CHAPTER 1

LITERATURE REVIEW OF BRIDGE DECK SYSTEMS

1.1INTRODUCTION

This chapter presents a literature review of bridgek system, which consists of
the cast-in-place (CIP) deck system, stay-in-plé&k®) precast deck system with
cast-in-place topping system, and full-depth precasicrete deck system. Also
included are various types of shear key and comaetriay.

As a conventional system, CIP deck has been widedyl due to its ease of field
adjustment to produce a smooth roadway profile. élew, it is labor intensive and
time-consuming. The deck experiences cracking shafter construction due to its
tendency to shorten relative to the beams, whishltg from the differential creep,
shrinkage, and temperature gradients. The SIP girecaicrete deck panel with CIP
topping is more cost-effective than the CIP syst&lso, construction time is reduced
by eliminating field construction and removal ofrfavork. Full-depth precast deck
panel system is very popular currently due to iiwaatages of high structural

performance and fast construction.

1.2 BRIDGE DECK SYSTEMS
1.2.1 Cast-in-place (CIP) Deck Panel System
Full-depth cast-in-place (CIP) panel is the commarded deck panel system in

the United States. The CIP deck panel typicallyseia of four layers of steel,

including main reinforcement in the transversedio® and secondary reinforcement
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CHAPTERS

FUTURE REFINEMENTSAND CONCLUSIONS ON NUDECK
SYSTEM

5.1 SYSTEM REFINEMENTS
5.1.1 Comments on the Current System
The Skyline Bridge NUDECK precast deck panel projegas completed

successfully. However, it is believed that the cast time of construction can be

significantly reduced. The experience from the Bieyl Bridge was evaluated to

investigate any potential refinements of the systBased on what has been observed

from the bridge construction, some comments aredibelow.
1. The precast panels were shipped from Concrete tnesi$NC., in Lincoln to the
bridge construction site at Omaha using the prefated steel frames with a 2%
crown. There was an approximately 6 ft gap betwheradjacent steel frames along
the panel width direction (séegure ). Cracking was observed at the bottom of two
end panels near the crown location, which mighulteBom the unsymmetrical
arrangement of pretensioning strands. Howeverg#mebetween the adjacent frames
should have been minimized to reduce the mometheipanel. The current details at
the crown location include a compressible matenamely, random oriented fiber,
under the plastic rod. Since this material was astcompressible as expected, it
worsened the situation especially for the end gariédlus, the compressible material
may deserve further investigation and be substltute¢he future projects.

2. Along the crown location in each typical panel,réhare three pockets and a 1/4 in.
wide gap at the panel top, which requires groupingr to shipping. For some reason,

they were not grouted before the panels were sHippéhe bridge construction site,
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which resulted in larger deformation than expeatedng handling and shipping. In
addition, this gap may be widened to ensure ibiapetely grouted together with the
pockets, which should provide higher rigidity fbetpanel.

. The current shear key detailing includes a 1/Zyap at the bottom. Backer rod (or
duct tape) need to be put between panels beforeretenplacement. Since there is a
concern that the shear key bottom part may notlled fvith concrete, the 1/2 in. gap
can be widened to 2 or 3 in. Therefore, a higheasltapacity can be achieved.
Meanwhile, more tolerance and flexibility can bewpded for laying out the panels.

. The shear key at the panel outer edges or the ehlmations can be produced with
6 in.-wide solid concrete so that no wood blocksdiact tape, etc.) are needed prior
to shear key grouting.

. The support system in the Skyline Bridge includeglsangles and cross ties over the
steel beam top flange. It is suggested that plakiims should be placed over the steel
angle for minor adjustment of elevation, meanwhielucing the friction between the
steel angle and deck panel at the time of postaeimg. Alternatively, the steel angle
can be greased, as what the contractor did fobkiygne Bridge.

. Although the location of the 1 1/4 in. diameterdstiwas determined to avoid any
possible conflicts when the panels were placestilltended up with approximately
20 studs being cut. Since the contractor does ang the device to shoot the 1 1/4 in.
diameter studs in field, each 1 1/4 in stud wasacgual by 2-7/8 in. diameter studs.
The 7/8 in. studs were arranged as close as pedsilbhe original 1 1/4 in. stud line

so that they may not interface with the post-temsig strands.
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7. The lifting points at the end panels were too clase¢he anchorage block, which
ended up with pouring epoxy coating before the |sameere post-tensioned. The
location of lifting points should be arranged avitaym the anchorage block area.

8. The end of floor section in the Skyline Bridge planillustrated inFigure 2 This
detailing has two problems: 1) It requires the apph slab to be cast with a concrete
mix different from that of the floor end. Since thpproach slab and the floor end
should be poured prior to the overlay placementienmonstruction steps have to be
taken. 2) It requires grouting for the gap undetimethe end panels before the
NUDECK panels are placed. Since the contractorsndidgrout this small gap as
requested, it was difficult to do the grouting aftards. Eventually, the
MASTERFLOW 816 cable grout was recommended by ti. Wesearchers. The
cable grout can be used in tight area and it caasbifowable as water when placed.
It can gain strength up to 8,000 — 10,000 psi @avereriod of several weeks. For
future projects, a suggested modification is ilatgd inFigure 3 Note that the end
floor area can use the same concrete mix as th@agpslab, which allows them to
be poured simultaneously. 1 in. (or 2 in.) thiclpladt is shown instead of the
concrete overlay in the original design, which Hssim no need for finishing machine
and curing. A vertical joint can be put in the floend with bond break so that it
allows the approach slab to rotate freely agaimstpgrecast panels. A 6 in. bearing
pad is placed to support the end panel, which pesva larger space to be filled with

concrete rather than using the grouting as showinaoriginal plan.
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5.1.2 Possible Optionsfor Improvement
Two possible options for improvement are illustdaia Figure 4 They relate to

simplification of precasting and post-tensioningid aelimination of the composite
concrete overlay. The crown details can be singalitand the construction steps can also
be reducedFigure 4presents a bridge cross section with steel beaimpeascast deck
panel. As shown in the plan view of the precastepatie width of a typical panel is
changed to 12 ft instead of 8 ft as previously sjgetin the NUDECK system. The 0.5
in. diameter, Grade 270 ksi pretensioned strandsspaced at 4 ft with groups of 4
strands instead of 2 strands at 2 ft spacing. Tlthwof post-tensioning channel is
widened from 12 in. to 14 in. and 12 strands actuohed instead of 16 strands used in the
Skyline Bridge project, which results in more spfmehe strands to be pulled through. 4
x 4 — D10 x 10 wire mesh is provided instead of #2@n. for secondary reinforcement
as well as for crack control. Railing dowel bars ¢se adopted in replacement of the
galvanized female inserts if necessary. Option Asué-#10 rebar as the compression
strut across the post-tensioning channel. The fgostoning strands may be pulled along
the channel by two layers with 6 strands at eagérlal'he steel tube (ID = 4.5” and OD
= 5") shown in Option B replaces the compressidrareThere are two 2.25 in. diameter
holes at each tube allowing the post-tensioningnsis to pass. A non-composite section
with a 2 in. asphalt overlay is proposed hereinrgplace the Type K cement. A
waterproofing membrane is provided to protect #iaforcement from corrosion. Using
asphalt can reduce the time of construction astmerete overlay normally requires 7
days curing. Also, asphalt can be easily removddtifre replacement is needed. With

the non-composite section, the precast deck thgskisechanged from 6 in. to 7 in.
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5.1.3 System Refinements

A meeting was held among the UNL researchers, NID@Q&je engineers, precast
producers, and contractors when the bridge deckelpannstruction was mostly
completed. The possible simplifications were disedsin terms of panel production,
handling, shipping, and construction. Some of tiseussions are included below.

