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ABSTRACT 

 

Controlling Cracking in Precast Prestressed Concrete Panels 

 

Umid Azimov, M.S.E. 

The University of Texas at Austin, 2012 

 

Supervisor:  Richard E. Klingner 

 

Precast, prestressed concrete panels (PCPs) have been widely used in Texas as 

stay-in-place formwork in bridge deck construction. Although PCPs are widely popular 

and extensively used, Texas is experiencing problems with collinear cracks (cracks along 

the strands) in panels. One reason for the formation of collinear cracks is thought to be 

the required level of initial prestress. Currently, PCPs are designed assuming a 45-ksi, 

lump-sum prestress loss. If the prestress losses are demonstrated to be lower than this 

value, this could justify the use of a lower initial prestress, probably resulting in fewer 

collinear cracks. For this purpose, 20 precast, prestressed panels were cast at two 

different plants. Half of those 20 panels were fabricated with the current TxDOT-required 

prestress of 16.1 kips per strand, and the other half were fabricated with a lower prestress 

of 14.4 kips per strand based on initially observed prestress losses of 25 ksi or less. 

Thirteen of those panels were instrumented with strain gages and monitored over their 

life time. Observed losses stabilized after five months, and are found to be about 24.4 ksi. 

Even with the reduced initial prestress, the remaining prestress in all panels exceeds the 

value now assumed by TxDOT for design. 
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CHAPTER 1 

Introduction 

 

1.1 OVERVIEW 

Precast, prestressed concrete panels (PCPs) have been widely used in Texas as 

stay-in-place formwork in bridge deck construction. The use of PCPs has improved 

workers’ safety, increased the speed of construction, and has proved to be a cost-efficient 

method for bridge construction. The Texas Department of Transportation (TxDOT) has 

developed highly standardized PCP construction details over many years, and has 

encouraged their use.  

PCPs are fabricated at a precast yard as 4-in. thick panels, and typically measure 8 

ft in the longitudinal and transverse directions. However, the longitudinal and transverse 

dimensions are adjusted according to girder spacing and span. The transverse direction of 

the panel is prestressed with 3/8-in. diameter, 7-wire strands. After the PCPs are 

fabricated and cured, they are transported to project site and lifted into place to span 

between girders. Once the PCPs are placed on girders and a 4-in. cast-in-place (CIP) 

topping is cast, as shown in Figure 1.1, the deck acts compositely.  
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Figure 1.1 Typical PCP-CIP bridge deck system (Foster 2010, Buth et al. 1972) 

Although PCPs are widely popular and extensively used in bridge deck 

construction, Texas is experiencing problems with collinear cracks (cracks along the 

strands) in panels. The cracked panels are rejected by inspectors because of the concerns 

over prestress loss, which can reduce panel stiffness and conceivably reduce performance 

life. One reason for the formation of collinear cracks is thought to be the required level of 

initial prestress. Currently, PCPs are designed assuming a 45-ksi, lump-sum prestress 

loss. If the prestress losses are demonstrated to be lower than this value, this could justify 

the use of a lower initial prestress, probably resulting in fewer collinear cracks. In an 

effort to reduce the rejection rates of precast panels and other bridge-deck related 

concerns, TxDOT sponsored Research Study 0-6348 (“Controlling Cracking in 

Prestressed Concrete Panels and Optimizing Bridge Deck Reinforcing Steel”). The main 

objective of this thesis is focused on experimentally determining the actual prestress 

losses in panels.   

1.2 OBJECTIVES 

The objectives of the portion of the Research Study 0-6348 related to controlling 

cracking in precast, prestressed concrete panels are the following: 
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1) Review the existing TxDOT precast, prestressed concrete panel (PCP) design to 

understand the underlying assumptions used in determining the prestress loss; 

2) Experimentally determine the actual prestress losses experienced by panels;  

3) Examine the possibility of reducing the initial prestress; 

4) Examine to ensure that the final or effective prestress force remains unchanged if 

the reduced initial prestress force is applied; 

5) Evaluate causes of PCP cracking and determine if improvements in construction 

techniques and materials could reduce PCP cracking; 

6) Reduce the rate of rejected PCPs; 

7)  Reduce initial circumferential tensile stresses at release and consequently reduce 
the total tensile stresses; 
8)  Determine actual prestress losses in PCPs; 
9)  Recommend application of reduced initial prestress force; 
10) Evaluate the effectiveness of additional edge reinforcement in panels to control 
the crack formation collinear to strands; and 
11) Recommend new design alternatives as necessary. 
 

Within the objectives of the Research Study 0-6348, the objectives of this thesis 
are: 
1) Determine actual prestress losses in PCPs;  
2) Demonstrate that actual prestress losses are less than the 45 ksi that is now 

assumed in design (45ksi); 
3) Recommend new reduced initial prestress force; 
4) Recommend new design alternatives as necessary. 

1.3 SCOPE 

This thesis is a continuation of work described in Foreman (2010).  It deals with 

that portion of TxDOT Research Study 0-6348 related to controlling cracking in precast, 

prestressed panels. That work includes a thorough literature review, and describes 

laboratory experiments to measure prestress losses in panels and investigates the 

effectiveness of additional edge reinforcement on crack control. Using field-instrumented 

panels fabricated at two different precast plants, prestress losses were monitored over 
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time.  Panels included those with currently approved details, and also a variant with 

additional transverse reinforcement at ends.  

As a continuation of that research, this work includes additional literature review.  

The panels described in Foreman (2010) continue to be monitored for prestress losses.  

Based on recommendations of Foreman (2010), additional instrumented panels with 

reduced initial prestress force were fabricated at the same two plants, including the same 

variants in transverse reinforcement, and are monitored for prestress losses.  Repair of 

cracks is not investigated. The researchers express no opinion on whether cracked panels 

should be accepted by TxDOT inspectors. 

1.4 ORGANIZATION 

The details of the work performed over the course of this research study are 

presented in the following chapters. Chapter 2 contains a literature review of the 

mechanism of and factors affecting panel cracking, and also a review of previous 

research on panels. Introduction to testing program, fabrication and monitoring of panels 

at Plant A and at Plant B are described in Chapter 3, Chapter 4 and Chapter 5, 

respectively. The test results from monitoring are presented and discussed in Chapter 6.  

Summary, conclusion and recommendations based on the experimental investigation 

performed during the study are provided in Chapter 7.    
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CHAPTER 2 

Literature Review 

 

2.1 INTRODUCTION 

Precast, prestressed concrete panels (PCPs) span between bridge girders and act 

as stay-in-place forms for bridge deck cast-in-place concrete. Once the top deck is cast 

the PCPs act compositely to resist the applied loads. According to the TxDOT 0-6348 

project statement, nearly 200,000 panels are rejected annually due to the cracking of 

panels collinear to the strands. This cracking generally develops due to a combination of 

tensile stresses at release, handling at precast yard, transportation to the job site, and 

handling at the job site (TxDOT 6348, 2010).  Foreman (2010) conducted a thorough 

literature review on the development of PCPs, significance, causes and prevention of 

cracking in PCPs.  In this chapter, that review is summarized and updated.  

