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Abstract

Simple Design Details using Precast Concrete Panels at Skewed

Expansion Joints

Clifton Adam Boswell, M.S.E.
The University of Texas at Austin, 2007

Supervisor: Sharon L. Wood

The Texas Department of Transportation (TXDOT) has developed a new design
detail that uses precast concrete panels as stay-in-place formwork adjacent to expansion
joints in prestressed concrete bridges; however, skewed bridges present a unique
challenge to the use of the precast panel system immediately adjacent to the expansion
joint,

The objective of this research project was to investigate the response of
trapezoidal precast panels used immediately adjacent to the expansion joint in skewed
bridge decks. Five representative test specimens were constructed comprising two skew
angles: 30° and 45°. Trapezoidal, precast panels for the 45° specimens were fabricated at
Ferguson Structural Engineering Laboratory (FSEL) by project personnel. Trapezoidal,

precast panels for the 30° specimens were manufactured by an independent precast
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concrete supplier. Four of the specimens were subjected to statically applied loads on the
ends of the skewed panels, and one of the panels was subjected to fatigue loading on the
skewed end before being loaded monotonically to failure.

All test specimens containing the 45° precast panels fabricated at FSEL failed in
diagonal shear at the short side of the trapezoidal panel when load was applied at
midspan of the skewed end of the slab. All test specimens containing the 30° precast
panels fabricated by an independent precast supplier failed by delamination due to
horizontal shear between the panel and the cast-in-place topping slab when load was
applied at midspan of the skewed end of the slab. Regardless of the failure mode for load
applied at midspan of the skewed end of the specimen, all specimens failed in punching
shear when load was applied at midspan of the square end of the trapezoidal panel.

Fatigue of the skewed panels did not limit the strength or stiffness of the panels
along the skewed end. However, the maximum load carrying capacity along the skewed
end may be limited if delamination occurs between the skewed panels and the topping
slab. Current TXDOT specifications do not quantify levels of panel surface roughness for
precast panels; therefore, additional testing is scheduled to take place in the summer of
2008 to further investigate the effect of panel surface roughness on the horizontal shear
capacity between the trapezoidal panel and the cast-in-place topping slab.

The research team concluded that trapezoidal panels exhibit adequate strength and

stiffness for current design loads if delamination is avoided.
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Chapter 1: Introduction

Essential information needed to understand the objective and scope of this
investigation is provided in this chapter. A brief background on the use of precast panels
in bridge decks is provided in Section 1.1. The scope of the research is given in Section

1.2, and an outline for this thesis provided in Section 1.3.

1.1 BACKGROUND

The Texas Department of Transportation (TxDOT) has, in recent decades,
dedicated considerable resources to improving bridge construction methods. Evolving
from this effort is the current practice of using prestressed concrete panels in bridge decks.
The use of these panels eliminates the majority of formwork for concrete bridge decks,
decreases construction time, and reduces construction costs.

Prestressed concrete panels in bridges span from girder to girder and run the
length of the bridge, as shown in Figure 1.1. Precast panels are 4 in. thick and are topped
with a 4-in. cast-in-place slab. The entire 8-in. deep composite section comprises the
bridge deck. In the past, precast concrete panels have been placed at 4 ft. away from the
expansion joint in the bridge deck and traditional forming techniques have been used to
cast a 10-in. I-beam thickened slab (IBTS) adjacent to the expansion joint. However,
TxDOT has sponsored two recent research projects to develop new design details for the
end of the slab adjacent to the expansion joint. In TxDOT project 0-4418, researchers
constructed a full-scale bridge deck with 0° skew and concluded that the precast panel
system provided adequate strength and reduced construction costs compared with the
traditional cast-in-place details at the expansion joint. Cross sections of precast panels
used at expansion joints are provided in Figure 1.2. The first phase of the investigation in
TxDOT Project 0-5367 evaluated the fatigue response of precast panels at the expansion
joint in 0° skew bridges. The second phase of this investigation evaluates the use of

trapezoidal precast panels at the expansion joint in skewed bridge decks.



Skewed expansion joints in bridge decks present a unique challenge for precast
panel bridge deck systems. Precast panels are generally rectangular in shape and, as
shown in Figure 1.3, leave trapezoid-shaped gaps at the end of the deck adjacent to the
expansion joint. Current bridge construction practices call for the use of stay-in-place
sheet metal forms or timber forming methods to construct the IBTS detail at the end of

the bridge deck.
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Figure 1.1 - Placement of Precast Panelsin Bridge Deck Construction (Agnew 2007)
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1.2 Score

The primary objective of this investigation is to provide design details for the use
of precast concrete panels immediately adjacent to skewed expansion joints. One part of
this phase of the research project was to investigate the constructability issues
surrounding the use of trapezoidal, precast concrete panels at expansion joints in skewed
bridge decks. Trapezoidal panels with two different strand patterns were fabricated.
Panels with a 45° skew were fabricated by project personnel, and panels with a 30° skew
were fabricated by an independent precast concrete supplier. Documentation of the
fabrication of trapezoidal panels and other constructed related topics are addressed in a
separate thesis by Kreisa (2008). This thesis documents the response of trapezoidal
panels used adjacent to skewed expansion joints in bridge decks subjected to point loads,
which represent critical pattern loads in the bridge deck.

Five test specimens were constructed using full-scale precast panels and sealed
expansion joints. Two skew angles were tested: 30° and 45°. Four of the test specimens
were subjected to statically applied loads only, and one specimen was subjected to fatigue
loads along the skewed end. The results of the tests are presented in this thesis, as well as

recommendations for the use of trapezoidal panels in bridge deck construction.

1.3 THESIS OUTLINE

This thesis is divided into seven chapters. A review of the literature related to the
use of precast panels in bridge decks is provided in Chapter 2. A description of the test
specimens is given in Chapter 3, and information regarding the test loads and
instrumentation is given in Chapter 4. The results of the research are presented in
Chapter 5, and a discussion of the results is provided in Chapter 6. Finally conclusions

drawn from this research are given in Chapter 7.



Chapter 2: Literature Review

2.1 INTRODUCTION

Prestressed concrete panels are simple and inexpensive to fabricate, so their use in
bridge deck construction continues to grow. This chapter provides a discussion of
previous research related to the use of prestressed concrete panels in bridge decks. The
discussion begins with rectangular panels and then moves to precast panels with skewed
ends. Particular emphasis is given to precast panel systems that include a structural cast-

in-place topping. Finally the significance of the previous research is discussed.

2.2 PRESTRESSED CONCRETE PANELS IN PERPENDICULAR BRIDGES

The results of six investigations are summarized in this section. Two of the six
studies were sponsored by the TxDOT, and one was produced by TXDOT. The other
three investigations were performed outside of Texas.

2.2.1 Coselli (2004)

Traditionally, TXDOT used a thickened cast-in-place detail at expansion joints in
prestressed concrete bridges. This is known as the “IBTS” detail. Coselli (2004) studied
an alternative detail where precast panels were extended to the expansion joint. Because
rectangular precast panels were used routinely in bridge decks in Texas, continuing the
panels to the expansion joint was studied as a cost-saving alternative to the IBTS detail.

Full-scale bridge decks with 0° skew were constructed using both the IBTS detail
and the precast panels. The precast panel end detail used 4-in. thick prestressed panels
with a 4-in. cast-in-place topping. Coselli determined that behavior under service level
loads for both end details was comparable and that the reserve capacity of the precast
panel end detail was more than sufficient for bridge deck design.



2.2.2  Agnew (2007)

Agnew (2007) expanded the work done by Coselli (2004) by studying the fatigue
behavior of prestressed precast panels at expansion joints under positive and negative
moment. Specimens with 0° skew were constructed using 4-in. precast panels and a 4-in.
cast-in-place topping. Agnew concluded that the precast panel end detail at the
expansion joint provided sufficient fatigue strength for routine use in bridge deck design.
Agnew also observed that no delamination between the precast panels and the topping
slab occurred under fatigue loading. Finally, Agnew noted that the measured response of

the precast panel slab end detail did not deteriorate with increased cyclic loading.

2.2.3 Dowell and Smith (2006)
Dowell and Smith (2006) studied the relationship between panel surface

roughness and horizontal shear transfer between the topping slab and the prestressed
panel. The researchers tested 3%-in. precast panels with a 3%-in. topping. Specimens
were simply-supported beams loaded with a single point load at midspan. Panel surface
finishes were labeled “coarse broom,” “medium broom,” and “carpet drag” finishes.
Dowell and Smith (2006) concluded that all the finishes provided sufficient horizontal
shear strength to prevent slip between the panel and topping slab interface, and that if
sufficient surface roughness is provided on the top of the panel, the system will perform
as a fully-composite cross section.

2.2.4 Merrill (2002)

Merrill (2002) reviewed the use of precast concrete stay-in-place forms in Texas
bridge decks. He discussed the benefits and shortcomings of the system. Among the
benefits included speed, cost savings, construction safety, and serviceability. The
potential problems were longitudinal cracking, transverse cracking, and unique
construction considerations. Merrill also addressed specific construction aspects of the
system. These aspects involved both panel fabrication and deck construction issues. In

particular, Merrill called attention to the consolidation of the concrete under the end of
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the panel and the moisture content of the panel before topping placement. If the top
surface of the panels is not saturated, surface dry at the time the deck concrete is placed,
the panels may pull moisture from the fresh concrete. Overall, Merrill concluded that
weaknesses in the system could be minimized by attention to construction details and that

rectangular prestressed concrete panels provided very efficient bridge deck systems.

2.2.5 Abendroth (1994)

Abendroth (1994) tested composite bridge deck systems using 2%-in. prestressed
panels with 5%-in. cast-in-place toppings. The systems modeled sections adjacent to and
away from the abutment. Sections away from the abutment were supported only along
the ends of the panels, but sections adjacent to the abutment were supported on three
sides — on the ends of the panel (over the beam) and along one end (supported by the
abutment). The tops of the panels were roughened with a rake finish. Abendroth studied
these systems by monitoring strand slip in the panels, degradation of bond between the
panel and topping interface, and distribution of bending strains along the specimen length
under HS-20 wheel loads. Abendroth concluded that first strand slip, first interface slip,
and first topping slip all occurred at loads greater than twice the design wheel load
amplified for impact (20.8 kip). He also noted that the specimens had a significant

amount of reserve strength after the initial slip was recorded.

2.2.6 Barker (1975)

Barker (1975) compiled information on three different bridge forming techniques
- precast prestressed panels, steel stay-in-place forms, and wood forms. In the study,
precast panel systems with the full-depth bridge deck systems were compared. Some
panels had raked surface finishes and others had shear reinforcing bars extending above
the top of the panel. Barker reported from various tests that no shear reinforcement was
needed between the panel and the topping slab for sufficient interface shear capacity. He
also reported that the joints between panels did not affect the performance of the system.
Overall, Barker reported that precast panel bridge decks provided a very efficient bridge
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deck system, streamlining the construction process while maintaining complete structural

integrity.

2.3 PRESTRESSED CONCRETE PANELS IN SKEWED BRIDGES

To date, only three researchers have studied the use of precast panels in skewed
bridges.

2.3.1 Merrill (2002)

Merrill (2002) presented the use of prestressed concrete panels as stay-in-place
forms in Texas bridge decks, as has already been discussed. However, Merrill also
concluded that skewed bridges introduced a level of complexity that required special

forming around the expansion joint.

2.3.2 Abendroth (1994)

Besides the 0° skew tests, Abendroth (1994) also tested precast panels in skewed
bridge decks. Trapezoidal panels were fabricated with 15° 30° and 40° skew angles.
The trapezoidal panels, shown in Figure 2.1, were 2%-in. thick topped with a 5%-in. cast-
in-place topping. Prestressing strands were parallel to the perpendicular end of the
trapezoidal panel. The edges of the panel were supported by the girders, and the skewed
end was supported on the abutment or diaphragm. Abendroth reported that the
trapezoidal panels performed satisfactorily under service level loads and that the panels
exhibited significant reserve strength beyond the service level design loads. Abendroth
noted that the acute corner of the trapezoidal panel was subject to uplift loads due to the
shape of the panel and the presence of the diaphragm support under the skewed end.
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Figure 2.1 - Trapezoidal Panelsfor Composite Bridge Deck Systems (Abendroth,
1994)

2.3.3 Barker (1975)

As discussed earlier, Barker (1975) summarized several studies involving the use
of precast panels in bridge deck construction. Barker noted that skewed ends could be
handled by simply saw cutting one end of a rectangular panel to match the skew of the
bridge. The skewed ends of saw cut panels in Barker’s report were supported on

diaphragms.

2.4 RESEARCH SIGNIFICANCE

The use of precast panels as efficient stay-in-place formwork for bridge decks has
been successfully applied for several decades. Rectangular panels are inexpensive to
fabricate, so their popularity for use in bridge decks continues to grow. The current
literature, however, contains little information about the use of skewed panels at

expansion joints. Because diaphragms were typically used at span ends in bridge deck
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construction and the diaphragm supports the skewed end of the panel, the performance of
skewed precast panels along an unsupported expansion joint has not been studied
experimentally. Recently, Texas has sponsored research studies on the behavior of
unsupported slab ends where precast panels are used in 0° skew situations, but there is
little documentation devoted to the behavior of unsupported, skewed precast panel ends
at slab ends. The purpose of this research is to study the behavior of unsupported skewed
ends of precast panels used immediately adjacent to the expansion joint at ends of bridge
decks.
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Chapter 3: Test Specimens

3.1 INTRODUCTION

Five test specimens were constructed at Ferguson Structural Engineering
Laboratory to study the behavior of skewed prestressed concrete panels under static and
fatigue loading when used adjacent to the expansion joint. The test subjects were single-
span specimens, consisting of precast panels spanning transversely between longitudinal
support beams topped with a cast-in-place slab. This chapter summarizes the preliminary
design considerations, material properties, specimen construction, and procedures used to
construct the test specimens.

The five specimens were identified using the notation developed by Agnew
(2007):

ABCD
where
Ais either “P” or “N”. “P” is used when the specimen is subjected
to positive moment. “N” is used when the specimen is subjected
negative moment. All specimens tested in this phase of the

investigation were subjected to positive moment.

B is the angle of the skew. Agnew (2007) tested four specimens
with 0° skew. In this phase of the investigation, skew angles of 30°

and 45° were considered.
C is “P” for all specimens and refers to the precast deck system.
D refers to the number of the test.

The characteristics of the five specimens tested in this phase of the investigation are

summarized in Table 3.1. All skewed specimens were subjected to positive moment.
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Table 3.1 — Characteristics of Skewed Test Specimens

Specimen
P45P1 P45P2 P45P3 P30P1 P30P2
Skew Angle 45° 45° 45° 30° 30°
No. of Panels 1 2 2 2 2
Skewed Panel Strand Fanned Parallel to | Parallel to | Parallelto | Parallel to
Pattern Skew Skew Skew Skew
Skewed Panel FSEL FSEL FSEL Off-site | Off-site
Fabrication Site
Long Beam Length 14'-6" 18'-6" 17'-3" 13'-3" 13'-3"
Long Beam Cross 12"x 12" | 12"x12" | 12"x12" | 16"x12" | 12"x12"
Section
Short Beam Length 5' 9'-0" 7'-9" 7'-9" 7'-9"
SLEIS T (Ao 12"x12" | 12"x12" | 12"x12" | 16"x12" | 12"x12"
Section
Beam Clear Spacing 9'-0" 9'-0" 9'-0" 9'-0" 9'-0"
Foamular Dow Dow Dow Dow
. . Rigid Styrofoam | Styrofoam | Styrofoam | Styrofoam
SRS N Foam Highload Highload Highload Highload
Insulation 40 40 40 40
Bedding Strip Strength 25 psi 40 psi 40 psi 40 psi 40 psi

3.2 PRELIMINARY CONSIDERATIONS

The test specimens were designed to be representative of prestressed concrete
bridges in Texas. In all cases, the transverse, centerline spacing between girders was
assumed to be 10 ft. The prestressed concrete panel thickness was assumed to be 4 in.,
and the cast-in-place topping slab thickness was assumed to be 4 in.