1. The typical panel width should be kept as 8etduse a 12 ft-wide panel may
introduce problems in terms of handling and shigpifihe pretensioned strands can be
changed from 2-0.5” strands at 2 ft spacing to#-6trands at 4 ft spacing. Accordingly,
the compression rebar across the channel was egpleith 4#10 bars at 4 ft.

2. The width of post-tensioning channel can be @nisas 14 in. for both concrete
and steel beams. The amount of post-tensioningdgrahould be determined dependent
on the bridge spans.

3. The 1 1/4 in. diameter stud will be kept foruigt project. To avoid any conflicts
with the #7 bars across the channel, temporary cansbe attached to the steel beam in
the studs’ location. After the panels are erectegt the beam, the stud can be shot in the
field. The feasibility of this suggestion is depention whether the added cost of nuts is
less than substituting the 1 1/4 in. studs with id/8studs by the contractors in case of
conflict.

4. Since Type K cement overlay adds a significaodt ¢o the precast panel, the
asphalt non-composite overlay and silica fume cetecwere suggested in replacement of
it. However, asphalt overlay has not been used wo#tgn in Nebraska for bridges. It is
not recommended unless the time of constructiora ifactor of consideration. As

indicated by the contractor, the cost of silica éugoncrete is not much cheaper than
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Type K cement. Furthermore, silica fume concretanisch harder to work with in
comparison with Type K cement.

5. The contractor commented that pouring the pastibning channel and overlay in
two steps was not a significant cost difference garmed to pouring in a single step.

6. Erecting the panels by two front loaders is fimdssalthough it may require drivers
with some extra training to get familiar with theepation. In the case that the front
loaders are used, the support system should bendesiaccordingly to carry the
construction load.

7. The end panel may be produced with grouting$eb that grouting can be done

for the gap between the end panel and the abutcagnt

5.2 CONCLUSIONS

This report presents a full-depth precast prestcedsidge deck panel system. The
precast panel is compressed in two directions,ltreguin increased durability of the
overall structure. The panel system is expectdddbas long as the supporting steel or
concrete beams. It can also be adopted for declacement with significant time

savings. Some conclusions are presented below:

1. The panels are made of high performance precastressed concrete. Most of
the creep, shrinkage, and temperature drop du@éetacément hydration cycle

occur before the deck is made composite with e steel or concrete beams.

2. A continuous gap over the beam eliminates any pialeproblems related to
quality of tendon grouting. Individual post-tengimg of strands results in ease of

operation for the contractors.
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. The precast deck panel covers the full-width ofliidge, so there is no need for

forming the overhangs.

. The cast-in-place overlay allows for adjustmentsodway profile and provides

an excellent riding surface.

. The precast bridge deck panel system is cost catmpetvith cast-in-place

concrete decks, while it is much faster to build aasy to maintain.
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CHAPTER 4

NUDECK SYSTEM IMPLEMENTATION

4.1 SYSTEM IMPLEMENTATION
4.1.1 Implementation on Waterloo Northwest Bridge

After the stay-in-place (SIP) bridge deck panetayswas developed by Badie and
Tadros in 1997, NDOR assigned the Waterloo Northweglge to be built using this
system. The proposed bridge is located in Douglasn€y, Nebraska, on Highway No.
US 275. It is a simple span structure of 128 fte Thoss section of the bridge consists of
five girder lines spaced at 8.2 ft with a total thisbf 40.7 ft. This bridge was not built

due to the high estimated cost of the panels flwridcal precast producers.

4.1.2 Implementation on Skyline Bridge

The Skyline Bridge presents the first implementatad full-depth precast concrete
NUDECK panel system (sdéigure J. It is located at 198 and West Dodge Road in
Omaha, Nebraska. The bridge will carry Skyline Brivaffic over West Dodge Road
(US 6 Expressway). Current average daily traffid4¢l5 estimated to increase to 3110
vehicles by the year 2022. Construction of thigigpei was completed in December of
2003. The bridge consists of two spans, 89 ft &%lft, a 25 skew, and 55 in. deep steel
girders spaced at 10 ft-10 in. (déigure 3. The precast bridge deck consists of twenty-
six typical panels, with a width of 7.0 ft and adg¢h identical to the bridge width, and
two end panels, which house the post-tensioning@mage block. The panel is 6 in.-thick
with 2 in. Type K cement overlay. The concrete ragtb of the panel is 4,300 psi at

release and 6,000 psi at service. The precast éoritkrk panels are pretensioned
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transversely and post-tensioned longitudinally.0l&-in. strands are tensioned along
each continuous 12 in.-channel over girder line.

Several new features were introduced to this ptojHwe steel girders had 1.25 in.
studs arranged in a single row over the steel gingdd at a spacing of 6 in., rather than
several rows of the smaller 3/4 in. or 7/8 in. stubhe bridge skew and the requirement
for a sidewalk on one side made the deck panel gggnrelatively challenging,
especially that a requirement for a crown at treelveay centerline and a 2% cross slope

was enforced.
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Figure 4.2-Syline ridge before Deck Erection

4.2 ANALYSISOF SKYLINE BRIDGE DECK
Service limit state analysis was performed to antéar the post-tensioning. Some

basic assumptions and notations are listed asafsilo

1. Concrete strength at 28 days is 6,000 psi for Bbhrecast deck panel and 1.5”
CIP topping.

2. Beam bearing width is assumed as 12 inch.

3. The composite section of prefabricated steel fdatem and 6” precast deck panel
is presented as composite section |; Compositéselttrefers to the full section
including the steel beam, 6” deck panel, plus T8 topping.

4. 2" topping load is considered to act on the contpasection |.

