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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 Kkips 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 (TXxDOT) 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.



Overhang,

CIP Slab

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.



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 (Benitez 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 (TXxDOT, 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.



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/m°), the transfer length remained constant
and there was negligible influence of wic 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.



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.
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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.



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 Obijectives 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.

10



2)

3)

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.

Each panel has been continuously monitored for prestress losses by
analyzing the strain data acquired through an automated data acquisition
system.

11



CHAPTER 4

Fabrication and Panel Monitoring at Plant A

4.1 FIELD FABRICATION

Four panels were instrumented and cast at Plant A on July 20", 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 f;' of 4000 psi
and a minimum specified 28-day strength f.' 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 %2-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, ¥2-in. diameter

prestressing strands at 6-in. spacing, and deformed welded-wire reinforcement providing

12



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.

e

AR \)

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.

Additional ;
reinforcement

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 | P Load | Compressive
#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
14



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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Model 4200

Figure 4.6 Vibrating Wire Gage (Geokon)
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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 4.10 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 4.12 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.
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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

22



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 4.21 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 21%, 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 Y2 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.

Additional
reinforcement

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

. Peak Load, | Compressive
Cylinder ID Age, days Ibf 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
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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 5.9 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:

A f. |l +e A J-e M_A

Af g =—2 pbt( g _m Q)A"I‘ Eg g (Equation C5.9.5.2.3a-1)
2 ci
(R

p

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 Ib/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.
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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
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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
Eg. (5.9.5.2.3a-1) 5.0 Eg. (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 /°C for river-gravel aggregates and 7.5 x 10° /°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.
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Figure 6.3 Long-term stresses in “winter” Panel C2 cast at Plant A
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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
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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
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Figure 6.8 Long-term stresses in “winter” Panel M4 cast at Plant B

Long-term results from “winter” panels show that the highest prestress losses
(24.4 ksi in Panels C2 and M2) occurred in panels cast at Plant A, at an age of about 37
months. These losses are 5% higher than those observed by Foreman (2010) at an age of
about 13 months. The average of observed prestress losses in Plant B panels was 12.4
ksi. Figure 6.9 shows long-term strand stresses in all “winter” panels, along with the
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effective prestress levels predicted using 2004 AASHTO equations, 2008 AASHTO
equations, and current TxDOT practice.
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Figure 6.9 Long-term stresses in “winter” panels (embedment gages)

Table 6.2 presents the numeric values of prestress losses in “winter” panels
directly estimated from Figure 6.9, VWGs and using the code equations. The prestress-
loss equations of 2008 AASHTO allow estimating losses at a given age. When these
equations are applied at the date when the data are analyzed, the total prestress losses are
33.0 ksi and 32.6 ksi for Plant A and Plant B panels, respectively. Also, 2004 and 2008
AASHTO predicted ultimate prestress losses at 10,000 days are presented in Table 6.2.
As shown in the table, the 2008 AASHTO method predicted greater prestress losses, 28%
and 64% for Plant A and Plant B panels, respectively. The 2004 AASHTO method

predicted the losses most accurately.
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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

Embedment AASHTO
Plant A Panels Age (days) gage (ksi) VWG (ksi) | 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
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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
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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
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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
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Figure 6.17 Long-term stresses in “summer” Panel M8 cast at Plant B

Long-term results from “summer” panels show that the highest prestress losses
(15.6 ksi in Panel C7) occurred in panels fabricated at Plant A, at an age of more than 17
months. The average of observed prestress losses in Plant B panels was 11.1 ksi. Figure

6.18 shows long-term strand stresses in all “summer” panels along with the effective
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prestress levels predicted using 2004 AASHTO equations, 2008 AASHTO equations, and
current TXDOT practice.
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165

160 | {
l 4,|H|
” # 1 | “L v J }

155 | ” ‘m u ,r\wl] !
- A i
2 150
2 \ Plant A (limestone)
5 145
@ AASHTO 2004

140

AASHTO 2008

135 |

130 |

125

= TXDOT
0 ‘ ‘ ‘ . ‘ . . ‘ . ‘ ‘
0 60 120 180 240 300 360 420 480 540 600 660 720

Age (days)

Figure 6.18 Long-term stresses in “summer” panels (embedment gages)

Table 6.3 presents the numeric values of prestress losses in “summer” panels
directly estimated from Figure 6.18, VWGs and using the code equations. When 2008
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
2008 AASHTO predicted ultimate prestress losses at 10,000 days are shown in Table 6.3.
As shown in the table, 2008 AASHTO method gave the prestress losses that exceeded
measured values by more than 50% on average for Plant A and Plant B panels. The 2004
AASHTO method also gave losses about 50% greater than measured.

