cracks from 

Specimen C3 (no additional reinforcement).  The cracks from Specimen C3 are shown 

with solid lines, and the cracks from Specimen M1 are shown with dashed lines. 
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Figure 7.23 Percentage of prestress force remaining in a strand vs. width of collinear 

crack (typical crack widths) 

As shown in Figure 7.23, the collinear cracks in Specimen M1 never exceeded 

0.008 in. in width.  The cracks in Specimen C3 reached much larger widths, up to 0.06 in.  

However, such wide cracks are not relevant in this study.  The main observation to be 

made from Figure 7.23 is that in panels with the minimum required transverse 

reinforcement, collinear cracks up to 0.01-in. wide cause a loss of prestress in the 

affected strand of no more than a 20%, and sometimes of less than 3%.  Considering that 
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there are 16 strands in one PCP, a loss of 20% of the prestress force in two different 

strands would result in a 2.5% reduction of prestress force in the PCP.   

To evaluate the probable consequences of collinear cracks with widths 

corresponding to those commonly observed by TxDOT inspectors in the field, Figure 

7.23 is scaled for crack widths up to 0.02 in.  To evaluate the effect of cracks wide 

enough to cause a significant loss of prestress, however, it is necessary to plot much 

larger crack widths.  As shown in Figure 7.24, when crack widths reach 0.05 in., losses 

begin to reach 50%.  A prestress loss of 50% in two strands of a panel would result in a 

6.3% reduction of the prestress force in that PCP. 
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Figure 7.24 Percentage of prestress force remaining in a strand vs. the width of a 

collinear crack (wide cracks) 
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CHAPTER 8 

Summary, Conclusions, and Recommendations 

8.1 SUMMARY OF THESIS 

Within the context of Study 6348, the goal of the specific research described here 

is to reduce cracking of precast, prestressed panels (PCPs).  One way to accomplish this 

would be to reduce the initial prestress force.  The initial prestress force could be reduced 

if it could be shown that the actual prestress losses were significantly lower than 

assumed.  To be able to calculate actual prestress losses, ten precast panels were 

fabricated at two different precasting facilities.  Eight of those panels were instrumented 

with embedded concrete strain gages, and panel strains were monitored over the life of 

the panels.  Based on the observed strains and on assumed relationships between stress 

and strain, actual prestress losses were calculated, and were found to be no larger than 24 

ksi.   

Experiments were conducted to determine the effects of panel cracking on 

prestress losses, and to evaluate the effectiveness of additional transverse reinforcement 

as a means of controlling cracks.  Three panels fabricated at Plant A were tested at 

Ferguson Lab.  Two panels were standard design TxDOT panels, and one panel had 

additional transverse reinforcement at both edges.  Cracks parallel to the strands were 

induced into all three panels by bending them over a knife edge centered on the panel.  

During each test, prestress losses were estimated as a function of crack width using data 

from slip gages installed on critical strands of all three panels.  The total number of 

cracks was also counted and the crack widths were measured by hand, to help assess the 

effect of the additional transverse reinforcing bars. 

 

 



 96

8.2 CONCLUSIONS 

 

1) Longitudinal cracks form in precast, prestressed panels for many reasons.  The 

most important is the initial prestress force in the concrete from the strands.  Due 

to the nature of the bond between the strand and the concrete, the initial prestress 

produces circumferential tensile stresses in the concrete perpendicular to the axis 

of the strand.  When these circumferential tensile stresses exceed the tensile 

strength of the concrete surrounding the strand, they produce radial cracks that 

propagate along the strand.  The panel edges, where the highest prestress forces 

are transferred, are the critical regions for this cracking. 

 

2) Other factors contributing to panel cracking are improper handling, storage, or 

transport.  Panels are typically lifted from the prestressing beds using cranes and 

embedded lifting loops; then stacked 4 to 6 panels high with wood blocking 

(dunnage); and finally strapped or chained to truck beds and transported to the job 

site.  Any uneven or sudden stresses caused in the critical edge regions of the 

panels could cause a crack.  Sudden spikes in stress are common during 

transportation. 

 

3) If a radial panel crack touches a strand, it decreases the circumferential stiffness 

of the concrete surrounding the strand, and thereby weakens the bond between the 

concrete and the strand.  The wider the crack is, the greater the decrease in bond 

strength, and the greater the possible loss in prestress force. 