Cracking along the prestressing strands in panels can be explained by Tepfers’ 

model for steel-concrete bond (Tepfers, 1975) and Hoyer’s effect (Hoyer, 1939). As 

shown in Figure 2.1, axial forces in prestressing strands are resisted by inclined forces, 

acting inward from the concrete surrounding the strands (Tepfers, 1975).  Corresponding 

inclined forces act outward from the strands against the concrete.  The radial components 

of those forces produce circumferential tensile stresses in the concrete surrounding the 

strands.  As the prestressing strands shorten elastically, they expand laterally due to 

Poisson effects, producing additional radial compressive forces in the concrete 

surrounding the strands, and additional circumferential tensile stresses in that concrete 

(Hoyer, 1939).  Those circumferential tensile stresses are resisted by the tensile strength 

of the concrete around the strands.  When that tensile strength is exceeded, cracks form in 

the surrounding concrete parallel to the strands (Benítez et al., 2011).  When those cracks 

propagate to the surface, they are referred to as “collinear cracks” (TxDOT 6348, 2010).    
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Figure 2.1 Schematic representation of how the radial components of the bond forces 

are balanced by tensile stress rings in the concrete in anchorage zone (Tepfers 1975).  

Based on the 1988 PCI special report, the TxDOT standard specification presents 

two criteria for rejection of panels (Ross Associates, Inc., 1988; TxDOT, 2004): 

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 two adjacent strands and extending to the reinforcing plane. 

The main causes of longitudinal cracking are excessive prestress force, inadequate 

transverse reinforcement and improper release of prestressing strand (PCI, 2006; FIB, 

2007). The first two causes are investigated and addressed in Foreman (2010) and in this 

research project. The third cause is normally avoided by Texas precasters by slowly 

torch-cutting the strands at release (Foreman, 2010).  

Collinear cracking can be prevented by reducing the initial prestress force and by 

providing supplemental reinforcement at the edges of a panel perpendicular to the 

strands, separately or in combination (TxDOT 6348, 2010). Generally, the initial 

prestress force is set equal to the final desired prestress force plus the expected losses 

(Foreman, 2010). The primary sources of the expected prestress losses are elastic 

shortening of the concrete when the strands are released, creep and shrinkage of concrete, 

and relaxation of strands. In designing the PCPs, TxDOT uses a lump-sum estimate of 45 

ksi for expected losses (TxDOT, 2001). However, based on panel testing and long-term 

monitoring, Foreman (2010) concluded that the estimate of 45 ksi for losses is 

conservative (high), and that a figure of 25 ksi would be more accurate.  
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Marti-Vargas et al. (2012) investigated the influence of concrete composition and 

different water/cement ratio on the bond behavior over the transfer length of prestressing 

strand. The researchers prepared test specimens with varying cement content and varying 

water/cement ratios. They found that bond stress decreases with increasing w/c ratio for 

same cement content. Decreasing bond stress corresponds to a longer transfer length. 

Additionally, for low cement factors (350 kg/m3), the transfer length remained constant 

and there was negligible influence of w/c ratio. 

Concrete expands and contracts with temperature changes, with a change in strain 

equal to the change in temperature multiplied by the coefficient of thermal expansion 

(CTE) (Jahangirnejad et al., 2010). Because coarse aggregates constitute about 75% of 

the volume of concrete, they play a significant role in influencing the overall CTE of 

concrete (Naik et al., 2011). To minimize thermal expansion and contraction of concrete, 

it is useful to include the CTE in the design process. Naik et al. examined the influence of 

types of aggregate on CTE of concrete. Gravel course aggregates were observed to have 

CTE values ranging from 9.1 to 10.7 microstrain/°C (Naik et al., 2011). Emanuel et al. 

(1977) report values of 7.4 microstrain/°C for gravel aggregates and 6.3 microstrain/°C 

for limestone aggregates. 

2.2 TXDOT PROJECT 0-6348 (FOREMAN 2010) 

 The research of Foreman (2010) was part of this project. Foreman fabricated ten 

panels at two different precast panels in Texas to determine the actual prestress losses and 

the effectiveness of additional reinforcement at the edges to control cracks. Half of the 

panels were fabricated with the current TxDOT standard detailing, and the other half 

were modified to include additional reinforcement at the end edges. All the panels were 

designed according to TxDOT specification and had minimum specified 28-day 

compressive strength of 4,000 psi. Because each plant used locally available aggregates 

nearby the plant, the concrete mix contained either limestone coarse aggregate or river 

gravel, depending on the plant.   
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Average measured short-term prestress losses related to elastic shortening of 

concrete at release were 3.4 ksi, slightly lower than the AASHTO estimate of 5.0 ksi. 

Results from long-term monitoring of prestress losses were less than 25 ksi, as shown in 

Figure 2.2 (Note: only upper portion of the graph is shown). As it can be seen from that 

figure, AASHTO 2008 and TxDOT predictions overestimate the prestress losses by 40% 

and 80%, respectively. However, AASHTO 2004 equations appear more accurate in 

predicting losses in panels.  

 

Figure 2.2 Long term stresses in panels cast at Plant A (M-specimens are modified, C-

specimens are current TxDOT standard) (Foreman 2010) 

A knife-edge test (Figure 2.3) was performed to investigate the relationship 

between and panel cracking and prestress loss, and also to compare the effectiveness of 

supplemental reinforcing bars in controlling collinear cracks.  
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Figure 2.3 Knife-edge test specimen (Foreman 2010) 

As the panels were bent over the knife edge, Foreman measured crack widths and 

counted the number of cracks. He observed that with additional transverse reinforcement 

at the edges, the crack widths decreased and the number of cracks increased. The loss of 

prestress was also observed to be very small, even for wide cracks. Until crack width 

reached 0.01 in. (a value noted by TxDOT inspectors in the field), strand slip was 

minimal. Foreman (2010) concludes that cracks of such width do not significantly affect 

the effective prestress. 

2.3 SUMMARY 

Precast, prestressed concrete panels (PCPs) have widely been used in Texas as 

stay-in-place forms in bridge deck construction. Over many years, TxDOT has improved 

the use of PCPs, and has developed standard details for them.  

PCPs in Texas sometimes have collinear cracks along the strands, resulting in the 

rejection of about 200,000 panels each year. The main cause of this collinear cracking is 

the initial prestress force. That initial prestress can be reduced if more accurate prestress 

losses can be used in design. To date, only Foreman (2010) has specifically investigated 

prestress losses in panels. His work shows typical prestress losses of 25 ksi or less, much 

lower than the 45 ksi now assumed by TxDOT in designing the panels.    
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CHAPTER 3 

Introduction to Testing Program 

 

3.1 FIELD FABRICATION 

As a continuation of the work described in Foreman (2010) and as a part of 

TxDOT Research Project 0-6348, an additional eight precast, prestressed concrete panels 

(4 modified, 4 current) were instrumented and fabricated at two different Texas plants, 

referred to here as Plant A and Plant B.  After fabrication, the panels were transported 

and monitored continuously for long-term prestress losses at Ferguson Structural 

Engineering Laboratory.  

