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FOR PRECAST DECK SYSTEMS

This digest summarizes key findings from NCHRP Project 10-71 “Cast-in-
Place Concrete Connections for Precast Deck Systems,” conducted by the
University of Minnesota—Twin Cities and the University of Tennessee—
Knoxville. The digest was prepared from the project final report (pub-
lished as NCHRP Web-Only Document 173: Cast-in-Place Concrete Connections
for Precast Deck Systems) authored by Catherine French, Carol Shield,

Z. John Ma, David Klaseus, Matthew Smith, Whitney Eriksson, Peng Zhu,

Samuel Lewis, and Cheryl E. Chapman.

INTRODUCTION

The aging highway bridge infrastruc-
ture in the United States is subjected to
increasing traffic volumes and must be con-
tinuously renewed while simultaneously
accommodating traffic flow. Speed of con-
struction, especially for the case of bridge
replacement and repair projects, is a critical
issue. Disruption of traffic and inconve-
nience to motorists, not to mention major
safety issues arising from detours, has
encouraged the development of rapid con-
struction methods. The issue of construction
speed, combined with higher labor costs and
more variable quality control associated with
on-site concrete casting, construction and
motorist safety issues, political pressures,
and environmental concerns, has paved the
way for further increase in the use of precast
elements.

Depending on the specific site con-
ditions, the use of prefabricated bridge
systems can minimize traffic disruption,
improve work-zone safety, minimize impact
to the environment, improve constructabil-
ity, increase quality, and lower life-cycle
costs. This technology is applicable and
needed for both existing bridge replacement

and new bridge construction. For many
deficient bridges in the United States on the
waiting list for replacement, it is imperative
that new bridge construction be as econom-
ical as possible and yet be long lasting and
nearly maintenance free.

The focus of the research was to develop
recommended design and construction
specifications and examples for the design
and construction of durable cast-in-place
(CIP) reinforced concrete connections for
precast deck systems. These connections
were to emulate monolithic construction
and consider issues including durability
and fatigue, while increasing speed of con-
struction. The typical sequence of erecting
bridge superstructures in the United States
is to erect the precast prestressed concrete or
steel beams, place either temporary form-
work or stay-in-place formwork such as
steel or concrete panels, place deck rein-
forcement, cast deck concrete, and remove
formwork if necessary. This project focused
on systems that reduce the need to place and
remove formwork, thus accelerating on-site
construction and improving safety.

The three systems considered to accom-
plish these objectives were identified during
a 2004 Prefabricated Bridge Elements and
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Systems International Scanning tour. These systems
included (1) a precast composite slab span system
(PCSSS) for short to moderate span structures based
on the French Poutre Dalle system, (2) full-depth pre-
fabricated concrete decks, and (3) deck joint closure
details [e.g., decked-bulb-T (DBT) flange connec-
tions] for precast prestressed concrete girder systems
for long span structures. Each system uses precast
elements that are brought to the construction site
ready to be set in place and quickly joined together.
Depending on the system, the connections are either
transverse (i.e., across the width of the bridge) or lon-
gitudinal (i.e., along the length of the bridge). The first
system, PCSSS, is an entire bridge system whereas
the other two systems investigated in the project rep-
resent transverse and longitudinal joint details that
transfer moment and shear in precast deck panels and
flanges of DBTs. Because of the similarities in the lat-
ter two types of systems, they are grouped together
in this summary. Two types of connection concepts
were explored with these details: looped bar details
and two layers of headed bar details. Although both
types of systems performed adequately in initial tests,
the looped bar systems were deemed to be more prac-
tical for construction purposes and were investigated
in the subsequent tests.

Because this report covers two very different
systems: (1) the PCSSS, which is an entire bridge
system, and (2) transverse and longitudinal CIP con-
nection concepts that transfer moment and shear
between precast deck panels and the flanges of pre-
cast DBTs, this summary, as well as the report, is
separated accordingly. The complete report includ-
ing appendices is available on the TRB website as
NCHRP Web-Only Document 173 (http://www.trb.
org/Main/Blurbs/164971.aspx).

PCSSS
Introduction

PCSSSs are a promising technology for the
implementation of accelerated construction tech-
niques for bridge construction. These bridge sys-
tems are composed of precast, inverted-T sections,
fabricated off-site and delivered to the jobsite ready
for erection. The inverted-T sections are assembled
such that no formwork is required prior to the place-
ment of the CIP deck, which considerably reduces
construction time related to the placement and
removal of formwork. Figure 1 shows the construc-

2

tion of one of the initial implementations of the
PCSSS in Center City, Minnesota. Transverse load
transfer is achieved through the development of trans-
versely oriented reinforcement protruding from the
precast members. Furthermore, improved quality of
the main superstructure can be achieved because of
the rigid quality control associated with the fabrica-
tion of precast members, which may be difficult to
achieve in CIP bridge construction.

Figure 2 shows a representative cross section of
a precast inverted-T section used in the construction
of the PCSSS. The precast sections are placed adja-
cent to each other such that the transverse hooked
bars protruding from the adjacent webs form a lap
splice in the CIP region between the webs.

One of the issues investigated in the NCHRP
Project 10-71 study was the durability of the PCSSS,
specifically its ability to control potential reflective
cracks that might develop in the CIP concrete due to
the discontinuity created at the interface between the
adjacent flanges that abut or due to the corners of the
precast web. A supplemental reinforcement cage is
dropped into the CIP region between webs to pro-
vide supplemental reflective crack control above the
interface between the adjacent flanges. Figure 3
shows a cross section of the PCSSS indicating the
potential locations where reflective cracking would
be expected to initiate. Figure 4 shows a typical
instrumentation plan used in the investigation to
monitor initiation of any reflective cracks that might
have developed.

Research Methodology and Findings

Several numerical and experimental investiga-
tions were completed and reviewed during the proj-
ect that related to issues of importance to the design
and performance of PCSSS bridges. Included in this
review was the work completed during a study com-
missioned by Mn/DOT, which was the first DOT in
the United States to implement this technology. The
laboratory bridge specimen utilized during the Mn/
DOT study was subsequently made available for use
with the project described herein.

Numerical studies included an investigation of
bursting and spalling stresses in the end zones of pre-
cast inverted-T sections, effects of spacing of trans-
verse reinforcement in the joint region, and an
investigation of the applicability of current design
specifications for slab-type bridges to the design of
PCSSS bridges for live load distribution factors and

Copyright National Academy of Sciences. All rights reserved.
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(e)

®)

Figure T Sequence of construction of a PCSSS: (a) precast pier caps in place, (b) Inverted T-sections
in place (elevation view), (c) Inverted T-sections in place (plan view), (d) drop-in cage placed between
precast webs for potential crack control, (e) deck reinforcement in place, and (f) finished structure.

for consideration of effects of skewed supports. The
two primary considerations that distinguish PCSSS
bridges from slab-span bridges are (1) the required
reinforcement to control reflective cracking above
the longitudinal joint between the precast flanges and
(2) the effect of time-dependent restraint moments
due to the composite nature of the system. With regard

to the issue of reflective crack control, in addition to
anumerical investigation as to the effect of the trans-
verse reinforcement, the issue was also studied in
laboratory investigations of two large-scale labo-
ratory specimens (i.e., Concept 1 and 2 bridges), as
well as in subassemblage test specimens specifically
designed to investigate crack control.

Copyright National Academy of Sciences. All rights reserved.
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Figure 2 PCSSS precast inverted-T cross section.
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Figure 3 Anticipated locations of reflective cracking in Minnesota
Department of Transportation (Mn/DOT) PCSSS (Bell et al. 2006).

Row of 10 VW embedment strain gages
above precast web corners
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Row of 5 VW embedment strain gages
directly above the longitudinal jomt

Figure 4 Location of transverse concrete embedment gages in each
of the three instrumented joints at midspan of the center span of the
Center City Bridge (Bell et al. 2006) (VW = vibrating wire).
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The Concept 1 laboratory bridge was a two-span
continuous bridge that included variations in a
number of parameters, including precast flange
depth and end zone reinforcement details. It had
been instrumented in the study for the Mn/DOT to
investigate the effects of restraint moment and
potential development of reflective cracking. The
Concept 1 specimen included No. 6 transverse hooked
reinforcement embedded into the precast webs to
provide load transfer and crack control in the joint
region, as well as No. 5 cage stirrups that con-
tributed to the crack control reinforcement. The
nominal maximum spacing between transverse rein-
forcement was 12 in., similar to the detail of one of
the first implementations of PCSSS bridges in the
State of Minnesota, the Center City Bridge. The varia-
tions in the detailing of the two spans in the Concept 1
bridge are summarized in Table 1. The Concept 2
bridge was a simply supported structure that included
variations in the transverse reinforcement details
across the precast joint. The horizontal shear rein-
forcement between the precast web and CIP topping
was eliminated in this structure. In the Concept 2
specimen, No. 4 embedded hooked reinforcement
was used in the west half of the simple span, while
No. 4 straight embedded bars mechanically con-
nected to reinforcement in the precast webs were
provided in the east half span. See Figure 2 for illus-
tration of the precast inverted-T cross section used
in the west end of the precast beams 1IN and 1S in
the Concept 2 laboratory bridge specimen. No. 3
cage stirrups were staggered in the Concept 2 labo-
ratory bridge relative to the transverse reinforcement

Table T Original and modified design criteria in Spans

spaced at 18 in. to provide a maximum spacing of
9 in. between transverse reinforcement.