Early in the research project, a decision was made to impose loads representative
of the HL-93 Design Truck on the test specimens, rather than the HL-93 Design Tandem,

which was used in TxDOT Project 0-4418 (Agnew, 2007). Agnew determined
analytically that the HL-93 Design Truck induced greater tensile stresses in the bridge

deck than the HL-93 Design Tandem for a skew angle of zero. Those results were
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extrapolated to skewed bridges, and the research team decided to use the HL-93 Design
Truck to test the skewed specimens.

Figure 3.1 shows the HL-93 Design Truck axle arrangement and three possible
ways that the axle loads could be applied to the bridge deck. The HL-93 Design Truck
axles are far enough apart that deck behavior is only influenced by the axle directly over
it. Axle position A induces the largest positive moment in the bridge deck, while axle
position C induces the largest negative moment. Agnew (2007) used both configurations
for the non-skewed specimens; however, the skewed specimens were subjected to
positive moment only.

Agnew (2007) developed finite element models of a full bridge deck and an
idealized test specimen that comprised one precast panel, two side beams, and a topping
slab. The results indicated that the moments induced in the test specimen for a point load
applied at midspan of the end along the sealed expansion joint exceeded those induced in
the non-skewed bridge deck under representative loading conditions (Figure 3.1).
Therefore, the skewed test specimens were also loaded using a single wheel load at

midspan of the end of the sealed expansion joint.

13



Expansion Joint Girder
-

Bent Ca
_ g
N _ e 2 .

\\

Bridge Plan View -l HL-93 Design Truck

32 kip 32kip  8Kkip

HL-93 Design Truck

EE—aN

0w R F—’Gﬁ. |

ﬂ

i ||—|| I
11

(. VE/ E /Y X

Precast Panels Cast-In-Place Topping

Cross Section View

T o7 7 e
0f o loft ' loft

Wheel Load Plan View

Figure 3.1 -HL-93 Design Truck Loads on Bridge Deck

14



3.3 MATERIAL PROPERTIES

The characteristics of the concrete, reinforcement, prestressing strand, sealed

expansion joint, and bedding strips are summarized in this section.

3.3.1 Concrete

The concrete used to construct the support beams, precast panels, and topping slab
for each specimen was placed at different times. In addition, the mixture design was
different for the precast panels than the support beams and topping slabs.

The precast panels were constructed using Type Il cement, which is typical of
construction practices in commercial precast yards. Because it was not possible to order
concrete mixtures with Type Il cement directly from local ready-mix suppliers, the
aggregate was provided by a ready-mix supplier and the Type 111 cement and water were
added to the mixture at FSEL. The three panels with 45° skew were cast at FSEL using
the mixture proportions given in Table 3.2. The mixture design corresponds to a
specified 28-day strength of 5000 psi; however, cylinders tested at 28 days were
approximately 8000 psi. The 30° panels were cast at a precast yard, and no data are
available about the mixture design or the strength of the concrete. A more detailed
description of the panel construction is covered by Kreisa (2008).

The support beams and topping slab were cast using TXDOT specifications for
Class “S” Structural Concrete. The specified strength is 4000 psi, and the measured 21-
day strength was approximately 7000 psi. Current TXDOT specifications require that
cast-in-place bridge deck slabs be free of load for 21 days following concrete placement.
Therefore, available data for the strength of the concrete in the topping slab at the time of
the test for each specimen is provided in Table 3.3. Concrete for the topping slab was
provided by a local ready-mix plant. Concrete mixture proportions are reported in Table
3.4.
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Table 3.2 — Precast Panel Concrete Mix Design for Panels Fabricated at FSEL

. SSD
Cement :gSgDre:Z:e Coarse Water
Aggregate
Ib/yd? Ib/yd? lb/yd? Ib/yd?
658 1276 1776 251

Table 3.3 — Concrete Cylinder Strengths for Topping Slabs at 21-days

Specimen
P45P1 P45P2 P45P3 P30P1 P30P2
Topping Slab
21-day 5088 7236 NA 7316 7316
Strength (psi)

* Topping slabs for Specimens P30P1 and P30P2 were placed at the same time

Table 3.4 — Support Beam and Topping Slab Concrete Mix Design

. SSD
Cement ASSDreFlgfe Coarse Water Fly Ash
geree Aggregate
lb/yd? Ib/yd? lb/yd? lb/yd® | Ib/yd?
479 1350 1857 250 85

3.3.2 Steel

Grade 60 reinforcement was used to construct the support beams, precast panels,
and topping slab. The precast panels were constructed using 3/8-in diameter, grade 270,
seven-wire strand.

The sealed expansion joint (SEJ) was fabricated from A36 steel plate. Mill
reports indicate a yield strength of 48 ksi. The SEJ-A section was selected, which is 3.5

in. deep with 6 in. studs spaced at 6 in. on center.
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3.3.3 Bedding Strip Material

The bedding strips are continuous strips of foam that are placed on the top of the
beam to support the panels until the topping concrete is placed. The panels extend
beyond the bedding strips to allow the topping concrete to flow under the sides of the
panel, providing a uniform bearing surface (Figure 3.2). In the field, the bedding strips
vary in height along the length of the beam to account for the camber of the prestressed
girder, but continuous 2” x 2” strips were used in the test specimens. Bedding strip
dimensions are set by TxDOT, as shown in Figure 3.3; the minimum 1-1/2” overhang
was used in all test specimens.

Two different materials were used for the bedding strips. Specimen P45P1 was
constructed using Foamular Rigid Foam Insulation. The Foamular foam board has a
relatively low compressive strength (approximately 25 psi). Although the insulation is
not a structural building material, it was used by Agnew (2007) for all test specimens.
For specimen P45P1, three, 3/4” x 2” strips of foam were laminated together to make a 2-
1/4” tall strip. This proved to be unsatisfactory because the foam compressed excessively
after the skewed panel was placed on it.

All other skewed specimens were constructed using Dow Styrofoam Highload 40,
which has a compressive strength of approximately 40 psi. This material is commonly
used for bridge construction in Texas; however, it also experienced significant distortion

when the precast panels were placed on it.
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3.4 SPECIMEN CONSTRUCTION

All five test specimens were built following the sequence shown in Figure 3.4.
All specimens consisted of the same key elements. TxDOT currently limits the
transverse centerline spacing of precast girders to 10°-0”; however, a spacing of 8’-0” is
more common. With the introduction of the new cross-sectional shapes for prestressed I-
beams in Texas, the centerline spacing of the girders will increase, but the clear spacing
between the top flanges will remain constant at 9’-0”. Therefore, the longitudinal beams
were placed with a clear spacing of 9°-0”. Prestressed concrete panels, 4 in. thick,
spanned between longitudinal beams, and then a 4-in, cast-in-place topping slab was used
to connect the longitudinal components. A summary of the elements in each specimen is
provided in Table 3.1.

E O E oo
1 - 2 9’

Blocks and Bearing Pads Beams on Blocks

Figure 3.4 — General Specimen Construction
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3.4.1 Precast Panels Used in Test Specimens

Because the purpose of the tests was to study the behavior of skewed, prestressed
panels adajent to an expansion joint, different configurations of precast panels were
tested. All skewed panels were trapezoidal in shape. The skewed end of the panel was
precast to be the same angle as the skew of the test specimen and in the field would be
the same as the skew angle of the bridge. In this study, two different angles were tested:
30 and 45 degrees. The 45-degree skew was the largest tested because 92% percent of all
skewed bridges in Texas have a skew of 45° or less (Van Landuyt, 2006).

While Specimen P45P1 was constructed using a single, skewed panel, the other
four test specimens were constructed using two panels: a skewed panel and a rectangular
panel. The rectangular panel was used when the strands in the skewed panel were
parallel to the skewed end. The reasons for including the rectangular panel are discussed
later in this section.

All three 45° panels were fabricated at Ferguson Laboratory by project personnel.
The two 30° panels and the four rectangular were purchased from a precast concrete
supplier. The configuration of each precast panel is summarized below, but additional
information is provided in Kreisa (2008). All precast panels were 4 in. deep with
prestressing strands aligned at mid-depth of the panel.

Frequent references will be made to the boundaries of the trapezoidal panels. To
reduce confusion, the boundaries of the panel that are supported directly by the beams
will be called the “sides” of the panel. Due to the trapezoidal shape of the panels one
side is longer than the other. The boundaries of the panel that are not supported by the
beams will be called the “ends” of the panel, as shown in Figure 3.5. The skewed end
corresponds to the location of the sealed expansion joint. The square end is adjacent to

the rectangular panel.
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Figure 3.5 — Definitions of Boundariesin Trapezoidal Panels

34.1.1 45-Degree Panels

All 45° panels were fabricated at Ferguson Lab. The top surface of the panels was
finished with a broom after placement of the concrete. After the initial set, the panels
were covered with plastic to promote curing. The skewed, prestressed panel in specimen
P45P1 had prestressing strands in a fanned arrangement to provide a distributed prestress
force throughout the panel, as shown in Figure 3.6. The 45° panels in Specimens P45P2
and P45P3 have parallel strands spaced at 6 in. on center running in the direction of the
skew angle (Figure 3.7 and Figure 3.8). This arrangement leaves a corner in the panel
void of prestressing strands because the length of these strands would be insufficient to
develop the prestressing force. These corners were reinforced only with mild
reinforcement.

While the fanned strand pattern provides a more uniform distribution of prestress
forces in the panel, the panels with parallel strands are easier to fabricate, as discussed by

Kreisa (2008).
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3.4.1.2 30-Degree Panels

Both 30° panels were fabricated by a commercial supplier. The top surface of the
panels was finished with a broom after placement of the concrete, and then the panels
were flooded to promote curing. Prestressing strands in these panels are equally spaced
at 6 in. on center with the strands running in the direction of the skew angle. As with the
panels in Specimens P45P2 and P45P3, mild reinforcement was provided in these panels

in the corner where no prestressing strands were present (Figure 3.9).

9 =37 |
#4's @ 4" below strands

NG,

#3's @ 6" above strands

3" Strand at 6" o.c. Parallel to
skewed end

BEEVAR-Y
Figure 3.9 — Skewed Panel Reinforcement for Specimens P30P1 and P30P2

3.4.1.3 Rectangular Panels
For Specimens P45P2, P45P3, P30P1, and P30P2 there was concern about the

strength of the panels in the corner bounded by the long side and the square end because
no prestressing strands were present. These specimens included a 4-ft, rectangular panel
adjacent to the skewed panel. The rectangular and trapezoidal panels were placed next

to each other, as shown in Figure 3.10, with a 3/4” gap between them. Then the gap was
24



filled with a foam backer rod (Figure 3.11). These gaps between panels leave contractors

some placement tolerance.

4' Rectangular Panel Adjacent to
Skewed Panel

7 777777

2" Strand @ 6"o.c.

Figure 3.10 — Alignment of Rectangular and Skewed Panels

Figure 3.11 — Backer Rod between Adjacent Panels
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3.4.2 Longitudinal Beams

The precast panels described in Section 3.4.1 were supported by reinforced

concrete beams with rectangular cross sections. Two beams were used for each specimen

— one to support the long side and one to support the short side of the precast panel. The

B 5 L= 45

-

Figure 3.12 - Long Side Support Beam (left) and Short Side Support Beam (right)

long side beam was supported at the ends and in the middle by elastomeric bearing pads
resting on concrete blocks. These elastomeric bearing pads measure 9” x 13” x 2-1/2”
and model the bearing pads that are used to support prestressed concrete girders in
TxDOT bridges. The short side beam was only supported at its ends. Figure 3.12
illustrates the beam configuration. The transverse reinforcement in the beams extended
into the cast-in-place topping slab to resist horizontal shear. In the early specimens, these
U-bars were oriented square to the longitudinal axis of the beams (Figure 3.2) to simulate
the orientation of shear reinforcement in prestressed girders. However, in later

specimens, U-bars were rotated 90° (Figure 3.12) to facilitate construction.

3.4.3 Cast-in-Place Topping Slab

A 4-in. cast-in-place topping slab was placed on top of the panels and longitudinal
beams. Formwork was erected around the beams and panels so that the topping slab
would be 4” over the panels and 10” over the beams, as shown in Figure 3.13.
Reinforcement was provided in the topping slab to represent standard TxDOT details

(Figure 3.14). The vertical leg of the sealed expansion joint rail was fastened to the
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inside of the formwork along the skewed end. The top of the SEJ was flush with the top
of the finished slab. In some cases, the top of the panels was moistened before the
placement of the cast-in-place topping to keep the dry panels from drawing moisture
from the freshly placed concrete. Vibrators were used to consolidate the concrete over
the longitudinal beams and to help the topping flow under the sides of the panels. The
vibrators were also used on the deck portion of the topping slab.

Panel surface roughness also contributes to the interaction between the cast-in-
place topping and the panels. However, current panel specifications in Texas do not
quantify the level of required surface roughness. The top surface of the panels was
brushed with a broom after initial set of the concrete. As will be shown in Chapter 5, the
two 30° specimens, which were tested before the last two 45° specimens (Table 3.6),
failed by delamination of the panels from the topping slab. The research team concluded
that the likely cause of the delamination was the relatively smooth top surfaces of the 30°
panels. Consequently, close attention was paid to the surface roughness of the
trapezoidal panels for Specimen P45P2 and Specimen P45P3. A summary of the panel
surface roughness and moisture level before placement of the topping for each specimen

is provided in Table 3.5.
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Figure 3.13 — Formwork for Topping Slab in Position
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Current TXxDOT specifications require that cast-in-place bridge deck slabs be free
of load for 21 days after concrete placement. Therefore, testing of each specimen began
only after a 21-day waiting period following the topping placement. A timeline for the
construction and testing of each specimen is provided in Table 3.6. In this investigation,
test specimens were covered with a heavy sheet of plastic for 7 days after placement of

the concrete to facilitate curing.

Table 3.5 — Panel Surface Roughness and Wetness before Topping Placement

Specimen
PAS5P1 | PA5P2 | P45P3 P30P1 | P30P2

Relative Panel Surface

Roughness Rough | Rough | Rough | Smooth | Smooth

Panel Surface

Moisture Content Dry Wet Wet Dry Dry

Table 3.6 — Timeline of Specimen Construction and Testing

Specimen
P45P1 P45P2 P45P3 P30P1 P30P2

DatCeaZi”e' 9/7/2007 | 1/10/2007 | 1/31/2007 | 11/6/2007 | 11/6/2007
Date Deck

ot 9/20/2007 | 1/29/2007 | 2/20/2007 | 11/27/2007 | 11/27/2007
Date of First

o 10/12/2007 | 2/26/2008 | 3/19/2008 | 12/18/2007 | 12/19/2007

Date of

cocomd Tost ; 2/26/2008 | 4/17/2008 | 12/18/2007 | 12/19/2007
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Figure 3.14 — Cast-in-Place Topping Reinforcement
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3.5 SPECIAL CONSTRUCTION CONSIDERATIONS

During construction of the test specimens a few construction issues arose related
to excessive compression of the bedding strips under the weight of the trapezoidal panels
and the consolidation of the concrete around the studs in the SEJ. They are addressed in
this section.

