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This study presents a new full depth precast, 
prestressed concrete bridge deck panel system. The 
newly developed system includes stemmed precast 
panels, transverse grouted joints, longitudinal post­
tensioning and welded threaded and headless 
studs. The purpose of the system is to provide a 
high quality bridge deck that can be built rapidly 
for new construction or for rehabilitation. Rapid 
reconstruction time reduces the traffic disruption 
and annoyance that bridge users may encounter. 
Th e new system is shown to have better crack 
control and to be 10 percent more slender and 20 
percent lighter in weight than solid conventiona l 
reinforced concrete decks. 

T 
he goal of this research project was to develop a 
precast, prestressed concrete bridge deck for rapid 
construction. Rapid replacement of bridge decks 

is becoming increasingly important in high traffic areas 
due to public intolerance to extended bridge closures. A 
review of the literature '-'8 and the results of a question­
naire to bridge owners, designers, and contractors have 
revealed that prefabricated panel systems are advanta­
geous in improving the quality and speed of bridge deck 
replacement. 

The large majority of highway bridges in the United 
States are of short to medium span with lengths up to 
I 00 ft (30.5 m) . Most of the deficiencies of existing 
bridges are attri butable to substandard deck conditions. 
Deteriorated decks not only cause major traffic delays 
and public annoyance , but also result in a reduction of 
the bridge capacity. 
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Over the past several years , many 
strategies have been developed to 
combat the shortcomings of tradi­
tional methods of concrete deck re­
placement. A popular method is to in­
corporate prefabricated elements to 
achieve economy through reduced on­
site construction time and labor. Each 
of these methods has advantages and 
disadvantages. 

Although a considerable number of 
bridge deck replacements have been 
completed with full depth precast rein­
forced concrete panels, very few full 
depth precast, prestressed concrete 
panel systems have been used for deck 
replacement projects. The primary rea­
sons for this are: (1) difficulty of ac­
commodating crowned sloped sections 
due to pretensioning in the long-line 
bed; and (2) difficulty in transferring 
and developing strands in the first 
maximum negative moment zone lo­
cated at the external girders. 

A major advantage of the proposed 
system is the creation of cross-sloped 
precast, prestressed concrete panels 
with indented strands , which reduce 
the transfer and development lengths. 

The impact of this research is 
promising. Bridge owners will greatly 
benefit from the more efficient deck­
ing system with rapid construction 
than with existing deck systems, i.e., 
cast-in-place, precast conventionally 
reinforced concrete, exodermic, steel 
grid, and other systems. 

DECK COMPARISON 
In the early stages of this research, a 

detailed study was performed of dif­
ferent precast bridge deck systems. A 
brief summary of the study is given 
below. 

Precast Reinforced Concrete 

Most applications of precast rein­
forced concrete decks have been used 
for replacement of deteriorated con­
crete decks on steel girders. The appli­
cations have been typically in situa­
tions where rapid construction was 
required. 

Two layers of biaxial reinforce­
ment have usually been provided for 
the panels. Grout-filled shear keys 
have also typically been provided for 
transverse joints , and the haunches 
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Table 1. Comparison of prefabricated deck systems.* 

Precast Proposed precast 
Type reinforced concrete 

I Exodermic prestressed concrete 

Thickness of deck, in. (mm) 9.0 (230) I 9.6 (245) 8. 1 (205) 
-

Equivalent solid 
9.0 (230) 5.9 (150) 5.7 (145) 

thickness, in . (mm) 

Weight of deck, psf (kPa) 110 (5.3) 75 (3.6) 70 (3.4) 
-

Dead load saved, psf (kPa) - 35 ( 1.7) 40 ( 1.9) 

* Based on HS-25 truck loading and 12ft (3658 mm) girder spacing. 

Table 2. Comparison of materials for prefabricated deck systems.* 

I Precast Proposed precast 
Material per sq ft (m') reinforced concrete Exodermic I prestressed concrete 

Concrete, cu ft (m3) 0.75 (0.23) 0.38 (0. 12) 0.54 (0.17) 

Reinforcing bars, lb (N) 10.3 (493) 4.7 (230) 1.7 (82) 

Steel grid, lb (N) - 20.0 (958) -

Post-tensioning strand, lb (N) 1.0 (48.4) - 0.5 (23.7) 

'h in. ( 13 mm) diameter 
1.3 (62.4) 

strands, lb (N) 
- -

• Based on HS-25 loading and 12 ft (3658 mm) girder spacing. 

and the transverse joints have been 
filled with epoxy or non-shrink grout. 
Use of fast setting grout is important 
for rapid construction because a pre­
cast concrete panel system requires 
step-by-step construction sequencing, 
such as: (1) place panel s ; (2) fill 
transverse joints with grout; (3 ) apply 
post-tensioning; (4) fill haunches and 
pockets for shear connectors with 
grout. 

Longitudinal post-tensioning has 
been successfully applied for load 
transfer and to avoid water leakage 
over the transverse joints. Composite 
action between panels and girders has 
been developed by welded or bolted 
connectors in the grout-filled pockets. 

Precast, Prestressed· Concrete 

Only few bridge construction and 
re-decking projects have been done 
using precast, prestressed concrete 
panels in the United States. However, 
precast panels are used for many new 
and re-decking construction projects 
in Japan. Two bridge examples will il­
lustrate this. 