Figure 5 shows the instrumentation layout in the
plan view of the Concept 1 bridge. A similar instru-
mentation configuration was used in the Concept 2
bridge.

The performance of both bridge specimens was
investigated under various types of loading, includ-
ing cyclic loading to simulate traffic, loading to
simulate environmental effects, and loading to
investigate load transfer between adjacent precast
panels (both longitudinal and transverse). To sim-
ulate the environmental (thermal gradient) effects—
as observed in the Center City Bridge that was
instrumented for the Mn/DOT study—the struc-
tures were loaded to impose transverse strains
above the longitudinal joint between the precast
flanges. The structures were cycled at these strain
levels to simulate more than 100 years of service
life as exposed to thermal gradient effects, which
were found to be much more significant than strains
due to traffic loading. Following the cyclic load
tests, the bridges were loaded above the nominal
design flexural strengths to the limiting capacities
of the actuators to investigate the effectiveness of
composite action. Following the tests, cores and
slices of the bridge were examined to investigate
any residual cracks.

Figure 6 shows the location of the patch loads in
the Concept 1 bridge used to investigate the effect of
cyclic loading to simulate approximately 2 million
cycles of vehicle loading over the joint. Relatively
small strains were observed in those tests. As a

1 and 2 of the Concept 1 laboratory bridge.

Span 1 (Modified Section)

Span 2 (Original Section)

Decreased flange thickness (3 in.)

Smooth flange surface

Increased stirrup spacing for horizontal shear
reinforcement (No. 5 stirrups at 24 in.)

Increased clear spacing under hooks (1% in. nominal
clear spacing between horizontal shear reinforcement
stirrups and precast section)

Decreased transverse deck reinforcement (No. 4 bars
at 12 in.)

Original flange thickness (5% in.)

Original roughened flange surface

Original stirrup spacing for horizontal shear reinforce-
ment (No. 5 stirrups at 12 in.)

Original clear spacing under hooks (“ in. nominal clear
spacing between horizontal shear reinforcement
stirrups and precast section)

Original transverse deck reinforcement (No. 5 bars
at 12 in.)

The longitudinal deck steel in the south half of the bridge was two No. 7 and one No. 8 bars per 12 in. at the

continuous pier (Original design)

The longitudinal deck steel in the north half of the bridge was reduced to No. 6 bars at 6 in. spacing at the continuous

pier (Modified design)

Copyright National Academy of Sciences. All rights reserved.
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Figure 5 Instrumentation layout for Concept 1 laboratory bridge specimen

(Smith et al. 2008).

consequence, the loads were subsequently increased
to induce similar strains in the cross section as those
observed in the Center City Bridge because of ther-
mal effects. The figure shows the location of loads
applied through a spreader beam to extend the reflec-
tive crack along the length of the joint.

In addition to the two large-scale laboratory bridge
specimens, six subassemblage specimens were tested

to investigate the relative performance of various
reflective crack control reinforcement details. Fig-
ure 7 shows the elevation and plan views of a repre-
sentative subassemblage specimen. Table 2 lists the
variables investigated in each of the subassemblages.
The reinforcement ratio for crack control, given in
Table 2, considered the area of all reinforcement
crossing the precast joint near the bottom of the CIP

Span 1 Span 2
22.5" - 225"

| 105" 10-11" 10'-11" 105" |

L T —
w b 1N || 2N E
E A
s ] :
Te 18 3§25 || 2 T

1

- o . y . 42 in. wide concrete pier;
10" x 207 patch loads corresponding with the |Ocaﬂ0n’\ designed to replicate piers 12 in. wide HSS

of applied patch loading during cyclic fatigue tests

? 107" x 207 patch loads corresponding to an effective 1

A spreader utilized to extend the length of the reflective crack

10" x 20" patch loads corresponding to an effective 5° long to center of bearing
spreader utilized to extend the length of the reflective crack

in Center City Bridge tube on wide

flange support
0’ long g kR

Relevant dimensions are

Figure 6 Placement of patch loads during fatigue loading and extension of longitudinal
reflective cracking (applicable in Span 1 only) for the Concept 1 laboratory bridge

specimen.
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Figure 7 Elevation and plan views of subassemblage specimen.

trough. Therefore, the bottom leg of the cage stirrups
and all of the embedded transverse reinforcement
were included in the calculation (i.e., for each pair of
transverse embedded bars, both were included in the
calculation because both were assumed to be effec-
tive above the longitudinal joint between the adjacent
flanges). Furthermore, the area of concrete used in the
calculation was only that which was located between
the top of the precast flanges and the top of the pre-
cast webs. It should be noted that this crack control
reinforcement would only be effective in the region
above the longitudinal joint between adjacent precast
panels. For potential cracks that may develop at the
precast web-CIP interface, only the reinforcement
protruding from the precast webs would be effective.

The specimens were loaded to flexurally induce
cracking above the longitudinal joint between the pre-

cast flanges. The size, quantity, and location of crack-
ing were documented through a range of quasi-static
and cyclic load tests. Figure 8 illustrates the method
for documenting the visual observations. The sub-
assemblages were instrumented internally to investi-
gate the location of the cracking along the depth and
through the thickness of the structure. The results
obtained from the internal instrumentation were com-
pared to visual observations of crack initiation, width,
and depth observed on the faces of the specimen.

Following the tests of the laboratory bridge and
subassemblage specimens, a forensic examination of
the specimens was conducted. Cores were taken in the
region over the longitudinal joint between the adjacent
precast flanges and above the CIP-precast web inter-
face, as shown in Figure 9, to look for evidence of any
residual reflective cracks under no loading.

Copyright National Academy of Sciences. All rights reserved.
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Table 2 Subassemblage specimen design details.

Transverse Bars R/F
. . (Load Trans.) Cage (Crack Control) Ratio
Specimen Width Depth Max
ID [in.] [in.] Size Spacing Depth! Presence Size Spacing Spacing? Per
SSMBLGI1- 62.75 14 #4 18 in. 4%in.  Cage #3 18 in. 9 in. 0.0031
Controll oC oC
SSMBLG2- 67.25 14 #4 18 in. 4%in.  No Cage 0 0 18 in. 0.0025
NoCage OoC
SSMBLG3- 62.75 14 #4 18 in. 7 in. Cage #3 18 in. 9in. 0.0031
HighBars oC ocC
SSMBLG4- 62.75 18 #4 18 in. 4%in.  Cage #3 18 in. 9 in. 0.0022
Deep oC ocC
SSMBLG5- 62.75 14 #6 18 in. 4%in.  Cage #3 18 in. 9 in. 0.0061
No.6Bars oC oC
SSMBLG6- 64 14 #4 18 in. 4%in.  Cage #3 4.5 1in. 4.5in. 0.0052
Frosch oC oC
SSMBLG7- 62.75 14 #4 18 in. 4%in.  Cage #3 18 in. 9 in. 0.0031
Control2 oC oC

The depth of the transverse reinforcement was taken from the bottom of the precast section to the center of the reinforcement.
>The maximum spacing was the maximum nominal distance between reinforcement traversing the longitudinal joint, regardless of type

(i.e., transverse hooked bars or cage).

Norte: R/F ratio = reinforcement ratio, p,, = reinforcement ratio for crack control, OC = on center.

There were a few considerations not included in
the laboratory research or numerical study, such as
the connection between the precast elements and the
substructure. These details were investigated pri-
marily by means of examination of structural plans
for existing PCSSS structures.

Conclusions and Recommendations

The conclusions and recommendations are sum-
marized by topic.

Bursting, Splitting and Spalling Stresses

Significant changes have been made to the bridge
design specification since 2007 with regard to end
zone stresses, specifically in the terminology. Up
to and including the 2007 specifications, the term
“bursting” was used to describe the end zone stresses
and was associated with design requirements likely
developed specifically for I-girders, but also applied
to other shapes. The 2008 Interim specifications
relaxed the placement requirements for wide-shallow

CIP CONCRETE

LOCATION OF WIDTH
MEASUREMENT

SILICONE CAULK

LOCATION OF ORIGIN OF
LENGTH MEASUREMENT

PRECAST FLANGE

Figure 8 Measurement of width and length of crack observed on origin and end faces of subassemblage specimens.
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Cores at the Web/C.I.P. Interface

C.I.P. Composite Deck
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Figure 9 Location of cores removed from the test specimen and reference line for measurement of vertical location

of cracking in subassemblage core specimens.

sections by allowing the designer to spread the end
zone reinforcement, termed “splitting” reinforcement,
over a larger distance. In the case of pretensioned solid
or voided slabs, the designer can substitute the sec-
tion width for “h,” rather than using the section depth
for “h.” According to this study, this may not be
appropriate when trying to control spalling stresses.
In addition, the terminology for the reinforcement
described in this section of the design specifications
is more correctly termed “spalling” reinforcement
rather than “splitting” or “bursting” reinforcement
(Uijl 1983). Figure 10 illustrates the correct terminol-
ogy to describe the end zone stresses in prestressed
members.

Experimental and numerical studies were com-
pleted to investigate the effects of end zone stresses

on the precast prestressed inverted-T sections used
in the PCSSS. The experimental results from the
Concept 1 and 2 laboratory bridge investigations
indicated that the 12-in. deep concrete sections had
sufficient strength to resist tensile stresses induced
in the transfer zone of the precast inverted-T sections
at the time of release. Four unique end regions of
the Concept 1 laboratory bridge specimen precast
members did not exhibit any evidence of cracking,
even in the absence of vertical reinforcement. These
findings were corroborated with the results of numer-
ical studies.