If the prestress losses have stabilized in Plant A and Plant B panels, it can be

concluded from Figure 6.18 and Table 6.3 that the average long-term losses are 20%
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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

Embedment AASHTO
Plant A Panels Age (days) gage (ksi) VWG (ksi) | 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./f'. (Direct

Tension), 6,/ f'. (Split Cylinder), and 7.5,/f'., (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.

52



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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7.3

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.

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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A2 GAGES

A2.1 PMFL-60
Information about specifications of gage PMFL-60 from Tokyo Sokki Kenkyujyo
Co., Ltd. is presented in this section.
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TML STRAIN GAUGE TEST DATA

GAUGE TYPE . PWFL-60 TESTTED OM . 55400

COEFFICIENT OF
LOT NO. : P515615 THERMAL EXPANSION: 11.8 108
GAUGE FACTOR : 2.11 +1% DATA NO. Tovoon

THERMAL OUTPUT (s app : APPARENT STRAIND
gapp = 2.35%107+9.16%107 X T —=5. 11210 2% P2+ 2.36 %107 % T Cum/m)
TOLERANCE : 1.8 [{um/m)/Cl, T : TEMPERATURE

" CINSTRUMENT G.F.3ET.2.00) — APPARENT STRAIN

100

APPARENT STRAIN (im/m)
=

] 10 20 30 40 50 60
TEWMPERATURE (°C)

————

o
i Sy
B
.

GAUGE TYFE a | b c
PMFL-50 60 [ 80 | 27
PHFL-60 TO [ B0 | 32 | (Unitmm)

RED
GREEN

n@@

Rl APW

63



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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APPENDIX A - SPECIFICATIONS

At Strain Gage

Muodel: | 420004200 42402 4204 4210 4212 4214
HT
Range (nominal): 3000 ps
Resolution: 1.0 pe! 0.4 pe! 1.0 pe! 0.4 ps!' 0.4 pe! 0.4 pe'
Calibration Accuracy 0, 1%FSR
Typical Batch Factor 098 0.91 0.95
Ratch Factor Accuracy 0.5%FSR
Sytem Accuracy: 2.0% FSR*
Stability: 0.1%F Sfyr
Linearity: 20% FSR
Thermal CocfTicient: 122 peC
Frequency Range He: | 450-1200 | 1400-3500 R00- 1600 [400-3500 | 1400-3500 | 1400-3300
Dimensions { gage); | 6135 «0.750" | 2.250 = (625" 4125 = 07507 10,250 « 3 12750 = 2° 14.250 = 27
(Length x Diameter) | 155 19mm | 57« 16mm 105 = 19 mm 260 mm | Ml x50mm | 2 50mm
Dimensions (eoil); | 0875 = 0ETS A
22w X2 mm
Coil Resistance: 180 £ S50 L 500 180 £2 180 2 13062
Tempernture Range: =20 to +80° C
Table A-1 in Gage S
Motes:

! Depends on the readout; figures in Table A-1 pertain to the GK-401 Readout.
* System Accuracy takes into account hysteresis, non-linearity, misalignment, batch factor
variations, and other aspects of the actual measurement program. System Accuracy 1o 1.0%
FS may be achieved through individual calibration of each strain gage.
1 The Model 4200HT high temperature strain gage has a Thermal Coefficient of 17.3 pe/*C

A.2 Thermistor (see Appendix C alsa)

Range: -80 1o +150° C

Accuracy: +0.3°C
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APPENDIX B - THEORY OF OPERATION