5. At the positive moment area, the moment due torsumgosed dead load (&),
the moment due to live load (M, and prestressing force change due to prestress

losses applies to the composite section Il. Atribgative moment zone, d\j,
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M., and prestressing force change are assumed tmdhe composite section |
in case that the 2” topping cracks.

The bearing face section is most critical in teraisservice limit analysis. The
detailed analysis results are presented in Appehndis shown in the table, the negative
moment at the bearing face, x = 88.6 ft of spais 11944 kips-ft due to live load. The
table gives the sum of stresses due to various fomnponents for each section at
service limit state. At the bearing face sectidme total stress at the top fiber of
composite section Il (the top fiber of 1.5” toppimgay be calculated as follows:

Msip= 505.3 kips-ft

0.8M., = 1944(0.8) = 1555.2 kips-ft

The elastic section modulus of composite sectip&dE 6180.3 in

_ _ 505312) _ o
fic (due to Msip) = Msip/(NS) = 6(61803) 0.164 ksi (tensile)
fic (due to M) = Msip/(NS) = 165(2i—82((1132)) = 0.503 ksi (tensile)

fic (due to prestressed force change) = 0.07 ksiilg@ns

fic (total) = 0.737 ksi (tensile) %&£ 0.581 ksi

Therefore, the top fiber of the 1.5” topping at thearing face section will crack.
Conservatively, the properties of composite sectioray be used for stress calculation,
which results in a total stress of 0.25 ksi (tex)sdt the top fiber of the 6” precast panel
and less than,fvalue. Thus, no crack will occur in the precastkdeanel and there is no
need to worry about steel corrosion for this systBiote that most of the sections along
the bridge spans are in compression at service fitate, which indicates the proposed

system has the required high structural performance
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4.3 SKYLINE BRIDGE DECK PRODUCTION
The precast panels were produced in Concrete Inesi$NC., in Lincoln.Figure 3

shows a typical precast deck panel reinforcemenpse&vhich includes 4 pairs of 0.5 in.

diameter pretensioning strands along the panelhw(iditidge transverse) direction. The
conventional reinforcement consists of 8-#7 cormtirsibottom bars, 8-#7 short top bars
across the open channel, and #5 rebar at 12"spasitige secondary reinforcement. Also
provided are the spirals at ends of pretensionirajds for confinement and for reduced

demand of strand development length.

Figure 4 presents the details to create the panel crowrte Nleat some minor
modifications have been made in comparison withdé@onstration panels to facilitate
the panel production (séé@gure 5) It normally takes one day to set up the deck pane
reinforcement and the concrete is cast the next Atigr the deck panel is poured and
concrete hardens, it may be lifted out of the pessing bed. The crown is then formed
(seeFigures 6 and )7 The panel was put on the steel supports whisle ga2% crown
(seeFigure §. Afterwards, the top steel plate was removed faadh blocks were taken
out. Once the top strands are cut, the panel wifledt following the supports’ elevation
and 2% crown be formed accordingfiygure 9illustrates the crown panels stacked up in

the precast yard.
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Figure 4.5-A Close View f Crown Forming Detail
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Figure 4.8-Forming Crown
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Figure 4.9-Crown Panels Stacked Up in the Precasd Y

4.4 SKYLINE BRIDGE PANEL HANDLING AND SHIPPING

To avoid any buckling of the #7 bars across thenagennels, the lifting points were
carefully determinedFigure 10shows a possible lifting scheme considering thekde
panel is subject to its self-weight of 1.02 kipsAtccordingly, the moment diagram is
given inFigure 11 in which the bending moment values at the op@mugél locations are
nearly zero. Special steel frames were made to thieiprecast panels (sé@ure 12)
Note that it is desirable if the gap between adjaseeel frames can be minimized so that

the corresponding positive moment in the panelbsareduced.

w = 1.02 kips/ft (Typ.)

EREETEREIREENERNEN
HTEHHHH 4! , HH{ALHHHHHHH{A}ﬁ
Channel location (Typ.)
-3 18 | 15.87 | 17 L3
l 56.87 l

Figure 4.10-Panel Lifting Location Determination

79



Fig”:47.'1772-SkyIine Bridge Panel Shipping
4.5 SUPPORT SYSTEM

Prior to panel erection, an appropriate supportesysnust be decided as to provide
the required bridge elevation. Three possible sumystems are presented herein.

1) Option A

As shown inFigure 13 this support system consists of steel plate AX@%1/2"),
steel angle B (8"x4"x1/4"), and stiffener C (4"x4l¥4"). Steel plate A is put on plastic
shims across the post-tensioning channel. Pldsitiesscan be placed over the steel girder
top flange and may be adjusted to meet the demaonildgk profile. An 8 in.-long steel
angle supports the adjacent panels at their coalerg the channel direction. Stiffeners

may be provided at the middle of the steel angleegsied.
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Figure 4.13-Option A Support System Details

2) Option B

Figure 14illustrates a built-up T-section (or cut from WX14.5) which carries the
weight of adjacent panels. Similar to Option A, panels are put over an 8 in.-wide T-
section bottom flange at the corners along the mblaifhe T-section steel bottom flange
may be cut to avoid any conflict with the 1 1/4dmameter studs. The height of T-section

plate can go up to the bottom #7 bar.
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Built-up T-section or Cut from WT4x15.5
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v

T-section Plate
Figure 4.14-Option B Support System Details

3) Option C

Option C is the support system used in Skyline gidt has continuous steel angels
seated against the steel beam top flange. Thedantezam has steel angles on both sides
of its top flange while the exterior beam has séegjles only on its interior side. Separate
strips cross the beam top flange and connect det ahgles (se€igure 15. The angels
should be strong enough to carry the precast paeigiht before the open channels are

grouted.
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Figure 4.15-Support SysteFr-{ in SkyllﬁiﬁézBridge

4.6 CONSTRUCTION OF SKYLINE BRIDGE DECK PANEL

4.6.1 Bridge Deck Post-tensioning Procedures

1.

Pull the strands through the post-tensioning charirevide a minimum of 60 in.-
long strand projection beyond the bridge flooratleend. Check that no strands are
intersected or inter-wound.

Lodge the jaws in the “dead end” chucks with atligfimmer. Use of excessive force
may break the jaws.

Tension all the strand to 11.7 kips regardlessoosequence. This force corresponds
to a pressure of 1,500 psi on the pump gauge. Chgekn that no strands are
intersected or inter-wound.

At the tension end, mark a point on each stranfhsarat a distance, say, 36 in., away
from a fixed face, say the end anchorage. CalbbimtPA.

Based on the sequences given in the Appendixnsida the strand to the final force
of 38.9 kips (5,000 psi on the pressure gauge).shMieathe displacement of Point A

from 36 in. to (36 in. + X). Record X. The quantkyshould be = 11.5 in. A tolerance
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of + 0.5 in. on the 11.5 average value is acceptabtbelvalue of X and the gauge
pressure do not match the values shown, post-teingishould stop and the engineer
consulted.