3.1.1 Objectives of field fabrication and panel monitoring 

The objective of fabricating and monitoring panels is to assess actual prestress 

losses. To confirm the findings of Foreman (2010), an additional eight panels were 

fabricated.  The panels described in Foreman (2010) were fabricated in February, 2009 

and 2010, and are referred to here as “Winter Panels.” To observe possible differences in 

behavior associated with different mixtures used in different seasons, the eight additional 

panels were fabricated in July, 2010 and September, 2010, and are referred to here as 

“Summer Panels.” The eight additional panels had lower initial prestress than those 

described by Foreman, with the objectives of examining whether prestress losses were 

consistent and whether reduced prestress would result in less collinear panel cracking.  

3.1.2 General sequence of field fabrication and panel monitoring 

1) Precast, prestressed panels were fabricated at two different Texas plants. 

The panel strands and reinforcement were instrumented with gauges and 

concrete was cast on the first day. After a day or two, the strands were 

released and the panels were stored in stacks at the precast yard. 
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2) Approximately two weeks after casting, the panels were transported to the 

Ferguson Structural Engineering Laboratory, and were stored in stacks of 

four outside the laboratory. 

3) Each panel has been continuously monitored for prestress losses by 

analyzing the strain data acquired through an automated data acquisition 

system.   
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CHAPTER 4 

Fabrication and Panel Monitoring at Plant A 

 

4.1 FIELD FABRICATION 

Four panels were instrumented and cast at Plant A on July 20th, 2010. The panels 

were fabricated with a reduced initial prestress of 169.4 ksi, less than the current TxDOT 

requirement of 189.4 ksi. Two of the four panels were provided with additional 

transverse reinforcement at each end, and are referred to here as Specimens M5 and M6. 

The other two panels conformed to current TxDOT requirements, and are referred to here 

as Specimens C6 and C7.  

4.1.1 Panel Design 

Prestressed concrete panels are designed according to the TxDOT Bridge Design 

Manual following the AASHTO Standard Specifications for Highway Bridges (TxDOT, 

2001). These include a concrete mixture with a specified release strength fci' of 4000 psi 

and a minimum specified 28-day strength fc' of 5000 psi. Each plant establishes its own 

mixture design to meet those requirements. Sections 4.1.1.1 and 4.1.1.2 discuss the panel 

reinforcement details and concrete mixture design used by Plant A, as well as the 

additional reinforcement added by researchers for this project.    

4.1.1.1 Reinforcement 

As shown in Figure 4.1, Plant A uses welded wire mesh for transverse 

reinforcement and ½-in. diameter prestressing strands at 6-in. spacing for longitudinal 

reinforcement. TxDOT standard details for prestressed concrete panel fabrication 

(Appendix A.1) offer several options for transverse reinforcement, including No. 3 bars 

at 6-in. spacing, 3/8-in. diameter prestressing strands at 4.5-in. spacing, ½-in. diameter 

prestressing strands at 6-in. spacing, and deformed welded-wire reinforcement providing 
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0.22 square inches per foot of panel width. Plant A uses D7.5 welded-wires mesh at a 4-

in. spacing in transverse directions.  The mesh is placed directly on top of the prestressing 

strands, and is tied at a few locations after the strands are fully stressed. 

 

Figure 4.1 Welded wire mesh and strands in place at Plant A 

Specimens M5 and M6 were provided with additional transverse reinforcing bars 

placed 1 in. from each end of the panels. As shown in Figure 4.2, one end of the panel 

has two additional No. 3 bars stacked vertically and separated by No. 5 bars. The other 

end has additional reinforcement because the welded-wire mesh was placed closer to the 

end as shown in Figure 4.3. This additional reinforcement was intended to control the 

width and growth of the cracks collinear to strands.  The purpose of providing two 

different amounts of transverse reinforcement at the ends is to compare the effectiveness 

of different design alternatives. 

 

Figure 4.2 Two additional reinforcing bars at one end at Plant A 
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Figure 4.3 One additional reinforcing bar at one end at Plant A 

4.1.1.2 Concrete Mixture Design 

TxDOT Prestressed Concrete Panel Fabrication Details (Appendix A.1) indicate 

that all concrete for panels is to be Class H, with a specified release strength of 4000 psi 

and a specified minimum 28-day strength of 5000 psi. Plant A produces a mixture with a 

target release strength of 5000 psi and a target minimum 28-day strength of 9000 psi. 

Plant A uses crushed limestone aggregate for the concrete mixture. As summarized in 

Table 4.1, tests performed at Ferguson Laboratory show an average 28-day compressive 

strength of 10,242 psi.  

Table 4.1 28-day compressive strength test results, mixture used at Plant A 

Cylinder ID Age, days 
Peak Load, 

lbf 
Compressive 
Strength, psi 

# 1 28 131,900 10,496 

# 2 28 124,700 9,923 

# 3 28 129,500 10,305 

28-day Average: 10,242 
 

4.1.2 Instrumentation 

4.1.2.1 Data Acquisition 

In Plant A each panel was instrumented using a Campbell Scientific CR5000 

data-logger as shown in Figure 4.4. During the fabrication of the panels, each data-logger 
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was housed inside a waterproof metal enclosure which was then placed inside a wooden 

box painted orange to increase visibility and protect the electronics. After the panels were 

transported to and stored at Ferguson Laboratory, all gauges were disconnected from the 

CR5000, and were connected to single Campbell Scientific CR21 data-logger using 

Campbell Scientific AM416 Relay Multiplexers.  Because each multiplexer could collect 

16 channels, two multiplexers were used to multiplex signals from 32 embedment gages 

in four panels to a single data-logger.  

 

Figure 4.4 Campbell Scientific CR5000 data-logger 

4.1.2.2 Strain Gauges 

Each panel was instrumented with two different types of strain gages at Plant A. 

The embedment gages, shown in Figure 4.5, were PMFL-60-8LT manufactured by the 

Tokyo Sokki Kenkyujo Company. The vibrating wire gages (VWG), shown in Figure 

4.6, are Model 4200 manufactured by Geokon, Inc. Eight embedment gages and two 

vibrating-wire gages were installed in the field at the locations shown in Figure 4.7 and 

Figure 4.8. As shown in the figures, the gage layout is same for all panels. Gages 4 and 6 

are vibrating-wire gages and all others are embedment gages.  
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Figure 4.5 Embedment gages (Tokyo Sokki Kenkyujo Company) 

 

Figure 4.6 Vibrating Wire Gage (Geokon) 

 

Figure 4.7 Strain-gage layout for Panels C6 and C7 
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Figure 4.8 Strain-gage layout for Panels M5 and M6 

Gages 5 and 7 were installed to collect strain data along the length the panels, 

which was used to calculate and monitor prestress loss of the strands. The purpose of 

Gages 1, 2, 3 and 8, 9, 10 is to monitor strain levels at the edge of the panel and help 

evaluate the effectiveness of additional reinforcement. The purpose of Gages 4 and 6 is to 

compare readings from the vibrating-wire gages with readings from the embedment 

gages, and thereby ensure accurate and consistent readings.   