A vibrating wire attached to the surface of a deforming body will deform in a like manner.
The deformations alter the tension of the wire and hence also it's natural frequency of
vibration (resonance). The relationship between frequency (period) and deformation (strain)
is deseribed as follows:

Model: | 4200/4200HT 4202 4204
Ciage Length {LE}: 6.000 inches 2 inches 4.000 inches
Wire Length (Ly): | 5.873 inches 2 inches 3.875 inches
Ciage Factor: i34 .391 1.422

Table B-1 - Embedment Strain Gage Theoretical Parameters

Nate: The examples below are calculated using the Model 4200 gage parameters. Substitute
the values from Table B-1 for the Models 4202/4204 strain gages. These equations do not
apply to the Models-4202X/4210/4212/4214 strain gages.

|, The fundamental frequency (resonant frequency) of vibration of a wire is related to its

tension, length and mass by the equation: =
Where;
L., is the length of the wire in inches.

F is the wire tension in pounds.
m is the mass of the wire per unit length (pounds, sec.%mn.%).

2L mi

2, Mote that: ms l“—'q
Where;

W is the weight of L, inches of wire (pounds).

g is the acceleration of gravity (386 in./sec.?).

3. and: We=pal
Where;

p is the wire material density (0.283 1b.fin.%).

g is the cross sectional area of the wire (in.2).

4, Combining equations 1, 2 and 3 gives: T L
2L, {pa
5. Note that the tension (F) can be expressed in terms of strain, e.g.:
F=¢_Ea
Where;
£, is the wire strain (in.fin.).
E is the Young's Modulus of the wire (30 x 10° Psi).

6. Combining equations 4 and 5 gives:
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| Je.Ey

[

MV p

7. Substituting the given values for E, g and p vields:

o101 142 -J"E_,
L
E. Onchannel 'A’, which displays the period of vibration, T, multiplied by a factor of 10F:
10"
...

r

9. Combining equations 7 and B gives:
_97.78L,°

T:"
10, Equation 9 must now be expressed in terms of the strain in the surface of the body to

which the gage is attached. Since the deformation of the body must equal the deformation of
the wire:

oL =g,

o ]

Where;
£ is the strain in the body,
Lg is the gage length (in inches).

11. Combining equations 9 and 10 gives:

9775 L. °
B ———
= g
Where: (for the VCE-4200 Strain Gage)
L, is 5.875 inches.
Lg is 6.000 inches.
|2. Therefore: u=33m=em“|1%|

(Note that T is in seconds x 10° and & is in inches per inch)
13. The display on position "D" of the GK-401/403 Readout is based on the equation:
z=ﬂ¢un|u"[LJ1
-

Naote that in this formula & is in micro inches per inch and T is in seconds x 10°
Alternatively £=13.304 x 107 £ microstrain.  Where fis the frequency in Hz
The squaring, inverting and multiplication by the factor, 3.304x 10F, is all done internally by

the microprocessor 5o that the displayed reading on Channel D is given in ferms of
microinches per inch (£).
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APPENDIX C - R TEMPERA TLO™
Thermistor Type: YSI 44005, Dale #1C3001-B3, Alpha #13A3001-H3

Resistance to Temperature Equation:

e

T= i
A+ B Lokt )+ O LoR )

Eguation C-1 Convert Thermistor Resistance o Temperature

Where: T = Temperature in “C.
LnR = Matural Log of Thermistor Resistance
A = 1.4051 x 10°% {cocfTicients calculated over the =30 to +150° C. span)

