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Stay-in-place (SIP) precast, prestressed concrete 
deck panels serve as permanent formwork and also 
house positive moment reinforcement. In addition, 
prestressing results in deck slabs designed to have 
uncracked bottom fibers under service loading and, 
thus, improved durability. Despite these positive 
attributes, the fu ll potential of SIP panel systems has 
not been realized, partly due to the drawbacks 
discussed in this paper. This paper presents an 
improved SIP precast, prestressed concrete panel 
system called the NUDECK. This system eliminates 
the major drawbacks of conventional SIP concrete 
precast panels while maintaining their structural 
and economic efficiencies. The precast panel 
covers the entire width of a bridge, resulting in 
elimination of the need for forming of the 
overhangs. The system also reduces the time and 
labor required for installing a larger number of 
individual panels between girder lines. The 
proposed panel is unique in that it is continuous 
transversely and longitudinally, and it utilizes 
reinforcing bars without concrete to preserve the 
strand prestress across girder lines. No proprietary 
materials are used in producing the panels. 

T
he large majority of bridge decks in the United States 
are built using cast-in-place slabs. Recently , how­
ever, a number of bridge deck systems have been de­

veloped for the construction of new bridges and for the re­
habilitation of deteriorated bridge decks. These systems 
include full-depth prefabricated deck panels and stay-in-
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place (SIP) precast, prestressed con­
crete panels with a cast-in-place com­
posite topping. 

Full-de pth cas t- i n-pl ace bridge 
decks allow for field adjustment of the 
profi le of the bridge riding surface . 
Despite the widespread use of this sys­
tem, however, it has several draw ­
backs. They inc lude slow speed of 
construction, high cost of forming, ex­
tensive fieldwork and limited use dur­
ing cold or inclement weather. Also 
cast-in-place concrete decks are sus­
ceptible to cracking. 

The full-depth prefabri cated deck 
system has been used successfully in 
New York, Pennsylvania, Indiana, and 
other states. There are a number of 
full-depth prefabricated deck systems 
ava il able , such as the Exodermi c 
Deck, the Steel Grid Deck, the Inver­
set Deck, and the Full -Depth Precast 
Pres tressed Deck deve loped at th e 
University of Nebraska.' Among the 
advantages of these systems are high 
speed of construction and elimination 
of field forming. However, they do not 
easily allow for a smooth riding sur­
face and often require top surface 
grinding or a thin overl ay. 

Stay-in-place precast concrete panels 
with a cast-in-place composite topping 
form a system that has been used suc­
cessfully in Florida, Texas, Pennsylva­
nia, West Virginia, Indiana, Kentucky, 
Missouri and several other states.2 This 
system provides a thin solid precast, 
prestressed panel of 3 to 4 in. (76 to 
102 mm) to serve as a form for the 
cast-in-place topping and to house the 
positive moment reinforcement. 

The precast panels are produced in 
4 to 8ft (1.22 to 2.44 m) widths. They 
are butted against each other without 
any continuity between them. They 
are usually set on variable thickness 
bearing strips to allow for elevation 
adjustments. This system is fas ter to 
build than conventional cast-in-place 
decks; however, field forming for the 
overhangs is still required. 

Refl ective cracks over the trans­
verse joints between the SIP panels 
are considered a major problem in this 
system. Their formation is believed by 
the authors to be due primarily to the 
discontinuity between the precast pan­
els, which leads to a significant drop 
in the deck stiffness. 
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Table 1. Drawbacks of conventional SIP panel system and proposed so lutions. 

Drawbacks of conventional SIP panel system 

I . Need for forming for the overhangs. 

2. Handling and installing of a large number of 
pieces. 

3. Prestressing is not fully developed. 
-

4. Refl ecti ve cracking over the transverse joint 
between precast panels. 

5. Handling of the fini shing machine loads 
without the need of additional brackets. 

6. Longitudinal cracking over girder lines due 
to creep of individual SIP prestressed panels. 

This paper presents the details of a 
proposed precast, prestressed stay-in­
place concrete panel system that was 
deve loped to overco me the major 
drawbacks of the existing SIP precast 
panel system. It includes the results of 
full-scale fa tigue and ultimate load 
testing. Also included is the basis for 
des ign. 

It is shown that due to conserva­
tive design assumpti ons, the actual 
capac ity of the proposed system ex­
ceeds that requi red by dead and live 
loads . The sys tem is show n to be 
much fas ter to build than cas t-in­
place full depth decks and somewhat 
faster than a conventional SIP deck 
system. As a res ult of the extensive 
ana lys is and testing, panel details 
have been refined to produce further 
economies 

EVOLUTION OF 
PROPOSED SYSTEM 

The draw backs of a conventional 
SIP co nc re te p a ne l sys te m were 
identi fied based on a li te ratu re re­
view2·' and on testing at the Uni ver­
s ity of Ne braska. 6 Eac h of th ese 
draw backs was studied and a solu­
ti o n was proposed as de ta il ed in 
Table 1. 

According to the proposed solutions 
for the drawbacks of the conventional 
SIP panel system, it was determined 
that the SIP precast panel should cover 
the entire width of th e bridge and 
should be continuous both longitudi­
nally and transversely. 

I 

Proposed solutions 

The first interior precast panel should ex tend to 
cover the overhang to provide forming for the 
cast-in-place concrete topping. 

A full width precast panel should be used to 
cover the full width of the bridge. 

Strands should not be cut over girders. 

Precast panels should be longitudinally 
connected in a simple way that does not 
complicate the production and installation of 
the panels. 

The continuous precast panel should be de-
signed to support the fini shing machine loads, 
the self weight of the cast-in-place 
topping concrete and the panel self weight 
without the need of forming. 

The SIP panel should be continuous over 
girders. 

DESCRIPTION OF 
PROPOSED SYSTEM 

A detailed description of the system 
is best given through an example of a 
44 f t (1 3 .41 m) wide bridge. The 
bridge deck width consists of three 
12 ft (3.66 m) spans and two 4ft (1.22 
m) overhangs. Fig. 1a shows the cross 
section of the deck. The deck thickness 
is composed of a 4 112 in . (114 mm) 
thick SIP precast continuous panel and 
a cast-in-place concrete topping. The 
thickness of the cast-in-place topping 
may vary from 3 112 to 4 112 in . (89 to 
114 mm), based on the recommended 
minimum concrete cover, girder spac­
ing, and type of live load. 