3.5.1 Bedding Strip Compression

Due to the trapezoidal shape of the skewed panels, the stress under the short side
is higher than the stress under the long side. As described in Section 3.3.3, two types of
bedding strip materials were used. Specimen P45P1 was constructed using laminated
strips of foam insulating board. This material crushed under the dead load of the
trapezoidal panel along the short side support. In order to get the correct topping slab
thickness, the panel in Specimen P45P1 was supported at the correct height using floor
jacks. Despite the jacks, the panel shifted slightly during placement of the topping slab
resulting in an average overall composite slab depth of 8-3/4”.

Higher strength bedding strips were used to construct the other four specimens.
However compression of the bedding strips along the short side still occurred, though it
was less severe in the 30-degree panels. The compression of the bedding strips resulted
in larger slab depths, but the research team determined that the increase in slab depth was
acceptable and no attempt was made to modify the slab depth when the 40-psi bedding
strips were used. Still, the topic of bedding strip compression may require more study. A
summary of the overall slab depths at midspan of the skewed end of each specimen is
provided in Table 3.7. More information about the bedding strip compression at the short
side support is presented by Kreisa (2008).

Table 3.7 — Average Overall Slab Depth at Midspan of Skewed End

Specimen
P45P1 PA5P2 PA5P3 P30P1 P30P2

Overall Depth

at Load Point 8-3/4 8-3/4 8-1/2 8-1/4 8-1/8
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3.5.2 Concrete Consolidation in P45P2

Vibrators were used to consolidate the concrete over the beams and to help the
concrete flow under the sides of the panel for each specimen. The vibrators were also
used to consolidate the concrete in the deck portion of the topping slab. But despite the
use of vibrators, evidence of poor consolidation was visible below the SEJ on P45P2
(Figure 3.15) when the formwork was removed. Since no determination as to the extent

of the poor consolidation was possible visually, nondestructive testing techniques,

Figure 3.15 — Poor Consolidation at Expansion Joint of Specimen P45P2
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including both impact-echo testing and ultrasonic testing, were used to determine the
extent of the problem.

The results of the nondestructive tests are provided in Appendix A. In summary, it
was determined that the extent of the poorly consolidated concrete did not extend into the
panel past the studs in the SEJ (Figure 3.16). The specimen was tested without any
attempt to repair the area, and the test results, presented in Chapter 5, indicate that the

lack of consolidation did not influence the static strength of the specimen.
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Figure 3.16 — Extent of Poor Consolidation in Specimen P45P2
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Chapter 4: Loading and Instrumentation

4.1 INTRODUCTION

Two types of loading were used to study the behavior of trapezoidal prestressed
panels adjacent to the expansion joint in bridge decks. All specimens were tested
statically, and one specimen was tested in fatigue. A summary of the tests performed on
each specimen is provided in Table 4.1. This chapter addresses specific issues relating to
The

instrumentation used to measure the behavior of these specimens under the applied

the loading such as load plate locations and the fatigue load program.

loading is also presented.

The purpose of the tests was to study the behavior of skewed panels adjacent to
expansion joints in bridge deck systems. Therefore, the loads were applied to the cast-in-
place deck above the skewed prestressed panel. The “ends” used to define the location of
the applied load refer to the skewed and square ends of the skewed panel, even when the
test specimens included a rectangular panel.

Table 4.1 — Applied Loads to Test Specimens

Specimen
P45P1 P45P2 P45P3 P30P1 P30P2
No. of 1 ) ) ) 5
Tests
Test 1
. Skewed End | Skewed End | Skewed End | Skewed End | Skewed End
Location
Test 1 Type Static Static Fatigue Static Static
Test 2 Non-skewed Non-skewed | Non-skewed
Location NA End Skewed End End End
Test 2 Type NA Static Static Static Static
DTaet; ‘if 10/12/2007 | 2/26/2008 | 3/19/2008 | 12/18/2007 | 12/19/2007
Date of
Test 2 NA 2/26/2008 | 4/17/2008 | 12/18/2007 | 12/19/2007
es
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4.2 SPECIMEN LOADING

The two types of load, static and fatigue, used to study the behavior of the
trapezoidal panels are discussed in this section. Because all specimens were tested under
monotonically increasing static loads, the static tests are discussed first. Specimen P45P3

was also subjected to fatigue loading, which is discussed in Section 4.2.2.
4.2.1 Static Loading

4.2.1.1 Loading Setup

A simple portal frame was used to apply the vertical loads to the test specimens
(Figure 4.1). The columns were tied to the strong floor using four, 3/4-in. threaded rods,
and the cross beams comprised two, W-sections bolted to the flanges of the columns.

A 150-ton hydraulic ram was secured to the bottom flanges of the cross beam and
a 100-kip load cell was used to measure the applied load. A steel plate (10 in. wide by 20
in. long by 2.5 in. thick) was positioned on top of an elastomeric bearing pad (Figure 4.2)
to simulate the bearing area of a wheel from the HL-93 Design Truck.
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Figure4.1 — Load Framefor Static Load Application
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Elastomeric Bearing Pad Load Cell

10” x 20” x 2.5” Load Plate

Figure 4.2 — Hydraulic Ram, Load Cell, and Load Plate for Specimen Loading
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4.2.1.2 Load Application

Static loads were applied in small increments (between 5 and 8 kip) at the
locations shown in Figure 4.3. P45P1 and P45P3 were loaded only at midspan of the
skewed end. P30P1 was the first specimen to be loaded at both the skewed and square
end of the skewed precast panel. The specimen was loaded to failure along the skewed
end first, and then was loaded to failure along the square end. Originally, the research
team planned to test specimen P30P2 using the opposite sequence: test the square end
first and then the skewed end. However, Specimen P30P1 failed by delamination, which
was unexpected. Therefore, specimen P30P2 was tested using the same loading sequence
to verify the results from Specimen P30P1.

When loads were applied to the skewed end of the specimens, the load plate was
positioned so that the entire area of the plate was on the concrete. The load plate did not
overlap the SEJ. For loads applied over the square end of the trapezoidal panels, the load
plate was positioned 4 in. from the gap between the adjacent precast panels. This
position was selected to apply the entire load to the non-prestressed corner of the
trapezoidal precast panel. The research team estimated that the effective width of the
load would increase linearly with depth below the load plate. Since the topping slab was
nominally 4 in. thick, the load plate was positioned 4 in. away from the gap between the

panels (Figure 4.4).
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I = Load Plate Location

= Gap Between Precast Panels

4” from gap P4sP1

between panels

—_— N
P45P2 P45P3
4” from gap 4” from gap
between panels between panels
N
P30P1 P30P2

Load Plan View

Figure 4.3 — Load Plate Positions on Test Specimens
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Load Plate 47
: / 4” Topping
5 4” Skewed Panel 4” Rectangular Panel
Estimated Load Path \

Backer Rod

Figure 4.4 — Load Plate Position over Square End of Skewed Precast Panel

39



4.2.2 Fatigue Loading

4.2.2.1 Loading Setup

The same loading frame used for the static tests was used for the fatigue test of
Specimen P45P3. A 50-kip, MTS hydraulic actuator was used to apply the cyclic loading

(Figure 4.5). The actuator had a 10-in. stroke and an internal load cell.

4.2.2.2 Load Application

The fatigue loads were applied
at midspan of the skewed end of
Specimen P45P3. The procedures used
3¢ by Agnew (2007) were used for this
’ test, except the frequency of the
applied load was slightly lower. The
fatigue load is characterized by the set
point, the span, and the frequency. The
set point defines the mean load. The
span represents the maximum deviation
from the set point, and the frequency is
the number of complete loading cycles
in one second. In the case of P45P3,
the set point and span were set to match
the wheel load from the HL-93 Design
Truck — 16 kip. That is, the set point
was 9 kip, and the span was +/- 8 kip

so that the applied load cycled between

Figure 4.5 -MTS Hydraulic Actuator 1 and 17 kip. The loading frequency
was 2.5 Hz. Load limits were set to

keep the specimen from being
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overloaded. The upper and lower load limits were 17.8 and 0.2 Kip, respectively. A
summary of these parameters with a plot of the input and feedback signals is provided in
Figure 4.6.

17 4 - Error Limit PR
=1.0kip %

Total Applied Load = 16 kip

=
o
|

Span = +/- 8 kip

Compressive Force (kip)

——Input Signal

—&—Feedback

O P N W OO0 O N 0O ©
T T T N R B B B

Figure 4.6 — Fatigue Loading ITr;gjt and Feedback Signal
Throughout the fatigue loading, static tests to 16 kip were used to monitor any
change of stiffness of the specimen. In order to determine the initial stiffness of the
system, P45P3 was tested statically to 16 kip. P45P3 was then subjected to 2 million
fatigue cycles, with the stiffness monitored every 250,000 cycles. After 2 million cycles,
the specimen was loaded statically to 42 kip to simulate cracking from an overload event.
The specimen was then subjected to another 2 million fatigue cycles, before loaded

monotonically to failure.

4.3 INSTRUMENTATION

Several types of instruments were used to measure the response of the test
specimens under the applied loads. Strain gages were used to measure the changes in
strain on the bottom surface of the concrete panels, in the SEJ, in the strand in the panels,
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and in the rebar in the panels. The concrete strain gages were 60-mm long, while all the
strain gages used on steel (rebar, strand and SEJ) were 5-mm long. Linear potentiometers
and dial gages were used to measure vertical deflections. A summary of the number of
each type of instrument for each specimen is provided in Table 4.2. This section is

divided by specimen to present the instrumentation used in each test.

Table 4.2 — I nstrumentation Quantities for Each Specimen

Specimen
P45P1 PA5P2 PA5P3 P30P1 P30P2
Concrete Strain 9 6 6 19 19
Gages
Rebar Strain 0 6 6 0 0
Gages
Strand Strain 0 14 12 0 0
Gages
SEJ Strain 3 3 3 3 3
Gages
L|r.1ear 3 8 5 5 5
Potentiometers
Dial Gages 2 0 0 0 0
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4.3.1 Specimen P45P1

4.3.1.1 Strain Gages

Strain gages were used to measure strain on the bottom of the precast panel and
strain on the top surface of the SEJ. The concrete strain gages are labeled in Figure 4.7,
and the SEJ gages are shown in Figure 4.8. All the strain gages were spaced 24” on
center starting from the skewed end. Strain gages were attached to the strands in the
panel when the panel was fabricated, but they were damaged during panel fabrication.
Therefore, no data were collected during the static test.

SS3  SS2

s = 24", Center-to-Center

I = Strain Gage

Figure 4.7 — Concrete Strain Gage Locations and Labels for Specimen P45P1
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e = SEJ Strain Gage

Figure 4.8 — SEJ Strain Gage Locations and Labels for Specimen P45P1

@ = Linear Potentiometer
© = Dial Gage

Figure 4.9 — Linear Potentiometer and Dial Gage L ocations and Labels for
Specimen P45P1
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4.3.1.2 Linear Potentiometers

Vertical deflections were measured using 2-in. linear potentiometers at the
locations shown in Figure 4.9. For Specimen P45P1, dial gages were used to track the
deflection of the panels at the supports. Measurements were taken at 5-kip intervals.

4.3.2 Specimen P45P2

4.3.2.1 Strain Gages

Fewer concrete strain gages were used to measure the response of Specimen
P45P2 than P45P1, but the specimen had strain gages on the strands. Also the two rebar
in the trapezoidal panel closest to the square end were also instrumented with strain
gages. The prestressing strands were instrumented in the center of the strand. The
locations and labels of the strain gages for P45P2 are provided in Figure 4.10 through
Figure 4.14.

I --------------------------- B = Strain Gage

Figure 4.10 — Concrete Strain Gage Locations and Labels for Specimen P45P2 for
Load Applied at Midspan of Skewed End
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I _______________________________ I = Strain Gage

| |_/4I

I L/2

1 —

i SS2 \L
L=9 1l —~

1 C2

i

1 LS2

Figure4.11 — Concrete Strain Gage Location and Labels for Specimen P45P2 for
Load Applied at Midspan of Square End

e = SEJ Strain Gage
SEJ1

Figure4.12 — SEJ Strain Gage Locations and Labels for Specimen P45P2 for Load
Applied at Midspan of Skewed End
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° = Strain Gage

/
/ .
+"~ = Rebar in panel

/

[ ]
* Not all panel reinforcement shown for clarity
Figure 4.13 — Rebar Strain Gage Locations and Labels for Specimen P45P2 for

Load Applied at Midspan of Square End

® = Strain Gage

’

" = Prestressing Strand

* P45P2 Contained 14 Strands. Not all panel reinforcement is shown for clarity
Figure 4.14 — Strand Strain Gage Locations and Labels for Specimen P45P2 for

Load Applied at Midspan of Skewed End
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4.3.2.2 Linear Potentiometers

Five linear potentiometers were used to measure the deflection response of
Specimen P45P2 when loaded at midspan of the skewed end. Eight linear potentiometers
were used when the specimen was loaded at midspan of the square end. The locations

and labels of the linear potentiometers are provided in Figure 4.15.

I : @ - Linear Potentiometer

Figure4.15 — Linear Potentiometer Locations and Labelsfor Specimen P45P2 for
Load Applied at Midspan of Skewed End
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I : @ = Linear Potentiometer

Figure 4.16 — Linear Potentiometer Locations and Labels for Specimen P45P2 for
Load Applied at Midspan of Square End

4.3.3 Specimen P45P3

4.3.3.1 Strain Gages

The instrumentation for Specimen P45P3 was very similar to Specimen P45P2.
The trapezoidal panel in Specimen P45P3 was shorter and, therefore, contained two
fewer prestressing strands. So the strand gage numbering only went through S12. Other
than this difference, the instrumentation was the same. Locations and labels for the strain
gages in Specimen P45P3 are presented in Figure 4.17 through Figure 4.19.
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I """""""""""""""""""""" I = Strain Gage

Figure 4.17 — Concrete Strain Gage Locations and Labels for Specimen P45P3 for
L.oad Annlied at Midsnan of Skewed End

I """"""""" e = SEJ Strain Gage

Figure 4.18 — SEJ Strain Gage Locations and Labels for Specimen P45P3 for Load
Applied at Midspan of Skewed End
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° = Strain Gage

" = Prestressing Strand

* P45P3 Contained 12 Strands. Not all panel reinforcement is shown for clarity

Figure 4.19 — Strand Strain Gage Locations and Labels for Specimen P45P3 for
Load Applied at Midspan of Skewed End

4.3.3.2 Linear Potentiometers

Five linear potentiometers were used to measure the deflection response of
Specimen P45P3. The locations and labels for the linear potentiometers are provided in
Figure 4.20.
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I _______________________________ @ = Linear Potentiometer

L2

Figure 4.20 — Linear Potentiometer Locations and Labelsfor Specimen P45P3 for
Load Applied at Midspan of Skewed End

4.3.4 Specimens P30P1 and P30P2

Specimens P30P1 and P30P2 were built identically. The following

instrumentation information applies to both.