B=2369« 104
C=1.019 x 107
| O ‘Temp Chims Temp Chms Teinips Cihms Te=p Cihume Teinp
200 1K 50 D el o 1] 17 «30 G254 +T0 1533 L
1ETIK <44 15728 & 7 3 HT4a 7l 1480 18]
174 5K <48 4.9k o | FHL i 4905 72 1450 12
162 7K -7 14.12K -f 330 1 4T i 1411 13
151.7K i 13 35K A M k2| 4584 b 1372 14
141 6K 45 12108 -5 (EL B 4440 75 1336 15
132K R 12 05K =] 1BEG 3h 4385 M 1304 116
123.5K =i} 11446 -3 IRDE kT 4154 " 1265 1T
154K &7 1 RSk 2 1733 IR 402.3 T4 133.2 11E
107 9K 41 103K =1 Lisid kL] 3853 ™ 14 19
101 0K -5 ] a 1598 40 L mn 1168 120
W 4RE =34 LRI +| 1535 a1 B ki 1134 121
EE 4Bk AR BESL 3 175 43 3514 2 (N[EE:] 122
EXATE -37 B417 3 148 43 w2132 4] 7% 125
77 66K <36 L] 4 1363 44 3315 Ed s 124
T2EIK =13 e 5 1310 45 kv B ] BS 1025 135
8 WK -3 352 fi (I A& 313 B a9 12
fid (K -13 B015 7 1252 47 T BT 73 11
61ITE 31 63Th L} 1167 45 29724 HE a4 [ |
51K =3 EIRS & 1123 A PR B g14% 1%
A3 10K -3 G710 [ 10EL 50 el L Wl a0.2 13
430K - L 1t 114G 51 1666 4] e 134
46 MK P | 427 12 [RLin 2 584 4 57 132
415K <1 L1k 13 mE0 53 1509 L] LR 133
41 56K B 4914 i4 20 & ] pLER 4 ELG (2!
EEREL 25 4TI 15 44 K 55 a3 5 T | 3%
15 BAK -M 4 5000 14 #6551 5h pr K G 6 154
MK el | 4297 7 3212 a7 1116 L) 754 |57
17 14K ) 4108 1K M2 i s L] kL Ti% | 36
NHTE =21 ki 1a TIAT 50 e k2 TiX 139
AR =M 748 3 Tan % il 2kd = 1] T |40
ITATE 14 53kl k| Tiea Bl a7 & 14l 1R 1di
25 95K ~1H 3G 12 .7 21 1923 {Lind A7l 142
M SIK 17 k. Fia Pk | G4 i1 |RG & 163 h5 % ek}
23 1 -1t 3138 L 871 & 161 5 14 il i 144
215058 -k5 3IHHI iz 247 &5 104 115 625 [EE
20 T0K -14 3T i3 6011 o 171 .4 1# al.1 148
19.58K -13 k] ol SR1 6 &7 1667 1 306 147
18 52K =12 a3 I Sa2 4 6k 1620 i 543 148
17 53K -11 k] N 4417 i) 1306 [ i6H 145
55,0 150

Table C-1 Thermistor Resistance yersus Temperaturs
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IX I} - HIGH-TEMPERAT ERMISTOR LINEARI 1ON
High Temperature Thermistor Linearization using SteinHart-Hart Log Equation

Thermistor Type: Thermometrics BRSFKABZE

1
Fasi ion: = -273.
ic Equation A+ BULnR) + C(LaRY 2732
Where: I'= Temperature in *C

{.ak = Natural Log of Thermistor Resistancs
A= 102568 « 103

B =2 478265 = 107

= 1, 285498 x 107

MWate: CocfTicients caloulated over -30° to +260° C, span,

Tempernture Caleulation and Evror Talle

Temp| R TaR L.E’_E:-kuq M EE |T¢up R LnR | Lol [Cabeulnied| D07
Errar |

|| (shms) | Temp | {ohme) Temp | |
-3 113890 11643 | 1578. 342 =307 0y 05 131 407 42 &0 | ZII0E 1 200 [iT1] DM