The embedment gages and VWGs were installed beneath the reinforcement as 

shown in Figure 4.9 and Figure 4.10, respectively. The gages were separated by 

Styrofoam® blocks and were zip-tied securely to the reinforcement. As shown in the 

figures, the gages were tied at two locations with adequate space in between in order to 

minimize twisting and to keep the gages parallel to the reinforcing bars. The lead wires 

were gently tied and routed to the data acquisition system. 
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Figure 4.9 Embedment gage installed parallel to a prestressing strand (Foreman 2010) 

 

Figure 4.10 Vibrating-Wire Gage installed parallel to a prestressing strand 

4.1.3 Fabrication 

Installing additional reinforcement and gages on all panels and routing the wires, 

as shown in Figure 4.11 and Figure 4.12, took approximately two hours. 
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Figure 4.11 Installing gages at Plant A 

 

Figure 4.12 Gages installed and wires routed, Plant A 

Once the researchers finished instrumenting the panels, personnel at Plant A 

began casting the concrete. As shown in Figure 4.13, the concrete was placed from a 

“sidewinder” concrete transporter. 
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Figure 4.13 Casting concrete at Plant A 

After shoveling and placing concrete into forms and over the gages, the two-man 

crew ran the vibrating screed as shown in Figure 4.14. It was expected that the gages 

should not have been damaged due to dragging the vibrating screed because they were 

installed beneath the reinforcing bars. 

 

Figure 4.14 Vibrating and screeding concrete at Plant A 

Once all concrete placement work was finished, the concrete panels were ponded 

with water for curing purposes as shown in Figure 4.15. 
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Figure 4.15 Panels being ponded with water at Plant A 

Two days after casting concrete, the researchers returned to Plant A to observe 

strand release. Before the strands were released, the electronics were checked for proper 

functioning. To capture elastic shorting at strand release, the strain recording interval was 

set to 30 seconds. As shown in Figure 4.16, the strands were slowly released by torch-

cutting, alternating from one side to the other of the prestressing bed.  

 

Figure 4.16 End strands being torch-cut at Plant A 

After the strands at the ends of prestressing bed were released, the strands 

connecting adjacent panels were cut with a chop saw as shown in Figure 4.17.  
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Figure 4.17 Interior strands being cut with chop saw at Plant A 

After all strands were released, the panels were lifted out of the prestressing bed 

and stacked three-high as shown in Figure 4.18. The stacked panels were then transported 

to Plant A’s storage area as shown in Figure 4.19. The orange boxes, where the data 

acquisition was housed, were placed on top of the panels and strapped to the stack. 

 

Figure 4.18 Panels being lifted out of prestressing bed and stacked at Plant A 
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Figure 4.19 Stacked panels stored at Plant A 

4.2 TRANSPORTATION AND STORAGE 

Between one and two weeks after casting, the panels were transported to 

Ferguson Laboratory. The researchers returned to Plant A to confirm that the data 

acquisition was working properly, and to observe the loading and transportation of the 

panels. The panels were loaded onto a flatbed truck and were securely strapped using 

steel chains as shown in Figure 4.20. The straps were aligned with wooden dunnage 

placed to reduce bending stresses. After delivery to Ferguson Laboratory, the panels were 

stacked four-high as shown in Figure 4.21. Inspection of the panels showed no cracking 

after transportation and storage.   
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Figure 4.20 Panels strapped to flatbed truck, Plant A 

 

Figure 4.21 Panels from Plant A being stacked at Ferguson Laboratory 

4.3 PANEL MONITORING 

After panels were delivered to Ferguson Laboratory, all instrumented panels were 

disconnected from the CR5000 and were connected to a single Campbell Scientific CR21 

data-logger using multiplexers for long-term monitoring. The CR21 was programmed to 
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record strain readings every thirty minutes. After one year of monitoring the panels, the 

strain reading interval was changed to four hours. Data from the data-logger were 

periodically downloaded and compiled in a master file.   
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CHAPTER 5 

Fabrication and Panel Monitoring at Plant B 

 

5.1 FIELD FABRICATION 

Four panels were instrumented and cast at Plant B on September 21st, 2010. The 

panels were fabricated with a reduced initial prestress of 169.4 ksi, less than the current 

TxDOT requirement of 189.4 ksi. Two of the four panels were provided with additional 

transverse reinforcement at each end, and are referred to here as Specimens M7 and M8. 

The other two panels conformed to current TxDOT requirements, and are referred as 

Specimens C8 and C9.  

5.1.1 Panel Design 

Panel design criteria are presented in Section 4.1.1.  Sections 5.1.1.1 and 5.1.1.2 

discuss the panel reinforcement details and concrete mixture design used by Plant B, as 

well as the additional reinforcement added by researchers for this project.    

5.1.1.1 Reinforcement 

As shown in Figure 5.1, Plant B uses D7.5 welded wire mesh at 4-in. spacing for 

transverse reinforcement and ½ in. diameter prestressing strands at 6-in. spacing for 

longitudinal reinforcement. The mesh is located below the prestressing strands, and is 

tied at a few locations after the strands are fully stressed. 
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Figure 5.1 Welded wire mesh and strands in place at Plant B 

Specimens M7 and M8 were provided with additional transverse reinforcing bars 

placed 1 in. from each end of the panels. As shown in Figure 5.2, one end of the panel 

has two additional No. 3 bars stacked vertically and separated by prestressing strands. 

The other end has additional reinforcement because the welded-wire mesh was placed 

closer to the end as shown in Figure 5.3. 

 

Figure 5.2 Two additional reinforcing bars at one edge at Plant B 

 

Figure 5.3 One additional reinforcing bar at one edge at Plant B 
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5.1.1.2 Concrete Mixture Design 

Plant B uses river-gravel aggregate for the concrete mixture. Tests performed at 

Ferguson Laboratory, summarized in Table 5.1, show an average 28-day compressive 

strength of 8,812 psi. 

Table 5.1 28-day compressive strength test results, mixture used at Plant B 

Cylinder ID Age, days 
Peak Load, 

lbf 
Compressive 
Strength, psi 

# 1 28 111,300 8,857 

# 2 28 106,100 8,443 

# 3 28 114,800 9,135 

28-day Average: 8,812 
 

5.1.2 Instrumentation 

5.1.2.1 Data Acquisition 

The same data-acquisition system was used at Plant B as at Plant A. The data-

acquisition instrumentation is described in Section 4.1.2.1.  

5.1.2.2 Strain Gauges 

The instrumentation of each panel at Plant B was similar to that used at Plant A. 