Results from the finite element study (Eriksson
2008) revealed that the relationship between e?/(h *d,,)
(where e stands for prestress eccentricity, & stands for
section depth, and d, stands for strand diameter) and

Beam

[ 1

E—» 3

Vo

1 - Spalling Stress
2 - Bursting Stress
3 - Prestress Force

Figure 10 End zone stresses in prestressed members.
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Figure 11 Ratio of spalling force to prestress force for varying e*/(h *d,).

the ratio of tensile spalling force to prestress force is
reasonably approximated by a straight line as shown
in Figure 11. Because the true bond stress distribu-
tion is somewhere between uniform and linear bond
stress, an average between these two assumptions
was developed, as shown in Figure 11. The equation
for this straight line approximation is

2
T=r0.02-5-001]>0 (1)
hd

b

where T is the spalling force and P is the strand
force.

Vertical steel reinforcement does not carry the
vertical tensile stress until the concrete cracks. If the
spalling stresses are small enough in a member for
the concrete tensile strength to prevent cracking,
vertical tensile steel is not necessary for the member.

To calculate the concrete area to be considered
for providing tensile resistance, the area over which
spalling forces act must be determined. Based on the
slab span sections studied, the shortest distance
into the member the spalling stress extends is /4/12.
This becomes a conservative estimate as the section
increases in height and e/h. The area of concrete to
resist this tensile strength is conservatively estimated

10

as the product between //12 and the distance between
the outermost prestress strands (b,) and can be writ-
ten as

T. =024y %bs )

where T, is the tensile force that can be resisted by the
concrete, f. is the concrete compressive strength at
28 days, A is the height of the member (the precast
slab), and b, is the distance between the outermost
pretension strands. If the design tensile force is
smaller than the tensile force resisted by concrete
(T < T,), it is reasonable to assume cracking will not
occur and vertical tensile steel is not needed in the
end region to resist the spalling force. Otherwise,
steel must be placed within the end region of the
member to resist the tensile force found in Equation
(1). The area of steel needed to resist the predicted
spalling force is given by

T
A== 3)
I

where A; is the area of steel and f; is the allowable
working stress of vertical reinforcement.

Copyright National Academy of Sciences. All rights reserved.
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The numerical studies showed that certain
inverted-T members did not require spalling rein-
forcement, specifically those with depths less than
22 in. for which the expected concrete tensile strength
was larger than the expected vertical tensile stresses
due to the development of prestress.

It was also found through numerical studies that
the existing design requirements may not be conser-
vative for deep inverted-T sections (i.e., greater than
22 in.). Larger amounts of spalling reinforcement
than specified by the 2010 design specifications were
found to be required. It was also found that the rein-
forcement should be placed as close to the end of the
member as possible (i.e., within #/4 of the end of the
member, where “h” represents the depth of the mem-
ber). The end region was the most critical region for
the reinforcement to be located to address spalling
stresses, even for the case of wide sections.

Restraint Moment

Multispan precast composite bridge structures
made continuous with CIP concrete develop time-
dependent and thermal restraint moments at the con-
tinuous piers. The size and magnitude of restraint
moments are affected by shrinkage, creep, age of the

precast members at the time of continuity, and thermal
gradients. Positive and negative restraint moments are
illustrated in Figure 12.

Negative restraint moments are caused by differ-
ential shrinkage of the CIP concrete, where the rate of
shrinkage of the CIP concrete is larger than the rate of
shrinkage and creep of the precast member. When the
precast member is at a relatively old age, defined as
greater than 90 days by AASHTO, the shrinkage of
the newly placed CIP concrete will tend to “shorten”
the top fiber of the bridge structure and subsequently
induce longitudinal tensile stresses in the top of the
bridge at the piers. The reinforcement included in the
deck of the structure over the piers in continuous sys-
tems provides the tension ties necessary to counteract
negative restraint moments.

Positive restraint moments at the piers in contin-
uous systems may be due to both time-dependent
and thermal effects. When the precast member is at
a relatively young age at the time of continuity, the
rate of shrinkage of the precast member and the CIP
may be similar; however, the precast member would
also undergo creep. The creep of the precast section
would tend to “shorten” the bottom fiber of the bridge
structure and subsequently induce longitudinal tensile
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stresses in the bottom of the bridge at the pier. In
addition, thermal gradients in the section cause the
top surface of the structure to expand, again induc-
ing a positive restraint moment in the structure. For
this reason, both time-dependent and thermal gradi-
ent effects must be considered in the design of pos-
itive restraint moments. Because positive restraint
moments induce longitudinal tensile stresses near the
bottom of the section, reinforcement must be pro-
vided to carry the tensile force at the piers. Because
of the sectional geometry of the PCSSS, all rein-
forcement provided for positive restraint moments
must be located within the longitudinal trough regions
between precast panels. Consequently, this reinforce-
ment must be placed in groups centered between pan-
els, generally 6 feet apart, thereby prohibiting the
distribution of the reinforcement along the face of the
bottom surface.

Research completed during the Mn/DOT study
and the current study has shown that restraint
moments that develop due to thermal gradients can
be significant and should be considered in either
case (i.e., whether or not time-dependent effects
generate positive or negative restraint moments).
The positive restraint moment effects attributed to
the design thermal gradients can be an order of
magnitude larger in some climates than the positive
restraint moments due to time-dependent effects.
The thermal gradients provided by the bridge design
specification should be taken into consideration by
calculating the resulting expected curvatures of each
span treated as simply supported and then determin-
ing the moment required to overcome the end rota-
tions and provide continuity. There may be little or
no economic gain in continuity because of the large
thermal restraint moments that develop and, in some
cases, continuity may require additional reinforce-
ment in the precast sections (i.e., larger than would
be required for a simply-supported design). As a
consequence, it is not conservative to design the
PCSSS bridges as simply supported and add positive
moment reinforcement across the piers for integrity
reinforcement without considering the effects of the
restraint moments that can be generated due to the
thermal gradient effects.

Live Load Distribution Factors

Numerical modeling was combined with obser-
vations from a live load truck test on the field-
instrumented Center City Bridge along with load
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distribution tests on the laboratory bridge speci-
mens (i.e., Concept 1 and Concept 2) to determine
the applicability of current live load distribution fac-
tors in the bridge design specification for slab-type
bridges to the PCSSS.

The numerical models illustrated that the longi-
tudinal curvatures measured in the precast slab span
system with a reflective crack extending to within
3 in. of the extreme compression fiber and a tandem
load greater than that which could be physically
applied in the field resulted in longitudinal curvatures
that were only 84% of the longitudinal curvatures
predicted using the AASHTO Load and Resistance
Factor Design (LRFD) (2010) load distribution fac-
tors for monolithic concrete slab span bridges. This
suggests that PCSSS-type superstructures could rea-
sonably and conservatively be designed using the
current live load distribution factors for monolithic
slab-type bridges.

Furthermore, the live load truck tests on the Cen-
ter City Bridge suggested that the measured longitu-
dinal curvatures were approximately three times less
than those calculated using monolithic slab span
equations. And the measured longitudinal curvatures
were consistently conservative when compared to
monolithic slab span finite element (FE) models. The
conservatism in the factors for monolithic slab span
bridges was sufficient to cover the cases of the
PCSSS bridges even considering the potential effects
of reflective cracking as discussed above.

Load distribution tests on Span 2 of the Concept 1
and Concept 2 laboratory bridges included an inves-
tigation of the transverse load distribution between
adjacent precast panels. Both spans showed good load
transfer capabilities across the longitudinal joint dur-
ing intermittent tests to extend the reflective crack,
conducted throughout the investigation of the labo-
ratory bridge specimens. In both cases, little variation
in the measured longitudinal curvatures with crack
growth was observed in the unloaded panels, which
suggested that load was effectively transferred across
the longitudinal joint from the loaded panel despite the
presence and increase in the size of reflective cracking
induced in/near the joint.

In summary, the numerical and experimental stud-
ies in regards to live load distribution factors indi-
cated that the PCSSS was well represented by
monolithic FEM models, suggesting that the discon-
tinuity at the precast joint did not significantly affect
the load distribution characteristics of the system.
Also, the performance of the large-scale laboratory
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bridge specimens reinforced the notion that the sys-
tem provided sufficient transverse load distribution,
with and without the presence of reflective cracking
near the joint region.

Skew

Numerical modeling was applied to simply sup-
ported monolithic and jointed (to simulate the PCSSS
discontinuity at the adjacent precast flange interface)
bridge models with skewed supports ranging up to
45 degrees. Three independent load cases were inves-
tigated, including a 35-kip load individually applied
over a 12- by 12-in. patch at both quarter points and
at midspan for each model. For each load case, the
largest horizontal shear stress in the plane above
the precast joint nearest the loading was determined.
The small variation and consistency between the
models considering a joint between precast sections
with a 3-in. flange and a monolithic structure sug-
gested that the impact of the joint in precast com-
posite slab span construction was not expected to
significantly affect the performance of the system in
skewed applications, and the design of skewed PCSSS
bridges could be completed assuming a monolithic
slab span system.