The first bridge is the Tochigi-Gawa 
Bridge, Nagano, Japan. The bridge 
owner is the Japan Public Highway 
Corporation . This is a four-span 
bridge with a total length of 525 ft 
(160m) . The four spans are 125.0, 

137.2, 137.2, and 125.0 ft (38.1 , 41.8, 
41.8, and 38.1 m). The deck is a com­
bination of full depth precast and cast­
in-place concrete. Out of the 80 ft 
(24.4 m) deck width, 34.9 ft (10.6 m) 
is precast deck and the remaining por­
tion is cast-in-place deck. The precast 
panels are longitudinally post-ten­
sioned. The bridge bas been in service 
for 4 years. No problems have been 
reported on the bridge deck. 

The second bridge is the Shin­
Kotoni Bridge, Hokkaido, Japan. This 
bridge is also owned by the Japan 
Public Highway Corporation. This is a 
five-span , 541.3 ft (165 m) long 
bridge. The spans are 109.3, 109.3, 
109.3, 107.6, and 106.3 ft (33.3, 33 .3, 
33.3, 32.8, and 32.4 m) . The bridge 
deck is a full depth precast concrete 
deck. The total deck width is 32.9 ft 
(10 m). The deck is fully post-ten­
sioned in the longitudinal direction. 
The bridge has been in service for 5 
years with no significant problems re­
ported to date. 

The overall features of precast, pre­
stressed concrete panels are very simi­
lar to precast reinforced concrete pan­
els except that transverse pretensioning 
is incorporated. Because of the trans­
verse pretensioning, the panels can 
achieve a smaller slab thickness, better 
crack control , and better handling 
characteristics. 
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Exodermic Bridge Deck 

An exodermic bridge deck consists 
of a fabricated steel grid for the bot­
tom portion and a reinforced concrete 
slab for the top portion. A part of the 
steel grid portion extends upward into 
the reinforced concrete in order to 
achieve a composite deck. 

An exoderrnic system can be either 
cast-in-place or precast. Embedding 
the shear connectors in the concrete 
haunch allows the exodermic decks to 
be made composite with the steel gird­
ers. The haunches can be poured si­
multaneously with the reinforced con­
crete deck when a cast-in-place deck 
is used, or separately when using a 
precast deck. The advantages of an ex­
odermic deck system include light 
weight, rapid erection, and simplified 
construction staging. 

The exodermic deck system has 
been in use since 1984. The Kentucky 
DOT, Illinois DOT and other DOTs 
have recently selected an exodermic 
deck for bridge rehabilitation projects. 

Steel Grid 

A steel grid bridge flooring system 
mainly consists of flat bearing bars 
(main bars) in the transverse direction 
and secondary bars placed perpendicu­
lar to the main bars. Steel grid floors 
are either welded or bolted to the sup­
porting members to achieve composite 
action . The steel grid can be filled 
with concrete at the shop or at the con­
struction site to create a smooth riding 
surface. Concrete filled steel grid 

Post-tensioning tendons 

Leveling bolt ----,. 
(to be removed 

after grout hardened) 

Fig. 1. Overview of proposed system . 
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floors have been installed on bridges 
for more than 50 years. 

lnverset 

The New York State DOT recently 
solved a bridge repair problem by 
using Inverset precast, precompressed 
concrete deck panels. The Inverset 
bridge deck system is cast in forms 
suspended from wide flange steel gird­
ers to which stud shear connectors 
have been welded. The combined 
weight of the forms and the concrete 
induce reversed stresses in the beams, 
producing a prestressed effect on the 
girders. When the cured units are 
turned over, the concrete in the deck is 
precompressed, yielding a deck of 
high density and nearly complete re­
sistance to cracking. 

Comparison of Systems 

A comparison of the prefabricated 
deck systems is shown in Tables 1 and 
2. Precast reinforced concrete panels, 
precast, prestressed concrete panels, 
and exodermic systems were chosen 
for comparison as representative sys­
tems. This comparison is performed 
based on HS-25 loading, 12 ft (3.66 
m) girder spacing and a 2 in. (51 mm) 
thick wearing surface. 

As can be seen from Table l, the 
precast, prestressed concrete system is 
about 10 percent thinner than rein­
forced concrete systems. Also, it is 
about 30 percent lighter than the rein­
forced concrete system and compara­
ble in weight to the exodermic system. 

Non-shrink grout 

Welded threaded stud 
with plate washer and nut 

Also, as shown in Table 2, concrete 
volumes for the precast, prestressed 
concrete system fall in between the 
precast reinforced concrete and exo­
derrnic systems. However, the amount 
of steel reinforcement is much less 
than that of the other systems. 

GENERAL DESCRIPTION 
OF PROPOSED SYSTEM 

An overview of the proposed system 
is shown in Fig. 1. This system con­
sists mainly of precast, prestressed 
concrete panels, welded headless 
studs, welded threaded studs, grout 
filled shear keys, leveling bolts , and 
threaded bars for post-tensioning. The 
panels are transversely pretensioned 
and longitudinally post-tensioned. 