Each panel was instrumented with two different types of strain gages, whose types and 

purposes are discussed in in detail in Section 4.1.2.2. Eight embedment gages and two 

vibrating-wire gages (VWG) were installed in the field at the locations shown Figure 5.4 

and Figure 5.5. As shown in those figures, the gage layout is same for all panels. Gages 4 

and 6 are vibrating-wire gages, and all others are embedment gages.  
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Figure 5.4 Strain-gage layout for Panels C8 and C9 

 

Figure 5.5 Strain-gage layout for Panels M7 and M8 
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The embedment gages and VWGs were installed beneath the reinforcement as 

shown in Figure 5.6 and Figure 5.7, respectively. The procedure was similar to that used 

in Plant A to secure the gages to the reinforcement and route the lead wires.  

 

Figure 5.6 Embedment gage installed parallel to a transverse rebar 

 

Figure 5.7 Vibrating-Wire Gage installed parallel to a prestressing strand 

5.1.3 Fabrication 

Installing additional reinforcement, gages on all panels and routing the wires, as 

shown in Figure 5.8 and Figure 5.9, took approximately two hours. 
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Figure 5.8 Routing wires at Plant B 

 

Figure 5.9 Gages installed and wires routed at Plant B 

Once the researchers finished instrumenting the panels, personnel at Plant B 

began casting the concrete. The concrete was placed using a “sidewinder” concrete 

transporter (Figure 5.10). 
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Figure 5.10 Casting concrete at Plant B 

After shoveling and placing concrete into forms and over the gages, the forms 

were vibrated and the top surface was finished as shown in Figure 5.11. The vibrating 

screed could not be lifted over the boxes without disconnecting wires. Before field 

instrumentation, all lead wires were plugged into a connection box which could be easily 

connected and disconnected from the data acquisition box. The lead wires were placed in 

plastic bag to protect against water during the vibration and screeding. It was expected 

that the gages should not have been damaged due to the moving vibrating screed as the 

gages were installed beneath the reinforcing bars. 

 

Figure 5.11 Vibrating, screeding and finishing concrete at Plant B 
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Once all concrete placement work was finished, the concrete panels were covered 

with wet blankets for curing purposes as shown in Figure 5.12. 

 

Figure 5.12 Panels being covered with wet blankets at Plant B 

The day after casting concrete, the researchers returned to Plant B to observe 

strand release. Before the strands were released all electronics were checked for proper 

functioning. In order to capture the elastic shorting at strand release, the strain recording 

interval was set to 30 seconds. As shown in Figure 5.13, the strands were slowly released 

by torch-cutting, alternating from one side to the other of the prestressing bed.   

 

Figure 5.13 Stands being torch-released at Plant B 
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After all strands were released, the panels were lifted out of the prestressing bed, 

stacked and stored three high by the prestressing bed as shown in Figure 5.14. The orange 

boxes, where the data acquisition was housed, were placed on top of the panels and were 

strapped to the stack. 

 

Figure 5.14 Panels stacked and stored at Plant B 

5.2 TRANSPORTATION AND STORAGE 

Two weeks after casting, the panels were transported to Ferguson Laboratory. The 

researchers returned to Plant B to confirm that the data acquisition was functioning 

properly, and to observe the loading and transportation of the panels. The panels were 

loaded onto a flatbed truck and were securely strapped using steel chain links as shown in 

Figure 5.15. The straps were aligned with dunnage placed to reduce bending stresses. 

After delivery to Ferguson Laboratory, the instrumented panels were stacked together 

four-high next to the panels cast in Plant A. Inspection of the panels showed no cracking 

after transportation and storage.   
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Figure 5.15 Panels strapped to flatbed truck, Plant B 

5.3 PANEL MONITORING 

After panels were delivered to Ferguson Laboratory, all instrumented panels were 

disconnected from CR5000 and were connected to a single Campbell Scientific CR21 

data-logger using multiplexers for long term monitoring. The CR21 was programmed to 

record strain readings every thirty minutes. After one year of monitoring the panels, the 

strain reading interval was changed to four hours. The data from the data-logger were 

periodically downloaded and compiled in a master file.   
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CHAPTER 6 

Test Results 

In this chapter, observed short-term and long-term prestress losses from “winter” 

and “summer” panels are compared with predicted values. A total of 14 panels were 

monitored. The “winter” panels were fabricated in February, 2009 and 2010, using an 

initial prestress force of 16.1 kips per strand; the “summer” panels were fabricated July, 

2010 and September, 2010, using a lower initial prestress force of 14.4 kips per strand.  

Transverse tensile stresses in panels at release are also reported here. 

6.1 PRESTRESS LOSSES 

6.1.1 Short-Term Prestress Losses (Elastic Shortening) 

6.1.1.1 Estimated elastic losses using 2008 AASHTO Equation 

Prestress losses in precast panels due to elastic shortening are estimated using the 

equation presented in the 2008 AASHTO LRFD Design Manual (AASHTO LRFD, 

2008) for a prestressed member: 

 
 

p

cigg
gmgps

ggmgmgpbtps
pES

E

EIA
AeIA

AMeAeIfA
f




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2

2

 (Equation C5.9.5.2.3a-1) 

When this equation is applied to a PCP panel with the current TxDOT-specified 

initial prestress of 16.1 kips per strand, the specified compressive strength of 4,000 psi, 

the corresponding elastic modulus of 3,740 ksi, and an assumed concrete unit weight of 

147.5 lb/ft3, prestress losses due to elastic shortening are 5.1 ksi. For a PCP panel with a 

lower initial prestress of 14.4 kips per strand, prestress losses due to elastic shortening are 

4.5 ksi.  Predicted and measured values are compared in Table 6.1. 
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6.1.1.2 Measured elastic losses 

Strain readings in panels were recorded at 30-second intervals during strand 

release. These strains were then used to monitor stress levels in the prestressing strands. 

The largest prestress loss occurred in the center of the panel where strains were measured 

by Gage #5 (gage locations as shown in Figure 4.7 and Figure 4.8).  Figure 6.1 and 

Figure 6.2 show the stress changes in panels cast at Plants A and B, respectively. Release 

data for Specimen C6 from Plant A were lost due to malfunction of the data-acquisition 

system.  