If required by the owner, a check of the strandsitam at the dead end may be
performed by measuring the pressure required tanbegrery small, say 0.25 in.

elongation of the strand. That pressure must balgqub,000 psi less an allowance
for friction, anchorage seating and slab shortehnosges. A 10 percent loss is not

unreasonable.

4.6.2 Commentary of Post-tensioning Procedures

1. In Step 3, 11.7 kips is 30% of the final tensiorcéy 38.9 kips (173 KN). This initial
tension of 11.7 kips is to take out the seating lard the slag of the strand. A
pressure of 1,500 psi on the pump gauge is detedmirased on the Load-Gauge
Reading figure provided by Dywidag Systems Inteamatl, INC. (see Appendix II).
Similarly, a pressure of 5,000 psi on the pump gaglgpwn in Step 5 corresponds to
the final force of 38.9 kips.

2. In Step 4, it is suggested that a point 36 in. afvagn a fixed face on the strand
surface be marked. This 36 in. allows enough spacmck operation at the tension
end.

3. In Step 5, the quantity of X is determined by

x =Pk 27221002 _ 454,

EA 285000.217)
where,
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P =38.9-11.7 =27.2 kips

L = length of the post-tensioning strand betweenahchorage plates at the end panels,
217 ft.

E = modulus of elasticity of strand, 28,500 ksi.

A = area of 0.6 in. diameter strand, 0.217 in.

4. Note that the bridge deck panel shortening is detexd as

Ao PL_3112219(2) _ ..

EA 469§37080)
where,
P = applied post-tensioning force to the deck parwds section, which has totally five
post-tensioning channels with 16 strands per cHah65)(38.9) = 3112 kips
L = total length of the deck panel, 217 ft.
E = modulus of elasticity of deck concrete, whias la strength of 6,000 psi at 28 days.
E = 150 (33)+/6000/1000 = 4,696 ksi.
A = area of deck section, 52.35 ft-wide and 6 frick. A = 51.5(12)(6) = 3708.0 .
Based on what was observed at the constructiontegepanel shortened 7/16 in. at the
89 ft span and 3/8 in. at the 125 ft span.
5. The post-tensioning sequences are determirgdtsat symmetry is maintained

during the post-tensioning operation (see Appeiijlix

4.6.3 Skyline Bridge Deck Panel Construction
The precast panels were shipped from Lincoln to kanahich took a total of three
days by three trucks. As shownhkigures 16 (a) and (b)he panel was erected by crane

instead of the front loaders as initially speciftedthe contractor. Erecting each panel to

85



its required location took approximately fifteennutes. For the firstly erected panels
near the abutment, the #7 bars across the opem&heaonflicted with the 1 1/4 in. studs,
which resulted in cutting those studs. 24-1 1/4studs were removed and each large
diameter stud was replaced with 2-7/8 in. stlagures 17-(a) to (c3hows the plan view
of the bridge after several panels were erectetypkal panel at the channel location is
illustrated inFigures 18 (a) and (p)n which the 1 1/4 in. studs, steel strips acithes
beam top flange, #7 bars, and 0.5 in. diameterpsaining strands along the bridge
transverse direction can be se€imgure 19presents the configuration of the shear key
between panels. Once the backer rod and duct tepew at the related locations,
flowable concrete may be placed for the shear kegRigure 20. Figure 21lillustrates
the plan view of the Skyline Bridge before postsiening was applied. Afterwards, the
post-tensioning strands may be pulled through trengels. Instead of using a special
device such as the “Chinese Finger” to pull sevsti@nds simultaneously as proposed
by UNL researchers, the contractor pulled eachndtiadividually using a truck. Even
though it was a little time-consuming, this procedwas completed without any
problems (sed-igure 22. The strands were anchored by one-time use chse&ted
against the curved steel plate as showignire 23 After making sure that no strands are
intersected or inter-wound, post-tensioning caadied following the given procedures
(seeFigure 24. Each strand was tensioned to a final force &P Xips which was
checked by both gauge reading and strand elongédeeFigure 25. As a result, the
measured strand elongation matched very well wi¢ghetxpected value. Once the strands
are post-tensioned, the precast panels becometegrah unit supported by the steel

angels. Afterwards, the post-tensioning channelse weouted to make the bridge deck
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panels locked with the steel beams through compasition (sed-igures 26 and 37
Type K non-shrinkage cement, shipped from Texass peured as the overlay (see
Figure 28) Type K cement costs about $1.7ffir this bridge, which is more expensive
than silica fume concrete. However, according sodbntractor, it is easier to work with
than silica fume concrete.

The approach slab was poured prior to the placemwietiie concrete overlay and a
joint was set between the approach slab and bfidgeend (sed-igure 29) Galvanized
female inserts were embedded in the curb, the taphech matched the top of overlay
(seeFigure 30. These inserts were set to connect the pedes$émamg.Figure 31shows
the barrier reinforcement setup afidure 32illustrates the completed barrier. The bridge

construction was finished in December 2003 (Sgares 33 and 34

T e e

.16-(a)-Erecting a S‘kylirrylgBridge Paneltbé Truck

==

Figure 4
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Figure 4.1-b)-an View of Sklié Bridge Panels
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Figure 4.17-(c)-Another Plan View of Skyline BridBanels

B

Figure 4.18-(b)-Channel Details before the Possitering Strnds' are Pulled Through
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Figure 4.19-Panel Shear Key Configuration

o 1 gy

Figure 4.21-Plan Vie of Skylin Bridge beore Ptestsioning
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Figure’

Figure 4.24-Postensionin Strands
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Figure 4.26-Pouring Post-tensioning Channel

Y

Figure 4.27-Curing Post-tensioﬁing Channels

92



Figure 4.28-Curing Type K Cement Overlay

Figure 4.29-Joint between Approach Slab and Float E

Figure 4.30-Galvanized Female Insert
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Figure 4.33-Plan View of Completed Skyline Bridge
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Figure 4.34-Elevation of Completed Skyline Bridge
4.7 COST ANALYSIS

The bridge costs $682,249, which converts to a cost of $61.39/ft($43.68/ft for
superstructure and $17.7%ffor substructure) based on Hawkins Constructiomg@any.
The cost of the 6 in. precast deck panels is $225,&hich converts to a unit cost of
$19.37/ft (see details in Table 1). For comparison purptiee pidding from other two

contractors is given in Table 2.
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Table 4.1-Detailed Project Cost Data from Hawkims§ruction Company