Details of a typical precast panel are 
shown in Fig. 2. The overall shape of 
the panel is determined by the ar­
rangement of prestressing strands for 
positive moments and to provide an 
adequate compressive zone for nega­
tive moments. One layer of steel mesh 
reinforcement is provided in the upper 
slab for flexural performance of the 
slab between stems. Strands are ar­
ranged in two layers and the eccentric­
ity is minimized because the panel is 
subjected to both negative and positive 
moments. The main reasons for two 
layers of strands instead of one layer 
are to: 
• Control cracking of the precast con­

crete surface. 
• Maintain the required ultimate 

strength. 
• A void a conflict with the longitudi­

nal post-tensioning. 
Additional transverse reinforcement 

is provided at both edges of the panels 
to make up for the short development 
length of the pretensioning strands. 

M aterials 

The specified compressive strength 
of the concrete for the precast panels 
is recommended to be between 6000 
and 10,000 psi (41.4 and 69.0 MPa). 
High strength concrete is useful in re­
ducing the overall thickness of the 
slab. A specified strength of 5000 psi 
(34.5 MPa) at transfer of prestress and 
a 28-day strength of 7500 psi (51.7 
MPa) have been chosen for design 
calculations. 
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Fig. 2. General view and steel arrangement of proposed system. Note: 1 mm = 0.0394 in . 

For prestressing steel , 1h in. (12.7 
mm) diameter 270 ksi (1.86 GPa) low­
relaxation indented strand has been 
chosen. Strands with a 3/s in . (9.5 mm) 
diameter are commonly used for thin 
or small members to reduce transfer 
and development length and to avoid 
excessive stress concentration. 

However, the required number of 
strands for 3/s in. (9.5 mm) diameter 
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strand is 70 percent higher than that 
required for 112 in. (12.7 mm) diameter 
strand in order to satisfy the require­
ments for prestressing force required 
in the bottom layer. This would in­
crease the stem width to accommo­
date the strands and, hence, increase 
panel weight. Therefore, utilizing the 
capability of indented strand to reduce 
transfer and development length, 

10 2390 

__j57 

:=J9s 
~50 

1h in. (12.7 mm) diameter indented 
strand has been chosen for the trans­
verse pretensioning. The mild rein­
forcing bars and the welded wire fab­
ric are Grade 60. 

Typical Section in the 
Direction of Traffic 

A typical transverse cross section of 
the precast panel has a 4 112 in. (115 
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mm) thick solid slab, 11.6 in. (295 
mm) wide external stems and 5.9 in. 
(150 mm) wide internal stems, as 
shown in Fig. 2 . Use of a multi­
stemmed section reduces the self­
weight of the deck and the amount of 
longitudinal post-tensioning required. 

The AASHTO Specifications re­
quire 21/z in. (63 mm) of clear cover at 
the top of the slab when deicing com­
pounds are used and 1 in. (25.4 mm) 
of clear cover at the bottom of the 
slab. The solid slab thickness was de­
termined to accommodate the top 
strands and welded wire fabric with 
the required clear cover. Two-way 
shear (punching shear) strength was 
checked to support this decision. 

The width of the external stems was 
set to accommodate two bottom 
strands and provide an adequate 
blockout for a post-tensioning anchor­
age device and threaded studs. The 
width of the interior stems was set to 
accommodate two bottom strands. 

The longitudinal cross-sectional 
area (as a part of the composite section 
of girders) is about half that of con­
ventionally reinforced concrete sec­
tions because the stems are oriented in 
the transverse direction and do not 
take compressive force in the longitu­
dinal direction. This allows the 
amount of post-tensioning to be less 
than half of that required for longitudi­
nal compression in conventionally re­
inforced concrete panels. 

Reduction of the concrete area re­
sults in a decrease in section proper­
ties as a composite section when re­
placing a conventional reinforced 

concrete deck with the new system. 
However, the higher elastic modulus 
of the prestressed panel coupled with 
the reduction of deck weight offset 
this impact. 

Section Perpendicular to Traffic 

The longitudinal cross section con­
sists of 8.1 in. (205 mm) thick solid 
sections at each girder location and 4.5 
in. (115 mm) thick sections between 
them, as shown in Fig. 2. Although a 
prismatic shape along the entire length 
of the product would be desirable 
from a production standpoint, a non­
prismatic section has been chosen to 
optimize the system. 

The thick portion at the girder loca­
tion is necessary to accommodate 
post-tensioning steel and to eliminate 
eccentricity of the post-tensioning 
forces. Because the highest possible 
position for the post-tensioning steel is 
limited due to the pretensioning 
strands, a large negative moment 
would be produced due to eccentricity 
if the thickness were constant. The 
thick portion of the slab lowers the 
neutral axis to eliminate eccentricity. 
Also, the width of this portion can be 
adjusted for different girder spacings 
using adjustable void forms, as shown 
in Fig. 3. 

The shape of the section perpendic­
ular to traffic also efficiently reduces 
reinforcement at the negative moment 
zone by providing a large compression 
area at the bottom. The positive im­
pact of this section on constructability 
is also significant in providing a flat 

Variable 

r· ,-_ .. _sli_·de_ .. -.---..,.-------r-'....,--=li-·de_ .. ______ ·r 

Fig. 3. Adjustable void form. Note: 1 mm = 0.0394 in . 
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bottom surface at girder locations. Be­
cause of this, a simple grout stopper 
can be installed between the panels 
and girders. This is done with over­
sized continuous expanded polystyrene 
at the edges of the top flanges of the 
girder. 