4.3.4.1 Strain Gages

The 30-degree trapezoidal panels were fabricated by an independent supplier.
Therefore, no strain gages were installed on the prestressing strands or rebar in the
panels. However the bottom side of the panel was instrumented with 19, 60-mm strain
gages spaced at 12” on center. The SEJ was also instrumented with three strain gages.
The locations and labels for the strain gages on the 30-degree specimens are shown in
Figure 4.21 through Figure 4.23.
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s = 12”, Center-to-Center
I = Strain Gage

Figure 4.21 — Concrete Strain Gage L ocations for Specimens P30P1 and P30P2 for
Load Applied at Midspan of Skewed End

J
LS.7 LS6 LS5

C6 C5C4

S56 SS5 SS4

| —

Figure 4.22 — Concrete Strain Gage L ocation for Specimens P30P1 and P30P2 for
Load Applied at Midspan of Square End

................ s =127, Center-to-Center
I = Strain Gage
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L ' e = SEJ Strain Gage

Figure 4.23 — SEJ Strain Gage Locations for Specimens P30P1 and P30P2 for
Load Applied at Midspan of Skewed End

4.3.4.2 Linear Potentiometers

Five linear potentiometers were used to measure the deflection response of
Specimens P30P1 and P30P2 for load applied at midspan of the skewed end. Three
linear potentiometers were used to measure the deflection response of Specimens P30P1
and P30P2 for load applied at midspan of the square end. The location and labels of the
linear potentiometers are shown in Figure 4.24 and Figure 4.25.
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L @ = Linear Potentiometer

Figure 4.24 — Linear Potentiometer Locations and Labelsfor Specimens P30P1
and P30P2 for Load Applied at Midspan of Skewed End

L=9 @ L2

_____________ eLl
L : @ = Linear Potentiometer

Figure 4.25 — Linear Potentiometer Locations and Labelsfor Specimens P30P1
and P30P2 for Load Applied at Midspan of Square End
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4.3.5 Data Collection

Deflection, strain, and load data were collected using a digital data collection
system shown in Figure 4.26. Signals from the load cell, strain gages, and linear
potentiometers were collected through a combination of “full” and “half” bridges and

relayed to a computer. National Instrument’s LabView 7.1 software was used as the user

interface for the data collection process.

s B el ;

Half Bridge

Figure 4.26 — Data Collection System
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Chapter 5: Measured Response of Test Specimens

5.1 INTRODUCTION

The behavior of skewed prestressed concrete panels used adjacent to expansion
joints was studied using the procedures presented in the previous chapters. Five test
specimens were constructed and tested. The response of these specimens is presented in
this chapter.  Section 5.2 presents the specific issues needed to understand the
presentation of the data. Section 5.3 presents the response of the 45-degree specimens,

and the response of the two 30-degree specimens is presented in Section 5.4.

5.2 LoOAD TESTS

As discussed in Chapter 4, eight static and one fatigue tests were conducted. In
all cases, the vertical loads were applied at midspan of the ends of the skewed precast
panel. The response of the specimens to the applied loads is evaluated in this chapter
using the measured strains and deflections. Key data needed to understand the response
of the test specimens are presented in this chapter. All of the measured data are provided
in Appendix B. Deflections were measured along the end where the load was applied.
Therefore, all deflection measurements correspond to the loaded end. The deflections
have been adjusted to reflect the relative displacement of the slab due to the compression
of the bearing pads. Figure 5.1 shows the idealized rigid body movement of the loaded
end of the slab. A linear relationship (Equation 5.1 and Equation 5.2) was developed to
calculate the deflection at any location X, dx, from the displacements at the supports, &,
and ds. The displacements due to rigid-body movement were calculated at the locations
of the linear potentiometers, and these rigid-body displacements were subtracted from the

measured displacements to determine the relative displacement response of the specimens.
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¢ Elevation A — A ¢

Precast Panel

. <=
' L =10/sin® i
Long Side Short Side

Figure 5.1 — Rigid Body Movement of Loaded End of Skewed Specimen
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Alx) = A, (x) — 6y (Equation 5.1)
8, = (ﬂ) x + 8 (Equation 5.2)

L—(xp+xs)

A(X) = Relative displacement at location x

Am(X) = Measured displacement at location x

& = Rigid-body Movement at location x

oL = Measured displacement near long support (L5 or DG2)

0s = Measured displacement near short support (L1 or DG1)

L = Length along displaced end from centerline to centerline of
supports

x_ = Distance from centerline of long side support to L5 or DG2

xs = Distance from centerline of short side support to L1 or DG1

x = Distance from centerline of short side support to location x

The test specimens included prestressed and non-prestressed concrete elements.
No data are available for changes in strand strain due to creep and shrinkage between
release of the strands in the precast panels and testing of the specimens. Also, the
complex geometry of the trapezoidal panels prevents precise calculation of the
precompression in the concrete due to prestressing. Therefore, reported strain values on
the bottom of the panels and in the prestressing strands provided in this chapter are live
load induced strains due to the applied load on the specimen. Strain levels in the
prestressing strands at release (epi) are provided in the appropriate figures for reference.
The primary purpose of the instrumentation is to indicate a change of stiffness in the
system as a result of the applied load.

In discussing the response of the test specimens, several loads are used for
comparison. With respect to the HL-93 Design Truck, three loads are considered, as
defined in Table 5.1. The Service Wheel Load, Pw, refers to one half of the rear axle

load for the HL-93 Design Truck. The Design Wheel Load corresponds to the Service
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Wheel Load amplified for impact, where | = 0.33. The Factored Wheel Load is the
product of the live load factor the Design Wheel Load.

In addition, the response of the specimen changed at several loads. The term
“apparent cracking load” refers to the load at which visible cracks formed on the surface
of the specimen. The term “cracking load” refers to the load at which the system
stiffness, measured by the instrumentation, changed appreciably. And the term

“maximum applied load” corresponds to the failure load.

Table 5.1 - oads Corresponding to HL-93 Design Truck

Load Designation Expression Numerical Value
Service Wheel Load Pw Pw 16 kip
Design Wheel Load P. (1+1) Py 21.3 kip
Factored Wheel Load Pu 1.75 P, 37.3 kip

In some cases, strain gages were damaged during the test due to events such as
formation of a crack at the location of a strain gage on the surface of the concrete or
debonding of the gage from the reinforcement. When this occurs, the data for that strain
gage are unreliable beyond that point. An “X” was used to identify the load at which the
damage occurred. Figure 5.2 provides an example using concrete strain gages to show

how the data are displayed when the strain gage was damaged during loading.
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LS1, No crack through g?

C1, Crack through gage

I = Strain Gage on Bottom Surface of Specimen

50
— \
2 40 LS1, No crack through gage
T 30 ™
9 C1, Crack through gage
@ 20
o
o
< 10
0 Il Il Il Il

0] 50 100 150 200 250 300

Tensile Strain (pg)
Figure 5.2 — Presentation of Strain Gage Data
5.3 MEASURED RESPONSE OF THE 45-DEGREE SPECIMENS

Measured data from the three specimens with 45-degree skews are summarized in

this section.

5.3.1 Response of Specimen P45P1

Specimen P45P1 was tested only at midspan of the skewed end. The load was

applied monotonically to failure. Key data from this test include relative displacements
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of the loaded end, strain on the bottom surface of the panel, and strain in the SEJ. Each is
discussed below.

5.3.1.1 Load Applied at Midspan of Skewed End

The relative displacement at midspan of the skewed end under the applied load is
shown in Figure 5.3. Specimen P45P1 used dial gages to measure the displacement at the
supports due to the compression of the bearing pads. Displacement measurements from
the dial gages were recorded at 5-kip intervals. At the L1, L2, and L3 locations along the
skewed end, displacements were measured continuously using linear potentiometers.
Continuous support movement, to be used with the linear potentiometer data, was
estimated using straight-line interpolation between recorded dial gage measurements.
The load-displacement plot in Figure 5.3 shows a cracking load of approximately 31 kip.
The apparent cracking load of the specimen was 35 kip. The variation of recorded
displacements along the skewed end for service and factored wheel loads is presented in
Figure 5.4. Relative displacements were highest at midspan under the load point, and the

lowest displacement was at the quarter-span location close to the long side.
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Figure 5.3 — Measured Displacement Response of Specimen P45P1 for
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Load Applied at Midspan of Skewed End
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Distane along Skewed End

Figure 5.4 — Variation of Relative Displacements along Loaded End for
Specimen P45P1 for Load Applied at Midspan of Skewed End
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The change in strain at midspan of the loaded end is shown in Figure 5.5. Strain
data from the bottom of the panel show a cracking load of approximately 33 kip. The
strain variation along the loaded end is presented in Figure 5.6. At each of the
characteristic load levels (Pw, P., and Py), strains were highest at midspan under the load

point, and the lowest strain was recorded at the quarter-span location near the long side.

100
90
80
70
60
50 | ; C1

40 B Vi

Applied Load (kip)

30 |

20

10

O 1 1 1 1 1 1
0 500 1000 1500 2000

Change in Tensile Strain on Bottom of Panel (L)

Figure5.5 - Changein Tensile Strain on Bottom of Precast Panel for
Specimen P45P1 for Load Applied at Midspan of Skewed End
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Figure 5.6 — Distribution of Concrete Strain on the Bottom of the Panel
along Skewed End of Specimen P45P1

Compressive strain data at midspan of the SEJ is shown in Figure 5.7. The SEJ
shows a cracking load of approximately 33 kip. The strain variation along the SEJ is
shown in Figure 5.8. Again, the strain is highest at midspan, followed by lower strains at
the quarter-span location near the short side and the lowest strains near the long side.

The cracking loads for Specimen P45P1 are summarized in Table 5.2. The

average cracking load for load applied at midspan of the skewed end is 33 kip.
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Figure 5.7 — Measured Compressive Strain at Midspan of SEJ for Specimen P45P1 for
Load Applied at Midspan of Skewed End
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Figure 5.8 — Variation of Strain in SEJ along Skewed End of Specimen P45P1
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Table 5.2 - Initial Stiffness and Inferred Cracking Load for Specimen P45P1 for Load
Applied at Midspan of Skewed End

Initial Stiffness Inferred Cracking
(k/in, k/pe) Load (kip)
Displacement 307.4 31
Concrete Strain on 0167 33
Bottom of Panel
SEJ Strain 0.163 33
Apparent Cracks - 35

Observed cracks at the conclusion of the static test are shown in Figure 5.9. The
specimen failed in shear at the short side support. The precast trapezoidal panel pulled
away from the topping slab at failure (Figure 5.10).
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Predominant Cracks on Bottom Surface of Specimen

Figure 5.9 — Observed Crack Pattern at Conclusion of Static Test for Specimen
P45P1
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Figure 5.10 — Photograph of Specimen P45P1 at Conclusion of Static Test

5.3.2 Response of Specimen P45P2

Specimen P45P2 was tested monotonically to failure two times. During the first
test, the load was applied near midspan of the SEJ along the skewed end of the
trapezoidal panel. For the second test, load was applied near midspan of the
perpendicular end of the trapezoidal panel. Key data from the test include relative
displacements, concrete tensile strain, compressive strain in the SEJ, and tensile strain in

the prestressing strands.
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5.3.2.1 Load Applied at Midspan of Skewed End

The relative displacement at midspan of the skewed end under the applied load is
shown in Figure 5.11. According to the load-displacement data, the specimen cracked at
approximately 31 kip, but cracks did not begin to appear on the surface of the specimen
until the applied load reached 37 kip. Displacements are largest under the load point,
with displacements at the quarter point near the short side exceeding those at the quarter
point near the long side (Figure 5.12). The unsymmetrical distribution of displacements
about midspan of the skewed end resulted from the unsymmetrical load path created by

the trapezoidal panel.
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Relative Displacement at Midspan of Skewed End (in.)

Figure 5.11 — Measured Displacement Response of Specimen P45P2 for
Load Applied at Midspan of Skewed End
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Figure 5.12 — Variation of Relative Displacements along Skewed End of Specimen
P45P2

Tensile strain data from the concrete show that the strain gage was damaged at
approximately 28 kip (shown in Figure 5.13); therefore, the change in stiffness
corresponding to the cracking load can not be approximated from this data. Figure 5.14
shows the strain variation on the bottom of the panel along the loaded end. The most
strain occurs at midspan and the quarter-span location closest to the short side support

experienced higher strains than the quarter-span location near the long side.
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Figure5.13 - Tensile Strain on Bottom of Precast Trapezoidal Panel for

Specimen P45P2 for Load Applied at Midspan of Skewed End
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Figure 5.14 — Distribution of Concrete Strain on the Bottom of the
Panel along Skewed End of Specimen P45P2

72



Compressive strain gage data for the SEJ show that expansion joint did not yield
under the applied load. It also shows that the specimen cracked around 30 kip (Figure
5.15). Figure 5.16 shows the variation in SEJ strain along the loaded end. The same
trend is seen here as in the displacement and concrete strain data. The highest strain was
measured at midspan, followed by the quarter-span location near the short side, and the

lowest strain was recorded at the quarter-span location near the long side.

100
0 r SEJ2
80 |
70 + ;
60 |
50 /
40 /
30 f----- /
20
10 & = 1650 us
0 . . . . .

0 200 400 600 800 1000 1200

Applied Load (kip)

Compressive Strain at Midspan of SEJ (&)

Figure 5.15 - Measured Compressive Strain at Midspan of SEJ for Specimen P45P2
for Load Applied at Midspan of Skewed End
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Figure5.16 - Variation of Strain in SEJ along Skewed End of Specimen P45P2
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Figure 5.17 — Measured Changein Tensile Strain in Prestressing Strand in Specimen
P45P2 for Load Applied at Midspan of Skewed End

The strain gage data on the prestressing strands indicate that the cracking load for
the skewed end was approximately 28 kip as shown in Figure 5.17. Variation of the
change in prestressing strand strain is shown in Figure 5.18. It can be seen that changes
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in strains in the strands are highest under the load point and decrease sharply as distance
from the loaded end increases.
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Figure 5.18 — Variation of Maximum Strain in Prestressing Strands for Load Applied
at Midspan of Skewed End for Specimen P45P2

The cracking loads inferred from the measured response are summarized in Table
5.3. The inferred cracking loads from the instrumentation and the apparent cracking load
varied from 28 to 37 kip, with an average of 32 kip.
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Table 5.3 — I nitial Stiffnessand Inferred Cracking Loads for Load Applied at Midspan
of Skewed End of Specimen P45P2

Initial Stiffness Inferred Cracking
(k/in, k/pe) Load (kip)

Displacement 390 31

Concrete Strain on 0210 )
Bottom of Panel
SEJ Strain 0.216 30
Strain in Prestressing 0.245 )8
Strand*

Apparent Cracking - 37

* Data from gage S12 and S13

Observed cracks at the conclusion of the static test at midspan of the skewed end
are shown in Figure 5.19. It should be noted that these figures represent the crack
patterns corresponding to the major cracks and not a complete crack map of every crack
formed. Photographs of the failure are shown in Figure 5.20. A diagonal shear crack
formed (Figure 5.20 (a)) at the support on the short side of the trapezoidal panel and
propagated to the top surface of the specimen. Severe cracking also occurred on the

bottom surface of the specimen near the support on the short side (Figure 5.20 (b)).
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Figure 5.20

HN

Predominant Cracks on Bottom Surface of Specimen

Figure 5.19 — Observed Crack Patterns at Conclusion of Static Test at Midspan
of Skewed End for Specimen P45P2
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(b) Northwest Corner of Specimen Viewed from Below
Figure 5.20 — Photographs of Specimen P45P2 at Conclusion of Static
Test at Midspan of Skewed End
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5.3.2.2 Load Applied at Midspan of Square End