Unit Unit
ltem Price | Amount | Cost
Category # Item Description Quantity|  Unif ($) (%) ($/1t2)
1 NUDECK Panels 137.9 LS 215,292.0 19.37
2 Class 47BD-30 Concrete for Bridge 16.8 % m 372.12| 6,251.6 0.56
Placing, Finishing, and Curing Type K
3 Overlay 1,039.6 m | 13.87 | 14,419.3| 1.30
Superstructurg 4 Concrete for Overlays-Type K 67.5 ®m| 281.95| 19,031.6| 1.71
5 Steel Superstructure at Sta. 286+20 126,1669 209,662.0 18.87
6 Pedestrian Barrier Rail 69.2 m 98.70 6,826.6 610.
7 Pedestrian Railing (Chain Link Type) 76.9 m B4l 13,936.9| 1.25
Sub-total Cost (%) 485,420.0
Sub-total Unit Cost ($AY 43.68
8 Abutment No. 1 Excavation 42.6 LS 2,542.( 30.2
9 Abutment No. 2 Excavation 42.6 LS 2,542.( 30.4
10 Pier No. 1 Excavation 40.6 LS 5,995.( 0.9
11 Precompressed Polyurethane Foam Joint 34.6 m8.999| 3,423.1 0.31
12 Fix Bearing 5.0 each 794.00 3,970.( 0.9
Substructure 13 Class 47BD-20 Concrete for Bridge 16.2 m 299.60| 64,833.4| 5.83
14 Structural Steel for Substructure 1,073.0 kg .752 | 2,950.8 0.27
15 Concrete Slope Protection 38.5 2 m 76.74 | 2,954.5 0.27
16 Epoxy Coated Reinforcing Steel 18,6560 kg 11.4 26,305.0 | 2.37
17 | Subsurface Drainage Matting 74.4 ' m 12.18 | 906.2 0.08
18 HP 310 mm x 79 kg Steel Piling 1,449.1 m 54.76§9,352.7 | 7.14
19 38 mm Conduit in Bridge 80.4 m 13.12 1,054.2 .090
Sub-total Cost (%) 196,828.8
Sub-total Unit Cost ($At 17.71
Total Cost ($) | 682,248.8
Total Unit Cost ($/fl) 61.39

Note: The total deck area = 11,112.98 ft
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Table 4.2-Bidding Data from Other Two Contractors

VRANA & SON LUXA CONSTRUCTION
CONSTRUCTION CO. COMPANY
Category Iltem # Item Description Quantity]  Upit Unit RricAmount Unit cost|[ Unit Price  Amount Unit cogt
1 |NUDECK Panels 137.9¢ LS || 244,050.d0 244,050}00 21196 261,586.50 26156B6. 23.54
2 [Class 47BD-30 Concrete for Bridge 16.80 ni3 50D.10 BeE 0.7 1,067.70 17,9376 1}61
3 |Placing, Finishing, and Curing Type K Overlay DGR m2 2270 23,598.92 212 37|37 38,849.85 3.50
Superstructure 4 | Concrete for Overlays-Type K 6f.50 3 35.9] 22,673.2b 2.4 589.118 39,769.65 B.58
5 |Steel Superstructure at Sta. 286+20 126,1¢6.00|LS 8748 21.4 308565|3 277
6 |Pedestrian Barrier Rail 69.l17 m 10D.8 6971|832 D.63 6I/36.9452.7805p 0.85
7 |Pedestrian Railing (Chain Link Type) 76|86 175.8 11309 1.2 119.98 9190.3209 083
Sub-total Cost ($) 557,946.79 685,351.76
Sub-total Unit Cost ($/ft2) 50.21 61.6f
8 |Abutment No. 1 Excavation 4250 L9 2,97d.00 .27 8641.  0.71
9 |Abutment No. 2 Excavation 4250 L9 2,97d.00 0.27 8641.  0.71
10 |Pier No. 1 Excavation 40.p0 LY 3,660.00 .33 17,083.2 1.5
11 [Precompressed Polyurethane Foam Joint B4.58|Im 130.80495.4( 0.4 125.99 4,356)73 0.39
12 |[Fix Bearing 5.0 eacli 910.4J0 4,550.p0 ofi41 907.55 4,537.75 0.41
Substructure 13| Class 47BD-20 Concrete for Bridge 603 387.69) 83,876.¢4 7.55 774108 167,51p.91 15.07
14 | Structural Steel for Substructure 1,073.00 K .20 506160 0.4 4.8D 5,150.40 0}46
15 |[Concrete Slope Protection 38,50 208.20 8,015.70 20.7 77.84 2,996.8¢4 0.27
16 |Epoxy Coated Reinforcing Steel 18,656 .OorjE 1.70 1H.2ZQ 2.8 1.6p 31,528.64 2184
17 |[Subsurface Drainage Matting 74140 23.50 1,748.40 16|0. 43.7§ 3,257.243 0.29
18 |HP 310 mm x 79 kg Steel Piling 1,449.10 61.80 8935% 8.04 79.0L 114,493.B9 10|30
19 |38 mm Conduit in Bridge 80.85 m 55|00 4,419.25 .40 35]3. 1,072.6Y 0.10
Sub-total Cost ($) 242,481.57 369,070.97
Sub-total Unit Cost ($/ft2) 21.87 33.21L
Total Cost ($) 800,428.36 1,054,422.73
Total Unit Cost ($/ft2) 72.03 94.88
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CHAPTER 3

NUDECK SYSTEM DETAILING

3.1 CROWNING THE PREAST PANEL

3.1.1 Creating the Crown Panel

Since the precast panel is transversely pretergjameating a 2% crown was one of
the most challenging issues during the NUDECK sysievelopment. One possible way
of achieving the required crown is to vary the kniess of concrete overlay based on the
required profile. However, it will results in a dge deck panel with various thickness,
which is not acceptable by NDOR. Eventually, arowvative detail was created utilizing
a plastic rod as a “hinge”, which enables the panaiotate under its self-weight and

form a crown.

Two precast panel specimens were produced to deratsnshe proposed crowning
details. The first panel was made in Concrete ItitassINC, Lincoln, as shown iRigure
1. This panel is about 55 ft long, 8 ft wide, anéh6thick with a skew of 25 Figure 2
presents a closer view of panel at the crown looaflo achieve a crown of 2%, an 8 ft-
long, 1 3/4 in. diameter HVC plastic rod was puirg the centerline of crown. The
plastic rod is located 1 in. from its center to ffanel top fiber. It works as a “hinge”
allowing the panel to rotate about the plastic axts when the panel is lifted out of
prestressing bed. Four 0.5 in. diameter pretendi@ti@nds at the panel top layer pass
through the center of plastic rod. Underneath tlastig rod is a steel plate, which has
slots at the related locations allowing the bot&irands to pass though. As illustrated in

Figure 3,4-#7 bars are discontinuous at the plastic rodsé®el plate location. Note that
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each pair of pretensioned strands at the top attdrbdayers is tied vertically by wires to
avoid the strands’ splitting when the panel rotabsg the plastic rod. The bottom
strands are debonded approximately 12 in. at edehas$ plastic rod, which allows the
bottom strands to shorten relative to the panetiaia. The steel plate is tapered along
the panel thickness direction as shownFigure 4 With slots at the bottom strand
location, the steel plate can be removed when émelgs lifted out of prestressing bed.
Figures 5 and 6llustrate the panel being poured and seated énpiestressing bed,
respectively. The crown was created when the pamsl lifted out of prestressing bed

(seeFigure 7. Afterwards, it was put on a template with a 28w during handling and

shipping.