Fig. L b shows a plan view of the 
precast panel with the panel covering 
the entire width of the bridge. The 
panel length can vary from 4 to 12 ft 
(1.22 to 3.66 m), depending on the 
transportation and lifting equipment 
available in the f ield. A full-length 
gap, a continuous concrete blackout 
with reinforcement continuing uninter­
rupted, is provided at girder locations 
to accommodate the shear connectors. 
High strength concrete is used in the 
panel. A specif ied concrete release 
strength of 4000 psi (28 MPa) and a 
specified 28-day compressive strength 
of 8000 psi (55 MPa) were found to be 
required for the girder spacing under 
consideration. 

The panel is pretensioned from end 
to end with twelve 112 in . (12.7 mm) 
diameter low-relaxation, 270 ksi (1.86 
GPa) strands. The strands are provided 
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Fig. 1. Precast NUDECK panel system. Note: 1 in .= 25.4 mm, 1 ft = 0.3048 m. 
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Fig. 2. Section A-A of proposed system. Note: 1 in . = 25.4 mm; 1 ft = 0.3048 m. 
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in two layers and are uniformly spaced 
at 16 in. (406 mm), as shown in Sec­
tion A-A in Fig. 2. A minimum clear 
concrete cover of 1 in . (25 mm) is 
used for both the top and bottom lay­
ers of strands. The 1 in. (25 mm) con­
crete bottom cover satisfies the 
AASHTO Standard Specifications re­
quirement, Article 9.25.1.2.' 

Twenty #7 (#22) reinforcing bars 
are used in two layers, as shown in 
Fig. lb and Section A-A in Fig. 2, to 
maintain the gap and to transmit the 

5" 

Blockout 

prestressing force from one bay, be­
tween girder lines, to another. These 
bars have an 18 in. (457 mrn) embed­
ment length to transmit the compres­
sion force. Reinforcement spacing sat­
isfies the requirements of the 
AASHTO Standard Specifications, ' 
Articles 8.21.2 and 9.25.2. 

The top surface of the panel is rough­
ened to an amplitude of 1/ 4 in. (6 mm) 
to provide for the composite action be­
tween the SIP precast panel and the 
concrete topping. A recent study con-

1/4" 4 3/4" 
314

" t tt 
I 

3 118" 

3/4" l_ 
5/8"±= 

ducted by Kumar and Ramirez (1996)8 

showed that a broom-roughened sur­
face can provide full composite action 
without the need for shear connectors. 

Development of Strands 
Over Short Distances 

According to the AASHTO Stan­
dard Specifications,' the 1/2 in. (12.7 
mm) diameter strand needs a distance 
of about 8 ft (2.4 m) to be fully devel­
oped. Therefore, in the case of short or 
no overhangs, the flexural capacity of 

~ 
2 1/2" 

4 112" 

3 
Section D-D 

I #4 bar@24" 
D -+ 1/2 inch diameter 

strand@ 16" on center 

SectionB-8 

Fig. 3. Deta il s of shear key and reinforced pocket. Note: 1 in . = 25.4 mm; 1 ft = 0.3048 m. 

Spiral, 3" O.D., 1" pitch, 
0.25" wire 145 ksi 

#4 splice bar @ 2 ft spacing 

#4 bar @ 2 ft spacing 

r 
4 112" 

L 
Backer rod 

Fig. 4. Panel-to-panel connecti on. Note: 1 in.= 25.4 mm; 1 ft = 0.3048 m. 
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the overhang, if any, and the exterior 
span of the deck will be affected . 
Tests of strand pull-out specimens9 

showed that confining concrete around 
the strands, with a high strength spiral 
for a distance of 3 ft (0.9 m) , fully de­
veloped them. Thus, each group of 
two strands in the precast panel is con­
fined with high strength spiral for a 
distance of 3 ft (0.9 m) , as shown in 
Detail C in Fig. 2. 

Panel-to-Panel Connection 

To maintain continuity in the longi­
tudinal direction between the adjacent 
precast panels, shear keys and rein-

4.5" 

Variable 

forced pockets are provided. Detail C 
in Fig. 2 shows the dimensions of the 
proposed shear key. The vertical side 
of the shear key is roughened in order 
to produce a shear interlock mecha­
nism. Surface roughening can be pro­
vided by attaching form liners to the 
side forms of the panel. 

Reinforced pockets are spaced at 2 ft 
(0.61 m) on center. Fig. 3 gives the di­
mensions of the pocket. The pocket 
can be formed with a stay-in-place 
light gauge metal sheet or a thin plastic 
tube. 

The panel is reinforced longitudi­
nally with #4 bars (#13 bars) spaced at 

Section E-E 

2ft (0.61 m) at the pocket location. To 
provide for tension development for 
the #4 bars (#13 bars), they are spliced 
using a special confinement technique, 
as shown in Fig. 4. The splice consists 
of a loose 11 in. (279 mm) long, #4 
bar (#13 bar) and a high strength spiral 
whose properties were independently 
evaluated with tension specimens and 
found to produce the full bar yield 
strength of 60 ksi ( 414 MPa). 10 

Adjusting Elevation of Panel 

A simple leveling device is devel­
oped as shown in Fig. 5 to level the 
panels over the supporting girders. 

Leveling Device 

Leveling Device 

r 4.5"x2"x05" Plate 

3/4" Nut 

E 

--+ 
Leveling Device 

Plan View 

Fig. 5 . Leveling assembly. Note: 1 in . = 25.4 mm; 1 ft = 0.3048 m. 
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The leveling device consists of a 1/z in. 
(12.7 mm) thick plate , a 7 in. (178 
mm) long, 3/ 4 in . (19 mm) diameter 
bolt, and a 3/ 4 in. (19 mm) nut welded 
to the bottom surface of the plate, as 
shown in Fig. 5. The bolt can be re­
covered after grouting the gap. 

Girder-to-Panel Connection 

Before the precast panels are set on 
the supporting girders, a grout barrier 
is installed along the girder. Once the 
panels are placed over the girders and 
adjusted with the leveling devices , 
gaps over the girders are grouted with 
a flowable mortar mix. The mortar mix 
should have a compressive strength of 
4000 psi (28 MPa) or higher at the 
time of casting the top slab. 

The mortar provides a compres­
sion block needed to resist the nega­
tive moment over the girders due to 
loads imposed by the concrete fin­
ishing machine and the weight of the 
concrete topping . The mortar also 
provides a bearing for the precast 
panels over the girders. Table 2 
gives the components of a mortar 
mix that was developed and tested at 
the University of Nebraska. Fig. 6 
shows the compressive strength gain 
vs. time at which the proposed mix 
reaches the required compressive 
strength after 5 days. 

Section E-E in Fig. 5 shows the de­
tails of the grout barrier that can be 
used with steel girders. It consists of 
two light gauge metal angles that are 
connected with a strap. The grout bar­
rier can be adjusted in place by tying 
the strap with the panel reinforcement. 
With concrete girders, backer rods can 
be used as grout barriers by attaching 
them to the top flange of the girder 
using construction adhesive, as shown 
in Fig. 7. 