 
Figure 6.1 Stresses in prestressing strands in “summer” panels during release, Plant A 
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Figure 6.2 Stresses in prestressing strands in “summer” panels during release, Plant B 

 

As shown in Figure 6.1 and Figure 6.2, the average prestress losses due to elastic 

shortening in Plant A and Plant B panels were 4.4 ksi and 3.6 ksi, respectively. In 

addition to embedment gages, vibrating wire gages (VWG) were installed near Gage #5 

in all panels. According to strains recorded by VWG before and after release of strands, 

the average prestress losses in Plant A and Plant B panels were 4.3 ksi and 3.1 ksi, 

respectively. Measured values of elastic shortening in each panels at two different plants 

and at different seasons are summarized in Table 6.1 along with the predicted values 

calculated using the 2008 AASHTO.  
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Table 6.1 Calculated versus measured prestress losses due to elastic shortening (ksi) 

Winter Panels Summer Panels 

AASHTO 2008   AASHTO 2008   

Eq. (5.9.5.2.3a-1) 5.0  Eq. (5.9.5.2.3a-1) 4.5  

      

Plant A Panels Gage #6  Plant A Panels Gage #5 VWG 

C2 4.0  C7 4.2 4.1 

M1 3.3  M5 4.2 4.7 

M2 3.1  M6 4.7 4.2 

Average 3.5  Average 4.4 4.3

      

Plant B Panels Gages #10 VWG Plant B Panels Gage #5 VWG 

C4 3.0 3.2 C8 3.9 3.1 

C5 3.1 3.1 C9 4.0 3.4 

M3 3.1 3.1 M7 3.3 3.1 

M4 3.4 2.9 M8 3.2 2.8 

Average 3.2 3.1 Average 3.6 3.1 
 

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

6.1.3 Estimated Long-term Losses 

Design of precast prestressed panels is highly standardized by TxDOT, and the 

design is intended to follow AASHTO Bridge Design Specifications (Merrill, 2002). In 

2009 and 2010 (when panels were fabricated), TxDOT designed bridges to meet the 2004 

AASHTO Specifications. The 2004 AASHTO equations predict total prestress loss of 

24.2 ksi for both “winter” and “summer” panels. However, the 2008 AASHTO 

Specification incorporated major changes, including using refined time-dependent 

variables in predicting long-term prestress losses. The ultimate prestress losses calculated 
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at 10,000 days using the 2008 AASHTO equations result in predicted long-term losses of 

34.0 ksi and 31.2 ksi for “winter” and “summer” panels, respectively. Predicted losses for 

individual panels at their respective ages during analysis are presented in Table 6.2 and 

Table 6.3. Calculations based on 2004 and 2008 AASHTO equations are provided in the 

Appendix. 

6.1.4 Observed Long-term Losses 

After strand release, the strain-recording interval was set to 30 minutes in each 

panel. About five months after casting, strand stresses began to stabilize. About one year 

after casting, the strain-recording interval was set to four hours. Six “winter” panels and 

eight “summer” panels have been continuously monitored since casting to provide 

accurate value of prestress losses in PCPs. 

Plant A uses crushed limestone coarse aggregates and Plant B uses river gravel 

coarse aggregates. To better understand the effects of daily temperature variations on 

concrete long-term properties, the coefficient of thermal expansion (CTE) was assumed 

to be constant, with values of 6 x 10-6 /°C for river-gravel aggregates and 7.5 x 10-6 /°C 

for limestone aggregates (Foreman, 2010; Emanuel et al., 1987).  

Because the highest prestress losses were expected to occur in the center of the 

panels, each panel had an embedment gage parallel to a middle strand at the panel center. 

Except for the “winter” panels cast at Plant A, all panels had additional VWG near the 

center of the panel as an independent check on the embedment gages.  

6.1.4.1 Long-term Losses in “Winter” Panels 

Figure 6.3, Figure 6.4, Figure 6.5, Figure 6.6, Figure 6.7, and Figure 6.8 show 

long-term strand stresses in current and modified “winter” panels fabricated at Plants A 

and B. Stresses in panels from Plant A and Plant B are calculated from strain readings 

obtained from Gage #6 and Gage #10 (center gages), respectively. The layout of gages in 

“winter” panels is given in Foreman (2010).  
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The strands in “winter” panels were initially stressed to 189.4 ksi, corresponding 

to the TxDOT-specified initial prestress of 16.1 kips per strand. 

 
Figure 6.3 Long-term stresses in “winter” Panel C2 cast at Plant A 

 
Figure 6.4 Long-term stresses in “winter” Panel M2 cast at Plant A 
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Figure 6.5 Long-term stresses in “winter” Panel C4 cast at Plant B 

 

 
Figure 6.6 Long-term stresses in “winter” Panel C5 cast at Plant B 
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Figure 6.7 Long-term stresses in “winter” Panel M3 cast at Plant B 

 
Figure 6.8 Long-term stresses in “winter” Panel M4 cast at Plant B 
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effective prestress levels predicted using 2004 AASHTO equations, 2008 AASHTO 

equations, and current TxDOT practice.  

 
Figure 6.9 Long-term stresses in “winter” panels (embedment gages) 
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Assuming the prestress losses have stabilized in Plant B panels, it can be 

concluded from Figure 6.9 and Table 6.2 that the average long-term losses are 50% 

higher for the limestone aggregate panels than the river-gravel aggregate panels. 

Table 6.2 Summary of long-term prestress losses and predictions for “winter” panels 

Plant A Panels Age (days) 
Embedment 
gage (ksi) VWG (ksi) 

AASHTO 
2008 (ksi) 

C2 1118 24.4 - 33.0 

M2 1118 24.4 - 33.0 

Average  24.4  33.0 

     

Plant B Panels     

C4 753 12.1 10.9 32.6 

C5 753 11.7 12.5 32.6 

M3 753 13.1 11.6 32.6 

M4 753 12.9 11.4 32.6 

Average  12.4 11.6 32.6 

     

 AASHTO 2004 AASHTO 2008   

At 10,000 days 24.2 34.0   

6.1.4.2 Long-term Losses in “Summer” Panels 

Figure 6.10, Figure 6.11, Figure 6.12, and Figure 6.13 show long-term strands 

stresses in current and modified “summer” panels fabricated at Plant A. Figure 6.14, 

Figure 6.15, Figure 6.16, and Figure 6.17 show long-term strand stresses in current and 

modified “summer” panels fabricated at Plant B. Stresses in these panels were calculated 

from strain readings obtained from center Gage #5 (gage locations as shown in Figure 4.7 

and Figure 4.8). The strands in “summer” panels were initially stressed to 169.4 ksi, 

corresponding to a lower initial prestress of 14.4 kips per strand.  
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Figure 6.10 Long-term stresses in “summer” Panel C6 cast at Plant A 

 
Figure 6.11 Long-term stresses in “summer” Panel C7 cast at Plant A 
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Figure 6.12 Long-term stresses in “summer” Panel M5 cast at Plant A 

 
Figure 6.13 Long-term stresses in “summer” Panel M6 cast at Plant A 
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Figure 6.14 Long-term stresses in “summer” Panel C8 cast at Plant B 

 
Figure 6.15 Long-term stresses in “summer” Panel C9 cast at Plant B 
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Figure 6.16 Long-term stresses in “summer” Panel M7 cast at Plant B 

 
Figure 6.17 Long-term stresses in “summer” Panel M8 cast at Plant B 
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prestress levels predicted using 2004 AASHTO equations, 2008 AASHTO equations, and 

current TxDOT practice.  