Following the completion of the first static test, load was applied at midspan of
the square end of the trapezoidal panel. In this test, the capacity of the specimen
exceeded 100 Kkip, which was the capacity of the load cell. Therefore, the specimen had
to be unloaded and reloaded using a 200-kip load cell. Thus, there are two curves in the
load-displacement plot in Figure 5.21. The unloading curve was not recorded when the
load cell was changed. In order to approximate the unloading curve, a straight line with
the same slope as the initial stiffness of the system was plotted (the dotted line). The
second curve was then shifted by the same amount as the offset from the unloading plot.
Because the specimen experienced cracks during the previous test, it was not possible to
identify the load at which new cracks appeared. However, Figure 5.21 indicates a change
in stiffness near 40 kip for the first loading. Figure 5.22 shows the displacement
variation along the loaded end; it shows that the displacement distribution was more
uniform on the square end of the specimen than along the skewed end of the specimen
(Figure 5.12). Figure 5.22 also shows that displacements under the applied load were
significantly smaller along the square end compared with the skewed end. In this case,
displacements near the long side were slightly larger than those closer to the short side.
This is likely due to the reduced panel stiffness in the corner of the panel without

prestressing strands.
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Figure5.21 - Measured Displacement Response for Specimen P45P2 for Load Applied
at Midspan of Square End
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Figure 5.22 — Variation of Displacements along Square End of
Specimen P45P2

Strain data from the bottom side of the panel along the loaded end also indicated a
cracking load of approximately 40 kip (Figure 5.23). The distribution of strain along the
bottom of the panel at the loaded end (Figure 5.24) shows larger strains at the quarter-
span locations than at midspan of the square end. This trend is not consistent with those
in other data sets and suggests that cracks near the supports from the previous loading
contributed to a reduced stiffness and higher strains near the supports than would be

expected for an undamaged specimen.
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Figure 5.23 —Measured Changein Tensile Strain on Bottom of Precast Panel for
Specimen P45P2 for Load Applied at Midspan of Square End
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Figure 5.24 — Distribution of Change in Concrete Strain on the Bottom of the Panel
Along Square End of Specimen P45P2

Strain data from the rebar in the panel along the square end again show a cracking

load of approximately 40 kip (Figure 5.25). The difference in the departure from the
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initial tangent for each rebar shows that the crack propagated from R2 to R5. The
variation of strain in the rebar along the loaded end, Figure 5.26, shows strains highest at
midspan and lower at the quarter-span locations. Also, when compared to the strain
variation in the SEJ along the skewed end (Figure 5.15), strain in the rebar is more

symmetric with respect to midspan on the square end.
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Figure5.25 - — Measured Tensile Strainsin Rebar for Specimen P45P2 for Load
Applied at Midspan of Square End
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Figure5.26 — Distribution of Strain in Reinforcement Closest to Square End of
Specimen P45P2

Load-displacement data, concrete strain data on the bottom of the panel, and
rebar strain data indicate a cracking load of approximately 40 kip on the square end
(Table 5.4). This load is higher than the cracking load on the skewed end of the
specimen.

Table 5.4 — Initial Stiffnessand Inferred Cracking Load for Each Data Type for
Specimen P45P2 for Load Applied at Midspan of Square End

Initial Stiffness Inferred Cracking
(k/in, k/pe) Load (kip)
Displacement 685 40
Concrete Strain on
Bottom of Panel 0.352 40
Strain in Rebar 0.146 40

Also, an observation was made about the interaction of the two adjacent panels in
the specimen. Even though an attempt was made to isolate the trapezoidal panel by
positioning the load plate 4 in. back from the square end of the panel, significant load was
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shared between the two panels. This is seen in Figure 5.27 where it was observed that the
trapezoidal and rectangular panels displace similarly under the applied load on the square
end of the trapezoidal panel.

Ultimately, the specimen failed in punching shear at a load of 120 kip. Concrete
on the bottom of the panel spalled off, exposing the bottom layer of reinforcement. The
crack pattern at the conclusion of the static test is shown in Figure 5.28. Photographs of
the failure in Figure 5.29 show the punching shear crack around the load plate on the top

side of the specimen and the spalled concrete and prominent punching shear cracks on the

bottom side.
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Figure 5.27 - Measured Relative Displacement Response at Midspan of Trapezoidal
and Rectangular Panelsin Specimen P45P2 for Load Applied at Midspan of Square
End
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Predominant Cracks on Bottom Surface of Specimen

Figure 5.28 — Observed Crack Patterns at Conclusion of Static Test at Midspan of
Square End for Specimen P45P2
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Predominant Punching Shear Crack

(b) Southwest Corner of Specimen Viewed from Below

Figure 5.29 — Photographs of Specimen P45P2 at Conclusion of
Static Test at Midspan of Square End
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5.3.3 Specimen P45P3

Specimen P45P3 was subjected to two types of loading. In the first test, fatigue
loads were applied near midspan of the SEJ along the skewed end of the trapezoidal
panel. The specimen was subjected to four million loading cycles during the fatigue test.
In the second test, the specimen was loaded monotonically to failure near midspan of the

SEJ along the skewed end of the trapezoidal panel.

5.3.3.1 Fatigue Load Applied at Midspan of Skewed End

During the fatigue test, the peak-to-peak amplitude of the applied load was 16 kip.
In the first phase of the test, the specimen was subjected to two million loading cycles.
The fatigue tested was stopped periodically — approximately every 250,000 cycles — to
measure the static response of the specimen. No cracks were observed during the first
phase of the fatigue test. After two million fatigue cycles, the specimen was loaded until
flexural cracks formed. The maximum applied load was 43 kip and was considered to be
representative of an overload. After cracking, the specimen was subjected to two million
additional fatigue cycles. Periodic static tests were again conducted to detect changes in
specimen stiffness. The complete load history for Specimen P45P3 is summarized in
Table 5.5. For convenience in presenting the data, only representative periodic tests,
marked with an asterisk in the table, are presented.

The measured displacement response of Specimen P45P3 during representative
periodic tests before the static overload test is presented in Figure 5.30, and data recorded
after the overload are presented in Figure 5.31. The static overload plot indicates that
cracking occurred load at approximately 32 kip, and the apparent cracking load of the
specimen was 34 kip. The overall stiffness of the test specimen did not change
appreciably during the fatigue test. However, the displacement data recorded after
1,100,000 fatigue cycles were stiffer than expected. The linear potentiometers were
repositioned before each periodic static test. Therefore, it is likely that the data reflect an
error in positioning the transducers, rather than a change in the response of the test

specimen.
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Variation of the displacement along the loaded end for the specimen during the
static overload test is provided in Figure 5.32. The largest displacements were recorded
at midspan, and displacements were marginally higher at the quarter-span location near

the short side support than near the long side support.

Table 5.5 — Static Tests Conducted During Fatigue Test for Specimen P45P3

Type of Static Accumulated Ma.X|mum Cond't'f)n at
. Applied Load Conclusion of
Test Fatigue Cycles ;
(kip) Test
Initial * 0 16
Periodic 250,000 16
Periodic 500,000 16
Periodic 850,000 16
Uncracked
Periodic * 1,100,000 16
Periodic 1,400,000 16
Periodic 1,700,000 16
Periodic * 2,000,000 16
Overload * 2,000,000 43
Periodic * 2,000,000 16
Periodic 2,225,000 16
Periodic 2,500,000 16
Periodic 2,850,000 16
. Cracked
Periodic * 3,100,000 16
Periodic 3,300,000 16
Periodic 3,500,000 16
Periodic 3,850,000 16
Periodic * 4,000,000 16

* Static Tests Used in Data Presentation
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Figure 5.30 — Measured Displacement Response at Midspan of Skewed End for
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Figure 5.31 — Measured Displacement Response at Midspan of Skewed End for

50
45
40
35
30
25
20
15
10

5

Overload

4,000,000 Cycles

2,000,000 Cycles (after overload)

3,100,000 Cycles

0 0.125

Relative Midspan Displacements (in.)

0.25

Specimen P45P3 during Periodic Static Tests after Overload Test

90



0.20

0.15

0.10

0.05

Relative Displacement (in.)

0.00
Long Side L4 L3 L2 Short Side

Distance Along Displaced Edge

Figure 5.32 — Variation of Displacements along Skewed End of Specimen P45P3
during Static Overload Test

Live load induced tensile strain data along the bottom of the panel at the skewed
end are presented for static tests before the static overload test in Figure 5.33, and live
load induced strains for periodic static tests after the overload are provided in Figure 5.34.
The figure shows that a crack passed through the strain gage on the concrete at an applied
load of approximately 29 kip. Because no change in stiffness occurred before the gage
was destroyed, no cracking load can be inferred from live load induced strain data during
the static over load test. No significant change in stiffness along the loaded end occurred
during the fatigue loading. Periodic tests after the overload show a nonlinear strain
response that is likely due to opening of cracks during the overload test. Variation in
strain along the bottom end of the panel for the static overload test is provided in Figure
5.35.
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Figure 5.33 —Measured Changein Concrete Strain on the Bottom of Panel at
Midspan of Skewed End for Specimen P45P3 during Periodic Static Tests before

Overload Test
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Figure 5.34 — Measured Change in Concrete Strain on the Bottom of Panel at Midspan
of Skewed End for Specimen P45P3 during Periodic Static Tests after Overload Test
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Figure 5.35 — Distribution of Change in Concrete Strain along Bottom of Panel for
Specimen P45P3 during Static Overload Test

Compressive strain data from midspan of the SEJ (Figure 5.36) indicate a
cracking load of approximately 32 kip. Periodic static tests before and after the overload
are shown in Figure 5.36 and Figure 5.37 respectively. The SEJ data also indicate no
significant change in stiffness during the fatigue process. Variation of SEJ strain along
the loaded end, Figure 5.38, again shows highest strains at midspan and lowest strains at

the quarter-span location near the long side.
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Figure5.36 —Measured Strain at Midspan of SEJ for Specimen P45P3 for Periodic

Applied Load (kip)
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Figure 5.37 —Measured Strain at Midspan of SEJ for Specimen P45P3 for Periodic
Static Loads Applied after Static Overload Test

94



400

300

200

100

Compressive Strain in SEJ (ue)

0
Long Side SEJ3 SEJ2 SEJ1 Short Side

Distance Along Skewed End

Figure 5.38 - Variation of Strain along SEJ for Specimen P45P3 during Static
Overload Test

Live load induced tensile strain data for strand S12 are presented for periodic tests
conducted before the static overload test in Figure 5.39 and after the static overload test
in Figure 5.40. Again no significant changes in stiffness were observed with the fatigue
loading. Variation of strain in the prestressing strands during the overload test from the
loaded end towards the interior of the panel is shown in Figure 5.41. The largest changes
in strain were observed directly beneath the load point, at the skewed end and then
quickly drop off as distance from the loaded end increases.
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Figure 5.39 —Measured Changein Strain Response of Strand S12 during Periodic

Static Tests before Overload for Specimen P45P3 for Loads Applied at Midspan of
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Figure 5.40 — Measured Changein Strain Response of Strand S12 during Periodic

Static Tests after Overload for Specimen P45P3 for Loads Applied at Midspan of

Skewed End
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Figure 5.41 — Variation of Maximum Strain in Prestressing Strands for Load Applied
at Midspan of Skewed End of Specimen P45P3 during Static Overload Test

A summary of the initial stiffness and estimated cracking load for each data set
collected during the static overload test is provided in Table 5.6. The inferred cracking
load from the instrument and the apparent cracking load ranged from 30 to 34 kip, with
an average cracking load of 32 kip.

Table 5.6 — Initial Stiffnessand Inferred Cracking Loads for Specimen P45P3

Initial Stiffness Inf.erred
(K/in, k/1c) Cracking Load
o (kip)
Displacement 278 32
Concrete Strain on 0.158 )
Bottom of Panel
SEJ Strain 0.154 32
Strainin
Prestressing Strand 0-185 30
Apparent Cracking - 34
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Observed cracks for Specimen P45P3 are shown in Figure 5.42. At the
conclusion of the fatigue test, cracks that formed during the static overload test had not
propagated any further, and no delamination was observed between the precast panels

and the topping slab.
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Figure 5.42 — Observed Crack Pattern for Specimen P45P3 at Conclusion of
Fatigue Test
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5.3.3.2 Static Load to Failure Applied at Midspan of Skewed End

At the conclusion of the fatigue test, Specimen P45P3 was loaded statically to
failure. Key data for the test are presented in this section.

Relative displacements at midspan of the skewed end of Specimen P45P3 are
plotted against the applied load in Figure 5.43. The specimen was already cracked, but
the plot in Figure 5.43 exhibits a change in stiffness at approximately 40 kip. The
variation of displacements along the loaded end is presented in Figure 5.44. For levels of
applied load less than the Design Wheel Load, the displacements are nearly symmetric
about midspan. However, at the Factored Design Load, the highest displacements
occurred at midspan and larger displacements were recorded at the quarter-span location

near the short side than the quarter-span location near the long side.
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Figure 5.43 — Measured Displacement Response of Specimen P45P3 for Load Applied
at Midspan of Skewed End after Fatigue Test

100



0.20

0.15

0.10

0.05

Relative Displacement (in.)

0.00
Long Side L4 L3 L2 Short Side

Distance Along Skewed End

Figure 5.44 — Variation of Displacements along Skewed End of Specimen P45P3 after
Fatigue Test

Cracks from the fatigue test influenced the strain gage data on the bottom side of
the panel in the static test to failure. Data from midspan of the skewed end are plotted in
Figure 5.45. The strain data exhibit a low initial stiffness, and then the stiffness increases
before the data become unreliable. Because the change in stiffness begins at low load
levels (less than 20 kip), the change in stiffness along the plot may have resulted from the
propagation of cracks under the applied load that originally formed during the fatigue test.
Strain variation along the loaded end is presented in Figure 5.46. Strains are only slightly
higher on the short side than on the long side.
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Figure 5.45 — Change in Tensile Strain Data on Bottom of Precast Panel for Specimen
P45P3 for Load Applied at Midspan of Skewed End after Fatigue Test
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Figure5.46 — Distribution of Change in Concrete Strain on the Bottom of the Panel
along Skewed End of Specimen P45P3 after Fatigue Test
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Compressive strain data at midspan of the SEJ are presented in Figure 5.47. The
system changes stiffness at a load of approximately 48 kip, but this is not the cracking
load because the specimen was already cracked during the fatigue test. Variation of
strain along the SEJ is seen in Figure 5.48. Again, higher strains were observed at the

quarter-span location near the short side than near the long side.
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Figure 5.47 — Measured Compressive Strain at Midspan of SEJ for Specimen P45P3
after Fatigue Test
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Figure 5.48 - Variation of Strain on SEJ along Skewed End of Specimen P45P3 after
Fatigue Test

Live load induced tensile strains in prestressing strands S12 and S11 are plotted in
Figure 5.49. No observation of cracking load can be made from the strand strain data
because the specimen was already cracked before the start of the static load to failure.
Variation of the change in the prestressing strand strain from the interior of the panel to
the loaded end is presented in Figure 5.50. Strain changes are largest under the load point
and drop off quickly as distance away from the loaded end increases. Strain gage S4 was

damaged, and so it is not included in Figure 5.50.
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Figure5.49 — Measured Changein Tensile Strain in Prestressing Strand in Specimen
P45P3 for Load Applied at Midspan of Skewed End after Fatigue Test
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Figure 5.50 — Variation of Maximum Strain in Prestressing Strands for Load Applied
at Midspan of Skewed End for Specimen P45P3 after Fatigue Test

Observed cracks in the specimen at the conclusion of the static test to failure are
shown in Figure 5.51. The failure mechanism was a shear failure at the short side support,
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and no delamination between the panel and topping slab was observed at the maximum
applied load. Spalling on the bottom of the panel was observed at the maximum applied
load, but no panel reinforcement was exposed. Photographs of the specimen at the

conclusion of the test are provided in Figure 5.52, Figure 5.53, and Figure 5.54.
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Figure 5.51 — Observed Crack Pattern for Specimen P45P3 for Static Test to

Failure
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Figure 5.52 — Predominant Cracks at Southwest Corner of Specimen at Conclusion of
Static Test to Failure of Specimen P45P3
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Figure 5.53 — Predominant Cracks at Southeast Corner of Specimen P45P3 at

Conclusion of Static Test to Failure
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Figure 5.54 — Spalling on Bottom Surface of Specimen P45P3 at Conclusion of Static
Test to Failure
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5.4 MEASURED RESPONSE OF THE 30-DEGREE SPECIMENS

Measured data from the two specimens with 30-degree skews are summarized in

this section.