Composite Action and Horizontal Shear Strength

To conclude the laboratory tests, the large-scale
bridge specimens were loaded above the nominal
flexural capacities to the limiting capacities of the
actuators in order to investigate the ability for the
precast slab span sections to remain composite with
the CIP concrete topping. Placement of reinforce-
ment for horizontal shear was observed to be difficult
and time consuming for the fabricator, especially
when finishing the top web surfaces. Furthermore,
the reinforcement extending from the precast webs
for horizontal shear extended out of the precast sec-
tion with minimal clearance between the hook and
the precast web surface in order to avoid interfer-
ence with placement of the deck reinforcement in
the field. In initial field applications of the PCSSS,
the low clearance of this horizontal shear reinforce-
ment may have limited its effectiveness because
aggregate was unable to flow below the returned
stirrups. Span 2 of the Concept 2 laboratory bridge
was designed with the same horizontal shear lay-
out utilized in the Center City Bridge, which sat-
isfied the 2005 bridge design requirements. Span 1
of the Concept 1 laboratory bridge was designed

with fewer horizontal shear ties than were used in
Span 2 and in the Center City Bridge, which did not
satisfy the minimum horizontal shear reinforcement
requirements of the 2005 bridge design requirements.
The Concept 2 laboratory bridge was designed and
constructed with no horizontal shear ties. In both
bridges, the surface condition of the precast mem-
ber was roughened to a surface consistent with a
/4-1n. rake.

In the tests on both spans of the Concept 1 labo-
ratory bridge and on the Concept 2 laboratory bridge,
the sections were observed to remain composite well
beyond service load levels through the full range of
loading to the maximum capacity of the loading sys-
tem, which was in excess of the predicted nominal
capacity of the Concept 1 and 2 bridges. The hori-
zontal shear stress estimated in the Concept 2 system
at the precast-CIP interface was subsequently calcu-
lated to be 135 psi. As the bridge had not yet been
loaded to failure due to the limited capacity of the
actuators, it may have been possible to generate even
larger horizontal shear stresses.

The results of the laboratory tests are consistent
with those of Naito and Deschenes (2006) and suggest
that the bridge design specification should allow for
the design of precast slab span structures without
horizontal shear ties, and allow for the development
of a maximum factored horizontal shear stress of
135 psi in sections with intentionally roughened sur-
faces (i.e., /-in. rake as shown in Figure 13 for the
Concept 2 bridge) unreinforced for horizontal shear.

Reflective Crack Control across the Longitudinal
Joint between Precast Flanges

Reflective cracking was intentionally induced
in the Concept 1 and Concept 2 large-scale labora-
tory specimens to investigate the performance of the
PCSSS through a range of loading that was designed
to simulate both fatigue performance due to vehicu-
lar loading as well as the influence of environmental
effects. The performance of both spans of the Con-
cept 1 laboratory bridge and the Concept 2 laboratory
bridge was observed to adequately control cracking
in the precast joint region throughout the loading.

Reflective cracking was also monitored through-
out the range of testing for seven subassemblage
specimens in order to quantify the relative perfor-
mance of the respective design details for reflective
crack control in each specimen. The ability for
each specimen to control the width of cracking was
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Figure 13 Intentionally roughened surface, by means of raking, of top
web of precast beam used for the construction of Concept 2 laboratory
bridge specimen.

desirable, as large cracks were expected to cause de-
gradation of the longitudinal joint region. This degra-
dation included providing a potential avenue for the
ingress of moisture and chlorides.

It was found during the testing of the first speci-
men, SSMBLG3-HighBars, that the stiff flanges of
the precast section rotated and caused delamination
between the precast flange and CIP concrete, result-
ing in propagation of a crack at the precast-CIP
concrete interface. The test setup was subsequently
modified by developing a system to clamp the pre-
cast flanges to the CIP concrete on either side of the
longitudinal joint as shown in Figure 14. Although
the test setup induced compressive forces through the
depth of the section at the faces, it was believed to
better emulate the field conditions because in a
bridge system, the pier supports would be normal to
the longitudinal joint, thereby preventing the relative
rotation of the precast flanges with respect to the CIP
in the trough above the precast flanges at the ends of
the sections.

The vertical rods that connected the top and bot-
tom steel members used to clamp the section were
located a clear distance of between 2 in. and 3 in. from
the face of the specimen. Consequently, curvature
was induced in the longitudinal clamping members,
which tended to concentrate the compressive force at
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the ends of the members. This served to better simu-
late the effects of restraint in the bridge system (i.e.,
clamping the subassemblage specimens near the ends
simulated the effect of the bridge supports transverse
to the longitudinal joint and relieved the compressive
stress across the subassemblage).

Each of the subassemblage specimens performed
adequately throughout the range of loading, though
variations in the extent of cracking indicated some
relative differences. The two specimens with the
largest reinforcement ratios for crack control, SSM-
BLG5-No.6Bars (p,, = 0.0061) and SSMBLG6-
Frosch (p., = 0.0052), performed well relative to the
remaining specimens. In these two specimens, mea-
sured crack widths were consistently smaller than the
remaining specimens. SSMBLG7-Control2 (p., =
0.0031) also indicated better than average perfor-
mance through visual observations, however, the
analysis of the embedded instrumentation suggested
that the behavior of this specimen was similar to the
specimens in the group not including SSMBLGS5-
No.6Bars and SSMBLG6-Frosch. The behavior of
SSMBLG7-Control2 was attributed to a relatively
smooth precast flange surface achieved prior to the
placement of the CIP concrete (done in anticipation
of studying a debonded flange surface, which was
abandoned to allow for a second control specimen
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Figure 14 Clamping system developed to simulate restraint near joint

region on subassemblage specimens.

to be tested). The relatively smooth flange surface
was expected to better distribute transverse stresses
across the precast flanges in the joint region, thereby
reducing the potential stress concentration at the inter-
face between the adjacent precast flanges that created
a longitudinal joint. However, it was observed via an
analysis of the horizontal crack propagation using the
concrete embedment resistive strain gages that a
single crack was present internally in the specimen
suggesting that the smooth flange surface did not dis-
tribute the transverse stress adequately enough so
as to promote the development of multiple cracks.
A completely debonded surface, however, was not
expected to be desirable as it would likely promote
delamination of the horizontal precast flange-CIP
interface, which was expected to promote cracking at
the vertical precast web where cage reinforcement
was not present to aid in the control of cracking.

In the subassemblage study, the maximum trans-
verse 9-in. spacing for crack control appeared to be
sufficient as long as enough reinforcement was pro-
vided to ensure that the reinforcement did not yield
upon cracking. This was evident through the good
performance of the SSMBLGS5-No.6Bars and SSM-
BLG6-Frosch specimens. These results are consis-
tent with those of Frosch et al. (2006).

The maximum transverse reinforcement spacing
was further investigated by evaluating the perfor-
mance of the Concept 1 and 2 laboratory bridges,
which provided more realistic boundary conditions
in the longitudinal joint region above the precast
flanges. In this study, it was found that the 9-in. max-

imum transverse reinforcement spacing provided
in the Concept 2 laboratory bridge did not correlate
with an improvement in the control of cracking near
the longitudinal trough area relative to the 12-in.
maximum spacing provided in the Concept 1 spans.
Therefore, an economical design may favor 12-in.
transverse reinforcement spacing to 9-in. spacing with
no expected reduction in performance. An increase in
the maximum transverse reinforcement spacing to
18 in. is not recommended, primarily because crack-
ing in SSMBLG2-NoCage (which was reinforced
with only transverse No. 4 bars spaced at 18 in.) was
generally largest. The crack widths in SSMBLG2-
NoCage increased with the least increase in the
applied load relative to the other subassemblage
specimens that had transverse reinforcement spac-
ings no larger than 9 in. The subassemblage speci-
men with transverse reinforcement spacing no larger
than 9 in. were observed to provide acceptable crack
control.

Furthermore, little difference was observed
between the performance of the sections of the Con-
cept 1 laboratory bridge with No. 6 transverse hooked
bars where reflective cracking was observed and the
performance of the Concept 2 laboratory bridge with
No. 4 transverse hooked bars where reflective crack-
ing was observed. There was, however, a noticeable
increase in the relative performance of SSMBLGS-
No.6Bars compared to SSMBLGI1-Controll, in
which the only nominal difference was the larger
bars in the former specimen. Because the increased
performance observed in SSMBLG5-No.6Bars,
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which performed similar to SSMBLG6-Frosch, was
achieved with larger bars and a maximum transverse
reinforcement spacing of 9 in., it was suggested that a
design with No. 6 bars and less cage reinforcement
was likely to be more economical and easier to imple-
ment in the field than the closely spaced reinforcement
cage provided in SSMBLG6-Frosch, which had a
4.5-in. bar spacing.

Design Recommendations and Examples

Recommended changes to the bridge design and
construction specifications were proposed to imple-
ment this promising new system. The PCSSS bridge
design guidelines cover both component and system
issues, including ““spalling” reinforcement, load distri-
bution, effect of restraint moments, composite action,
and reinforcement to control reflective cracking.
Two MathCAD examples were created to illustrate
the design issues associated with a simply supported
PCSSS and a three-span system made continuous.
Because of the effects of thermal gradients in generat-
ing large restraint moments, it is suggested that the
PCSSS bridges be designed as a series of simply
supported spans.