Transverse Joint 

Two important requirements of the 
transverse joints are to transfer live 
loads and to prevent water leakage. 
Many kinds of shear key shapes have 
been tried in previous projects. Based 
on the literature study of these pro­
jects, the shear key size and shape 
shown in Fig. 4 were chosen. A clear 
spacing of 0.4 in. (10 mm) is provided 
between panels for production and 
construction tolerances. 

The grout material used in shear 
keys should provide a rapid set to re­
duce construction duration, must ade­
quately transfer live loads, and must 
prevent water leakage. Rapid-set non­
shrink grout has been the material of 
choice for filling shear keys on most 
projects involving precast concrete 
panels. 

Set 45, made by Master Builders, 
Inc., was chosen as a grout material 
based on the study performed by 
Gulyas et al .'9 and a technical report 
from construction projects in Alaska.* 
There are other appropriate grouting 
materials. The reader may refer to Ref. 
20 or contact companies such as Five 
Star, Fosroc, Tamstech and Sika for 
additional information. 

longitudinal Post-Tensioning 

Longitudinal post-tensioning has 
been used in coordination with grout 
filled shear keys in many projects in 
the United States, primarily to prevent 
water leakage and to transfer loads at 
transverse joints. Longitudinal post­
tensioning has also been used to pre­
vent transverse cracking. Longitudinal 
post-tensioning has typically been pro­
vided at or near the mid-depth of the 
panels. 

There are two options for applying 
post-tensioning to precast panels, de­
pending on the details of the bridge 

* Dennis Nottingham, Presentation at ACI Spring Con­
vention, Salt Lake City, Utah, March 1995. 
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and allowable traffic restrictions dur­
ing construction. One is full bridge 
post-tensioning and the other is staged 
post-tensioning. Because the details of 
staged post-tensioning are more intri­
cate than that of full bridge length 
post-tensioning, this section discusses 
staged post -tensioning only. 

Over sized joint filler 

Rapid-set non-shrink grout 

Post-tensioning tendons for this new 
system are located above the top 
flanges of girders, as shown in Fig. 5. 
Blackouts are provided for anchorages 
and couplers at both transverse edges 
of panels. The number of post-tension­
ing bars is based on design calcula­
tions, which provide 200 psi (1.38 
MPa) of longitudinal compressive Fig. 4. Transverse joint. Note: 1 mm = 0.0394 in. 
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Section E - E 
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Fig. 5 . Details of longitudinal post-tensioning. Note: 1 mm = 0.0394 in . 
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stress in the panels. Only two 1 in. 
(25.4 mm) diameter 150 ksi (1.03 
GPa) reinforcing bars are required for 
the new system because of the reduced 
cross-sectional area discussed earlier. 
However, the cost and time for instal­
lation of post-tensioning steel and 
grouting are substantial. 

To eliminate the grouting process 
yet still provide corrosion protection, 
galvanized steel bars or fully encapsu­
lated unbonded steel strands were 
considered. Unbonded steel, which is 
surface greased and covered with 
plastic tubing, has a larger outside di­
ameter than conventional steel strand; 
hence, a larger post-tensioning duct is 
required. This is not desirable for thin 
members such as precast panels. Un­
bonded steel also requires extra field 
work to uncover tubes at both ends for 
anchorage devices. Therefore, galva­
nized bars were recommended for 
post-tensioning and the elimination of 
the grouting process. 

Another alternative to longitudinal 
post-tensioning is the use of fiber rein­
forced plastic (FRP) materials. Com­
posite cables, such as Carbon FRP, 
Aramid FRP, and Glass FRP are being 
developed and researched extensively 
in Japan as prestressing materials. 
FRP materials are corrosion free, have 
high ultimate strength, and low elastic 
moduli. 

Sudden failure of the material due to 
no-yield characteristics in the stress­
strain relation is an undesirable disad­
vantage when this material is used as 
the main reinforcement for beams and 
slabs. However, the purpose of the 
post-tensioning in this particular sys­
tem is not ultimate strength but ser­
viceability, such as crack control and 
water leakage prevention; hence, the 
disadvantages are minimized. The ad­
vantages of this material, especially 
resistance to corrosion, can be attained 
if it is used as external cables beneath 
the panels. 

Even though galvanized post­
tensioning bars without grout were 
chosen for this project, bare steel 
bars with grout, conventional steel 
strand without grout, and FRP ma­
terials are all possible alternatives 
for this system. The final choice of 
the post-tensioning material should 
be based on the decision by bridge 
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engineers depending on the given 
situation. 

The amount of post-tensioning re­
quired in a bridge deck varies with dif­
ferent projects. The minimum com­
pressive stress of 200 psi (1.38 MPa) 
is empirically provided in the longitu­
dinal direction to keep the transverse 
joints intact for leakage and also pro­
vide residual compression in the deck 
after stress redistribution due to differ­
ential creep and shrinkage has taken 
effect. In actual bridges, areas of nega­
tive moments over piers due to super­
imposed dead and live loads can cre­
ate higher tensile stresses that must be 
balanced by longitudinal post-tension­
ing as high as 200 to 800 psi (1.38 to 
5.52 MPa). 