225 | manEx | a0 | n4s7eRT| 2504 04 | 0as 124 0E | 5338 | AMER | 12500 | 000 | GO
- AAROS | D00 | 13s8 4R | -20002 m1z | 04 1% | 3anzn | s7ee | 19199E | 13000 | Q00 | Q@
15 | snaR42 | 10855 | 1270425 -1500 k140 [HEL K] 13% | X405 | S552 | 1EDSE4 | 13500 100 anm
=1 G3E0 | 1058 | 1184457 [ 1008 ] nn3 140 pat 5530 | 165850 | 14000 < LT
-3 308074 | 10336 [ 1068 | LS54T nnT o2 145 A S48 | 159773 | 14502 | -002 | -0O0
i TA2RE4 | 10o8E | 0ZRGld ) -005 oo 2 150 | 2397 | 5317 |1soda | ps00% | 003 | <000
5 193045 | 96 | 66079 4948 oo | ool 155 | 1Ex11 | 52100 | 141428 | 15504 | 004 | -RO0
I | 154242 | 9444 | 396ETI 94K ana anl L&d 1549 S8 | 133068 | 1s006 | 006 | -2
12425 | 9427 | a3re43 1408 a2 | ool 165 | 12E33 | do0x | 125300 1as0d | 008 | D3
foisl & | 9218 | THIETS 19 pile]l {60 v | st | de03 | pivET | 1008 | 00 | <00
f i) G012 | 7TALERI | 2500 Qi | 00 178 122.1 4805 | vo&FT | 17sod | <008 | 003
£T2154 | 4RI} | &34.514 | 300) -0 | dam a0 | nEs | 409 | 4426 | 1R00T | 007 | 002
35 554074 | 3620 | GADATE kmm -0 LIELi] 185 |14 | 4615 | #2610 185,00 | =000 | 00
E L] 4557 24352 | 59519 | 4002 02 | -0 oo | sooes | 4523 | sasiz | 1900e | -0 | SO0
45 kL] 240 | 55].392 45.02 402 | am 194 | ®4.214 | 4433 | ELIES |gsas | <08 | 002
5 320252 | E072 | SEEWIG S0 01F] 0 20 TIORE | 4345 | ELO2& 2005 05 | 002
55 26837 TAW | 452700 5503 002 | <00l 205 TO7IT | 425% | TR.23T A2 02 | <00l
60 | 2233 | TTAD | 461946 | SO0Q E il T 16 | sdo8s | 4074 | TR | RiGOD | 000 | 000
65 | 1ea1ar | TSes | 43p157 | asd g | ol 25 | sege | e | 6E4R4 | 21497 | 003 | 00
a0 | i6d6ss | T4me | s0s285 | P002 Qo2 | 000 2320 | ssel | 4000 | 64494 | 21963 [ RO7 | D02
75 |4 58 | T 3R1243 7501 G0 10,1 225 519485 | 383 ¥ 742 M. BR w12 01104
121114 | 70e | asTaod | BOOD opg | ooo | o230 | &7a4z | 3ms | 707 | xreaz | QB | 00&
468 | 6951 335913 RS0 00 [UIET] 235 43471 | A7 | 53EM 24N .23 nag
eded | Gee | 3153 | onoz | -0 | -0gn | 240 | 40833 | 302 | SOWD | 2WER | 031 (81
TREAS | 6ASS | 29619 G5 -001 | aoo M5 | AT | Ae2e | A7TER | QM ED 038 k13
&E37 B528 | 278251 10000 {100 LTk 250 | 35085 | 33T | 45000 25944 LB 1 k146
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A3

AASHTO PRESTRESS L0OSS 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

Gross Section Properties Span Properties
h [in] 4 Lspan [ft] 6
ylin] 2 L peam [ft] 8
Vo [in] 2 M g, span [Kin] 21600.0
A, [in’] 384 M g, beam [Kin] 38400
Iy [in"] 512
ps [in] 200 Material Properties
W, [KIf] 400 n 7.6
ey [in] 0.00 nr 6.8
€eng [IN] 0.00 Concrete
A [in’] 1.36 F'a [ksil 4
ylin] 2.06 E, [ksi] 3739
A.[in’] 0.62 f'e ksi] 5
E. [ksi] 4180
Strand Stresses w, [kcf] 0.1475
foi [ksi] 189.41 Strand
P; [kips] 257.6 Fou [ksi] 270
Fro [ksi] 184.3 foy [ksi] 243
P, [kips] 250.7 E, [ksi] 28500

Concrete Age

t; [days]

ts [days]