Some of the prestressed concrete 
girders have a wide top flange. As an 
example , the NU girder has a top 
flange of 48.2 in. (1225 mm) and the 
PCI bulb-tee girder has a top flange of 
42 in . (1067 mm). Shear reinforce­
ment in the web of the concrete gird­
ers is usually extended outside the top 
flange to provide for the horizontal 
shear reinforcement required for com­
posite action. 

In some cases, such as in the NU 
girder, the web reinforcement is pro-
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Table 2. Properties and components of mortar mix for gaps. 

Specified strength at 7 days 4000 psi (27.58 MPa) 

Water-cement ratio 0.35 

Slump High> 10 in. (254 mm) 

Unit weight 148 lbs per cu ft (237 1 kg/m3) 

Fine aggregate to total aggregate ratio 100 percent 

Components 
Screen sand, C33 2725 lbs per cu yd (1617 kg/m3) 

Cement 650 lbs per cu yd (386 kg/m3) 

Fly ash 280 lbs per cu yd ( 166 kg/m3
) 

Total cementitious materials 930 lbs per cu yd (552 kg/m3) 

Water 329 lbs per cu yd ( 195 kg/m3) 

Low-range water reducer (322N) 37.8 oz. per cu yd (1240 ml/m3) 

High-range water reducer (Rheobuild 1000, 153 oz. per cu yd (50 18 ml /m3) 

ASTM C494 Type A&E) 

7000 -"' 6000 
8 
...s:= 

~ 5000 ------Q) 
..... .... 4000 tZl 
Q) 

-~ 3000 
"' Q) ..... a 2000 

0 u 1000 

0 

~ 
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Fig. 6 . Concrete compressive strength vs . time of mortar mix. Note: 1 in . = 25.4 mm; 
1 ft = 0.3048 m. 

vided with a horizontal bent for the re­
quired development length . Also, to 
provide for replaceability of the deck 
and to protect the girder flange tips 
from damage during the deck replace­
ment, some state agencies, such as the 
Nebraska Department of Roads, rec­
ommend debonding of the outside 8 
in. (203 mm) of the top flange of the 
NU girders. 

Fig. 7 shows the suggested details 
for using the proposed panel with wide 
flange girders. The width of the block­
outs over the girder is increased to 14 
in . (355 mm) to provide enough space 
for the web reinforcement. Backer 
rods are used as a grout stopper. They 
can be placed at any distance from the 
tip of the flange to provide for the re­
quired debonded distance. 

Cast-in-Place Concrete Topping 

After the mortar mix reaches the 
specified compressive strength, a cast­
in-place topping reinforced with 
epoxy coated reinforcing bars or 
welded wire fabric is used. The top­
ping thickness should allow for 2 in. 
(51 mm) of clear cover for corrosion 
protection and a 1/z in. ( 12.7 mm) ad­
ditional wearing surface. 

DESIGN PROCEDURE 
AASHTO Specifications7 are used 

to design the NUDECK system where 
the deck is considered as a continuous 
beam supported by the longitudinal 
girders. A number of studies"·'2 have 
demonstrated that using this approach 
to estimate the bending moment in the 
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transverse direction is conservative. 
Overdesign is mainly caused by two 
factors : (1) ignoring concrete slab 
arching between girders, and (2) as­
suming that the girders are rigid, 
rather than flexible supports. 

The design procedure consists of an 
analysis for four conditions: (1) release 
of prestress; (2) handling and shipping; 
(3) placement of topping; and (4) ser­
vice. The first, second and third condi­
tions involve a non-composite precast 
concrete section, while the fourth con­
dition involves a precast/cast-in-place 
concrete composite section. 

Release of Prestress 

Service stresses in the precast con­
crete panel and service stresses in the 

L 

I 
I 
I 
I 

reinforcement in the gap are checked. 
Compatibility and equilibrium equa­
tions are applied at the section at the 
gap to calculate the compressive stress 
gained in the #7 (#22) bars and the 
tensile stress lost in the prestressing 
strands. It can be shown that the elas­
tic strain in the reinforcement in the 
gap is: 

where 
JP = tensile stress in strands 
As = area of reinforcing bars 
AP = area of prestressing strands 
Es = modulus of elasticity of rein-

forcing bars 

14" 

1 

48.2" 

Section G-G 

:o 

(1) 

: 16" 

I 
I 
I 
I 
I 
I 

iO 
I 
I 
I 
I 
I 
I :o 
I 

Plan View F-F 

EP = modulus of elasticity of pre­
stressing strands 

With JP taken as the value just be­
fore release fpi• the strain, £, can be 
calculated. The compression stress in 
the reinforcing bars is: 

f s = £(£s) (2) 

The tensile stress in the prestressing 
strands is: 

A similar analysis at the midspan 
between the girder is carried out to de­
termine the elastic shortening loss and 
the tensile stress in the prestressing 
strands at that location. This is needed 
for the positive moment design. 

_j 

Fig. 7. NUDECK system with wide flange concrete girder. Note: 1 in.= 25.4 mm; 1 ft = 0.3048 m. 
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The reinforcing bars in the gap must 
be adequate to satisfy two design cri­
teria: (1) preserve as much prestress in 
the strands as possible, and (2) transfer 
prestress to the adjacent concrete with­
out excessive stress concentrations . 
The first criterion is met by calculat­
ing the prestress in the strands, as dis­
cussed in the preceding paragraph, and 
by checking the #7 bars (#22 bars) at 
the gap against buckling as follows: 13 

[
l- ( Kll r )

2 
] 

2C2 

F - c (4) 
a - [~ + 3( Kl I r) _ ( Kl I;?] 

3 8Cc 8Cc 

where 
Fa= allowable stress of reinforcing 

bars 
K = effective length factor 
I = width of gap 

f 
4'- 0" 

4 . 5"~ 
4.5" 

~ 
'J 

tAt . 

eqs Q 

Fy = yield strength of reinforcing bars 
r = radius of gyration of reinforcing 

bars, which is 0.25 times the bar 
diameter for circular sections 

The second criterion is satisfied by 
using the tension development length 
as the minimum required embedment 
into the concrete. Although this may 
be too conservative because the bars 
are expected to be predominantly in 
compression, the tension development 
length used provides for a more grad­
ual transfer of prestress and does not 
significantly affect the overall cost of 
the system. 