5.4.1 Specimen P30P1

Specimen P30P1 was tested monotonically to failure two times. During the first
test, the load was applied near midspan of the SEJ along the skewed end of the
trapezoidal panel. During the second test, load was applied near midspan of the square
end of the trapezoidal panel. Key data for this specimen include relative displacements
of the loaded end, strain on the bottom of the panel, and strain on the top surface of the
SEJ.

54.1.1 Load Applied at Midspan of Skewed End

The load was applied monotonically to failure. The apparent cracking load of
Specimen P30P1 for load applied at midspan of the skewed edge was 32 kip. The
measured displacement response at midspan of the skewed end is shown in Figure 5.55.
The displacement response shows a cracking load of approximately 32 kip, but the
stiffness quickly decreased for larger loads. As the applied load approached 50 kip,
delamination between the panel and topping slab was heard, but few cracks were visible
on the surface of the specimen. After delamination, the specimen was unable to carry a
maximum applied load higher than 50 kip. The distribution of displacements along the

loaded end is shown in Figure 5.56.
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Figure 5.55 — Measured Displacement Response of Specimen P30P1 for Load Applied

at Midspan of Skewed End
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Figure 5.56 - Variation of Displacement along Skewed End of Specimen P30P1
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The change in tensile strain data from the bottom of the panel at midspan of the
skewed end are plotted in Figure 5.57. The data also indicate that the strain gage was
damaged at a load of approximately 32 kip. Because no change in stiffness is apparent
from the concrete strain data, a cracking load could not be inferred from this data set.
Variation of strain on the bottom of the panel along the loaded end is provided in Figure
5.58. Live load induced strains were highest at midspan and lowest at quarter-span

location near the long side.
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Figure 5.57 — Changein Tensile Strain on Bottom of Panel at Midspan of Skewed End
of Specimen P30P1
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Figure 5.58 — Distribution of Change in Concrete Strain on Bottom of Panel along
Skewed End of Specimen P30P1

Compressive strain data at midspan of the expansion joint are plotted in Figure
5.59; the SEJ data also indicate a cracking load for the specimen of approximately 33 kip.
Variation of strain along the SEJ is shown in Figure 5.60. Strains were highest at

midspan, and the strains at SEJ1 were higher than the strains at SEJ3.
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Figure 5.59 — Compressive Strain at Midspan of SEJ in Specimen P30P1
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Figure 5.60 - Variation of Strain along SEJ of Specimen P30P1

The inferred cracking loads from the instrumentation and the apparent cracking

load for Specimen P30P1 are provided in Table 5.7.
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Table 5.7 — Initial Stiffness and Estimated Cracking Loads for Specimen P30P1 for
Load Applied at Midspan of Skewed End

Initial Stiffness Inferred Cracking
(k/in, k/ue) Load (kip)
Displacement 336.4 33
Concrete Strain on 0.143 )
Bottom of Panel
SEJ Strain 0.162 32
Apparent Cracking - 32

Observed cracks in the specimen at the conclusion of the test are shown in Figure
5.61. The failure mechanism for specimen P30P1 was delamination between the panel
and topping slab for load applied at the skewed end of the specimen. Therefore, visible
crack widths on the surface of the specimen at the conclusion of the skewed end loading
were small. A photograph of the gap between the panel the topping slab due to the
delamination is provided in Figure 5.62.
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Figure 5.61 — Observed Cracks at Conclusion of Static Test of Specimen P30P1 for
Load Applied at Midspan of Skewed End
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Figure 5.62 — Photograph of Specimen P30P1 at Conclusion of Static Test for Load
Applied at Midspan of Skewed End

5.4.1.2 Load Applied at the Square End

Specimen P30P1 was loaded at midspan of the square end after the test along the
skewed end. Cracks from the skewed end loading damaged many of the strain gages on
the bottom of the panel, so only displacement data for load applied at midspan of the
square end were reliable. Also, because cracks formed during the test at midspan of the
skewed end, it was not possible to identify the load at which new cracks appeared for
load applied at midspan of the square edge.

Measured relative displacements at midspan of the square end are plotted in
Figure 5.63. The data show a cracking load for the square end at 27 kip. Displacements
of the square end remained small as the applied load approached 60 kip. Due to the
previous delamination of the specimen, the linear potentiometers were removed at 60 kip
to prevent damage to equipment in the case of complete separation of the panel from the
test specimen. But the specimen demonstrated considerable ductility, and though
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displacement data is not available at failure, the specimen failed due to punching shear in
the topping slab at a load of 87 kip.
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Figure 5.63 — Measured Displacement Response at Midspan of Square End of
Specimen P30P1

Observed cracks at the conclusion of the test on the square end are shown in
Figure 5.64. As mentioned, the specimen failed in punching shear in the topping slab.
Photographs of the specimen at the conclusion of the test are in Figure 5.65 and Figure
5.66; Figure 5.65 shows the punching shear cracks on the top surface of the specimen,
and Figure 5.66 shows the displacement of the delaminated panel under the punching

shear cone.
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Figure 5.64 — Observed Crack Pattern at Conclusion of Static Test for Specimen
P30P1 for Load Applied at Midspan of Square End
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Figure 5.65 — Photograph of Punching Shear Failure for Specimen P30P1 for Load
Applied at Midspan of Square End
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Figure 5.66 — Photograph of Trapezoidal Panel Displacement at Conclusion of Test of
Specimen P30P1 for Load Applied at Midspan of Square End

5.4.2 Specimen P30P2

Specimen P30P2 was tested monotonically to failure two times. During the first
test, the load was applied near midspan of the SEJ along the skewed end of the
trapezoidal panel. During the second test, load was applied near midspan of the square
end of the trapezoidal panel.

54.2.1 Load Applied at Skewed End

The measured displacement response at midspan of the skewed end is shown in

Figure 5.67. The displacement response indicates a cracking load of approximately 22

kip. Cracks appeared on the surface of the specimen at a load of 25 kip. As the applied

load approached 50 kip, delamination between the panel and topping slab was again
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heard. After delamination the specimen was unable to carry a maximum applied load
much higher than 50 kip. The distribution of displacements along the skewed end is
shown in Figure 5.68. The linear potentiometers at locations L3 and L4 were positioned
incorrectly and did not record displacement data for load increments up to approximately
13 kip. In order to compare the data along the skewed end of the panel, the procedure
outlined in Appendix B was used to extrapolate the displacement data at locations L3 and

L4 for low levels of applied load.
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Figure 5.67 - Measured Displacement Response at Midspan of Skewed End of
Specimen P30P2
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Figure 5.68 - Variation of Displacements along Loaded End of Specimen P30P2 for
Load Applied at Midspan of Skewed End

The change in tensile strain on the bottom of the panel at midspan of the skewed
end is plotted in Figure 5.69. The data indicate that the gage was damaged at a load of
approximately 30 kip; therefore, the change in stiffness corresponding to the cracking
load can not be approximated from this data. Variation of live load induced strain on the
bottom of the panel along the loaded end is provided in Figure 5.70. All strain gages
were damaged by the formation of flexural cracks, so only strain variation for Py and P,
are plotted. Strains were highest at midspan and lowest at quarter-span location near the

long side.
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Figure5.69 — Change in Tensile Strain on Bottom of Precast Panel at Midspan of
Skewed End of Specimen P30P2
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Figure 5.70 - Variation of Change in Strain on Bottom of Panel along Skewed End of
Specimen P30P2
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Compressive strain data at midspan of the expansion joint are plotted in Figure
5.71; the SEJ data indicate a cracking load for the specimen of approximately 31 kip.
Variation of strain along the SEJ is shown in Figure 5.72. Strains were highest at

midspan, and the strains at SEJ1 were higher than the strains at SEJ3.
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Figure 5.71 — Compressive Strain at Midspan of SEJ in Specimen P30P2
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Figure5.72 - Variation of Strain in SEJ along Loaded End of Specimen P30P2 for
Load Applied at Midspan of Skewed End

The approximated cracking load from the instrumentation and the apparent
cracking load for Specimen P30P2 are provided in Table 5.8.

Table 5.8 —Initial Stiffnessand Inferred Cracking Loads for Specimen P30P2 for
Load Applied at Midspan of Skewed End

Initial Stiffness (k/in, Inferred Cracking
k/ue) Load (kip)
Displacement 290 22
Concrete Strain on 0.106 i
Bottom of Panel
SEJ Strain 0.111 31
Apparent Cracking - 25
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Observed cracks in the specimen at the conclusion of the test are shown in Figure
5.73. The failure mechanism for specimen P30P2 was delamination between the panel
and topping slab for load applied at the skewed end of the specimen. The crack widths
were quite small for the visible cracks on the surface of the specimen at the conclusion of
the skewed end loading. A photograph of the gap between the panel the topping slab due

to the delamination is provided in Figure 5.74.
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Figure 5.73 — Observed Crack Pattern for Specimen P30P2 for Load Applied at
Midspan of Skewed End
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Skewed End of Trapezoidal Panel
Figure 5.74 — Photograph of Delamination of Trapezoidal Panel from Topping Slab
for Specimen P30P2 for Load Applied at Midspan of Skewed End

5.4.2.2 Load Applied at Midspan of Square End

Specimen P30P2 was loaded at midspan of the square end after the test on the
skewed end. Cracks from the skewed end loading damaged many of the strain gages on
the bottom of the panel, so only displacement data for load applied at midspan of the
square end were reliable.

Measured relative displacements at midspan of the square end are plotted in
Figure 5.75. The linear potentiometer at location L3 was positioned incorrectly and did
not record displacement data for load increments up to approximately 20 kip. In order to
compare the data along the square end of the panel, the procedure outlined in Appendix B
was used to extrapolate the displacement data at location L3 for low levels of applied
load. The data show a cracking load for the square end at 45 kip. Despite delamination
from the skewed end loading, the specimen demonstrated considerable strength and
ductility for load applied at midspan of the square end. The maximum applied load of 84
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kip resulted in a relative midspan displacement of more than 1.5 in., which is

approximately L/80 for a centerline beam spacing of 10 ft.
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Figure5.75 — Measured Displacement Response at Midspan of Square End of
Specimen P30P2

Observed cracks at the conclusion of the test on the square end are shown in
Figure 5.76. The specimen failed in punching shear in the topping slab, and then a large
shear crack opened in the trapezoidal panel near the short side support. Photographs of
the specimen at the conclusion of the test are in Figure 5.77 and Figure 5.78; Figure 5.77
shows the punching shear cracks on the top surface of the specimen, and Figure 5.78

shows the shear crack in the trapezoidal panel.

131



______________________________________________

st

=z

Figure 5.77

pzd

Figure 5.78

Predominant Cracks on Bottom Surface of Specimen

Figure 5.76 — Observed Crack Pattern at Conclusion of Static Test for Specimen
P30P2 for Load Applied at Midspan of Square End
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Figure 5.78 — Photograph of Shear Crack in Trapezoidal Panel at Short Side Support
in Specimen P30P2 for Load Applied at Midspan of Square End

55 SUMMARY

A summary of the response of the test specimens to loads applied at midspan of the
skewed and square endsis presented in

Table 5.9.

For loads applied at midspan of the skewed end, cracking loads for all specimens
were approximately 1.5 times the Design Wheel Load. However, the maximum applied
loads for the 45-degree specimens were approximately 4 times the Design Wheel Load,
whereas the 30-degree specimens were only able to carry maximum applied loads of 2.5

times the Design Wheel Load due to the delamination of the panels from the topping slab.
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Data from the load tests on the square end show that the cracking load of the
specimens on the square end was approximately 1.5 to 2 times the Design Wheel Load.
Also the maximum applied load at the square end was approximately 4 to 5.5 times the
Design Wheel Load.

Three failure modes were identified in the response of the test specimens: shear
failure at the short side support, punching shear, and delamination of the panel from the
topping slab. All three 45-degree specimens failed in shear at the short side support for
load applied at midspan of the skewed end. The 30-degree specimens failed by
delamination of the panel from the topping slab for load applied at midspan of the
skewed end, and all specimens loaded at midspan of the square end failed in punching

shear.
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Table 5.9 - Summary of Response of Test Specimens

Specimen
PA5P1 P45P2 P45P3 P30P1 P30P2
Cracklng. Load, P, 33 39 32 32 26
(kip)
Per/Pw 2.1 2.0 2.0 2.0 1.6
- Po/PL 1.5 1.5 1.5 1.5 1.2
C
% Po/Py 0.9 0.9 0.9 0.9 0.7
(]
= | Maximum Applied
(]
= Load, P,.., (Kip) 83 89 81 49 54
Prmax/ Pw 5.2 5.6 5.1 3.1 34
Pmax/PL 3.9 4.2 3.8 2.3 2.5
Prmax/Pu 2.2 2.4 2.2 13 1.4
Crackmg. Load, P, ) 40 ) 27 45
(kip)
Po/Pw - 2.5 - 1.7 2.8
= Per/PL - 1.9 - 1.3 2.1
o Per/Py - 1.1 - 0.7 1.2
5 Maximum Applied
=}
a Load, Pmay (kip) ) 120 ) 87 84
Prmax/Pw - 7.5 - 5.4 5.3
Pmax/PL - 5.6 - 4.1 3.9
Pmax/Pu - 3.2 - 2.3 2.3
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Chapter 6: Discussion of Results

6.1 INTRODUCTION

The experimental results presented in Chapter 5 are summarized and discussed in
this chapter. First, results from tests with the load applied at midspan of the skewed end
are discussed, followed by a discussion of the results from tests with the load applied at
midspan of the square end. Finally recommendations for the use of skewed panels in
bridge deck construction are presented.

6.2 SUMMARY

Over the past eight years, the Texas Department of Transportation has funded two
investigations regarding the use of precast concrete panels as stay-in-place formwork
adjacent to expansion joints in bridge deck construction. In TXDOT Project 0-4418,
researchers constructed three full-scale bridge decks. One of the specimens used precast
panels at a 0° skew (Coselli, 2004), and the results indicated that the precast panel system
provided adequate strength and reduced construction costs compared with the traditional
cast-in-place details at the expansion joint. In the first phase of the investigation in
TxDOT Project 0-5367 (Agnew, 2007), the fatigue response of precast panels was
evaluated at the expansion joint in 0° skew bridges, and it was determined that the precast
panel system was more than adequate for service-level fatigue loads.