100000
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Total Loss

Of o7 [ksi] 24.2
Afor = Bfyest &fysn + Afcat AFsa2 Bf pes [Kksi] 51
AfpSR [kSI] 6.5
Of per [ksi] 8.0
Aprz [kSl] 4.5
Elastic Shortening
Of pes [ksi] 5.1
“:r'fll'lEE = ?ifc_glu ngp [k5|] 0.7
o
1 et N Moyoam®a
- o . el N g.ream® el
Shrinkage
AfpSR [kSl] 6.5
Afognm 170 = Q150K H %] -
Creep
AprR [kSI] 8.0
&f;u:ﬁ'- l:."..':[f;g:,l- ?uqafglz;;' .E t;[ fcgp [kSI] 0.7
Of cgp [ksi] 0.0
Relaxation
Of pro [ksi] 45

3 . .1
Sfpr m == (20 = 048 fzn = 0.2(A fosm + Afyen)]
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A3.2 2008 AASHTO

Gross Section Properties Concrete Age
h [in] 4 t; [days] 1
yelin] 2 ty [days] 100000
Yo [in] 2
Ag [inz] 384 Span Properties
I4 [in*] 512 Lspan [ft] 8
ps [in] 200 L peam [ft] 8
W [KIf] 400 M g, span [Kin] 38400.0
ey [in] 0.00 M g, beam [Kin] 38400
€end [iN] 0.00
Aps [inz] 1.36 Material Properties
yslin] 2.06 n 7.6
Alin’] 0.62 nr 6.8
Concrete
Strand Stresses f'ai [ksi] 4
fo [ksi] 189.4 E [ksi] 3739
P; [kips] 257.6 f'c [ksi] 5
fo [ksi] 184.4 E. [ksi] 4180
P, [kips] 250.8 we [Kef] 0.1475
Ky 1.0
Strand
fpu [ksi] 270
foy [ksil 243
Ep [ksi] 28500
Total Loss
Bf o7 [ksi] 34.0
Afer = &fzst &far Df pes [ksi] 5.0
Of psr [ksi] 15.8
Sfprr w (& fng + & facs + ‘-‘rf;m:':,:- Df pcr [Ksi] 10.7
Bf o [Ksi] 2.6




Elastic Shortening

Dfpes [ksi] | 5.0
Afoze = Apsfanlly + 854, ) = sl a, Fone [ksi] | 189.4
':JE = . 3 2 . n":f :: EF:
dgally  shidg) + J'i—
Shrinkage
AfpSR [kSI] 15.8
Sfosn = Fpialuliia €4 [in/in] | 0.0006
ks 1.21
Epig = kekpekei;(0.48-1073) ‘., L0z
kg 1.00
= L
o 1+ﬁ1&”5(1+r&’€£’}[1+0?~'- [tr2:)] ik -2
Eqdg g } L V/s 1.8
H [%] 70
ol !, . J . 1. a- —Ei'lE
}#’E‘t'rlf,l E.‘ L llgll'nsll'nh-gll'nm'r:' Kid 09
W(ts, 1) 2.3
ko= 148 - ﬂ.r&is K he 1.00
'l":hf L zlgt:[ - glﬂl‘i‘f‘f |“‘:I’;E L lIE{i - QQG$H
e . e =2)
KT et M —AF T (e — 1)
Creep
AprR [kSl] 10.7
P8 . )
Sfen = 25 fogpultp R fep lksil | 07
ot
Relaxation
Aprl [kSI] 1.3
Afepy .&[fr'_"_ Q.EE] for [ksi] 184
' K\
K, 30
ﬁf:'ﬂ: = j'.f:l'.’::"l Aprz [kSI] 1.3
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A4