Handling and Shipping 

It is recommended that the panel be 
lifted at the locations of the girder 
lines. Refer to the later section on han­
dling and shipping for more informa­
tion . During lifting, the panel self­
weight will create negative moments 
at the lifting points resulting in addi­
tional compressive stresses in the #7 

20'- 0" 

12'- 0" 

./ CIP Topping Concrete 

"' m The NUDECK Precast Panel 

(a) Cross Section 

(b) Plan View of the Precast Panels 

Fig. 8. Test specimen. Note: 1 in.= 25.4 mm; 1 ft = 0.3048 m. 
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bars (#22) in the bottom layer of rein­
forcement. Eqs. (1) and (2) should be 
used to verify the buckling resistance 
of these bars. 

The strand stress, J;,, used in Eq. (1) 
to determine the strain under this con­
dition should include relaxation loss 
between the time of release and han­
dling. The intrinsic relaxation loss for 
low-relaxation strand, tlfP' can be cal­
culated as follows: 14 

tJ.+ = logt[fp,int _ 0.55)!, . (6) 
Yp 45 + p, tnt 

Jpy 

where 
J;,,int = initial prestress 

t = time in hours under stress,Jp,inr 
JPY = yield stress of prestressing steel 
Once the bar stress is calculated 

from Eq. (2), the incremental stress 
due to panel weight should be added 
before the stress is checked against 
buckling using Eqs. (4) and (5) . The 
incremental stress can be calculated 
using the standard (My! I) formula. 

~ 
1 

4'- 0" 

f 
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Placement of Topping 

The precast panel is designed to 
support the precast panel self-weight, 
the topping weight, a construction 
load of 50 lbs per sq ft (2.394 kPa), 
and the loads provided by the concrete 
finishing machine. The finishing ma­
chine load is applied at the edge of the 
precast panel. At this condition, it is 
assumed that the gaps over the girder 
lines have been filled with mortar and 
that the mortar has attained adequate 
strength. 

Three locations should be checked 
in flexure . These are the maximum 
positive moment section between 
girder lines , the maximum negative 
moment section at interior supports, 
and the maximum negative moment 
section at exterior supports. Concrete 
stresses due to unfactored loads and 
ultimate flexural capacity are checked 
at the maximum positive moment sec­
tion while the ultimate flexural capac­
ity is checked at the maximum nega­
tive moment sections. 

At Service 

Concrete stresses due to unfactored 
loads and the ultimate flexural capacity 
of the composite section are checked at 
the maximum positive moment. The 
negative moment sections at the inte­
rior and exterior girders should be de­
signed as reinforced concrete sections. 
Appendix B gives the design of a 44 ft 
(13.41 m) wide bridge using the pro­
posed deck system. 

TESTING OF 
PROPOSED SYSTEM 

A 20 ft (6.10 m) wide bridge was 
constructed in the laboratory. The 
bridge consisted of two steel girders 
spaced at 12 ft (3 .66 m) and two 4 ft 
(1.22 m) overhangs. The supporting 
steel girders had a 12 in. (305 mm) 
flange width. Fig. 8a shows the cross 
section of the test specimen. Two 20 x 
4ft (6.10 x 1.22 m) precast panels, Pl 
and P2, were produced in the construc­
tion laboratory, as shown in Fig. 8b. 

Wood forming was used to form the 
transverse shear keys and the 8 in. 
(203 mm) gap. Polystyrene foam was 
used to form the reinforced pockets. In 
commercial production, steel forms 
would be used for the shear keys and 
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Fig. 9. Forming of gap at girder line. 

Fig. 10. Details of completed form ing. 

for the gap over the girder lines. Figs. 
9 and 10 show the forming details. 

A series of gauges were installed on 
the reinforcing bars and strands before 
casting the concrete of the precast 
panel. These gauges were used to check 
the stresses in the reinforcing bars and 
strands over the 8 in. (203 mm) gap at 
the time of release. Also, they were 
used to check the stresses in the strands 
at the time of failure of the composite 
section at the point of maximum posi­
tive moment (midspan section). 

Due to the crude method of pre­
stress release by relatively rapid flame 
cutting at the university laboratory, 
minor cracks at one end of the panels 
were observed. This type of crack has 

occasionally been reported in the pro­
duction of conventional stay-in-place 
panels.2

•
3 Although these cracks had no 

measurable effect on the structural 
performance of the complete tested 
specimen, avoiding a sudden unsym­
metrical release of forces from the 
strands to the concrete can eliminate 
these cracks. This can be achieved by 
using gradual hydraulic detensioning, 
or by casting two "dummy" concrete 
blocks, one on each side of the precast 
panel. 

Fig. 11 shows the precast panel dur­
ing handling. Figs. 12 and 13 show the 
two panels in place over the girders 
and the reinforced pocket, respec­
tively. No proprietary materials or 
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Fi g. 11 . Precast pane l during handling displaying good stiffness. 

equipment were used in constructing 
the test specimen. 

Testing Plan 

Two tests were conducted, a cyclic 
load test and an ultimate load test. The 
loading position was at the transverse 
joint between the precast panels. The 
test setup simulated the rear axle of 

'=r 

two HS25 trucks spaced at 4 ft (1219 
mm), as shown in Fig. 14. The cyclic 
load test was designed for 2 million 
cycles to determine the performance 
of the tran sverse joint under cyclic 
service load s includin g cracks and 
leakage control. The ultimate load test 
was designed to find the mode of fail­
ure and to give an indication of theca-

20'- 0" 

~r--------r-----------------------

Beam3 
(Wl8 X 65, L=l4'-0") 

2' - o" 12· - o· I 4' - o" 1 4' - o" I 4'- 0" 

I I I I 

4'- o• 12'- 0" 

Fig. 14. Cross section of test setup . Note: 1 in.= 25.4 mm ; 1 ft = 0.3048 m. 
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Fig. 12 . Precast panels in place over 
girder lines showing large space 
avai lab le for pl acement of connector 
with re inforcement (see Fi g. 13 below). 

Fig. 13. Pane l pocket showing 
connection detail for fu ll deve lopmen t 
of longitudinal reinfo rcement (see 
Fig. 12 above). 

l 2' - 0" l 2' - 0" 

I I 

l 4'- 0" 
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pacity of the system compared to the 
specified AASHTO factored loads. 

Structural Behavior 
Under Cyclic load 

The top surface of the panel exhib­
ited hairline cracks over the girders at 
700 ,000 cycles. Only two hairline 
cracks were noticed, one over the 
north g irder and another over the 
south girder. At 2 million cycles, the 
cracks did not extend the full 8 ft (2.44 
m) length of the specimen, but were 
limited to about two-thirds of that 
length. 

The number , size, and length of 
cracks reported in this system were 
much less than those of the conven­
tional full-depth cast-in-place system 
and the conventional SIP panel deck 
system, which had been tested earlier.6 

No reflective cracks over the trans­
verse joint between the precast panels 
were observed. The research team felt 
this was because the connection be­
tween the precast SIP panels stiffened 
the system and led to a better load dis­
tribution. 