 

4) In panels tested in the laboratory to induce flexural cracks parallel to the strands, 

minimal strand slip (less than 20%) was observed until the cracks were as wide as 

0.01 in.  This width is in the range of widths observed in the field.  It is logical to 
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conclude that such crack widths do not significantly reduce the level of effective 

prestress in the panels. 

8.3 RECOMMENDATIONS FOR DESIGN 

 

1) Based on the panel testing completed to date, the present value of lump-sum 

prestress losses assumed in design (45 ksi) could be reduced to 25 ksi.  This value 

is consistent with the 2004 AASHTO refined method for prestress loss prediction, 

and has been shown in this thesis to be a conservative (high) estimate of prestress 

losses in PCPs.  However, such a change should not be implemented until all 

testing is complete and the change is supported by a more comprehensive set of 

data. 

 

2) If the initial prestress force for PCPs could be reduced from 16.1 kips per strand to 

14.4 kips per strand, the reduction of 1.7 kips per strand would be consistent with a 

change in estimated prestress loss from 45 to 25 ksi.  This would reduce the initial 

prestress force by about 10.5%, which should reduce the frequency of crack 

occurrence.   

8.4 RECOMMENDATIONS FOR IMPLEMENTATION 

 

1) Additional reinforcing bars, oriented perpendicular to the prestressing strands, 

should be placed at each panel edge 1 inch below and 1 inch above the 

prestressing strands.  This additional transverse reinforcement will help control 

crack widths and crack propagation parallel to the strands in the critical region of 

the panel.  Although this transverse reinforcement will not prevent the formation 

of cracks, it will control the width of any cracks that form, and thereby reduce 

strand slip and associated loss of prestress. 
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2) Cracking in panels can be reduced by controlling flexural tensile stresses 

perpendicular to the strands.  Panels should be stacked with dunnage in a straight 

vertical line.  For transport, stacks of panels should be secured to trucks using 

straps placed in line with the dunnage.  If dunnage is not placed in continuous 

vertical lines, the weight of the upper panels in a stack can produce flexural 

tensile stresses in the lower panels.  If straps are not aligned with the dunnage, 

they can produce flexural tensile stresses in the strapped panels.  Flexural tensile 

stresses can be increased by the dynamic response of the vehicle during transport. 

 

3) TxDOT specifications require that a panel be rejected if a crack is found within 1 

in. of a strand running parallel with the strand for at least 1/3 of the length of the 

strand.  This rejection criterion reflects recommendations in the literature 

published by major prestressed concrete groups.  The research described in this 

thesis, however, shows that strand slip does not begin until crack widths become 

very large.  Based on research described in this thesis, TxDOT may choose to 

amend their rejection criterion to include a maximum allowable crack width of 

0.05 in. 

8.5 RECOMMENDATIONS FOR FUTURE INVESTIGATION 

1) At least 12 more panels should be subjected to long-term monitoring.  This 

increased sample size will provide a better knowledge of the statistical 

distribution of prestress losses, and will increase the credibility of our 

recommendations.  The sample should include winter and summer panels, as well 

as limestone and river-gravel panels. 

 

2) If a lower initial prestress force is accepted, trial bridge decks should be 

constructed using that lower prestress force. 
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APPENDIX 

A.1 TXDOT PLANS 
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A.2 CONCRETE MIXTURE DESIGNS 

A.2.1 Concrete mixture for Plant A 
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A.2.2 Concrete mixture for Plant B 
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A.3 GAGE INFORMATION 

A.2.1 PMFL-60-8LT 
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A.2.2 VWG (Geocon’s Model 4200) 













A.4 PRESTRESS LOSS PREDICTIONS (AASHTO) 

A.4.1 2004 AASHTO 

Prestress loss calculations according to AASHTO (2004) are summarized below. 