. .

Figure 3.1-Plan View of Crown Panel Reinforcemegsiu$

e

,,, XX

Figure 3.2-Panel Detailing at the Crown Location
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* Figure 3.5-Casting the Panel
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Figure 3.7-Lifting Panel out of the Prestressing Be

This panel was successfully produced with a 2% onrowmeeting was held among
the UNL researchers, precast producers, contractords NDOR bridge engineers to

discuss any possible problems using the modifiehilde Some of the issues and

concerns are listed as follows:

1) Some contractors proposed the question of agethie precast panels by two CAT

950F front end loaders, which necessitates a higbuat of positive reinforcement to
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resist the construction loading. In the currentatieg, only four pairs of pretensioned
strands are continuous along the bridge transw@rsetion, which is inadequate to carry

the loading due to the front end loaders.

2) After the bottom steel plate is removed fromplhaeel, the section is pre-cracked at the
bottom, which requires grouting after the crowgnsated. Since it is hard to do grouting

underneath the panel, further simplification isdesk

3) Since the hinge locates at the top of the dackeland the panel might rotate back and
forth about the plastic rod when the live loadiagpn and off, some of the NDOR bridge

designers were concerned about fatigue of the tnogtoands.

3.1.2 Consideration of the Feedback

As indicated by the local contractors, the CAT 9%0lkeel loader is a commonly
used machine on many job sites. It can quicklyitbedf with the required attachment and
is easy to rent locally. Installing the precastedamequire two wheel loaders. The total
weight of each machine is 35,000 Ibs and its widt® ft. About 70% to 80% of the
machine weight goes to its front axle during parettion. An analysis was performed to

determine the required positive reinforcement sistehe construction loading.

Figure 8shows a possible arrangement of loaders to deterthe maximum positive
moment. Considering two wheel loaders, the machoael = 2(35) = 70 kips. It is
conservatively assumed that 80% of the machine weaiges to the front axle, which
gives 0.8(70) = 56 kips. Note that each deck paahstalled by two loaders, which

indicates the panel weight of 27 kips is distrilouby four front wheels. Thus, the load
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per front axel = (56 + 27)/4 = 20.75 kips. Thiscers distributed to an effective tire
width of 20 in., which equivalently applies a umifoload, w = 20.75/(20)*12 = 12.45
kips/ft. As shown irFigure 8,a simple-span beam, 9.84 ft long, is subject t® dimiform
load, which results in a maximum positive momen2@f75(1/2)9.84 — 20.75(14+10)/12
= 60.6 ft-kips. Assuming a load factor of 1.75 flis vehicle load plus the deck weight it
carries, the factored moment at ultimate is 1.785)66 106.1 ft-kips. The moment due to
the deck weight underneath the loader is 0.15(2)269.84%/8 = 6.4 ft-kips. Consider a
load factor of 1.5 for the deck self-weight, whigives a factored moment of 1.5(6.4) =

9.6 ft-kips. Thus, the total factored moment is.1069.6 = 115.7 ft-kips.

Based on the analysis, 8#7 bars at the deck boitera made continuous along the
transverse direction to provide adequate flexueglacity and carry the wheel loaders.
With 8#7 bar plus 4-0.5 in. diameter bottom stranttse flexural capacity is

approximately 166 ft-kips.

In addition, the plastic rod was moved to the pdm¢tom according to the feedback
from precast producers and the NDOR bridge engine@onsequently, three pairs of
A706 #7 bars were placed at the deck top and wetdtnt the crown formation to

maintain the panel’s stability during handling atnibping.
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Figure 3.8-CAT 950F Wheel Loader Arrangement

3.1.3 Optimizing Crown Panel Details

After the feedback from various agencies was takenaccount, a 10 ft x 8 ft x 6 in.
crown panel specimen was produced at Rinker Mddettademonstrate the modified
details. As shown iifrigures 9 and 1@pur pairs of 0.5” diameter, Grade 270 ksi strands
at 2 ft spacing were arranged along the lengthctioe. Three pairs A706 #7 bars were
placed between the top strands with 1 in. cleaectw the panel top fiber. To avoid any
concrete crushing under the bottom #7 rebar whempémel deflects to form the crown, a
compressible random oriented fiber was put arolned#7 bar (se€igures 11 and 12
Also shown is a foam block to allow cutting the &ipands after the concrete is poured.
Note that all bottom #7 bars pass through the iplastl to ensure adequate flexural
capacity.Figure 13illustrates the panel after concrete casting & phecast yard. Once
the panel is lifted out of the prestressing bed glaced on a wood template which has a

2% crown (seéigure 14. Afterward, the top steel plate was removed asvshin Figure
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15. The four top 0.5 in. pretensioned strands wereatuthe crown location, which
allowed the panel to deflect following the givemfie of the wood template (séggures
16 and 1). Three pairs of A706 #7 bars were welded by spéates to maintain the
crown during handling and shipping (d&gure 1§. Finally, the pockets were grouted at

the crown location.

The crown forming details were updated to allow thoe operation of construction
vehicles over the precast panels. In comparisoh wie first crown panel made in
Concrete Industries INC., the new detailing is expeé to facilitate the panel production

while providing better structural performance dgrpanel handling and shipping.

The crown panel production procedure is summaraetbllows: 1) prefabricate the
panel; 2) remove the panel from the prestressimdy Bg place the panel on a crown
template or support; 4) remove the foam block {eelstube) and the top steel plate; 5)

cut the top strands; 6) weld the A706 #7 bars; @ngrout the pockets.
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Deck Panel Top Plan View Deck Panel Bottom Plan View 2. #7 A706 need to be welded after the crown iméat.

1/8"-thick steel tube 3"
(or any other blockout to allow for strand cutting)
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See Detail Il

0.25"-thick Steel plate,
see detail on page 2.