LONGITUDINAL AND TRANSVERSE JOINTS
IN DBT AND FULL-DEPTH PRECAST PANEL
ON GIRDER SYSTEMS

Introduction

Two issues that limited the PCSSS bridge concept
with regard to the potential for accelerated bridge con-
struction applications were (1) the significant use of
CIP to complete the composite system, which would
slow the construction process and (2) the limitation
of the system to short- to moderate-span lengths. As
a consequence, the study included CIP connection
concepts that minimized the use of CIP by limiting its
application to the longitudinal and transverse joints
between the flanges of DBTs or between full-depth
precast deck panels on girders. Because of the simi-
larity in these systems, the discussion herein focuses
primarily on DBTs, which generally have greater con-
straints on deck thickness than precast panel systems.

The bridge deck in DBTs consists of the girder
flange, which is precast and prestressed with the girder.
DBTs are manufactured in the precast plant under
closely monitored conditions, transported to the con-
struction site, and erected such that the flanges of
adjacent units abut. Load transfer between adjacent
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units is provided by longitudinal joints (parallel to
traffic direction). Figure 15 shows a DBT bridge being
constructed.

The DBT bridge system eliminates the time nec-
essary to form, place, and cure a concrete deck at the
bridge site. In addition, the wide top flange provided
by the deck improves construction safety due to ease
of installation, enhances durability because the deck
is fabricated with the girder in a controlled environ-
ment, and enhances structural performance with a
more efficient contribution of the deck in stress dis-
tribution. Despite the major benefits of this type of
bridge, use has been limited to isolated regions of the
United States because of concerns about certain
design and construction issues. This project aimed to
address one of the hurdles to be overcome to enable
a wider use of this technology: the development of
design guidelines and standard details for the joints
used in these systems. The aim of the study was to
produce full strength durable joints using CIP, but
still allow for accelerated construction.

Figure 16 shows a typical DBT bridge consisting
of five DBTs connected by four longitudinal joints
with welded steel connectors and grouted shear keys
(Stanton and Mattock 1986; Ma et al. 2007). In order
to reduce the total DBT weight, the thickness of the
deck is typically limited to 6 in. Welded steel con-
nectors are typically spaced at 4 ft. To make the con-
nection, as shown in Figure 16, two steel angles are
anchored into the top flange of the DBT and a steel
plate is welded to steel angles in the field. Between
two connectors, a shear key is provided at the verti-
cal edge of the top flange. Grout is filled into the
pocket of the connector and in the voids of the shear

Figure 15 A DBT concrete bridge being constructed.
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key to tie the adjacent girders together. A joint backer
bar is placed at the bottom of the shear key to prevent
leakage when grouting.

The typical longitudinal joint shown in Figure
16 has the strength needed to transfer shear and lim-
ited moment from one girder to adjacent girders.
The width of the joint zone is small so that it facili-
tates accelerated construction. However, because
the welded steel plates are located 4 ft from each
other and at mid-depth of the flange, they cannot
help to control flexural cracks along the longitudinal
joint. Although the performance of this type of joint
was reported as good to excellent in a survey of cur-
rent users, problems with joint cracking in these sys-
tems have been reported in the literature (Stanton
and Mattock 1986; Martin and Osborn 1983). This
joint cracking along with joint leakage is perceived to
be an issue limiting wider use of this type of bridge.
The State of Washington limited the use of DBTs for
roads with high average daily traffic (ADT) and for
continuous bridges. As part of a research project to
address issues that influence the performance of DBT
bridges, a specific objective was defined to develop
improved joint details that allow DBT bridge systems
to be more accepted as a viable system for accelerated
bridge construction.

One of the connection concepts explored was to
replace the current welded steel connectors with dis-
tributed reinforcement to provide moment transfer as
well as shear transfer across the joint. Well-distributed

reinforcement can control cracks much better than
widely spaced welded steel connectors. However,
straight lap-spliced reinforcement requires a much
wider joint to develop its strength. It is very impor-
tant for the proposed joint width to be as narrow as
possible. Joint width minimization will reduce the
amount of required expensive grout, which results in
a reduction of cost and faster construction time. As a
result, options to reduce the joint width were explored.
Such options included bars with hooks (U-bar), bars
with headed terminations, and bars with spirals. To
allow for accelerated construction, the details were
also developed to minimize deck thickness, which
would reduce the weight of DBT girders.

In total, five different connection concepts were
proposed and evaluated for the longitudinal and/or
transverse connections between full-depth deck pan-
els or deck flanges for this study. Feedback on the
details was obtained through an in-depth phone sur-
vey that included 60 participants. The respondents
included bridge engineers (including many individu-
als who serve as State Bridge Engineers), consulting
engineers, fabricators, material suppliers, industry rep-
resentatives, and technical committee contacts. The
five connection concepts that were addressed were
loop bar (U-bar) detail, straight bar detail with spiral
to reduce lap length, headed bar detail, welded wire
reinforcement (W WR) detail, and structural tube detail.

In general, many respondents considered all five
of the connection concepts to be potentially useful
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in bridge construction and especially when rapid
construction was critical. A common concern regard-
ing the connection of each of the precast elements
was that of differential camber, and many respon-
dents who voiced this concern suggested that the use
of a steel plate or haunch should be included to assist
with the leveling of adjacent precast panels.

Many of the respondents preferred the U-bar
detail over the other options and noted that a U-bar
detail has been successtul in Japan and Korea. Some
expressed that although the U-bar detail was the
most promising, it could require a thicker deck to
accommodate the bend radius of the U-bar detail,
which would add weight to the structure. It was sug-
gested by another that the key to the U-bar detail
would be to obtain a waiver on the minimum bend
radius of the looped bar. Experience of a similar
detail used in Nebraska indicated exceptional per-
formance of the system; it was emphasized that the
connection must be either nonshrink or expansive to
prevent cracking. Some respondents commented
that the U-bar detail would require perforations in
the formwork, and therefore, the bar spacing should
be standardized as much as possible.

The straight bar with spiral reinforcement to
reduce the lap length detail was also favored by many
of the respondents. A common concern regarding the
connection was that it was expected to be more expen-
sive and would also require additional field labor to
complete the connection. In addition, it was suggested
that the spiral reinforcement may create alignment
issues during construction, which could add to the
amount of construction time required.

The headed bar detail was often praised for the
fact that it would come to the field site nearly com-
pleted, which would reduce construction labor as well
as the time required to construct the system. Many
respondents conceded little experience with the
headed bar details and suggested that testing would
be required, though many said that they expected that
the detail would work adequately. Some respondents
also suggested that the detail may be difficult to fab-
ricate and that the alignment and placement of the
longitudinal steel could be complicated.

The WWR detail was generally liked by most of
the respondents, especially because the wire rein-
forcement detail was expected to promote rapid con-
struction in the field. A few respondents voiced
concern regarding the ability for the WWR to be
adequately developed in the space available. In Cal-
ifornia, it was noted that WWR was not permitted,
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maybe due to a fatigue concern, though manufac-
turers are promoting its use.

Many of the respondents viewed the structural
tube detail as being exceptionally robust, with one
respondent describing it as being “bomb proof.” A
common concern regarding the structural tube detail
was the potential for alignment and other con-
structability issues. Also of concern was the potential
for sloppy field work to degrade the connection, espe-
cially if the tube were not correctly and completely
filled with grout.

To finalize the connection concepts investigated
in the study, the following criteria were considered:

® The connection detail should not only be able
to transfer shear but also provide moment
continuity across the joint. Where possible,
two layers of steel should be used in the joint.

¢ The connection detail must allow the precast
units to be joined together quickly to minimize
disruption to traffic. For the joint connections,
it is desirable to minimize or eliminate form-
ing of the joint to expedite construction and
reduce cost. Field placement of reinforcement
within the longitudinal joint area after erection
should be minimized. In joints where forming
is required, provide sufficient room to facili-
tate connection completion and use CIP rather
than special grout mixes.

¢ The closure pour (CP) material to precast unit
interface is an area of concern for durability.
The focus in this area must be on minimizing
cracking in this location to reduce intrusion of
water that may result in corrosion. Place the
reinforcement as close as possible to the top
and bottom surfaces to help control cracking.

e Cumulative fabrication and erection tolerances,
particularly differential camber in deck flanges,
will result in some degree of vertical flange mis-
matching. A temporary welded connector detail
should be considered for leveling flange mis-
matching before the permanent connection is
placed.

The U-bar detail and the headed bar detail
were selected as the most viable candidates in this
research. U-bar details are oriented vertically in the
joint to provide two layers of reinforcement fabri-
cated with a single rebar. The U-bars provide conti-
nuity of the deck reinforcement across the joint by
lapping with the U-bars from the adjacent flanges.
The 180° bend of the U-bar, embedded in the joint,
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provides mechanical anchorage to the detail necessary
to minimize the required lap length. The extended
reinforcement of the U-bar details is staggered (i.e.,
out of phase) with the adjacent lapped U-bar to facili-
tate constructability in the field. The stagger cannot
be too large, or the transfer of forces across the joint
would be difficult to achieve.