Cracks due to cyclic loading over 
the girders were fully closed after load 
removal. Two factors contributed to 
this favorable behavior, namely, the 
continuity of the reinforcement of the 
panel over the girder lines and the re­
distribution of creep stresses causing 
the topping slab to be "prestressed" 
over time. This phenomenon was con­
firmed by plotting the relationship be­
tween the applied load and the result­
ing concrete stresses in the panel deck, 
as shown in Figs. 15a and 15b. 

Strain measurements were taken at 

Fig. 16. Flexural cracking at ultimate load. 
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Fig. 15b. Load-stress relationship at top surface at maxi mum negative moment 
section. Note: Negative stress means tensile stress. 

the bottom surface at the maximum 
positive moment zone and at the top 
surface at the maximum negative mo­
ment zone. Both figures show the 
load-to-stress relationship before and 
after the cyclic loading. For the maxi­
mum positive moment zone (see Fig. 

15a), load-to-stress curves were al­
most identical before and after the fa­
tigue load. 

At the maximum negative moment 
zone (see Fig. 15b), the tensile stress 
decreased between the initial and final 
cycle of the cyclic load. Thi s means 

Fig. 17. Shear failure of conventional SIP panel system 
showing lack of tension tie development due to strand 
discontinuity. 
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that due to creep in the prestressed 
concrete panel, the cast-in-place top­
ping gained so me compression 
stresses, whkh reduced the total ten­
sion stresses. 

Structural Behavior at 
Ultimate Load 

The panel was loaded to failure. As 
the load increased, cracks at the top 
surface over the girders and at the bot­
tom surface between the g irders 
started to form. The load continued to 
increase until the maximum capacity 
of the hydraulic jack used in the test, 
400 kips (1779 kN), was reached. At 
this stage, the maximum applied mo­
ments were 1.05 times the factored 
load moment required by the 
AASHTO Specifications7 using HS25 
design truck. Although hairline cracks 
were observed both at the top and bot­
tom surfaces of the deck, no signs of 
failure were noticed. 

The test setup was rearranged to 
allow application of the load at the 

ry 
,;,_, 

I 
I c) () c) I 

7 I 
I c) c) I () 
I 

Table 3. Comparison between NUDECK and cast- in-place deck systems. 

L 
Construction t ime Rela ti ve fl exu ral 

Deck system {minutes per sq ft) capacity* Mode of failure 
---

Full-depth 1.80 157 percent Flexure 
cast-in-place _ __l_ I 
Conventional 0.92 84 percent One-way shear 

SIP panel 
-

NUDECK 0.75 147 percent Flexure 

* As a percentage of required AASHTO factored capacity wi th HS25 Truck. 

two central points between the gird­
ers, which resulted in higher positive 
bending moments and no negative 
moments . When the jacking load 
reached 140 kips (623 kN) , signs of 
concrete crushing were observed at 
midspan between the girders at the 
edges of the deck (see Fig. 16). 

At this stage, the maximum applied 
moment was 1.47 times the factored 
load moment required by the 
AASHTO Specification s7 using an 
HS25 design truck. Due to indications 
of possible concrete crushing and the 
large associated deflection, in excess 

of 2 in. (52 mm), a decision was made 
to stop the test. This was an indication 
that the system had not yet reached its 
ultimate capacity. 

The observed high capacity of the 
system was the result of an arching ef­
fect in the deck between girder lines. 
The continuous prestressing in the 
transverse direction provided the "ten­
sion tie" required for the arching ef­
fect. Such a tension tie exists in cast­
in-place conventionally reinforced 
decks if the reinforcing bars are kept 
continuous over the entire deck width. 
However, the tension tie in the con-

x--r 
"? I,..... 1 8 ft long steel tube 

Steel tube 

: 
I 
I ,. 8 ft long steel bent sheet 
I 
I with cutouts as shown 
I 

Ly ~PiatePl x-L 
Section X -X Section Y-Y 

~ 
7" 

~ 

1 3/4" 1 3/4" I 3/4" 1 3/4" 
1 1 'I 'I 'I 

I 1/2" 

0 ~ 
Stay-in-place sheet 

_, 1<----- 0 (metal, plastic or cardboard) 

4112" 1 112" 
_, 1<----- 0 ~0 "' 1" +hole (for #7 bars) 

1 1/2" 

""-. 5/8" +hole (for 1/2" diameter strands) 

Plate Pl 

Fig. 18. Conceptual detai l of gap forms. Note: 1 in . = 25.4 mm. 
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Fig. 19. 
Plan view of a 

skew NUDECK 
precast panel. 

Note: 
1 in.= 25.4 mm; 
1 ft = 0.3048 m. 

8ft 

ventional SIP panel system is lacking 
because the prestressing reinforcement 
is not continuous over the girder lines. 

After removing the load, the deck re­
turned to its original undeflected shape. 
No residual deflection was noticed. 

COMPARISON WITH 
OTHER DECK SYSTEMS 

A complementary testing program6
•
15 

was conducted under the same labora­
tory conditions for two cast-in-place 
deck systems, the full-depth cast-in­
place deck and the conventional SIP 
panel. The bottom reinforcement layer 
(positive moment reinforcement) of 
the full-depth cast-in-place deck was 
intentionally made continuous over 
the girders in order to study the arch­
ing mechanism formed in the deck. 
This resulted in a higher flexural ca­
pacity for the system than that re­
quired by the specifications. At fail­
ure, the maximum positive moment 
was 1 .57 times the factored moment 
required by AASHTO Specifications.7 
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The conventional SIP panel test 
specimen, which had the same dimen­
sions, level of prestress, and concrete 
strength as those of the proposed sys­
tem test specimen, had a sudden one­
way shear failure because of the lack 
of anchorage of the prestressing 
strands, as shown in Fig. 17. Lack of 
strand anchorage resulted in losing the 
tie of the arching mechanism and de­
creased the flexural capacity of the 
system. At failure, the maximum ap­
plied positive moment was 0.84 times 
the factored moment required by 
AASHTO Specifications7 using an 
HS25 design truck. 

Table 3 provides a comparison of 
the relative speed of construction 
based on laboratory conditions, rela­
tive flexural capacity, and mode of 
failure between the cast-in-place sys­
tems and the proposed system. This 
comparison shows that the proposed 
system has a faster construction speed 
than other systems due to elimination 
of field forming and handling of fewer 
precast panels. Also, it has almost 

double the flexural capacity of the 
conventional SIP panel system. This is 
because continuity of the prestressing 
reinforcement provides full anchorage 
of the tension tie compared to the con­
ventional SIP panel system. 