 AASHTO 2004 Prestress Loss Calculations

h  [in] 4 L span   [ft] 6

y t  [in] 2 L beam   [ft] 8

y b  [in] 2 Mg, span  [kin] 21600.0

A g   [in
2] 384 Mg, beam  [kin] 38400

I g   [in
4] 512

p s   [in] 200 Material Properties

w sw   [klf] 400 n 7.6

e cl   [in] 0.00 n LT 6.8

e end   [in] 0.00 Concrete

A ps [in
2] 1.36 f' ci  [ksi] 4

y s [in] 2.06 Eci  [ksi] 3739

A s [in
2] 0.62 f' c  [ksi] 5

Ec  [ksi] 4180

Strand Stresses wc [kcf] 0.1475

f pj   [ksi] 189.4 Strand

P j   [kips] 257.6 f pu  [ksi] 270

f po   [ksi] 184.3 f py  [ksi] 243

P o   [kips] 250.7 Ep  [ksi] 28500

Concrete Age

t i   [days] 1

t f   [days] 100000

Gross Section Properties Span Properties
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ΔfpT [ksi] 24.2
ΔfpES [ksi] 5.1
ΔfpSR [ksi] 6.5
ΔfpCR [ksi] 8.0
ΔfpR2 [ksi] 4.5

ΔfpES [ksi] 5.1
fcgp [ksi] 0.7

ΔfpSR [ksi] 6.5
H [%] 70

ΔfpCR [ksi] 8.0
fcgp [ksi] 0.7
Δfcdp [ksi] 0.0

ΔfpR2 [ksi] 4.5

Total Loss

Elastic Shortening

Shrinkage

Creep

Relaxation

 
 

 

A.4.2 2008 ASHTO 

Prestress loss calculations according to AASHTO (2008) are summarized below. 
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 AASHTO 2008 Prestress Loss Calculations

h [in] 4 ti [days] 1
yt [in] 2 tf [days] 100000
yb [in] 2
Ag [in2] 384 Span Properties
Ig [in4] 512 Lspan [ft] 8
ps [in] 200 Lbeam [ft] 8

wsw [klf] 400 Mg, span [kin] 38400.0
ecl [in] 0.00 Mg, beam [kin] 38400
eend [in] 0.00
Aps [in2] 1.36 Material Properties
ys [in] 2.06 n 7.6
As [in2] 0.62 nLT 6.8

Concrete
Strand Stresses f'ci [ksi] 4

fpj [ksi] 189.4 Eci [ksi] 3739
Pj [kips] 257.6 f'c [ksi] 5
fpo [ksi] 184.4 Ec [ksi] 4180
Po [kips] 250.8 wc [kcf] 0.1475

K1 1.0
Strand
fpu [ksi] 270
fpy [ksi] 243
Ep [ksi] 28500

Total Loss
ΔfpT [ksi] 34.0
ΔfpES [ksi] 5.0
ΔfpSR [ksi] 15.8
ΔfpCR [ksi] 10.7
ΔfpR [ksi] 2.6

Gross Section Properties Concrete Age

 
 

 119



  Elastic Shortening
ΔfpES [ksi] 5.0
fpbt [ksi] 189.4

Shrinkage
ΔfpSR [ksi] 15.8
εbid [in/in] 0.0006

ks 1.21
khs 1.02
kf 1.00
ktd 1.00
V/S 1.8
H [%] 70
Kid 0.9

Ψb(tf,ti) 2.3
khc 1.00

Creep
ΔfpCR [ksi] 10.7
fcgp [ksi] 0.7

ΔfpR1 [ksi] 1.3
fpt [ksi] 184

KL 30
ΔfpR2 [ksi] 1.3

Relaxation

 

A.5 EXAMPLE CALCULATIONS 

A.5.1 Percentage prestress force remaining based on measured slip. 

Calculations for percentage prestress force remaining in Specimen C3 based on 

the data from Gage #4 are summarized below. 
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SlipMax
Slip1RemainingForecePrestress% −=  

2
SlipMax L

Es

σ
=  

 Specimen C3
Gage #4

σ 175 ksi
Es 29000 ksi
L 96 inches

Max Slip 0.290 inches

Crack Width (inches) Slip (inches) Prestress Remaining
0 0.0000 100.00%
0 0.0000 100.00%

0.007 0.0000 100.00%
0.009 0.0007 99.77%
0.013 0.0004 99.87%
0.016 0.0005 99.83%
0.016 0.0003 99.91%
0.016 0.0008 99.72%
0.02 0.0083 97.13%
0.025 0.0105 96.39%
0.03 0.0152 94.75%
0.03 0.0168 94.18%
0.03 0.0182 93.71%
0.03 0.0192 93.37%  
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