 
Figure 6.18 Long-term stresses in “summer” panels (embedment gages) 
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AASHTO method is used at the date when the data are analyzed, the total prestress losses 

are 29.4 ksi and 29.3 ksi for Plant A and Plant B panels, respectively. Also, 2004 and 
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higher for the limestone aggregate panels than the river-gravel aggregate panels when all 

the panels are fabricated with the lower initial prestress. 

Table 6.3 Summary of long-term prestress losses and predictions for “summer” panels 

Plant A Panels Age (days) 
Embedment 
gage (ksi) VWG (ksi) 

AASHTO 
2008 (ksi) 

C6 580 14.2 15.6 29.4 

C7 580 15.6 15.8 29.4 

M5 580 13.8 14.8 29.4 

M6 580 13.9 15.9 29.4 

Average  13.8 15.3 29.4 

     

Plant B Panels     

C8 520 11.4 11.3 29.3 

C9 520 10.4 11.8 29.3 

M7 520 11.2 12.0 29.3 

M8 520 11.3 11.2 29.3 

Average  11.1 11.6 29.3 

     

 AASHTO 2004 AASHTO 2008   

At 10,000 days 24.2 31.2   
 

6.1.4.3 Summary of “Winter” and “Summer” Panels 

Based on long-term monitoring of precast prestressed concrete panels fabricated 

at two different Texas precast plants and at two different seasons, the following 

observations and summaries are made: 

1)  Prestress losses in panels stabilized about five months after casting; 

2) Prestress losses are lower for panels fabricated with river-gravel coarse 

aggregates than limestone coarse aggregates;  
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3) On average, prestress losses are 10% and 8% of the initial prestress for 

“winter” and “summer” panels, respectively; 

4)  The highest observed prestress loss was 24.4 ksi; 

5) The 2004 AASHTO method predicts the actual prestress losses more closely 

than 2008 AASHTO method and current TxDOT practice; 

6) TxDOT approach of assuming a 45-ksi lump sum in prestress losses is quite 

conservative (high);  

7) On average, readings obtained from embedment gages and VWGs show good 

agreement.  

6.2 TRANSVERSE TENSILE STRESSES DURING RELEASE 

The tensile strength of concrete is highly variable, and several methods are 

available for predicting it. Three most commonly used methods are 4 cf '  (Direct 

Tension), 6 cf '  (Split Cylinder), and 7.5 cf '  (Modulus of Rupture) (Tuchscherer, 

2009). Using an average of compressive strengths reported by Plants A and B of 6,500 

psi at release, the tensile strength of concrete would be 322 psi, 484 psi and 605 psi 

according to three methods, respectively.  

Table 6.4 summarizes the recorded maximum tensile strains and calculated tensile 

stresses at panel edges during release for the panels cast with a lower initial prestress. The 

modulus of elasticity was calculated based on the average compressive strength at 

release. As shown in the table, the maximum calculated tensile stress is 221 psi in Panel 

C8, which is smaller than the tensile strength predicted by any of the above methods. 

This is confirmed by the visual observation of no cracks in the field. For comparison 

purposes, Table 6.5 summarizes the recorded maximum tensile strains and calculated 

tensile stresses at panel edges during release for the panels cast with a higher initial 

prestress. As shown in the table, the maximum stress is still smaller than the tensile 

strength predicted by any of the above methods even with a higher initial prestress. 
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 Table 6.4 Summary of maximum observed tensile strains and  

calculated tensile stresses at panel edges during release (with lower initial prestress) 

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

A C7 0.000033 151 

A M5 0.000028 128 

A M6 0.000012 55 

Average   111 

B C8 0.000048 221 

B C9 0.000038 175 

B M7 0.000030 137 

B M8 0.000036 164 

Average   175 
 

Table 6.5 Summary of maximum observed tensile strains and  

calculated tensile stresses at panel edges during release (with higher initial prestress) 

(Foreman 2010) 

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

A C2 0.00004 184 

A M1 0.000023 106 

A M2 0.000028 129 

Average   140 

B C4 0.00005 230 

B C5 0.000036 165 

B M3 0.000019 87 

B M4 0.00003 138 

Average   207 
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CHAPTER 7 

Summary, Conclusions, and Recommendations 

7.1 SUMMARY OF THESIS 

Precast, prestressed concrete panels (PCPs) are widely used by the Texas 

Department of Transportation (TxDOT) as stay-in-place forms in bridge deck 

construction.  Those panels are required to be designed assuming a 45-ksi lump-sum 

prestress loss. Some panels have experienced problems with collinear cracks (cracks 

along the lengths of the strands).  One reason for these collinear cracks is believed to be 

the required level of initial prestress, which might be reduced if experimentally observed 

prestress losses were shown to be less than the assumed value.  For this purpose, 20 

precast, prestressed panels were cast at two different plants. Half of those 20 panels were 

fabricated with the current TxDOT-required prestress of 16.1 kips per strand, and the 

other half were fabricated with a lower prestress of 14.4 kips per strand based on initially 

observed prestress losses of 25 ksi or less (Foreman, 2010).  Thirteen of those panels 

were instrumented with strain gages and monitored over their life time. Observed losses 

stabilized after five months, and are found to be about 24.4 ksi. Even with the reduced 

initial prestress, the remaining prestress in all panels exceeds the value now assumed by 

TxDOT for design.  

7.2 CONCLUSIONS 

The following conclusions were derived from the research project: 

1) Formation of longitudinal cracks along the strands can be attributed to many 

factors. One factor is the applied initial prestress force. When the strands are 

released, large forces are transferred to the panels. Due to these forces the strands 

tend to increase in diameter due to the Hoyer effect and, thereby, produce 

circumferential tensile stresses in the concrete. When the tensile stresses exceed the 
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tensile strength of concrete, cracks form radially around the strands and propagate 

longitudinally collinear to the strands.   

2) Other factors contributing to collinear cracks include improper handling and 

transportation, and storage (Foreman, 2010). Undesired levels of stresses could 

develop if panels, once released, are improperly handled and transported for storage.  

Panels must be secured carefully to the truck bed to avoid the creation of bending 

stresses. Adequate support and enough storage area must be provided for the deck 

panels to avoid damage to the panels both at the plant and job site.  

3) Long-term monitoring of thirteen panels show that the average long-term 

prestress losses are about 10% and 8% of initial prestress for PCPs cast in winter and 

summer, respectively.  

4)  Prestress losses are consistently lower for panels fabricated with river-gravel 

aggregates than for panels fabricated with limestone aggregates.  

5) The TxDOT assumption of 45-ksi lump-sum prestress losses is very conservative 

for the design PCPs.  

7.3 RECOMMENDATIONS  

1) Long-term monitoring of PCP’s cast in winter and summer with current and 

reduced applied initial prestress force suggests that currently assumed lump-sum 

prestress loss of 45 ksi can be reduced to 25 ksi.  

2) A reduction of initial prestress force from 16.1 kips per strand to 14.4 kips per 

strand is consistent with estimated prestress loss of 25 ksi.  With reduced initial 

prestress force, cracks would form less often.  