Bottom strand

0.25"x0.375" Random oriented fiber

A1-Al: Deck Panel Cross Section 1.75" Diameter plastic rod , . . .
glued with plastic rod, continuous full panel width

Detail Il
Figure 3.9-Production of a 10 ft x 8 ft Crown Pabetails 1
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1/8"-thick steel tube
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See Detail Ill | 0.25"-thick Steel plate
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A2-A2: Deck Panel Cross Section 1.75" Diameter plastic rod 0.25"x0.375" Random oriented fiber
continuous full panel width
Steel tube Detail Il
‘ 2 ft ‘
" — C " Top plate
r3 3
3.875" Plastic rod 3.875"
1
0.6875" .87 0
1.0625" 93 s O o\0O 175 L
0.375" 0. 375"r
[S—— L 0.25" . .
0.5" strand #7 Bar ¢ _— \ Random oriented fiber Random oriented fiber
N N 1" Diameter hole
2.1875" 2.1875 0.625" Diameter hol
B-B . iameter hole -C
Steel tube

Top plate

I

21 |

Elevation of Top Plate and Steel Tube

Steps of Production:

1) Prefabricate panel;

2) Remove panel from casting bed;

3) Place panel on a crown template/support;

4) Remove steel tube with top plate and cut tognsis;
5) Weld 3 pairs of #7 A706 top bar at ends;

6) Grout pocket.

Figure 3.10-Production of a 10 ft x 8 ft Crown Pldbetails 2
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Figure 3.13-Pouring Concrete for the Panel
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Figure 3.16-Cutting the Top Pretensioned Strands
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¥

Figure 3.18-Welding the A706 #7 Rebar

==

Figure 3.19-Grouting the Pockets at the Crown Liooat

3.1.4 Testing the Crown Panel Specimen

After the crown panel was made in Rinker Materidlsiyas shipped to the UNO

Structures Lab for testing. A 2 in. concrete togpimas cast to simulate the concrete
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overlay of the actual bridge deck. This testing wdended to evaluate the structural
performance of the crown panel using the modifiethits. As shown irFigure 20Q the
panel was supported by two concrete blocks withearcspan of 9 ft between the
centerline of bearing. Also shown are two steelnieaeated against high strength
threaded rods, which were tied with the concraterfl The hydraulic jack was put on a
steel plate at the panel center. Several straigegaare attached to the various locations
and the deflection can be measured by the testitugp sConcrete strength at 28 days was
approximately 6,500 psi for the 6 in.-thick deckeband 5,000 psi for the 2 in. overlay.
Figure 21illustrates that the panel was tested to failuFbe ultimate loading is
approximately 55,000 Ib, higher than estimatedwhich the pretensioned strands had
bond failure. The load-deflection diagram is showrFigure 22. Note that the panel
deflected about 0.55 in. under the peak loadingpide that the strands had bond failure,
the modified hinge details exhibited excellent stimual performance as expected, which

was the main objective of the testing.

. Figure 3.20-Crown Panel Testing Setup
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Figure 3.21-Crown Panel Testing to Failure
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Figure 3.22-Crown Panel Load-deflection Diagram

Load (Ibs)

3.1.5 Alternative Crown Forming Scheme

The precast producers and some NDOR bridge desigmeposed an alternative
scheme to create the crown. It was suggested lbapdnels were produced as flat and
there was no need to form the crown intentiondnce the panels are placed on the

beams, they may deflect under their self-weightofwing the elevation of supports,
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which results in an automatic crown forming. Thcheame sounds attractive since it
removes the crown forming procedure and largelypbfras the panel production. An
analysis was performed to verify the feasibilitytlo scheme.

A typical unit panel, 51.5 ft x 7 ft x 6 in., is meidered to be placed on the angle
support system (sdégure 23) The elevation of supports reflects a 2% crowma@lthe
panel transverse direction. Note that the panglaitsupports A and B, which creates a
cantilever for the panel parts exterior to suppérend B. The partial panel for analysis,
which locates the right side of support A, is ithased inFigure 23 The panel deflects
due to self-weight and matches the supports’ el@vatSection 1 refers to the section
which has 2-0.5 in. diameter pretensioned strandsda#7 bars. Section 2 is the precast
section, 7 ft x 6 inch. The section propertiesaaf®) and moment of inertia (I), of
Sections 1 and 2 are given as follows:

For Section 1, A =4[ 4(06) + 2(0.153|= 10.82 in’;

m(05%)

+ 0.6(1.5632)} + 4(2)[T+ 0.153(L.375) |= 26.244 in®:

A 4){71(0.:4754)

(see Chapter 2 for detailed dimension)

3
For Section 2, A = 7(12)6 = 504 inl = % =1512 in.*. The uniform loading

due to panel self-weight, w, is 0.15(7)(6)/12 =2hXips/ft. Using the RISA program,

the moment at section I-l is 150.97 ft-kips and dleflection at the free end is 11.2 inch.

The stress of top fiber at Section I-I is deterrdias — Mly‘ = —1511__;%(22)3 =-3.595 ksi

(tension). The prestress force due to 8-0.5 in.tepgoned strands, P =

8(0.9)202.5(0.153) = 223.1 kips assuming 10% pesstioss. The compression stress
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o 2231 _ 0.443 ksi. As a result, the final stress at the toprfibe

due to prestress
7(12)6

>1T

Section I-I = 0.443 — 3.595 = -3.152 ksi (tensioi)e tensile stress at this section is so
high that concrete will definitely crack. Thus,dlalternative crown panel concept is not
feasible.

€ Roadway
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Figure 3.23-Alternative Crown Forming Scheme
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3.2 POST-TENSIONING ANCHORAGE DETAILS

3.2.1 Considerations of the Anchorage Zone

The precast deck panel is only 6 in. thick whilegbressed with 16-0.6" diameter
strands longitudinally along each open channelrétbee, the anchorage zone is critical
for design. Unique concrete post-tensioning anamrdlocks are proposed and
illustrated inFigures 24 and 25 he post-tensioning concrete block would beitefilace
as part of the abutment back wall. The concretekblmuses standard Freyssinet four-
strand thin member anchors. It is creatively reicdd with stud rail reinforcement which

has just recently been endorsed by ACI 318 Buildinge for reinforcement of thin slabs
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in punching shear. The anchorage reinforcementistsnsf % in. stud rail at 3 in. spacing
and #4 rebar at 3 in. each way. The stud rail oec&ment is used to resist splitting due
to post-tensioning. Based on a preliminary desigit rebar are included as the

tensioning tie along the anchorage block end.

Alternatively, a structural steel anchorage blockynbe more economical in the
Northeast and other parts of the country. It dagsequire Freyssinet anchors or precast
concrete blocks. The steel anchorage block consisisveral steel plates which form a
frame transferring the post-tensioning force togherast panel (séagure 2. Despite a
higher cost than the concrete block alternativenoneal of the steel block for future reuse

should be feasible so that the overall cost catdigtebuted.