To minimize deck thickness, the U-bar detail
was designed to utilize an extremely tight bend. The
inside bend diameter that was used was three times
the diameter of the bar (3d,), thus, with No. 5 bars
used, the inside diameter of the bend was 1% in. The
American Concrete Institute (ACI) Committee 318-08
(2008) set minimum bend diameters for different
rebar sizes and materials. For a No. 5 bar made of
conventional steel, the minimum bend diameter, per
ACI 318-08 (2008), was six times the diameter of
the bar (6d,,), and for D31 deformed wire reinforce-
ment (DWR) the minimum bend diameter was four
times the diameter of the bar (4d,) when used as stir-
rups or ties. Clearly, the U-bar bend diameter that
was used (3d,) violated the minimum allowable
bend diameters established by ACI 318-08 (2008).
The minimum bend diameters were established pri-
marily for two reasons: feasibility of bending the rein-
forcement without breaking it and possible crushing
of the concrete within the tight bend. To ensure that
the reinforcement would not be broken while bend-
ing, two ductile reinforcing materials were used:
DWR and stainless steel (SS) reinforcement. Con-
crete crushing in the tight bend was closely observed
in the experimental investigation to determine if it
would occur.

As an alternative to the U-bar details, two layers
of headed bars were considered to provide continu-
ity of the top and bottom deck steel through the joint.
The previous NCHRP Project 12-69 explored the
use of single large-headed bars to provide continu-
ity across the joint (Oesterle et al. 2009; Li et al.
2010; Li et al. 2010a). In that project, Headed Rein-
forcement Corporation (HRC) provided the headed
reinforcement, which consisted of a No. 5 bar with
a standard 2-in. diameter circular friction welded
head with a head thickness of 0.5 in. Large-headed
bars such as these with the bearing area (A,,),
exceeding nine times the area of the bar (A,), are
assumed to be able to develop the bar force through
bearing at the head. Bars with smaller heads (e.g.,
Ay /A, = 4) are assumed to be able to develop the
force in the bar through a combination of mechani-
cal anchorage and bond, where the development

length for these bars is less than that required to
develop a hooked bar per ACI 318-08 (2008). In the
current study, the headed reinforcement used was
No. 5 bar with Lenton Terminator® bearing heads.
The diameter of the head was 1.5 in., and the thick-
ness of the head was 7 in., which gave an A,, /A,
of 4.76. The smaller head dimension was neces-
sary in order to fit the two layers of reinforcement
within the deck while minimizing the deck thick-
ness. The large-headed bars in two layers would
have resulted in a much thicker, uneconomical deck
system.

In addition to the reinforcement details used for
the connection, a key to the success of robust accel-
erated construction is the development of durable
fast-curing CP materials. As a consequence, this
investigation included the development of perfor-
mance specifications to address the durability issues
associated with the CP materials. Both overnight
cure and 7-day cure materials were evaluated.

Research Methodology and Findings
Determination of Most Viable Connection Detail

Experimental tests were conducted on the selected
reinforcement details to simulate the expected loading
conditions to be experienced in longitudinal and trans-
verse joint configurations. The investigated joints used
two layers of reinforcement to provide the ability to
transfer moment as well as shear through the deck.
The two types of details investigated to reduce the
width of the joint were U-bar details (with DWR and
SS) and headed reinforcement details.

Initial tests were conducted using monolithic
specimens that contained the two types of reinforce-
ment details to simulate longitudinal and transverse
joint connection concepts (i.e., flexural and tension
test specimens, respectively). Both joint directions
were investigated so that the results of this experi-
mental program could apply to several precast deck
systems (e.g., DBT systems and full-depth precast
deck systems). Figure 17 shows the two joint direc-
tions tested and the specimen orientations used to
represent the joints. The test setups for the longitu-
dinal joint test (i.e., flexural test setup) and trans-
verse joint test (i.e., tension test setup) are given in
Figures 18 and 19, respectively.

Three of the specimens represented longitudinal
joint connections (flexural specimens) and three
represented transverse joint connections (tension

19
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Figure 17 Orientation of joints and corresponding test specimens.
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Figure 18 Flexural test set-up (longitudinal joint test) (LVDT = linear variable differential
transformer).
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Figure 19 Tension test setup (transverse joint).
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Figure 20 U-bar longitudinal joint specimen.

specimens). The three joint details investigated
included (1) lapped headed reinforcement, (2) lapped
U-bar reinforcement fabricated with deformed wire,
and (3) lapped U-bar reinforcement fabricated with
SS. The three specimens tested in flexure were sub-
jected to forces that would be experienced in a lon-
gitudinal deck joint, and three specimens tested in
tension were subjected to forces that would be expe-
rienced in a transverse joint over an interior pier.

Based on the performance of the initial tests con-
ducted on the U-bar detail (with DWR and SS) for
the longitudinal joint shown in Figure 20, and headed
reinforcement details for the longitudinal joint shown
in Figure 21, the most promising connection concept
in terms of behavior, constructability, and cost (the
U-bar detail), was investigated in additional tests
where parameters were varied to refine the proposed
connection concepts.

The capacities of the joint details were used for
comparison and the selection of the best performing
joint detail. All joint details produced adequate
capacities and ductility in both the tension and flex-
ural tests. Specimens with U-bar details and headed
bar details both produced a capacity corresponding
to their respective nominal design yield strengths.
Because the U-bars had a higher nominal design
yield strength (i.e., 75 ksi) than the headed bars (i.e.,
Grade 60), specimens containing the U-bar joint detail

produced the largest capacities in both the bending
and tension tests without compromising ductility.
Smaller crack widths at service-level loading were
also produced by the U-bar detail when compared to
the headed bar detail.

The constructability and reinforcement costs of
the joint details were also compared. The U-bar
detail created a less congested joint, which made it
the easiest to construct. The bearing heads of the
headed bar detail require more space due to the larger
diameter of the rebar heads. This extra space reduces
construction tolerances and could therefore cause
problems in placement of precast deck components.
The U-bars can also be easily tied together to form
a rebar cage, which would allow for easy construc-
tion in the precast yard when compared to the two
single layers of reinforcement in the headed bar
detail. The lowest material cost was the conven-
tional rebar used for the headed bars. The material
costs were competitive between the conventional
rebar used in the headed bars and the DWR. The SS
reinforcement had the highest cost.

After consideration of capacity, service-level
crack widths, constructability, and cost, the U-bar
detail, with an overlap length of 6 in., a rebar spac-
ing of 4.5 in., and two transverse lacer bars con-
structed of DWR was recommended for the second
phase of tests.

120.0in
ﬁ ﬁ W W - : 3 ; ; - i in
HHE R
#4 bars @ 12 in spacing Qin 4.5 in
= 6.215 in

— .
~—L#5 bars @ 6 in spacing

Figure 21 Headed bar longitudinal joint specimen.
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In the second phase of tests, another six speci-
mens with the U-bar detail were tested, three in
flexure and three in tension, to investigate effects of
variables including overlap lengths, rebar spacings,
and concrete strengths. Based on results of the sec-
ond phase of tests, the following conclusions were
made:

By reducing the concrete strength, both the flex-
ural and tensile capacities were reduced. When de-
creasing the joint overlap length from 6 in. to 4 in.,
the crack widths were significantly enlarged, the flex-
ural capacity was decreased by 17.8%, and the ten-
sile capacity was decreased by 18.9%. Increasing
the spacing of the U-bar reinforcement from 4.5 in.
to 6.0 in. was not observed to significantly change the
behaviors of longitudinal and transverse joints
in terms of their crack widths, flexural capacities,
and tensile capacities. In order to provide adequate
ductility without significant loss of strength ulti-
mately, the joint overlap length should not be less
than 6 in. and #4 lacer bars should be provided to
enhance the mechanical anchorage of the U-bars as
illustrated in Figure 22.

The lacer bars provided confinement of concrete
within the joint and served as a mechanical anchor-
age for the U-bars. Figure 22 provides an example
of the deformation the lacer bars underwent during
the tests. The location of the lacer bars in relation to
the U-bars enabled the lacer bar to provide bearing to
U-bars. These “bearing” forces caused the lacer bar
to bend. This interaction between the lacer bar and

i |
4"‘
a1
= |
3

Figure 22 Deformation of lacer bar.

U-bars helps to explain the greater ductile failure
mode observed in the U-bar tests.

In summary, based on capacity, service level crack
widths, constructability, and cost, the U-bar detail,
with No. 5 equivalent DWR at 4.5-in. spacing with
6-in. overlap length and two transverse lacer bars was
recommended for the final longitudinal and transverse
joint tests. It should be noted that all of the tests were
based on uncoated reinforcement. If epoxy-coated
reinforcement were used, larger joint widths may be
required to develop the reinforcement across the joint.
An alternative to epoxy-coated reinforcement would
be to use SS reinforcement, which performed well in
the initial study but was an expensive alternative.

In all of the initial tests to select the most viable
joint details, the details were cast in monolithic con-
crete specimens. Prior to testing the details within
jointed test specimens, an extensive study was con-
ducted to select high performance durable 7-day and
overnight CP materials based on the specified perfor-
mance criteria developed for freeze-thaw, shrinkage,
bond strength, and permeability.

Development of Performance Criteria
for CP Materials

For precast bridge deck systems with CIP con-
nections, precast elements are brought to the con-
struction site ready to be set in place and quickly
joined together. Then, a concrete CP completes the
connection. The performance of the CP material is
one of the key parameters affecting the overall per-
formance of the bridge system.

Longitudinal connections between the flanges of
DBTs and between precast panels between girders
require that the joints must be able to transfer shear
and moment induced by vehicular loads. Shrinkage
of CP materials and transverse shortening of precast
members further subject the joints to direct tension.
Freeze-thaw resistance and low permeability of joints
are also important. An ideal CIP connection detail
emulates monolithic behavior and results in a more
durable and longer lasting structure.