Horizontal Shear Connection 

Shear connectors provide two func­
tions. First, they provide a method for 
transferring the horizontal shear be­
tween the girders and the deck as a 
girder bends. Secondly, they provide a 
vertical clamping force between the 
top of the girder and the bridge deck. 
The shear connectors for the new sys­
tem consist of welded headless studs 
and welded threaded studs with nuts, 
as shown in Fig. 6. 

After panel erection, the short head­
less studs are welded on the top flange 
through grout pockets. These studs 
take only horizontal shear developed 
when load is applied to the composite 
girder. The long threaded studs are 
welded onto the top flanges through 
grout pockets in each panel to match 
openings in the panels. The nuts pro­
vide a means to clamp the precast 
panel to the steel girders. These studs 
resist horizontal shear and uplift. A 
precast concrete girder design would 
utilize either threaded inserts or studs 
grouted into the tops of girders as 
shear connectors. 

ANALYSIS AND DESIGN 
Because this system is unique, a 

detailed analysis was performed to 
determine the stresses in the various 
sections. The finite element method 
was used to determine the critical 
stresses. The computed stresses were 
then compared with experimental 
results. 

Finite Element Analysis 

Because of the multi-stem shape, 
the precast panel's stiffness in the 
transverse direction differs from that 
in the longitudinal direction. There­
fore, the behavior of the panel is dif­
ferent from a solid slab. This fact re­
sults in a concentration of bending 
moments and shearing forces around 
the stem on which a wheel load is ap­
plied. Because AASHTO's formulas 
in Article 3.24 obtain moment in the 
deck slab based on a solid slab, using 
these formulas for a multi-stem deck 
required verification for their use with 
this system. 

A finite element analysis program, 
ANSYS 50A, by Swanson Analysis 
Systems, Inc., was used to investigate 
the stress distribution in the panel. The 
results from this analysis were com­
pared with the AASHTO formulas for 
solid slabs and also with experimental 
test results. 

The test specimen was modeled as a 
three-dimensional structure, as shown 
in Fig. 7. Because the structure is sym­
metric about both the x and z axes, one 
quarter of the structure was modeled 
with linear-isoparametric eight-noded 
three-dimensional elements. Selected 
loading cases were: (1) post-tensioning 
force; (2) HS-25 wheel loads; and (3) 
both Items (I) and (2) combined to 
check the level of stresses and the 
stress distributions over the panels. 

The finite element result shows that 
stresses due to longitudinal post­
tensioning were distributed almost 
equally at the transverse joint nearest 
to the edge of the panels where post­
tensioning forces were applied. 

In the transverse direction, stresses 
due to wheel loads were 50 to 60 per­
cent of those obtained from AASHTO 
formulas. Therefore, the AASHTO 
formulas for slab design can be used 
for the proposed precast panels. 

The critical load case as determined 
by the finite element analysis resulted 
in excessive tensile stresses at the bot­
tom surface of the slab, located under­
neath the wheel load between stems in 
the longitudinal direction. The result 
of the analysis indicated 617 psi ( 4.26 
MPa) of tensile stress at this location. 
This stress exceeds the allowable ten­
sile stress of 520 psi (3.59 MPa) 
(6.[J:). 
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TEST PROGRAM 
A full-scale prototype of the pro­

posed precast panel system was con­
structed and tested to confirm the fea­
sibility of the design. An overall view 
of the test specimen is shown in Fig. 1. 
The test specimen consisted primarily 
of three 20ft (6.0 m) long, 8 ft (2.4 m) 
wide precast, prestressed panels, two 
26 ft (7. 9 m) long girders , welded 
headless shear studs, welded threaded 
studs, non-shrink grout, and threaded 
bars for longitudinal post-tensioning. 
The program and objectives of this ex­
perimental test were: 
• Precasting of the prestressed con­

crete panels to confirm production 
feasibility. 

• Construction of the bridge deck sys­
tem to confirm feasibility and speed 
of construction. 

• Experimental load testing to exam­
ine the following performance fac­
tors: 
-Serviceability of precast panels 
-Fatigue resistance of precast panels 
-Flexural strength of precast panels 
-Performance of post-tensioned 
transverse shear keys 

• Removing precast panels to confirm 
ease of removability for the deck 
system. 

PANEL PRODUCTION 
The precast, prestressed concrete 

panels were produced by Wilson Con­
crete Company at the company's 
Bellevue, Nebraska, plant The panels 
were cast on a long-line bed and a pre­
stressing force was applied in the bed 
prior to casting the panels. The foiJow­
ing sequence describes the typical 
order of production. 

The bottom layer of strands was in­
stalled and stressed after side and end 
forms were affixed to the bed. Side 
shear key forms and end forms were 
then installed using wood bulkheads. 
Styrofoam was used to form the 
stemmed shape. Welded wire fabric, 
post-tensioning ducts and blockouts 
for post-tensioning anchorages were 
then installed, and next the top layer 
of strands was installed and stressed. 
After the locations of post-tensioning 
ducts were carefully checked and af­
fixed to the top layer of strands, level­
ing bolts, lifting bolts , and grouting 

Fig. 8. Completed steel reinforcement arrangement. 
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ducts at each girder location were in­
stalled at the designated locations. 

The mix design utilized Type ill ce­
ment to produce 7500 psi (51.7 MPa) 
concrete. Prestress was transferred to 
the panels by torch cutting the strands 
3 days after casting the concrete. Both 
sides of the panels were sandblasted to 
provide a clean and roughened surface 
for the transverse grout joint. Fig. 8 
shows the completed steel arrangement. 