PRODUCTION ISSU ES 
The following production issues re­

sulted from several meetings with the 
designers of the Bridge Division of the 
Nebraska Department of Roads 
(NDOR) and members of the Precast 
Concrete Association of Nebraska. 

Details of Forms for Gap 
Over Girder Lines 

Fig. 18 shows the details of an as­
sembly that can be used for forming 
the gap over the girder lines. The as­
sembly consists of 8 ft (2.44 m) long, 
full width panel , s teel bent sheet 
formed in a trapezoidal shape to fit the 
geometry of the gap. Cutouts in the 
steel bent sheet are provided for the 
reinforcement passing over the gap, 
the #7 (#22) bars and the 112 in. (12.7 
mm) diameter strands. 

To avoid leakage of concrete during 
casting, thin metal sheets are used to 
blackout the cutouts of the steel bent 
sheet, as shown in Fig. 18 (Plate Pl). 
The strands are threaded through the 
metal sheets and pretensioned. The steel 
forming assembly is installed and the 
metal sheets are then adjusted in their 
position and glued to the sides of the 
steel forming assembly. Then the #7 
(#22) bars are installed. The metal 
sheets can be left in the panel after the 
concrete cures or be removed if desired. 

Details of Proposed Panel 
for Skew Bridges 

Fig. 19 shows a plan view of the 
proposed panel for skew bridges. The 
precast panel can be skewed by skew­
ing the end side forms in the prestress­
ing bed. The #4 (#13) reinforcing bars 
and the reinforced pocket blockouts 
are positioned in the direction of the 
traffic of the bridge. Because the rein­
forced pockets do not interfere with 
the continuous shear key , the shear 
key side form used for straight panels 
can also be used with skew panels. For 
forming the gap over the girder lines, 
longer metal sheets should be used. 
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Precast panel 

Fig. 20a. Handling using multiple lifting points. 

Z: Attachment 

Fig. 20b. Handling using strongback. 

HANDLING AND SHIPPING 
It is recommended that the panel be 

lifted at the location of the girder 
lines. This can be achieved by two 
techniques. The first technique in­
volves using multiple lift points with 
spreader beams, '6 as shown in Fig. 
20a. Each lifting position would have 
two lifting points near the sides of the 
panel. 

Precast panel 

Table 4 shows that the material cost 
of the proposed precast panel is ap­
proximately $2.24 per sq ft. The total 
cost after adding overhead, profit, 
labor and shipping, will be in the 
range of $5 .50 to $7.00 per sq ft. Al­
though the cost of the proposed panel 
is expected to be higher than that for a 
conventional SIP panel, which usually 
ranges from $4.50 to $6.00 per sq ft, 
using the proposed system will save 
time and money because no field 
forming is required for the overhangs 
and fewer components need to be han­
dled. In addition, the proposed system 
exhibits superior structural perfor­
mance over the conventional SIP 
panel system (i.e. , no reflective 
cracks), which results in lower mainte­
nance costs and a longer expected life 
of the bridge deck. 

CONCLUSIONS 

A new precast concrete bridge deck 
system is proposed. This system con­
sists of continuous stay-in-place (SIP) 
precast prestressed concrete panels and 
a cast-in-place concrete topping. Based 
on the results of this investigation, the 
following conclusions can be reached: 

1. Use of the proposed system re­
sults in control of the transverse deck 
cracking encountered in cast-in-place 
decks due to concrete shrinkage. Be­
cause the proposed panels are precast, 
most of the shrinkage will have taken 
place before the panels are made inte­
gral with the rest of the superstructure. 

2. Reflective cracking over panel 
joints, which has been a concern with 
conventional SIP panels, is expected 
to be eliminated in the proposed sys-

For very wide and/or very thin pan­
els, it may be advisable to use a sec­
ond technique. This involves using a 
"strongback" attached to the panel at 
the location of the girder lines, as 
shown in Fig. 20b. The strongback 
can be a structural steel or precast 
concrete member. It would be at­
tached to the precast panel before the 
panel is removed from the forms and 
removed after the panels are placed 
on the girders and shimmed to the re­
quired elevation. 

Table 4. Estimated cost of NUDECK panel system 

SYSTEM ECONOMICS 
To obtain a cost estimate for the 

proposed precast panel , a two-span 
bridge with a total length of 250 ft 
(76.20 m) and a width of 44ft (13.41 
m) is considered. These dimensions 
represent a fairly typical overpass 
structure. The precast panels are pro­
duced in 8 ft (2.44 m) wide seg­
ments. Table 4 gives the cost esti­
mate of the materials for the precast 
panel. 

September-October 1998 

Materials 

'h in . ( 12.7 mm) diameter strands 
at $0.25 per ft ($0.82 per m) 

Reinforcing bars at $0.30 per lb ($0.66 per kg) 

Concrete <J: = 8.0 ksi ,.fci = 4.0 ksi) 
at $85 .00 per cu yd ($ 111 .00 per m3

) 

Spirals at $ 1.00 per ft ($3.28 perm) 

Leveling devices 

Total 

* Panel dimensions: 8 x 44ft (2.44 x 13.41 m). 

Cost per panel 
Quantity per panel* (in U.S. dollars) 

528ft (160.93 m) 132.00 

250 lbs ( 113.4 kg) 75.00 

4.9 cu yd (3 .75 m3) 4 16.50 

85ft(25.9 1 m) 85.00 
--

- 80.00 
·-

$788.50 per panel 
$2.24 per sq ft 
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tern. This is because the proposed pan­
els are made continuous both longitu­
dinally and transversely. 

3. The proposed system exhibits im­
proved fatigue resistance and crack 
control in the longitudinal direction 
over the girder lines. 

4. Because field forming of the deck 
overhangs is eliminated and the SIP 
panels can be as wide as the full 
bridge width, construction speed is 
significantly improved. 

5. The materials used in the produc­
tion of the proposed panel are non­
proprietary construction materials. 
Thus, it should be cost competitive 
with other available systems. 

6. The proposed system exhibits sig­
nificantly higher flexural capacity than 
the conventional SIP panel system be­
cause the strands are fully developed 
at the critical locations. 