In this second phase of TXDOT Project 0-5367 (this investigation), the response
of skewed precast panels at expansion joints was tested under static and fatigue loads.
Two skew angles were tested: 30° and 45°. Five specimens were constructed and
subjected to a total of nine tests. Test loads were applied at midspan of the skewed end
of each specimen, and some specimens were also tested at midspan of the square end of
the trapezoidal panels. The response of the specimens is summarized in Section 6.2.1
and Section 6.2.2.
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6.2.1 Load Applied Along Skewed End

The three 45° specimens exhibited similar response to loads applied at midspan of
the skewed end. The load-displacement plots for the 45° specimens are shown in Figure
6.1. Significant observations from the tests of the 45° specimens are listed below:

e Deflections at midspan of skewed end under the Design Wheel Load

(PL) were approximately 1/16 in., which corresponds to approximately
L/2400 for a 9-ft clear span between girder flanges.

e Maximum applied loads were approximately 4 times the Design
Wheel Load, P,.

e The arrangement of the prestressing strands within the precast panel
did not influence the strength or initial stiffness of the test specimens.
The test specimens with fanned strands (P45P1) behaved essentially
the same as the two specimens with prestressing strands parallel to the
skewed end of the panel (P45P2 and P45P3).

e Fatigue loading of Specimen P45P3 did not significantly influence the

stiffness of the specimen for load applied at midspan of the skewed

end.
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Figure 6.1 — Measured Displacement Response of 45° Specimens for Load Applied at
Midspan of Skewed End

The response of the 45° specimens is compared with the 0° specimens subjected
to positive moment (Agnew, 2007) in Figure 6.2. The 0° specimens achieved slightly
higher loads and slightly larger displacements at failure; however, the overall response
was essentially the same. The compressive strain response of the SEJ for the 45°
specimens is compared with the 0° specimens in Figure 6.3. Initially, the compressive
strains were lower in the 45° specimens for a given level of applied load; however, for

loads above 60 Kip, the response was essentially the same.
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Figure 6.2 —Comparison of Measured Displacement Response of 0° and 45° Specimens
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Figure 6.3 — Measured Compressive Strain at Midspan of SEJ for 0° and 45°

Specimens

The response of the 45° panels was also compared to the 45°, full-scale bridge
deck tested by Griffith (2003). Griffith investigated the I-beam thickened slab (IBTS)
detail as well as an 8” cast-in-place slab (UTSE detail) at the two ends of a bridge deck
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with a 45° skew. Comparisons between the positive moment tests by Griffith and tests of
the 45° specimens in this investigation are provided in Table 6.1 and Figure 6.5. Griffith
used a tandem wheel load to test the IBTS and UTSE detail; therefore, one half of the
total load was applied at the end of the test specimen (Figure 6.4) and one half was
applied 4 ft from the end. The total applied loads for Griffith’s specimen exceeded those
from this investigation because the load was distributed over a larger area of the bridge
deck. Important comparisons between the response of different end details are listed
below:
e Both the IBTS and UTSE details failed by punching shear. All three
45° precast panel specimens failed by shear at the short support.
e The cracking load per load point was more than two times larger for
the precast panel specimens than the cast-in-place details. The
primary reason for this difference is the precompression in the precast
panels.
e The maximum applied loads per load point were also considerably
larger for the precast panel specimens. This observation is consistent
with Agnew’s (2007) conclusion for 0° skew specimens. The presence
of the SEJ also contributed to the observed differences.
e The maximum difference between displacements at failure for the two
investigations is approximately 0.5 in. These results validate the use

of simpler test specimens in the current investigation.
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Table 6.1 — Comparison of Precast Panel Detail to IBTS and UTSE Detail

Cracking Total Maximum Total
Detail/ Loading Load Per . Applied Load .
. . Cracking Maximum
Specimen Pattern Load Point Load {kip) Per Load Load (Kip)
(kip) P Point (kip) P
IBTS, 45° skew Tandem 15.0 30.0 48 90
UTSE, 45° skew Tandem 12.5 25.0 56 112
Panel, P45P1 Wheel 33.0 33.0 83 83
Panel, P45P2 Wheel 32.0 32.0 89 89
Panel, P45P3 Wheel 32.0 32.0 81 81
« 8 o —
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Figure 6.4 — Points of Load Application for Full-scale Test of IBTS and UTSE Details
(Griffith, 2003)
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Figure 6.5 — Comparison of Displacement Response of Precast Panel Detail, UTSE
Detail, and IBTS Detail

The two 30° specimens also exhibited similar behavior for loads applied at
midspan of the skewed end. The load-displacement response for both 30° specimens is
provided in Figure 6.6. Significant points from the skewed end behavior of the 30°
specimens are listed below:
e The capacity of the 30° specimens was limited by the delamination of
the panels from the cast-in-place topping slabs. Maximum applied
loads were approximately 2.5 times the Design Wheel Load, P,.

e Deflections at midspan of skewed end under the Design Wheel Load
(PL) were approximately 1/16 in, which corresponds to L/2000 for a 9-

ft. clear span between girder flanges.

The response of the 30° specimens is compared with the 45° specimens in Figure
6.7. The initial stiffness of all the specimens is comparable; however, the strength of the
30° specimens was considerably less than the strength of the 45° specimens. This

difference is attributed to delamination of the 30° panels from the cast-in-place topping.
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The response of the 30° specimens is compared with the 0° specimens in Figure
6.8. Again, the differences in the strength are significant. The compressive strain
response of the SEJ for the 30° specimens is compared with 0° specimens in Figure 6.9.
The initial response of specimen P30P2 was essentially the same as the 0° specimens,
whereas the strains in the SEJ in specimen P30P1 were less for a given level of axial
load. As expected, the response of the two types of specimens was dramatically different

after delamination occurred.
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Figure 6.6 — Measured Displacement Response for 30° Specimens for Load Applied at
Midspan of Skewed End
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Figure 6.7 — Comparison of Measured Displacement Response of 30° and 45°
Specimens
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Figure 6.8 — Comparison of Measured Displacement Response of 30° and 0°

Specimens
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Figure 6.9 — Measured Compressive Strain at Midspan of SEJ for 0° and 30°
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6.2.2 Loads Applied Along Square End

Three of the five skewed specimens were loaded at midspan of the square end of
the trapezoidal panel after they had been loaded to failure at midspan of the skewed end.
The displacement response of the three specimens is plotted in Figure 6.10. Important
observations from these tests are summarized below:

e The test results were much less consistent when the load applied along

the square end of the trapezoidal panel than the skewed end. This
difference is likely due to the level of damage induced during the tests
along skewed end. Delamination of the 30° panels caused extensive
damage that could not be characterized by the crack patterns alone.

e In spite of the damage induced in the earlier tests, the maximum
applied load at midspan of the square end always exceeded the
maximum applied load at midspan of the skewed end.

e The maximum applied load along the square end was always limited

by a punching shear failure.

146



e The non-prestressed corner of the skewed panels (with strands running
parallel to the skewed end) did not limit of the punching shear strength

of the specimens.
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Figure 6.10 — Measured Displacement Response of Specimens P45P2, P30P1, and
P30P2 for Load Applied at Midspan of Square End

6.3 RECOMMENDATIONS

The results of this research suggest that skewed precast panels provide adequate
strength and stiffness for use adjacent to expansion joints in bridge decks. The response
of the skewed panels to load applied at midspan of the expansion joint is similar to the
response of non-skewed specimens. Trapezoidal panels with strands running parallel to
the skewed end are easier to fabricate and do not sacrifice strength or stiffness. Current
fabrication practices limit the skew angle to 30° because of fabrication limitations, but
panels with skews as large as 45° have been tested and may be used with confidence.

The maximum load carrying capacity of these precast panel systems may be

limited if the panels delaminate from the cast-in-place topping slab. Plans are currently
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underway to test more skewed panels in the summer of 2008 to investigate further the
role of panel surface roughness on the specimen response.
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Chapter 7: Conclusions and Recommendations

The research findings were presented and discussed in Chapter 5 and Chapter 6.
This chapter draws conclusions about the use of trapezoidal precast panels as stay-in-

place formwork in bridge decks adjacent to the expansion joint.

7.1 SUMMARY

Traditionally, the Texas Department of Transportation used a detail known as the
“IBTS” detail to thicken the bridge deck at slab ends around the expansion joint to act as
a slab end diaphragm. In the past eight years, TXDOT has developed a detail using
precast concrete panels as stay-in-place formwork immediately adjacent to the expansion
joint for prestressed concrete bridges. The purpose of this investigation was to study the
response of skewed precast panels under static and fatigue loads immediately adjacent to
the expansion joint.

Five test specimens were subjected to point loads to simulate the loads from a
single wheel of the rear axle from the HL-93 Design Truck. The applied loads generated
positive moments in the bridge deck. The load was applied at midspan of the skewed end
of all the specimens; additionally, three specimens (P45P2, P30P1, and P30P2) were
tested at midspan of the square end of the trapezoidal precast panel. Specimen P45P3

was loaded in fatigue before being tested monotonically to failure.

7.2 CONCLUSIONS

The research data show that trapezoidal precast panels used as stay-in-place
formwork adjacent to expansion joints in bridge decks provide sufficient strength and
stiffness for current design loads. Important observations from this investigation are
summarized below:

e Skewed Panel Observations

0 Trapezoidal panels with strands oriented parallel to the skewed end are

easier to fabricate than trapezoidal panels with fanned strand patterns.
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The orientation of the strands in the precast panel did not influence the
strength or stiffness of the test specimens.

0 Skewed panels exhibited similar strength and stiffness to rectangular
panels, provided that the surface roughness was sufficient to prevent
delamination of the panel from the topping slab. This result was not
expected because the length of the free end of the slab is greater for the
skewed specimens.

e Response of Specimens for Load Applied at Midspan of Skewed End

o Test specimens with a 45° skew angle loaded at midspan of the skewed
end exhibited maximum load carrying capacities 4 times greater than
the 21.3-kip Design Wheel Load for the HL-93 Design Truck, and
they failed in diagonal shear at the short side support.

0 The overall system response remained linear throughout the duration
of the fatigue loading at service level loads, and no delamination or
reduction of stiffness was observed with increasing fatigue loading.

o Fatigue loading did not significantly affect overall system stiffness or
the maximum load carrying capacity for the specimens for load
applied at midspan of the skewed end compared to specimens with no
previous load history.

o Delamination of the 30° panels from the topping slab occurred when
the specimens were loaded at midspan of the skewed end. Because of
the delamination, the 30° specimens exhibited maximum load carrying
capacities only 2.5 times greater than the Design Wheel Load. Panel
surface roughness is likely the cause of panel delamination.

e Response of Specimens for Load Applied at Midspan of Square End
0 The test specimens loaded at midspan of the square end of the

trapezoidal panel exhibited higher load carrying capacities than when

150



loaded on the skewed end, and the maximum load carrying capacity of
the square end was limited by punching shear failure.

0 The non-prestressed corner of the skewed panels (with strands running
parallel to the skewed end) did not reduce the punching shear strength
limit of the specimens for load applied at midspan of the square end of

the trapezoidal panel.

The recommended trapezoidal, precast panel for use adjacent to the expansion
joint in bridge decks, provided in Figure 7.1, is outlined below:
e Panel Reinforcement

0 Use 3/8” strands at 6” on center, parallel to the skewed end at
mid-depth of the panel. Do not include strands less than 5 ft
because the development length is insufficient to develop the
prestress force.

0 Place #4 bars at 4” on center parallel to the square end of the
panel, below strands. Continue the #4 bars for the entire length
of the short side.

o Place #3 bars at 6” on center parallel to the sides of the panel,
above the prestressing strands.

e Dimensions

0 The maximum skew angle is 45°.

0 The short side of the trapezoidal panel should be no shorter
than 3’-9”. The length of the long side will vary depending on
the skew angle.

e Other

o Itis recommended that 60-psi bedding strips be used to support

the short side of the panel to avoid excessive compression of

the bedding strip.
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7.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The results of this research suggest that delamination of the panels from the cast-in-
place topping may significantly limit the maximum load carrying capacity of the system.
Further tests are planned for the summer of 2008 to investigate further the role of panel
surface roughness on specimen response.

The trapezoidal shape of the skewed panels may also cause complications with
compression of the bedding strip at the short side of the trapezoidal panel. More research
may be needed to address the issue of bedding strip compression under the short side of

the trapezoidal panels.
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Appendix A: Nondestructive Testing on Specimen P45P2

A.1 INTRODUCTION

As discussed in Chapter 3, regions of poorly consolidated concrete were visible
under the SEJ in specimen P45P2 when the formwork was removed. Because the extent
of the poor consolidation was unknown, nondestructive testing techniques, including
Impact-Echo testing and Ultrasonic testing, were used to determine the extent of the zone
of poorly consolidated concrete. A grid was marked on the top surface of the specimen
along the SEJ (Figure A.1). Tests were performed in each are of the grid. This appendix
summarizes the results of the nondestructive tests. Detailed explanations of the
nondestructive testing techniques used are not included, though some general information
is provided. All of the tests were performed by Dr. Jinying Zhu, an assistant professor in
the Department of Civil, Architectural, and Environmental Engineering at the University

of Texas at Austin.

J

e

Figure A.1—Grid Locations for Nondestructive Testing on Specimen P45P2
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A.2 IMPACT-ECHO TEST

The Impact-Echo technique is a simple method for detecting voids in concrete. A
small hammer is used to impact the test area, and the return signal indicates the thickness
of the solid concrete. If the poor consolidation extended into the panel, then the results
would indicate that a void was present 4 in. below the top of the slab surface and that area
of the grid would be labeled “bad”. If poor consolidation was not present, then the test
would return the full 8 in. thickness, and the area was labeled “good”. This test did not
include the area immediately adjacent to the SEJ because the studs caused too much
interference with the signal to obtain a clear result. The results are presented in Table
A.1l. Grid location C9 was not tested because there was a lifting eye present directly in
the center of the grid square.

Table A.1 — Impact-Echo Test Results for Specimen P45P2

Lofa”t?on 1 2 3 4 5 6 7 8 9
A Good Good Good Good Good Good Good Good Good
B Good Good Good Good Good Good Good Good Good
C Good Good Good Good Good Good Good Good | Notest
D Good Good Good Good Good Good Good Good Good
E Good Good Good Good Good Good Good Good Good
F Good Good Good Good Good Good Good Good Good

The results of the Impact-Echo test show that in every grid location the full depth
of the slab was detected. This means that there were no voids present in the interior of
the slab, and the poorly-consolidated concrete was limited to the area immediately

adjacent to the expansion joint.

A.3 ULTRASONIC TEST

The Ultrasonic test was used to measure the density of the concrete, and it was
primarily used to confirm the results of the Impact-Echo Test. Lower reported travel
times corresponded to dense concrete and less likelihood of poor consolidation. Higher
travel times translated to poorly consolidated concrete and the presence of voids. Control
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times were obtained by measuring the travel times of the waves in the concrete in a
different portion of the specimen where it was sure that good consolidation had been
achieved. These times then provided a reference for the travel times in the grid locations.
Not every grid location was tested with the Ultrasonic test, but enough were tested to
satisfactorily confirm the results of the Impact-Echo data. The control times are provided
in Table A.2. The test results in the area of concern are provided in Table A.3.