CONSTRUCTION 
The construction process followed a 

segmental redecking process, assum­
ing night-time closure and daytime 
opening. Two panels were placed on 
the steel stringers and the transverse 
joint between the panels was filled 
with non-shrink rapid-set grout (Set 
45). Longitudinal post-tensioning was 
applied after the grout obtained a min­
imum 2000 psi (13.8 MPa) compres­
sive strength. Haunches and grout 
pockets for headless studs were then 
filled with non-shrink grout. 

The third panel was installed in a 
similar manner. Post-tensioning bars 
were installed and coupled at the 
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Fig. 9. Elevation of test setup. Note: 1 ft = 304.8 mm. 

transverse joint between the second 
and third panels. The same process for 
grouting was employed for the second 
stage as was used for the first stage. 

LOAD TEST 
The simulated axle load consisted of 

four concentrated loads in accordance 
with AASHTO Specifications and was 
applied as shown in Fig. 9. Fig . 10 
shows the load locations. Location 1 
was adjacent to a transverse joint, Lo­
cation 2 was centered between trans­
verse joints, and Location 3 was at the 
edge of a precast panel. 

The first load at Location 1 con­
sisted of a 25 kip (111 kN) load per 
wheel location to simulate the rear 
wheels of HS25 vehicle with impact. 
The loads were applied monotonically 
to determine the stress distribution 
over the precast panels due to the con­
centrated loads. A 2 million cycle fa­
tigue loading was then conducted at 
this location. The monotonic service 
load was again applied at Location 1 
to compare the results with those be-
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fore fatigue loading. A water pool was 
provided at the transverse joint (see 
Fig. 10) to check for water leakage 
during the fatigue loading. 

At Location 3, only service loads 
were applied to check stress levels in 
the panels. The purpose of this load 
was to simulate a truck load at a free 
joint between an existing deck and a 
newly constructed deck panel for day­
time opening and night-time closure 
construction. Finally, the monotonic ul­
timate load was applied at Location 2. 

A series of strain gauges were in­
stalled on the specimen before load­
ing. These strain gauges were used to 
measure stresses corresponding to the 
loads at each location. Displacement 
gauges were also installed to measure 
deflections at the tip of the cantilever 
and midspan between girders. 

DISCUSSION OF 
TEST RESULTS 

An experimental investigation was 
performed to determine the behavior 
of this system. The experimental in-

vestigation included fatigue loading 
and ultimate loading simulating the 
rear wheel of HS-25 vehicle load plus 
impact. 

Fatigue Loading (2 million cycles) 
at Load Location 1 

Figs. 11 and 12 show the relation­
ship between the applied monotonic 
service load of 25 kips (lll kN) per 
loading point (simulating the rear 
wheel of HS-25 vehicles plus impact), 
and the resulting concrete stresses in 
the deck panels . The locations of 
strain measurements were at maxi­
mum positive and negative moment 
zones . Each figure shows the load­
stress relationship before and after the 
fatigue loading. 

Although concrete stresses due to 
service load after fatigue loading mea­
sured slightly higher than before fa­
tigue loading, at most locations load­
stress lines were almost identical 
before and after the fatigue loading. In 
addition, there were no cracks or water 
leakage during the fatigue loading. 
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Fig. 10. Loading locations. Note: 1 ft = 304.8 mm. 

Fig. 13 shows the stresses in the 
concrete due to service loading after 
fatigue loading. Stresses for the loaded 
side and the unloaded side of the 
transverse joint are about the same for 
maximum positive and negative mo­
ment zones. This would indicate that 
the transverse joint detail effectively 
transfers loads from one panel to an 
adjacent panel. 

Deflections due to service load were 
0.083 and 0 .008 in. (2.11 and 0.20 
mm) at midspan and at the tip of the 
overhang, respectively. Span-deflec­
tion ratios are less than 111000. These 
results indicate that the performance of 
the transverse joints meets all require­
ments for a precast panel bridge deck 
system, including serviceability, ability 
to transfer loads, and no water leakage. 

load, as shown in Fig. 14. The figure 
also shows that cracks occurred at 
80 percent of service load. This is 
due to the discontinuity of the panel 
and the lack of stiffness and continu-
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ity reinforcement in the longitudinal 
direction. 

Stresses are approximately four 
times larger than those at Load Loca­
tion 1, at which panels are continuous 
via a grouted transverse joint. Trans­
verse cracks occurred at the free-end 
side of the second stem from the edge. 
This indicates that the maximum ten­
sile stress in the longitudinal direction 
occurred at this location where the 
thickness changes. 

These results show that the free joint 
between an existing and new deck 
needs a scheme to maintain continuity 
or to avoid edge loading when the deck 
is temporarily opened to traffic. 

Ultimate Loading at Load Location 2 

Upon initial application of service 
load, the measured stress distribution 
in the transverse direction agreed with 
that from the finite element analysis . 
The stresses measured were approxi­
mately 50 percent of those computed 
based on the AASHTO formulas. No 
cracking was found at this stage. 