Traditionally, different types of grouts have been
used as CP materials for precast bridge deck systems
with CIP connections. Mrinmay (1986) documented
a wide variety of materials used after 1973 to avoid
joint failure in CPs. These materials included sand-
epoxy mortars, latex-modified concrete, cement-
based grout, nonshrink cement grout, epoxy-mortar
grout, calcium-aluminate cement mortar and concrete,
methylmethacrylate-polymer concrete and mortar, and
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polymer mortar. Epoxy- or polymer-modified grouts
can have significant advantages, such as a high
strength of 10 ksi in 6 hours, better bond, reduced chlo-
ride permeability, and lower shrinkage (Issa et al.
2003) than different magnesium ammonium phos-
phate (MAP) grouts. However, they are often signif-
icantly more expensive and less compatible with
surrounding concrete. In addition, if the resin is used
in too large of a volume, the heat of reaction may cause
it to boil, and thereby develop less strength and lose
bond. Cementitious grouts have been used more in
precast construction than have epoxy or polymer-
modified grouts (Matsumoto et al. 2001). A primary
disadvantage of cementitious grouts is the shrinkage
and cracking that result from the use of hydraulic
cement. Nonshrink grout compensates for the shrink-
age by incorporating expansive agents into the mix.
With nonshrink grout, the effects of shrinkage cracks
or entrapped air on the transfer of forces and bond are
minimized, though not eliminated. ASTM C1107
establishes strength, consistency, and expansion cri-
teria for prepackaged, hydraulic-cement, nonshrink
grout.

Nottingham (1996) reported that the very nature of
portland cement grouts virtually assures some shrink-
age cracks in grout joints, regardless of quality control.
Prepackaged MAP-based grout, often extended with
pea gravel, can meet requirements like high quality,
low shrinkage, impermeability, high bond, high early
strength, user friendly, and low-temperature curing
ability (Nottingham 1996; Issa et al. 2003). Gulyas
et al. (1995) undertook a laboratory study to compare
composite grouted keyway specimens using two dif-
ferent grouting materials: nonshrink grouts and MAP
mortars, in which MAP materials performed better
than nonshrink grouts. Gulyas and Champa (1997)
further examined inadequacies in the selection of a tra-
ditional nonshrink grout for use in shear keyways. The
MAP grout outperformed the nonshrink grout in all
areas tested, including direct vertical shear, direct ten-
sion, longitudinal shear, bond, shrinkage, and so on.
Menkulasi and Roberts-Wollmann (2005) presented a
study of the horizontal shear resistance of the connec-
tion between full-depth precast concrete bridge deck
panels and prestressed concrete girders. Two types of
grout were evaluated: a latex modified grout and a
MAP grout. For both types of grout, an angular pea
gravel filler was added. The MAP grout developed
slightly higher peak shear stresses than the latex mod-
ified grout.

Grout without coarse aggregate extension 1s
usually referred to as neat grout, while grout with
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coarse aggregate extension, typically /- or 7-in.
coarse aggregate, is extended grout. Compared with
neat grout, extended grout has the following potential
benefits: (1) more compatible with concrete; (2) better
interlock between connection components; (3) denser,
less permeable; (4) less drying shrinkage and creep;
and (5) larger grout volume per bag, hence less expen-
sive. However, it was pointed out by Matsumoto et al.
(2001) that the extended grout required more cement
paste than available in prepackaged bags, leading to
lower strengths and poor workability.

As discussed above, numerous products are avail-
able for CP materials, and various materials were stud-
ied. However, limited research had been previously
conducted to provide consistent comparison among a
large number of different types of CP materials. Also,
adequate performance-based criteria need to be devel-
oped to ensure appropriate selection of CP materials,
particularly for accelerated bridge construction.
Performance-based specifications focus on properties
such as consistency, strength, durability, and aesthet-
ics. They reward quality, innovation, and technical
knowledge in addition to promoting better use of
materials, and present an immense opportunity to opti-
mize materials design.

As part of the process of developing the perfor-
mance criteria, eight candidate CP materials were
selected and evaluated with respect to their potential
effectiveness in accelerated bridge construction.
In this context, accelerated bridge construction is
defined with respect to two categories: overnight cure
of CP materials and 7-day cure of CP materials. For
the overnight cure, published performance data from
different grout materials were collected through con-
tacts with material suppliers and users. For the 7-day
cure, standard or special concrete mixtures and their
performance data were collected through contacts
with HPC (High Performance Concrete) showcase
states as well as with material suppliers. Based on
these initial collected data, four grouts were first
selected as candidate overnight cure materials, and
four special concrete mixes as candidate 7-day cure
materials. The preliminary selection was based on
strength tests of selected materials or on prediction
models to narrow the candidate materials down to two
materials in each of the two categories. Then long-
term tests were performed on the final four selected
materials, including freezing-and-thawing durability,
shrinkage, bond, and permeability tests.

For precast bridge deck systems with CIP connec-
tions, precast elements are brought to the construction
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Table 3 Proposed performance criteria of CP materials.

Performance Characteristic Test Method Performance Criteria
Compressive Strength (CS), ksi ASTM C39 modified 6.0<CS
@ 8 hours (overnight cure)
@ 7 days (7-day cure)
Shrinkage' (S), (Crack age, days) =~ AASHTO PP34 modified 20<S
Bond Strength (BS), psi ASTM C882 modified 300 < BS
Chloride Penetration? (ChP), ASTM C1543 modified ChP< 1.5
(Depth for percent chloride
of 0.2% by mass of cement
after 90-day ponding, in.)
Freezing-and-Thawing ASTM C666 Grade® 1 Grade 2 Grade 3
Durability (F/T), (relative Procedure A modified 70% < FIT 80% < F/T 90% < F/T

modulus after 300 cycles)

'No S criterion need be specified if the CP material is not exposed to moisture, chloride salts or soluble sulfate environments.
2No ChP criterion need be specified if the CP material is not exposed to chloride salts or soluble sulfate environments.

3Grades are defined in Table 4.

site ready to be set in place and quickly joined
together. Then, a concrete CP completes the connec-
tion. The performance of the CP material is one of the
key parameters affecting the overall performance of
the bridge system. The final performance criteria
for selecting durable CP materials given in Tables 3
and 4 were developed based on extensive literature
review which included proposals by Russell and Ozy-
ildirim (2006) and Tepke and Tikalsky (2007) and the
results of the long-term tests.

Numerical Investigation to Determine Loadings
to be Applied in Joint Tests

To determine the service static and fatigue load-
ings that might be expected in the longitudinal and
transverse joint connection concepts, numerical stud-
ies of bridge systems were conducted with a number
of variations. The analytical parametric study consid-

ered parameters such as different loading locations,
effect of bridge width, design truck and lane loading
versus design tandem and lane loading, girder geo-
metry (depth, spacing and span), bridge skew, single-
lane loading versus multi-lane loading, and impact of
cracking of the joints. Through this investigation, a
database of maximum forces to be expected in the
joint was developed. These forces were subsequently
used to determine the fatigue loading demand for the
large-scale longitudinal joint specimen (flexure and
shear-flexure) tests and the large-scale transverse joint
specimen (tension) tests.

Large-scale Tests on Longitudinal and Transverse
Joints with U-Bar Details and Both 7-Day
and Overnight Cure CP Materials

Large-scale longitudinal and transverse jointed
specimens were fabricated to investigate the flexure

Table 4 Application of CP material grades for freezing-and-thawing durability.

Freezing- Is the concrete Yes | Isthe member Yes | Will the Yes.
and-thawing exposed to freezing- exposed to member Specify F/T-
Durability and-thawing deicing salts? be saturated Grade 3
(F/T) environments? during No.

freezing? Specify F/T-
Grade 2
No. Specify F/T-Grade 1

No. F/T grade should not be specified.
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and flexure-shear behavior of the longitudinal joints
and the tension behavior of the transverse jointed spec-
imens. The tension tests on the transverse jointed
specimens were intended to simulate continuity
provided by the joints over the piers, where it was
assumed that the deck would transmit tension equili-
brated by compression in the girder. The large-scale
specimens were fabricated with the most promising
connection detail, which was a U-bar connection
concept fabricated with DWR. The specimens were
subjected to static and fatigue tests with the loads
determined in the numerical parametric study. The
tests were evaluated in terms of load-deformation
response, strain distribution, crack control, and
strength.

Longitudinal Joint Tests. Figures 23 and 24 show the
dimensions and the reinforcement layout in the longi-
tudinal joint specimen. The specimens were fabricated
with the U-bars extending out of both faces of the test
specimens, such that the specimens could be reused by
severing the panel after testing and rotating the panels
to fabricate a new joint. Figure 25 shows a profile view
of the joint surface before and after sand blasting.
The longitudinal joint was filled with CP material
to complete the connection, which simulated the lon-
gitudinal joint connection at the interface of the top
flange of adjacent DBT girders or full-depth precast
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Figure 23 Dimensions of longitudinal joint
specimen.
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Figure 24 Reinforcement layout in longitudinal joint
specimen.

panel-to-panel connections, considered to be the struc-
tural element of the bridge deck. To facilitate acceler-
ated bridge construction, it is important for the
selected CP material to reach its design compressive
strength in a relatively short period of time. In this
study, it was decided to use two primary CP materials,
SET® 45 Hot Weather (HW) for overnight cure and an
HPC mix for the 7-day cure. The grout SET 45 HW
used in the longitudinal joint study was investigated
both without extension in two joints and with 60%
extension in two joints for comparison. The uniform-
sized sound 0.25 in. to 0.5 in. round pea gravel used
to extend the grouts was tested with 10% hydrochlo-
ric acid (HCI) to confirm that it was not calcareous.
Figure 26 shows the test specimen before and after
grouting. The loading matrix describing the tests
conducted on the longitudinal joint specimens is
given in Table 5. The test setups used to investigate
static flexure (SF), static shear (SS), fatigue flexure
(FF), and fatigue shear (FS) are given in Figure 27,
parts (a) through (d).