3) Although measured strains did not indicate cracking nor were any cracks found in 

the panels studied, the use of additional transverse reinforcing bars at the edges of 

panels could help control the width and growth of collinear cracks. These bars can 

be placed 1 in. from each end of the panels, perpendicular to the strands.  
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APPENDIX 

A.1 TXDOT CAD STANDARDS 

TxDOT CAD standards on precast, prestressed concrete panel fabrication 

placement details are presented in this section. 
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A.2 GAGES 

A.2.1 PMFL-60 

Information about specifications of gage PMFL-60 from Tokyo Sokki Kenkyujyo 

Co., Ltd. is presented in this section.  
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A.2.2 Geokon Model 4200 

Information about specifications, theory of operation, thermistor temperature 

derivation, and high-temperature thermistor linearization of vibrating wire gage Model 

4200 from Geokon is presented in this section.  
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A.3 AASHTO PRESTRESS LOSS PREDICTIONS FOR CURRENT INITIAL PRESTRESS 

Prestress loss predictions based on AASHTO provisions for the panels fabricated 

with current initial prestress (16.1 kips/strand). 

A3.1 2004 AASHTO  

h  [in] 4 L span   [ft] 6

y t  [in] 2 Lbeam   [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] 189.41 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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Δf pT   [ksi] 24.2

Δf pES   [ksi] 5.1

Δf pSR   [ksi] 6.5

Δf pCR   [ksi] 8.0

Δf pR2   [ksi] 4.5

Δf pES   [ksi] 5.1

f cgp   [ksi] 0.7

Δf pSR   [ksi] 6.5

H  [%] 70

Δf pCR   [ksi] 8.0

f cgp   [ksi] 0.7

Δf cdp   [ksi] 0.0

Δf pR2   [ksi] 4.5

Relaxation

Total Loss

Elastic Shortening

Shrinkage

Creep
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A3.2 2008 AASHTO 

h  [in] 4 t i   [days] 1

y t  [in] 2 t f   [days] 100000

y b  [in] 2

A g   [in
2
] 384 Span Properties

I g   [in
4
] 512 L span   [ft] 8

p s   [in] 200 Lbeam   [ft] 8

w sw   [klf] 400 Mg, span  [kin] 38400.0

e cl   [in] 0.00 Mg, beam  [kin] 38400

e end   [in] 0.00

A ps [in
2
] 1.36 Material Properties

y s [in] 2.06 n 7.6

A s [in
2
] 0.62 n LT 6.8

Concrete

Strand Stresses f' ci  [ksi] 4

f pj   [ksi] 189.4 Eci  [ksi] 3739

P j   [kips] 257.6 f' c  [ksi] 5

f po   [ksi] 184.4 E c  [ksi] 4180

P o   [kips] 250.8 wc [kcf] 0.1475

K1 1.0

Strand

f pu  [ksi] 270

f py  [ksi] 243

Ep  [ksi] 28500

Concrete AgeGross Section Properties

 

Total Loss

Δf pT   [ksi] 34.0

Δf pES   [ksi] 5.0

Δf pSR   [ksi] 15.8

Δf pCR   [ksi] 10.7

Δf pR   [ksi] 2.6  
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Elastic Shortening

Δf pES   [ksi] 5.0

f pbt   [ksi] 189.4

Shrinkage

Δf pSR   [ksi] 15.8

ε bid  [in/in] 0.0006

k s 1.21

k hs 1.02

k f 1.00

k td 1.00

V/S 1.8

H  [%] 70

K id 0.9

Ψb(tf,ti) 2.3

k hc 1.00

Creep

Δf pCR   [ksi] 10.7

f cgp   [ksi] 0.7

Δf pR1   [ksi] 1.3

f pt   [ksi] 184

K L 30

Δf pR2   [ksi] 1.3

Relaxation
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A.4 AASHTO PRESTRESS LOSS PREDICTIONS FOR LOWER INITIAL PRESTRESS 

Prestress loss predictions based on AASHTO provisions for the panels fabricated 

with proposed lower initial prestress (14.4 kips/strand). 

A4.1 2004 AASHTO  

h  [in] 4 L span   [ft] 6

y t  [in] 2 Lbeam   [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] 169.41 Strand

P j   [kips] 230.4 f pu  [ksi] 270

f po   [ksi] 164.3 f py  [ksi] 243

P o   [kips] 223.5 Ep  [ksi] 28500

Concrete Age

t i   [days] 1

t f   [days] 100000

Gross Section Properties Span Properties
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Δf pT   [ksi] 24.2

Δf pES   [ksi] 5.1

Δf pSR   [ksi] 6.5

Δf pCR   [ksi] 8.0

Δf pR2   [ksi] 4.5

Δf pES   [ksi] 5.1

f cgp   [ksi] 0.7

Δf pSR   [ksi] 6.5

H  [%] 70

Δf pCR   [ksi] 8.0

f cgp   [ksi] 0.7

Δf cdp   [ksi] 0.0

Δf pR2   [ksi] 4.5

Relaxation

Total Loss

Elastic Shortening

Shrinkage

Creep
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A4.2 2008 AASHTO 

h  [in] 4 t i   [days] 1

y t  [in] 2 t f   [days] 100000

y b  [in] 2

A g   [in
2
] 384 Span Properties

I g   [in
4
] 512 L span   [ft] 8

p s   [in] 200 Lbeam   [ft] 8

w sw   [klf] 400 Mg, span  [kin] 38400.0

e cl   [in] 0.00 Mg, beam  [kin] 38400

e end   [in] 0.00

A ps [in
2
] 1.36 Material Properties

y s [in] 2.06 n 7.6

A s [in
2
] 0.62 n LT 6.8

Concrete

Strand Stresses f' ci  [ksi] 4

f pj   [ksi] 169.4 Eci  [ksi] 3739

P j   [kips] 230.4 f' c  [ksi] 5

f po   [ksi] 165.0 E c  [ksi] 4180

P o   [kips] 224.3 wc [kcf] 0.1475

K1 1.0

Strand

f pu  [ksi] 270

f py  [ksi] 243

Ep  [ksi] 28500

Concrete AgeGross Section Properties

 

Total Loss

Δf pT   [ksi] 31.2

Δf pES   [ksi] 4.5

Δf pSR   [ksi] 15.8

Δf pCR   [ksi] 9.6

Δf pR   [ksi] 1.4  
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Elastic Shortening

Δf pES   [ksi] 4.5

f pbt   [ksi] 169.4

Shrinkage

Δf pSR   [ksi] 15.8

ε bid  [in/in] 0.0006

k s 1.21

k hs 1.02

k f 1.00

k td 1.00

V/S 1.8

H  [%] 70

K id 0.9

Ψb(tf,ti) 2.3

k hc 1.00

Creep

Δf pCR   [ksi] 9.6

f cgp   [ksi] 0.6

Δf pR1   [ksi] 0.7

f pt   [ksi] 165

K L 30

Δf pR2   [ksi] 0.7

Relaxation
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