The load was increased up to a fac­
tored load of 55 kips (244.6 kN) per 
load point. At 45 kips (200.2 kN) per 
load point, transverse cracking oc­
curred at the bottom surface under­
neath the load point between the gird­
ers; however, there were no additional 
cracks at the factored load. At 80 kips 
(355.8 kN) per load point, some flexural 
cracks occurred, as shown in Fig. 15. 

Longitudinal cracks at the girder lo­
cations were most likely due to the 

Cycle #1 

400 600 

stress (psi) Edge Loading at Load Location 3 

Very high stresses occurred at the 
edge of the panel due to service 

Fig. 11. Load-stress relationship at maximum positive moment location (top surface). 
Note: 1 psi= 6.895 kPa; 1 lb = 4.448 N. 
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negative moment developed at the un­
grouted post-tensioning ducts. Oval­
shaped cracks around two load points 
between the girders and a bell-shaped 
crack around each load point on the 
overhanging slab can be attributed to 
the slab responding in two-way action 
for flexure. 

Because the specimen carried more 
than the capacity of the hydraulic jack, 
the test setup was modified by remov­
ing the load point at the overhangs and 
applying the loading at the two inte­
rior points only. The panel suddenly 
failed at 122 kips (542.7 kN) per load 
point due to punching shear at one of 
the load points. The computed punch­
ing shear capacity was 70 kips (311.4 
kN) per load point. 

From the test results, it is apparent 
that the AASHTO formula predicts a 
very conservative punching shear ca­
pacity. The AASHTO formula is 
based on a truss model with a concrete 
strut and the steel reinforcement as a 
tension chord. Based on this mecha­
nism, the depth of steel reinforcement 
controls punching shear capacity be­
cause a deeper reinforcement gives a 
deeper truss element. 

In the AASHTO formula, however, 
some important factors are missing. 
They include the amount of reinforce­
ment and the effect of prestress. In re­
viewing shear-friction theory, the 
shear capacity can be determined by 
compression in the concrete from the 
tension steel across the shear plane 
and the friction coefficient depending 
on the shear plane conditions. 

Cycle#l 

Cycle # 2,000,000 

-600 -400 

-442 psi 

447 ps~ II- 441 psi 
·- ·- ·-·-·-·- -·-·- ·- ·- ·-·-·-·-·- ·-·-· 'l 

522 psrl \_ 556 psi 

-501 ps'i\ ~ -457 psi 

385 ps1 

Fig. 13 . Stresses and deflection in panels due to service load . 
Note: 1 psi= 6.895 kPa; 1 lb = 4.448 N . 

Based on this method, the precom­
pression of the concrete slab due to 
prestress provides more shear capac­
ity; however, the AASHTO formulas 
do not include this effect. When the 
slab is heavily prestressed like the test 
specimen, the prestress may signifi­
cantly affect the punching shear ca­
pacity. 

By inspecting the specimen after 
failure, it was found that the two stems 
adjacent to the loading points failed in 
shear at about 1 ft (0.305 m) from a 
girder location. This indicates that the 
stems behaved like a beam after the 
transverse crack occurred between the 
stems. The specimen obviously carried 
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load even after the shear failure of the 
stems in the surrounding solid slab 
and other stems. 

From this result, it was found that 
the system has a highly optimized 
loadbearing mechanism at the ultimate 
stage. Figs. 16 and 17 show the punch­
ing shear failure in the solid slab be­
tween the stems and the shear failure 
in the stems, respectively. 

The ultimate load of this specimen 
was approximately 190 percent of the 
calculated factored load and overall 
behavior of the deck system was ex­
cellent. In addition, no cracks or un­
usual distress were found at the trans­
verse joint during the ultimate loading. 

PANEL REMOVAL 

The precast panels were removed 
one by one after the post-tensioning 
bars were unstressed and removed. 
Nuts installed on the threaded studs 
were also removed before starting the 
panel removal process. A schematic of 
the panel removal process is shown in 
Fig. 18. 

stress (psi) 

The initial attempt to remove the 
panels started with Panel 3 by jacking 
upward at Location 1 without first de­
molishing the transverse joint between 
Panels 2 and 3. However, this tech­
nique failed because the transverse 
joint was strong enough to prevent 
separation of Panel 3 from Panel 2. In 
addition, the free edge of Panel 3 was 

Fig. 12. Load-stress relationship at negative moment location (top surface) . 
Note: 1 psi = 6.895 kPa; 1 lb = 4.448 N. 
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Flexural cracks 

Fig. 14. Cracks and stresses on top surface under service load . 
Note: 1 psi = 6.895 kPa. 

Flexural crack 
along post- nsioning ducts 

along 
Flexural crack 

Punching shear 
failure 

Shear failure 
of stems 

(a) Top surface 

(b) Bottom surface 

Fig. 15. Behavior of panels at ultimate stage. 
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Flexural crack 

Loading locatio 

Flexural crac 

Loading 
location 

too weak to support the jacking load. 
The jacking location was then moved 
to Location 2, and the transverse joints 
between panels were demolished by 
jackhammer. Using this scheme, Panel 
3 was removed from the steel girders. 

For the removal of Panel 2, hy­
draulic jacks were applied at Location 
3 and that side of the panel was sepa­
rated from the corresponding girder. 
The jacking location was then moved 
to Location 4 and the other side of the 
panel was separated from the girder. 
Finally, jacking locations were moved 
to Location 5 and Panel 1 was re­
moved. During this removal, the jack­
ing force was measured, and the maxi­
mum force required to remove the 
panel against the steel girders was 
about 30 kips (133.5 kN) per jack. 