The measured ultimate capacities of all of the
specimens obtained following the service fatigue
loading cycles exceeded their calculated capacities.
The joints with the overnight cure materials had
lower capacities than those with the 7-day cure, due
to the lower strength of the joint material. Based on the
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@ | .
(a) Before sandblasting (b) After sandblasting
Figure 25 Profile of joint surface.

Specimen “FS.0"
|| December 23, 2000 i
UK i NCHRP 10-71
| Specimen *FS-0"

(a) Before grouting (b) After grouting

Figure 26 Longitudinal joint specimen before and after grouting.

Table 5 Slab specimen loading matrix.

Overnight Cure 7-Day Cure
Flexure Flexure-Shear Flexure Flexure-Shear
Static Fatigue Static Fatigue Static Fatigue Static Fatigue
(SF-O) (FF-0O) (SS-0O) (FS-0O) (SE-7) (FF-7) (SS-7) (FS-7)
SET 45 HW SET 45 HW SET 45 HW SET 45 HW HPC Mix 1
extended extended

Norte: SF = static flexure, FF = fatigue flexure, SS = static shear, FS = fatigue shear, O = overnight cure, and 7 = 7-day cure.
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Figure 27 Longitudinal joint specimen test setup.

parametric study and the experimental program, the
following findings were made:

e Fatigue loading had little influence on the
behavior of the longitudinal joints (flexure
and flexure-shear test specimens) in terms of
average curvature of the joint, deflection at
midspan, relative displacement of the joint
interface and joint center, as well as reinforce-
ment strain under service live load.

¢ Fatigue loading was observed to have an effect
on the loading capacity of the flexure specimens
using the overnight cure material. After two
million cycles, the specimens fabricated with
the overnight cure material had less load capac-
ity than the corresponding specimens subjected
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to the static load tests. For the specimens with
7-day cure material in the joint, fatigue loading
had a negligible effect on the results for the
flexure-shear tests. In the case of the flexure
tests, the failure load was not reached due to
limitations of the MTS test equipment.

¢ Joints with the 7-day cure material performed
better than those with the overnight cure mater-
ial in some cases. Examples included the
flexure-shear tests, SS and FS, where the joints
with the 7-day cure material had larger failure
loads and curvatures than those of the specimen
with the overnight cure material. This was
because the 7-day cure material used developed
higher strengths than could be achieved with the
overnight cure material in the tests.
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Figure 28 Dimension of transverse joint (tension)
specimen.

Based on these tests, the U-bar detail was deemed
to be a viable connection system for longitudinal joints
between full-depth precast deck panels and DBTs.

Transverse Joint Tests. Figures 28 and 29 show the
dimensions and the reinforcement layout in the longi-
tudinal joint specimen. Figure 30 shows a profile view
of the joint surface before and after sand blasting. The
loading matrix describing the tests conducted on the
transverse joint specimens is given in Table 6.

There were four layers of reinforcement in each
panel along the specimen depth direction with a 2-in.
cover at the top and 1-in. cover at the bottom. The
straight bars simulated the transverse reinforcement
while the U-bars simulated the longitudinal reinforce-
ment that comprised the transverse joint connection
reinforcement in the bridge deck. The reinforcement
details in the specimen were as follows: #5 straight
bar spaced at 6 in. at the bottom along the specimen
width direction and #4 straight bar spaced at 12 in. at
the top along the specimen width direction. The #5
U-bars projected out of the panel to splice with the
U-bars in the adjacent panel in the transverse joint.
The spacing of the U-bars was 4.5 in. and the over-
lap length (the distance between bearing surfaces of
adjacent U-bars) was 6 in. The interior diameter of
bend of the U-bar was 3d,.

All of the specimens exceeded the nominal service
live load capacity. However, only ST-7 and FT-7
exceeded the calculated tensile capacity. It was
concluded that tensile capacities were reduced by
reducing the concrete strength. Please note that the
longitudinal reinforcement was not continuous in the
U-bar detail. And one reason that ST-O and FT-O had
lower capacities was due to the lower strength of the
joint material. Attention needs be paid to the moisture
loss during the first 3 hours after placement, which
may have caused the lower strengths in the tests.

A similar phenomenon was observed in the
monolithic transverse joint specimens. Typically,
the tensile capacity of a specimen under pure tension
is a function of the amount and strength of steel if
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Figure 29 Reinforcement layout in transverse joint (tension) specimen.
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(a) Before grouting

(b) After grouting

Figure 30 Transverse joint (tension) specimen before and after grouting.

the steel is continuous. In the earlier tests, all four
specimens exceeded the service-level load. How-
ever, only two of the specimens exceeded the theo-
retical tensile capacity. Because the amount of steel
was not varied among the test specimens, the tensile
capacity was attributed to the interaction between
the concrete and steel as well as the steel arrange-
ment. The tensile capacity of the specimen, which
had a decrease in f/. from 10 to 7 ksi, was 4.6% less
than the expected capacity based on nominal prop-
erties, and the tensile capacity of the specimen that
had a decrease in joint overlap length from 6 in. to
4 in. was 18.7% less than the expected capacity
based on nominal properties. In the joint zone, the
staggered U-bars tied with two lacer bars created a
truss-like model. This truss model can also be con-
sidered a strut-and-tie model where the compression
in the concrete represents the strut and the tension in
the reinforcement represents the tie.

The transverse of forces through the joint region
to the staggered lapped U-bars needs to be considered
in evaluating the tensile capacity.

Table 6 Transverse joint (tension) specimen
loading matrix.

Overnight Cure 7-Day Cure
Static Fatigue Static Fatigue
ST-O FT-O ST-7 FT-7

SET45HW SET45HW HPCMix1 HPCMix 1

Norte: ST = static tension, FT = fatigue tension, O = overnight cure,
and 7 = 7-day cure.
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Based on the parametric study and the experimen-
tal program, the following findings were made for the
transverse joint specimens:

¢ The fatigue loading had no significant influ-
ence on the tensile capacity and reinforcement
strains.

e The fatigue loading was observed to have an
effect on the deflection development, particu-
larly for the joints with the 7-day cure material.

e The fatigue loading had some effect on the
measured crack widths in the specimens with
the overnight cure material. Under the same
loading, the crack widths were observed to
increase after the fatigue cycles.

e Undesirable wider crack widths will be devel-
oped at service-load levels in transverse joints
designed with higher grades of steel (e.g., 75 ksi
compared to 60 ksi) because smaller amounts of
reinforcement can provide the required nominal
strength. Under service loads, larger stresses
would be expected in the smaller bars, which
lead to wider cracks at service. It is recom-
mended that 60 ksi nominal yield strength
be used in the design of transverse joints, or
that stresses in the reinforcement are limited
at service.

Based on these tests and with the aforemen-
tioned caveats, the U-bar detail may be considered a
viable connection system for transverse joints in
continuous DBT and full-depth precast deck panel
on girder bridges.
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In summary, the studies indicated that the pro-
posed longitudinal joint detail had sufficient strength,
fatigue characteristics, and crack control for the max-
imum service loads determined from the analytical
studies and was deemed to be a viable connection
system to provide continuity in jointed deck systems
over piers. The tests also confirmed that the U-bar
detail was a viable connection system for the trans-
verse joint. The joint with the 7-day cure material
was able to achieve higher strengths, which might be
attributed to the section with the lower strength
overnight cure material being unable to fully develop
the reinforcement. To reduce the crack sizes in the
joints, it is proposed to reduce the service stresses in
the joints. This could be accommodated economi-
cally by using more lower-grade reinforcement (i.e.,
Grade 60 rather than Grade 75 bars).

Conclusions and Recommendations

The research completed under NCHRP Project
10-71 study resulted in the development of a compre-
hensive design guide for the design and construction
of longitudinal and transverse joints for full-depth
deck panels and DBTs. The design guide covers the
detailing requirements for both loop-bar and headed-
bar details. Adequate performance of these systems
requires the use of lacer bars which improve the
mechanical anchorage of these systems. Tests were
conducted to investigate the behavior of these systems
in shallow decks to emulate the flanges of DBTs.
These shallow deck thicknesses required the use of
tighter bends than presently allowed by the bridge
design specifications and, thus, the recommendations
are restricted to wire reinforcement and SS reinforce-
ment, which may accommodate tighter bends due to
their higher levels of ductility. Another important fea-
ture of these joints is the performance of the CP ma-
terials, which was also investigated through a series
of laboratory tests that included an evaluation of
the shrinkage and F/T characteristics of candidate
overnight-cure and 7-day cure materials that might
be considered in rapid construction applications.
Three MathCAD examples were developed to illus-
trate the proposed detailing for longitudinal joints
between DBTs, longitudinal joints in full-depth pre-
cast panels on girders, and transverse joints.
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