7. The proposed panels are designed 
to support the weight of the finishing 
machine. There is no need to support 
the overhangs with brackets. 
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APPENDIX A- NOTATION 

A = cross-sectional area of non-composite section 
Ac = cross-sectional area of composite section 
AP = area of prestressing strands 
A5 = area of reinforcing bars 
a = depth of equivalent rectangular stress block 

CRc = prestress loss due to creep of concrete 
CRs = prestress loss due to steel relaxation 

Cc =a factor defined by Eq. (5) 
d =distance from extreme compressive fiber to centroid 

of reinforcement 
ES = prestress loss due to elastic shortening 
Ec = modulus of elasticity of concrete 
Ec; = modulus of elasticity of concrete at release 
EP = modulus of elasticity of prestressing strands 
Es = modulus of elasticity of reinforcing bars 
Fa= allowable stress of reinforcing bars 
Fy = yield strength of reinforcing bars 
J:= specified compressive strength of concrete at 28 days 
fri = specified compressive strength of concrete at release 
J;, = tensile stress in strands 

/p,int =initial prestress 
/p; = tensile stress in prestressing strands just before 

release 
/py = yield stress of prestressing steel 
fs = compression stress in reinforcing bars 

September-October 1998 

I= impact fraction 
lc = moment of inertia of composite section 
K =effective length factor 
l = width of gap 

Mn = nominal flexural capacity 
Mu =factored moment 

n = modular ratio between precast concrete and cast-in­
place concrete 

r =radius of gyration of reinforcing bars 
P25 =load on rear wheel of HS25 truck 

S =effective span 
SH = prestress loss due to shrinkage 
Sb = non-composite section modulus for extreme bottom 

fiber 
Sbc =composite section modulus for extreme bottom fiber 
S1 = non-composite section modulus for extreme top 

fiber 
S1c =composite section modulus for extreme top fiber 

t = time in hours under stress,Jp,int 
Ybc =distance from center of gravity of composite section 

to extreme bottom fibers 
we= unit weight of concrete 

,1fP =prestress loss due to steel relaxation 
<{> = resistance factor 
£ = elastic strain in reinforcement in gap 
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APPENDIX 8- DESIGN EXAMPLE 

This appendix gives a design example of the NUDECK pre­
cast SIP panel deck system. A 44ft (13.39 m) wide bridge is 
considered. The deck slab is supported over four AASHTO­
PCI Bulb-Tee girders with a 42 in. (I 067 mm) wide top 
flange, spaced at 12 ft (3.65 m) on centers. The deck slab 
has two 4ft (1.22 m) overhangs. The design is carried out in 
accordance with the AASHTO Standard Specifications7 

(STD) for Highway Bridges, 16th Edition, 1996. 

81. Input Data 
Precast panel: 
(length x width x thickness)= 8 ft x 44ft x 4.5 in.; l = 8 in. 

f c'= 8000 psi;fci = 4000 psi; we = 150 lbs per cu ft 

The SIP panel is reinforced with: 

(a) 12 1iz in. diameter, 270 ksi strands; EP = 29000 ksi; pre­
stress just before release, /p; = 0.75 x 270 = 202.5 ksi; 
/py = 243 ksi; AP = 12 x 0.153/8 = 0.23 sq in. per ft 

(b) 20 #7 bars; Fy = 60 ksi; As = 20 x 0.6/8 = 1.5 sq in. per 
ft, as shown in Figs. 1 and 2. 

Cast-in-place concrete topping: 
Overall thickness = 4.5 in. 

Structural thickness = 4.0 in.; note that 1iz in. is considered 
an integral wearing surface. 

f c'= 4000 psi; we = 150 lbs per cu ft 

Loads: 
Live loads = HS25 design truck 

Future wearing surface = 2 in. of concrete 

Fig. Bl. 

Finishing machine loads for 44ft wide 
bridge. ~ote: 1 ft = 0.3048 m. 
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P2 

PI = 2074 Ibs 

P2 = 1870 lbs 

We = 150 lbs per cu ft 

Construction load = 50 lbs per sq ft 

Concrete finishing machine weights as shown in Fig. B l 

Effective span: 
s = [12- 0.5 X (42112)] = 10.25 ft (STD Art. 3.24.1.2) 

82. Section Properties per Linear Foot 
Non-composite section: 

A =54 sq in.; S, = Sb = 40.5 in.3 

Eci = 3834 ksi; Ee = 6063 ksi 

Composite section: 

n= 
4000 

= 0.63; Ae = 84.24 sq in.; Ybe = 3.78 in. 
10,000 

Ae = 84.24 sq in.; Ybe = 3.78 in. 

83. Design of SIP Precast Prestressed Panel 
at Release 
Check concrete stresses of precast concrete panel: 
Loss due to elastic shortening, ES = 6.098 ksi 
(STD Art. 9.16.2.1.2) 

Effective prestress just after release = 202 .5 - 6.098 = 
196.402 ksi 

Effective prestress force just after release= 196.402 x 0.153 x 
12/8 = 45.1 kips per ft 
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Concrete stress of the SIP panel = 45.1/54 = +0.835 ksi 

Allowable compression= 0.6fci = 0.6 x 4000/1000 = 2.4 ksi 
> 0.835 ksi (ok) 

Check buckling resistance of reinforcing bars at gap: 

The strain in the reinforcement is: 

e= 0.23x202.5 = 9326 x 10-4 

1.50 X 29,000 + 0.23 X 28,000 
Eq. (1) 

The effective prestress in the strands just after release is: 

202.5- (9.326 X 104 X 28,000) = 202.5- 26.113 = 176.387 ksi 
Eq. (3) 

The compression stress in the bars is: 

9.326 X 10-4 X 29000 = 27.045 ksi 

Cc = ~2nzE = 2n2(29,000) = 97.7 
Fy 60.0 

For #7 bar, r = dl4 = 0.22 in.; thus, Kllr = (0.65 x 
8)1(0.1875) = 23.6 < Cc 

Eq. (2) 

Eq. (5) 

The allowable compression stress in the reinforcing bars is: 

[ 1_ (Kll d]F 
2C2 Y 

F- c 
a - 5 3(Kl I r) (Kl I d - + _ _:________,,...:....-

3 8Cc 8C~ 
= 33.181 ksi > 27.045 ksi (ok) 

84. Design of Precast Panel at Time of 
Handling and Shipping 

Eq. (4) 

Check buckling resistance of reinforcing bars at gap: 

Assume that the prestress is released after one day and that the 
precast panels are shipped at 28 days. Therefore, the relaxation 
loss in the strands between time of release and 28 days is: 

!J.fp = log(28 - 1)(24) ( 176·387 0.55)176.387 = 1.938 ksi 
45 243 

Eq. (6) 

Effective prestress = 176.387 - 1.938 = 174.449 ksi 
Using Eq. (1) withfr = 174.449 ksi; thus, £ = 8.034 x I0-4 

The compressive stress in the bars is: 

(8.034 x 10·4)(29,000) = 23.299 ksi Eq. (3) 

Negative moment at the exterior gap due to the self-weight 
of 4 ft long overhang of the panel is: 

( ~; x 0.150 )( ~) = 0.450 ft- kips per ft 

Moment of inertia of the reinforcement at the gap is: 