Overall removability of the panels 
was good and short headless studs al­
lowed for easy removal of the precast 
panels. However, it was found that 
threaded studs provided an unexpected 
resistance to removal of the panels 
from the girders. This may be due to 
the confined grout of the steel pipes, 
which was used for the vertical ducts 
to accommodate the threaded studs. 

NEW MODIFICATIONS 
Because the full- scale test was per­

formed , few simplified details had 
been worked out for this system. Those 
simplified details are given below: 

Details at Girder Locations 

A large amount of hardware was 
concentrated in the precast panels at 
girder locations. This included level­
ing bolts , ducts for threaded headless 
studs, and blackouts for post-tensioning 
anchorage. The details at these loca­
tions can be simplified to improve 
panel productivity. The following 
modifications are suggested: 

1. Move the locations of post­
tensioning ducts away from the girder 
centerline to provide more space be­
tween the ducts (see Fig. 19). 

2. Use external temporary post­
tensioning, and use strand tendons for 
permanent post-tensioning within the 
deck panels. 

3. Furnish insert anchors and tie­
down bolts at the bottom surface of 
panels to tie down the panels to gird-
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ers instead of the threaded headless 
studs. This would eliminate the neces­
sity for field welding of the threaded 
studs after the panel placing and 
would also facilitate deck removal 
(see Fig. 18). 

External Temporary 
Post-Tensioning 

To simplify the construction pro­
cess, external temporary post-tension­
ing could be used. A schematic of an 
external post-tensioning system is 
shown in Fig. 20. With this scheme, 
strand tendons can be used for perma­
nent post-tensioning after redecking is 
completed. This provides the follow­
ing advantages: 

1. Blockouts are eliminated for post­
tensioning anchorages from precast 
panels. 

2. Installation of final post -tensioning 
tendons is easier (no splicing required). 

3. Strands are more flexible to in­
stall and less expensive than high 
strength bars. 

4. The permanent post-tensioning 
process is removed from the critical 
path. 

Details for the Joint Between 
New and Existing Decks 

Details to avoid a free-edge loading 
should be developed for temporary 
opening of the deck to traffic. The de­
tails must either create continuity at 
the joint between new and existing 
decks or keep the loading location 
away from the edge. 

When the bridge is temporarily 
opened to traffic, bridge girders are 
non-composite at the joint between 
new and existing decks. This may re­
sult in unacceptable stresses in the 
girders at the open joint location; 
therefore, details to maintain compos­
ite action also need to be developed. 

Details for Longitudinal Joints 

If the bridge needs to be opened to 
traffic for 24 hours a day, some lanes 
of the bridge must be used for traffic 
while the rest of the lanes are under 
construction. In this situation (trans­
verse segmental construction), the 
bridge decks would have longitudinal 
joints and the decks must be integrated 
with the transverse joint. Details for 
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Fig. 16. Punching shear failure of panel. 

Fig. 17. Shear failure of stems. 
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Fig. 18. Schematics for panel removal. 
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Fig. 19. Modified details at girder location. Note: 1 mm = 0.0394 in . 

the longitudinal joints should be de­
veloped for this construction. 

CONCLUSIONS 
Based on the results of this investi­

gation, the following conclusions can 
be drawn: 

1. The performance of the proposed 
system meets all structural require­
ments for bridge decks. 

2. The proposed system is cost com­
petitive with other concrete panel sys­
tems yet it is 10 to 30 percent lighter 
in weight. 

3. The system is comparable to an 
Exodermic system in weight yet it is 
thinner and much less expensive. 

4. Panels can be rapidly produced, 
constructed, and removed. 

5. Indented transverse pretensioning 
strands provide satisfactory prestress 
transfer and bond to the concrete in 
this system. 
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6. Grouted post-tensioned trans­
verse joints between precast panels ex­
hibit satisfactory performance under 
service load and fatigue load. 

7. For deck replacement projects, a 
temporary condition may exist in 
which the new panels have a free 
edge under traffic. Under this condi­
tion , large deflections and flexural 
cracks may develop in the precast 
panel due to discontinuity. It is ad­
visable to develop a scheme to main­
tain continuity at the existing-to-new 
deck joint to avoid edge loading 
when the deck is temporarily open to 
traffic. 

8. Punching shear, rather than flex­
ure, was the mode of failure, the ll5 
mm (4.5 in.) thick flange carried a con­
centrated load equal to 190 percent of 
that required by AASHTO. This is in­
dicative of the very large flexural ca­
pacity of bridge decks and the potential 
for reducing flexural reinforcement. 

A-A 

25mm«!> 
post-tensioning bar 
with 40 mm «!> duct 

9. Stresses measured in the deck 
panels due to wheel loads agreed with 
those from finite element analysis but 
were only approximately 50 percent of 
those computed based on the AASHTO 
Specifications. The AASHTO provi­
sions appear to be too conservative. 
10. Headless studs can help facilitate 

panel removal. 
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Length between Pff ends varies (32 to 64 ft ?) 
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Fig. 20. External temporary post-tensioning. Note: 1 in . = 25.4 mm; 1 kip= 4.448 kN . 
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