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

A41 2004 AASHTO

AASHTO PRESTRESS LOSS PREDICTIONS FOR LOWER INITIAL PRESTRESS

Prestress loss predictions based on AASHTO provisions for the panels fabricated

Gross Section Properties

Span Properties

h [in] 4 L span [ft] 6
yelin] 2 L peam [ft] 8
v [in] 2 M g, span [Kin] 21600.0
Ag [in’] 384 M g, beam [Kin] 38400
Iy [in"] 512
ps [in] 200 Material Properties
Wy [KIf] 400 n 7.6
ey [in] 0.00 nr 6.8
€end [IN] 0.00 Concrete
A lin’] 1.36 f'ai [ksi] 4
yslin] 2.06 E i [ksi] 3739
A.[in’] 0.62 F'e [ksi] 5
E. [ksi] 4180
Strand Stresses W, [kef] 0.1475
fo [ksi] 169.41 Strand
P; [kips] 230.4 fou [ksi] 270
fro [Kksil 164.3 fpy [ksil 243
P, [kips] 223.5 E, [ksi] 28500
Concrete Age
t; [days] 1
ty [days] 100000




Total Loss

Of o1 [ksi] 24.2
Sfor = Afpes + Afosat Afpee t &faan D pes [ksi] 51
Of psr [ksi] 6.5
AprR [kSl] 8.0
Aprz [kSI] 4.5
Elastic Shortening
Afpgs [kSI] 5.1
L, -
Afppsm=Ef. fep [Ksi] 07
i EF: i
1 N Mayeam®a
- S L By HgbsamBel
Shrinkage
AfpSR [kSI] 6.5
Ao m 17.0 = Q180K H [%] 20
Creep
AprR [kSl] 8.0
Of cap [ksi] 0.0
Relaxation
AprZ [kSI] 4.5
3 i B
Sfuse = 75 (20 = 048 a0 = 028 fuse + )]
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A4.2 2008 AASHTO

Gross Section Properties Concrete Age
h [in] 4 t; [days] 1
yelin] 2 ty [days] 100000
Yo [in] 2
Ag [inz] 384 Span Properties
Iy [in] 512 Lspan [ft] 8
ps [in] 200 L peam [ft] 8
W [KIf] 400 M g, span [Kin] 38400.0
ey [in] 0.00 M g, beam [Kin] 38400
€end [iN] 0.00
Aps [inz] 1.36 Material Properties
yslin] 2.06 n 7.6
Alin’] 0.62 i 6.8
Concrete
Strand Stresses f'ai [ksi] 4
fo [ksi] 169.4 E . [ksi] 3739
P; [kips] 230.4 f'c [ksi] 5
fo [ksi] 165.0 E. [ksi] 4180
P, [kips] 224.3 we [Kef] 0.1475
K1 1.0
Strand
fpu [ksi] 270
foy [ksil 243
E, [ksi] 28500
Total Loss
Bf or [ksi] 31.2
Sfpr = &fges + &fqr Df pes [ksi] 4.5
Of psr [ksi] 15.8
Sfacr ™ {Afoss + Sface + Sfum ) Bf ocr [ksi] 9.6
Of pr [ksi] 14
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Elastic Shortening

Of pes [ksi] 4.5
_ A 1ef1‘gmhf + EE:“&’J - E'r_‘h']r'lfe.,evlr.;, fpbt [kSI] 169.4
Mpes= T T L E,
dgelly + ehidy) '1“3'56;—
Shrinkage
AfpSR [kSI] 15.8
Sfprn ™ epalislig €pq [in/in] | 0.0006
ks 1.21
Egig =k L_c O 45 10‘”1 K, 102
kg 1.00
K : k 1.00
e = G PP )
By Ay, £L8% td
HE;;;&_:, [‘.H- 2 fl[1+0,.am:sr)| s P
H [%] 70
;&IELE::',I E‘.‘J - llglt:fll‘-"h;ll'-‘rgf" l:liliE Kid 0.9
I':l l'ub(tfl ) 2.3
fym 1dE - t:l.lif K he 1.00
F‘;I’;E - 2|t:u: - glﬂl‘l‘i‘i |“‘:|";; L lIE{i - QIGQ$H
a... - E il{".- - {';:1
MR Le R, e Ty T
Creep
AprR [kSl] 9.6
&, .
8fpca = 5= =£ £ oaWul b M fap [ksi] | 06
Relaxation
Aprl [kSl] 0.7
&fpas = 'f-'-[f'— 58 | for ksi] 165
! H f F
K 30
Bfogps =8fom Of pro [ksi] 0.7
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