Table A.2 — Control Timesfor Ultrasonic Tests for Specimen P45P2 (us)

Grid
. 1
Location
X 48.1
Y 49.0
Z 51.9

Table A.3 - Ultrasonic Travel Timesfor Specimen P45P2 (us)

Lof:t‘ijon 1 2 3 4 5 6 7 8 9
A 476 | 503 | 50.2 | 50.4 | 51.4 | 515 | 50.2 | 49.1 | 486
B 50.3 517 | 50.7 | 50.7 | 505
C 51.0 | 50.9
D 50.6 | 50.5 49.9
E
F

The results of the Ultrasonic test confirm that results of the Impact-Echo tests are
correct. The concrete close to the SEJ shows slightly higher travel times indicating less
consolidation of the concrete. But none of the tested areas show travel times outside of

the control bounds. Therefore, no voids were expected in the interior of the slab.
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Appendix B: Complete Set of Test Data

The measured response of the test specimens is summarized in Chapter 5. All the
measured data are plotted in this appendix. The data are organized by specimen.

In some cases, the linear potentiometers did not record the displacement response
for low levels of applied load. A procedure was developed to recover the lost data so that
comparisons could be made with other measured responses. This was done following the
procedure outlined in the example below, and a summary of the displacement data sets

where this adjustment was made is provided in Table B.1.

Example B.1:
Original Data Set

100
90 r
80
70
60
50
40 r

30 ¢ — point 2

L g— Point 1
10

O 1 1 1 1 1 1 1 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00
Relative Displacements (in.)

Applied Load (kip)

1. Two points, (P2, ;) and (P1, d1), in the elastic portion of the curve were
chosen, and the slope, K, of the elastic portion of the curve was calculated.
2. The slope calculated in Step 1 was used to estimate the absent data using

Equation C.1.

6p =01 — @ (Equation B.1)
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where,
d, = absent displacement data point corresponding to y,
&1 = known displacement data point in linear portion of curve
P1 = load corresponding to &,
a = known load at which &, is to be determined
K = slope of linear portion of curve
3. Finally the plot was shifted to the right an amount equal to the offset

determined in Step 2 so that the plot passed through the origin.

Adjusted Data Set

100
90
— 80
Q.
= 70 r
T 60 r
S 50
2 40 |
§ 30 +
20 ¢ Offset: 0.0123 in.
10
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00
Relative Displacements (in.)
Table B.1 — Adjusted Linear Potentiometer Data
Specimen
P45P1 P45P2 P45P3 P30P1 P30P2
Skewed End - - L2, L4* L2 L3, L5
Square End NA - NA L2 L1, L2, L3

* Adjustments were only required for some of the periodic static tests
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B.1 SPECIMEN P45P1

The data for Specimen P45P1 presented in this section includes displacement data,

strain data on the bottom of the panel, and strain data on the top surface of the SEJ.
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50 | L3 L1
40
30
20 |
10

0 1 1 1 1 1

0 0.25 0.5 0.75 1 1.25 1.5

L2

Applied Load (kip)

Relative Displacements (in.)

Figure B.1 — Measured Relative Displacements along Skewed End of Specimen P45P1
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Figure B.2 — Measured Support Displacements for Specimen P45P1 Loaded at
Midspan of Skewed End

100

D N 0 O
o O O o
T T T T

c1 C3

N
o
T

Applied Load (kip)
w U
o o

N
o
T

C2

=
o
T

o

0 500 1000 1500 2000
Change in Tensile Strain on Bottom of Panel (u¢)

Figure B.3—Measured Changein Tensile Strain on Bottom of Panel for Specimen
P45P1 for Load Applied at Midspan of Skewed End
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Figure B.4 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P45P1 for Load Applied at Midspan of Skewed End
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Figure B.5—Measured Changein Tensile Strain on Bottom of Panel for Specimen
P45P1 for Load Applied at Midspan of Skewed End
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Figure B.6 — Measured Compressive Strain in SEJ for Specimen P45P1 for Load
Applied at Midspan of Skewed End

B.2 SPECIMEN P45P2

The data for Specimen P45P2 are presented in this section. The data include
displacements, strain on the bottom of the panel, strain in the SEJ, strain in the

prestressing strands, and strain in the rebar in the trapezoidal panel.

B.2.1 Load Applied at Midspan of Skewed End
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Figure B.7 — Measured Relative Displacements for Specimen P45P2 for Load Applied
at Midspan of Skewed End
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Figure B.8 — Measured Support Displacements for Specimen P45P2 for Load Applied
at Midspan of Skewed End
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Figure B.9 — Measured Changein Tensile Strains on Bottom of Panel for Specimen
P45P2 for Load Applied at Midspan of Skewed End
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Figure B.10 —Measured Compressive Strain in SEJ for Specimen P45P2 for Load
Applied at Midspan of Skewed End
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FigureB.11 —Measured Changein Tensile Strain in Prestressing Strands S12, S13,
and S14 for Specimen P45P2 for Load Applied at Midspan of Skewed End
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Figure B.12 —Measured Changein Tensile Strainsin Prestressing Strands S9, S10,
and S11 for Specimen P45P2 for Load Applied at Midspan of Skewed End
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Figure B.13 —Measured Changein Tensile Strain in Prestressing Strands S6, S7, and
S8 for Specimen P45P2 for Load Applied at Midspan of Skewed End
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Figure B.14 —Measured Changein Tensile Strain in Prestressing Strands S3 and Sb
for Specimen P45P2 for Load Applied at Midspan of Skewed End
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Figure B.15 — Measured Changein Tensile Strain in Prestressing Strands S1 and S2
for Specimen P45P2 for Load Applied at Midspan of Skewed End

B.2.2 Loads Applied at Midspan of Square End
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Figure B.16 — Measured Relative Displacements for Specimen P45P2 for Load Applied
at Midspan of Square End
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Figure B.17 —Measured Support Displacements for Specimen P45P2 for Load Applied
at Midspan of Square End
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Figure B.18 — Measured Relative Midspan Displacement for Rectangular Panel for
Specimen P45P2 for Load Applied at Midspan of Square End
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Figure B.19 — Measured Support Displacements for Rectangular Panel for Specimen
P45P2 for Load Applied at Midspan of Square End
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Figure B.20 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P45P2 for Load Applied at Midspan of Square End
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Figure B.21 —Measured Tensile Strain in Rebar for Specimen P45P2 for Load Applied
at Midspan of Square End
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Figure B.22 — Measured Tensile Strain in Rebar for Specimen P45P2 for Load Applied
at Midspan of Square End
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Figure B.23 —Measured Tensile Strain in Rebar for Specimen P45P2 for Load Applied
at Midspan of Square End

B.3 SPECIMEN P45P3

Specimen P45P3 was loaded first in fatigue and then statically to failure. Data for
specimen P45P3 include displacement data, strain on the bottom of the panel, strain in the
SEJ, and strain in the prestressing strands. Data from the periodic static tests during the

fatigue loading are presented first, followed by data from the static test to failure.

B.3.1 Periodic Static Tests during Fatigue Loading
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Figure B.24 — Measured Relative Displacements at L2 for Periodic Static Tests during
Fatigue Loading of Specimen P45P3 before Overload
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Figure B.25 — Measured Relative Displacements at L3 for Periodic Static Tests during
Fatigue Loading of Specimen P45P3 before Overload
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Figure B.26 — Measured Relative Displacements at L4 for Periodic Static Tests during
Fatigue Loading of Specimen P45P3 before Overload
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Figure B.27 — Measured Relative Displacements for Static Overload of Specimen

P45P3 during Fatigue Loading
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Figure B.28 — Measured Relative Displacements at L2 for Periodic Static Tests during
Fatigue Loading of Specimen P45P3 after Overload

20
18
16
14
12
10

Applied Load (kip)

OoON DO ®

0 0.25 0.5 0.75 1

Relative Displacements at L3 (in.)

Figure B.29 — Measured Relative Displacements at L3 for Periodic Static Tests during
Fatigue Loading of Specimen P45P3 after Overload
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Figure B.30 — Measured Relative Displacements at L4 for Periodic Static Tests during
Fatigue Loading of Specimen P45P3 after Overload
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Figure B.31 —Measured Changein Tensile Strain on Bottom of Panel at Location C1
during Fatigue Loading of Specimen P45P3 before Overload
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Figure B.32 —Measured Changein Tensile Strain on Bottom of Panel at Location C1
during Fatigue Loading of Specimen P45P3 after Overload
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Figure B.33 —Measured Changein Tensile Strain on Bottom of Panel at Location SS1
during Fatigue Loading Specimen P45P3 before and after Overload
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Figure B.34 —Measured Changein Tensile Strain on Bottom of Panel for Periodic
Static Tests during Fatigue Loading of Specimen P45P3 before and after Overload
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Figure B.35 —Measured Compressive Strain on Top Surface of SEJ at SEJ2 for
Periodic Static Tests during Fatigue Loading for Specimen P45P3 before Overload
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Figure B.36 - Measured Compressive Strains on Top Surface of SEJ at SEJ2 for
Periodic Tests during Fatigue Loading for Specimen P45P3 after Overload
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Figure B.37 —Measured Compressive Strains on Top Surface of SEJ at SEJ1 for

Periodic Static Tests during Fatigue Loading of Specimen P45P3 before and after

Overload
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Figure B.38 —Measured Compressive Strain on Top Surface of SEJ at SEJ3 for
Periodic Static Tests during Fatigue Loading of Specimen P45P3 before and after
Overload
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Figure B.39 —Measured Changein Tensile Strain in Strand S12 for Periodic Static

Tests during Fatigue Loading of Specimen P45P3 before Overload
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Figure B.40 — Measured Changein Tensile Strain in Strand S12 for Periodic Static
Testsduring Fatigue Loading of Specimen P45P3 after Overload
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Figure B.41 —Measured Changein Tensile Strain in Strand S11 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before Overload
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Figure B.42 — Measured Changein Tensile Strain in Strand S11 for Periodic Static
Testsduring Fatigue Loading of Specimen P45P3 after Overload
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Figure B.43 —Measured Changein Tensile Strain in Strand S10 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before Overload
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Figure B.44 —Measured Changein Tensile Strain in Strand S10 for Periodic Static
Testsduring Fatigue Loading of Specimen P45P3 after Overload
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Figure B.45 —Measured Changein Tensile Strainsin Strand SO for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before Overload
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Figure B.46 —Measured Changein Tensile Strain in Strand S9 for Periodic Static
Testsduring Fatigue Loading of Specimen P45P3 after Overload
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Figure B.47 —Measured Changein Tensile Strain in Strand S8 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before Overload
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Figure B.48 —Measured Changein Tensile Strain in Strand S8 for Periodic Static
Testsduring Fatigue Loading of Specimen P45P3 after Overload
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Figure B.49 —Measured Changein Tensile Strain in Strand S7 for Periodic Static Test
during Fatigue Loading of Specimen P45P3 before and after Overload
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Figure B.50 —Measured Changein Tensile Strain in Strand S6 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before and after Overload
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Figure B.51 —Measured Changein Tensile Strain in Strand S5 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before and after Overload
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Figure B.52 —Measured Changein Tensile Strain in Strand $4 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before and after Overload
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Figure B.53 —Measured Changein Tensile Strain in Strand S3 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before and after Overload

186



Overload

Periodic Static Tests

Applied Load (kip)
N
ul

52, &, = 8300 pue
O 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Change in Tensile Strain in Prestressing Stand S2 (L.g)

Figure B.54 —Measured Changein Tensile Strain in Strand S2 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before and after Overload
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Figure B.55 —Measured Changein Tensile Strain in Strand S1 for Periodic Static
Tests during Fatigue Loading of Specimen P45P3 before and after Overload

187



B.3.2 Static Load to Failure
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Figure B.56 —Measured Displacements for Specimen P45P3 for Static Test to Failure
for Load Applied at Midspan of Skewed End
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Figure B.57 — Measured Support Displacements for Specimen P45P3 for Static Test to
Failurefor Load Applied at Midspan of Skewed End
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Figure B.58 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P45P3 for Static Overload for Load Applied at Midspan of Skewed End
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Figure B.59 — Measured Compressive Strain in SEJ for Specimen P45P3 for Static
Overload for Load Applied at Midspan of Skewed End
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Figure B.60 —Measured Changein Tensile Strain in Strands S10, S11, and S12in
Specimen P45P3 for Static Overload Test for Load Applied at Midspan of Skewed End
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Figure B.61 —Measured Changein Tensile Strain in Strands S7, S8, and S9in
Specimen P45P3 for Static Overload Test for Load Applied at Midspan of Skewed End
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Figure B.62 —Measured Changein Tensile Strain in Strands $4, S5, and S6 for
Specimen P45P3 for Static Overload Test for Load Applied at Midspan of Skewed End
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Figure B.63 —Measured Changein Tensile Strain in Strands S1, S2, and S3 for
Specimen P45P3 for Static Overload Test for Load Applied at Midspan of Skewed End
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B.4 SpecCIMEN P30P1

Specimen P30P1 was loaded first in the skewed end and then on the square end.
Data for Specimen P30P1 include displacement data, strain on the bottom of the panel,
and strain in the SEJ. Data for load applied to the skewed end are provided first followed
by the data for load applied on the square end. Strain gages on the square end were
damaged during the loading on the skewed end, so only strain on the bottom of the panel

for load applied at the skewed end was available.
B.4.1 Load Applied at Midspan of Skewed End
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Figure B.64 — Measured Relative Displacements for Specimen P30P1 for Load Applied
at Midspan of Skewed End
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Figure B.65 — Measured Support Displacements for Specimen P30P1 for Load Applied
at Midspan of Skewed End
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Figure B.66 — Measured Changein Tensile Strain on Bottom of Panel for Specimen
P30P1 for Load Applied at Midspan of Skewed End
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Figure B.67 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P30P1 for Load Applied at Midspan of Skewed End
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Figure B.68 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P30P1 for Load Applied at Midspan of Skewed End
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Figure B.69 — Measured Compressive Strain in SEJ for Specimen P30P1 for Load
Applied at Midspan of Skewed End

B.4.2 Load Applied at Midspan of Square End
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Figure B.70 — Measured Relative Displacement at Midspan of Square End of
Specimen P30P1 for Load Applied at Midspan of Square End
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Figure B.71 —Measured Support Displacements for Specimen P30P1 for Load Applied
at Midspan of Square End

B.5 SpecIMEN P30P2

Specimen P30P2 was also loaded on the skewed end followed by the square end.
Data for this specimen include displacement data, strain on the bottom of the panel, and
strain in the SEJ. The load applied at midspan of the skewed end damaged many of the
concrete gages on the square end, so no strain data was available for load applied at
midspan of the square end. Data for load applied at midspan of the skewed end are

presented first, followed by data from load applied at midspan of the square end.
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B.5.1 Load Applied at Midspan of Skewed End
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Figure B.72 — Measured Relative Displacements for Specimen P30P2 for Load Applied
at Midspan of Skewed End
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Figure B.73 —Measured Support Displacements for Specimen P30P2 for Load Applied
at Midspan of Skewed End
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Figure B.74 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P30P2 for Load Applied at Midspan of Skewed End
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Figure B.75 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P30P2 for Load Applied at Midspan of Skewed End
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Figure B.76 —Measured Changein Tensile Strain on Bottom of Panel for Specimen
P30P2 for Load Applied at Midspan of Skewed End
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Figure B.77 —Measured Compressive Strain on Top Surface of SEJ for Specimen
P30P2 for Load Applied at Midspan of Skewed End
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B.5.2 Load Applied at Midspan of Square End
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Figure B.78 — Measured Relative Displacement at Midspan of Square End for Load
Applied at Midspan of Square End
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Figure B.79 — Measured Support Displacements for Specimen P30P2 for Load Applied
at Midspan of Square End
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