(
20x0.6 08132 12x0.153 12)_ 122 . f --

8
--x . + 

8 
x - . sq m. per t 

Incremental stress in the bars due to the panel self-weight is: 

(0.450 x 12)(
0

·
813

) = 3.599 ksi 
1.22 

Total compressive stress in the #7 bars at the top layer 
= 23.299-3.599 = 19.700 ksi 
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Total compressive stress in the #7 bars at the bottom layer 
= 23.299 + 3.599 = 26.898 ksi 

The allowable compression stress in the reinforcing bars, 
Fa= 33.181 ksi > 26.898 ksi (ok) 

Tensile stress in the strands at the top layer = 174.449 + 
3.599 = 178.048 ksi 

Tensile stress in the strands at the bottom layer = 174.449 -
3.599 = 170.850 ksi 

85. Design of Precast Panel at Time of 
Topping Placement 

Check service stresses at maximum positive moment 
section between girder lines: 

SH = 6.500 ksi ; ES = 6 .098 ksi ; CRc = 9 .957 ksi; 
CRs = 3.567 ksi (STD Art. 9.16) 

Effective prestress at service = 202.5 - 6.500 - 6.098 -
9.957- 3.567 = 176.378 ksi 

Effective prestress force at service = 176.378 x 0.153 x 1218 
= 40.5 kips per ft 

Allowable compression= 0.6f:= 0.6 x 10,000/1000 = 6.0 ksi 

Allowable tension= 6.0 .Jl: = 6.0 vfl0,000/1000 = 0.6 ksi 

Maximum positive moment due to panel self-weight, cast­
in-place topping self-weight, and construction load is: 

(
4

·
5 

x0.150+ 
45 

x0.150+0.05o)(
10

·
252

) 
12 12 11 

= 1.552 ft- kips per ft 

Concrete stress at top surface is: 

40·5 1.55 x 12 1210 k · 6 000 k · --+ = + . Sl < + . Sl 
54 40.5 

Concrete stress at bottom surface is: 

40.5 1.552 X 12 - +0 290 k . 6 000 k . --- - • Sl < + . Sl 
54 40.5 

Check flexural capacity at exterior gap: 
Negative moment due to panel self-weight, cast-in-place 
topping self-weight, and construction load is: 

(
4

·
5 

x0.150+ 
4

·
5 

x0.150+0.05o)(
42

) 
12 12 2 

= 1.300 ft- kips per ft 

As shown in Fig. B 1, only three reactions of the finishing 
machine can be accommodated over the panel width (8 ft); 
each reaction is 2.074 kips. Therefore, the bending moment 
= (3 x 2.074 x 4.0)18 = 3.111 ft-kips per ft 

Total factored moment= 1.3(1.300 + 1.67 x 3.111) 
= 8.444 ft-kips per ft 

Knowing the stress in the #7 bars and in the strands (from 
Section B4) and using the strain compatibility method,17 the 
flexural capacity of the grouted section at the gap is: 

l/JMn = 0.9 X 12.914 = 11.623 ft-kips per ft > 8.444 ft-kips 
perft (ok) 
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86. Design of Deck at Service Loads 
Check allowable stresses at maximum positive moment 
section between girders: 
Bending moment due to non-composite loads (self-weight 
of the SIP panel and the cast-in-place topping) is: 

(
4

·
5 

x0.150+ 
4

·
5 

x0.1so)(
10

·
252

)=1.075 ft-kips 
12 12 11 

Bending moment due to wearing surlace is: 

( ~~ x 0.150 )( 
10~~52 ) = 0.239 ft- kips per ft 

Bending moment due to live load (HS25 with impact) is: 

0.8( s3~ 2 )~s(l +I)= 0.8c0·~~ + 
2 

}20)(1 + 0.3) 

= 7.963 ft- kips per ft 

Concrete stress at top fiber of cast-in-place slab is: 

0.63(
0

·
239 

+ 
7

·
963

)(12) = 0.607 ksi (note: n = 0.63) 
102.1 

Allowable compressive stress = 0.4J: = 0.4 x 4.0 = 1.600 ksi 
> 0.607 ksi 

Concrete stress at bottom surlace of the SIP panel is: 

40.5 _ (1.075x12) _ (0.239+7.963)(12) =-0_341 ksi 
54 40.5 127.5 

Allowable tensile stress = 6 {1: = 6 ..J8000 /1000 = 0.537 
ksi > 0.341 ksi (ok) 

Check flexural capacity of composite section at 
maximum positive moment section: 
M" = 1.3(1.075 + 0.239 + 1.67 x 7.963) = 18.999 ft-kips per ft 

Knowing the effective stress in the strands (from Section 
B5) and using the strain compatibility method, 17 the flexural 
capacity of the grouted section at the gap is: 
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lfJMn = 1.0 X 27.237= 27.237 ft-kips per ft > 18.999 ft-kips 
per ft (ok) 

Design of negative moment section over interior 
girder line: 
As calculated in Section B6, the bending moment due to 
wearing surlace = 0.239 ft-kips per ft and due to live load 
(HS25 with impact)= 7.963 ft-kips per ft. 

Total factored bending moment, Mu = 1.3(0.239 + 1.67 x 
7.963) = 17.598 ft-kips per ft 

Neglecting the reinforcement in the precast panel and pro­
viding mild steel reinforcement in the cast-in-place topping, 
this section can be conservatively designed as a convention­
ally reinforced concrete section. 

Using #6 bars at 6 in. and 2.5 in. clear concrete cover, As = 
0.88 sq in., d = 5.625 in., a= 1.29 in., l/JM11 = I9.721 ft-kips 
> 17.598 ft-kips per ft ( ok) 

Design of negative moment section over exterior 
girder line: 
This section is checked against two cases: (1) under a com­
bination of dead and live loads and (2) under a combina­
tion of collision force and dead loads. Neglecting the rein­
forcement in the precast panel and providing mild steel 
reinforcement in the cast-in-place topping, this section can 
be conservatively designed as a conventionally reinforced 
concrete section. Because the design of this section de­
pends on the geometry of the barrier, no calculations are 
provided. 

Metric Conversion Factors 
lin. = 25.4 mm; 1 sq in. = 645.2 mm2; I cu in.= 16387 mm3; 
l in.4 = 416231 mm4

; l sq in. per ft = 2117 mm2/m; 1 cu in. 
per ft = 53763 mm3/m; 1 psi = 0.006895 MPa; 1 lb per sq ft 
= 0.04788 kPa; 1 lb per cu ft = 16.02 kg/m3; 1 ft-kip = 
1.356 kN-m; 1 kip per ft = 1486 kg/m; I ft-kip per ft = 
4.448 kN-m/m; 
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