Precast panel

—\/ }j

0.6" post-tensioning strands
Precast concrete anchorage block

>

45 1/4* |

™
Figure 3.24-Plan View of Concrete Post-tensionimgi#orage Block
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4-Freyssinet '4S6' standard anchors
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Figure 3.25-Concrete P/T Anchorage Block Sectidiis-A, B-B, and C-C
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Figure 3.26-Plan View of Structural Steel P/T Ancuge Block Alternative

52



3.2.2 Post-tensioning Panel Demonstration at the UNO StructuresLab

Due to conflicts in laying out the anchorage blagith the approach slab in the
implementation bridge, NDOR bridge engineer recomuted that the anchorage block
be made integral with the end panel. With this soty there is no need to cast or
assemble the anchorage block at the bridge sitgchwdreatly facilitates the bridge
construction. Accordingly, the Skyline Bridge ha@ltgpical precast panels and 2 special

end panels.

For demonstration purpose, a bridge deck panelimpecwas made in the UNO
structures lab. This specimen, 50 ft-long, 8 fteyidnd 6 in.-thick, represents an 8-ft
wide strip over a bridge girder line (séigure 273. There is a 12 in. wide open channel in
the middle of the panel for post-tensioning. Noasheey was included in this specimen
since it was made as an integral panel strip. Tdreelpwas reinforced by 4-#7 bars at
21.75 in. spacing transversely and #5 bars at 12pacing longitudinally. Totally 16-
0.6” strands were longitudinally post-tensionedsdAshown are the anchorage details at
the panel end including welded reinforcement mBdi4 x D14 @ 2 in. spacing, to resist
the post-tensioning force. Note that one mesh \eas into a U-shape at the panel end to
take the bursting force since the post-tensionirands were not vertically straight along
the longitudinal direction. The reinforcement mefdtails are given irFigure 28 A
curved steel plate with an outside diameter ofmM8mas put at the panel end to provide
adequate bearing due to post-tensioning. The cuplate was welded with a straight
plate at its mid-thickness such that they coulcebdedded with the panel (sEgure
29). There were totally 16-11/16 in. diameter holasthe curved plate allowing the

plastic shields to pass through.
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Figure 3.29-Post-tensioning Anchorage Steel Plates
Figure 30shows the conventional reinforcement setup fordémonstration panel.
Totally 16-0.6” strands were pulled through the romhannel (seé&igure 31) Some
commercial devices such as the “Chinese Finger’bmamitilized to facilitate this step
(seeFigure 33. Figure 33shows the anchorage details including the curved plate
and reinforcement mesh at the panel end. Note #abar was used to replace the
D14xD14 wire mesh in this panel for equivalency andvenience. The plan view of the
panel before pouring concrete is illustratedrigure 34 The strands projected about 4 ft
beyond the panel end to provide adequate lengtpdst-tensioning operation. After the

concrete was poured and hardened, the panel wdg f@apost-tensioning (seéégures

35 and 3. Also shown are the reusable chucks used irdémsonstration panel. A light-
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weight mono-strand post-tensioning jack was utilite tension the strands (semgure
37). Each strand was tensioned to 30% of full tensiolock-in the dead end anchorage
jaws. Two of the innermost strands were tensionedd. fAfterwards, tensioning was
applied from the center of the strand pattern ordwa both horizontal directions to
maintain the symmetry of P/T force. The strandsewearked at the chuck edge after the
initial tensioning to allow measuring strand eloia (seeFigure 3§. Eventually, the
strands were tensioned to the required force byrnwans of measurement: (1) strand
elongation, and (2) pressure gauge readingKgpees 39 and 40In addition, the panel

shortened relative to the wood foas expecte@see Figure 41)

Figure 3.30-Conventional Reinforcement Setup inDbenonstration Panel
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Figure 3.32-“Chinese Figer”'fo'r Pulling the Pastgioning Strands
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Figure 3.33-Anchorage Reinforcement Setup
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igure 3.35-Pouring Concrete for the Demonstanel
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Figure 3.36- Demonstration Panel beforé Post-tairsio

ronrs -

igure 3.37-Initial Post-tensioning

5

Figure 3.38-Marking the Strands
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Figure 3.41- Measurement of Panel Shortening

61



ML 7

Figur .4-Pane| End at the Tengibn End
Based on the experience of the demonstration panehowed that the post-

tensioning procedure was practical and the postidamg device was easy to operate.

However, some details may be modified to improve $lystem efficiency. Some of

issues are listed as follows:

1) The holes in the curved steel plate need to bergadato allow for pulling the

strands easily.

2) Since the anchorage details consist of steel meatsmall spacing, the concrete

needs to be flowable enough to achieve the depmadng quality.

3) The anchorage details with rebar mesh (or welded minforcement) worked as
expected under the full post-tensioning force flbrstrands and no cracking was
observed (se€igure 43. However, it would be more beneficial if the aacge

reinforcement was reduced or simplified.

4) Since the P/T strands were not straight at the Ipamé block, it was hard to
arrange the plastic tubes exactly as designed utithoy intermediate plate or

rebar.
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5) The curved steel plate was welded with a strai¢dtept its mid-depth to achieve
adequate embedment in the panel end. Howeverlpédidursting the panel due

to post-tensioning, which was not desirable.

3.2.3 Analysis of the Anchorage Zone

To optimize the anchorage block details, finitenedat analysis was performed to
determine the stress distributiofigure 43represents the FEA model of an end deck
panel, which is assumed to be 12 ft wide, 8 ft Jomgd 6 in. thick. The 12 ft width
reflects the maximum beam spacing allowed in Nédarasid most other states. A 12 in.-
wide channel starts 3 ft away from the panel endere the post-tensioning force is
applied. The model included a solid element fordbek panel and each post-tensioning
force was modeled as an equivalent area loadinfedpijpom the chuck to the end plate
along the panel longitudinal (length) directiofigures 44, 45 and 46lustrate the
analysis results in terms of the panel stress alihieg longitudinal, transverse, and
thickness directions, respectively. Note that thegb is subject to a high compressive
stress at the end and the post-tensioning forggadually spread out along the panel
longitudinal direction. To avoid any concrete craghat the end zone, the concrete
strength of end panel may be increased or somreeament should be provided. At the
open channel end area, concrete is in tension albagtransverse direction, which

necessitates some tensile reinforcement accord(sghFigure 45).
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Figure 3.43-FEA Model for Bridge Deck Panel

di,

Figure 3.44-Panel Stress along the Deck Longitudiraction
Note: tension stress is positive; unit is in psi.
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Figure 3.45-Panel Stress along the Deck Trans\irsetion
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Figure 3.46-Panel Stress along the Deck Thicknéssion

3.2.4 Modified Anchorage Details

According to the finite element analysis and thpegience from the demonstration

panel, two options of modified details were progbsene was the steel plate assembly

65



which consisted of 4 pieces of steel plates weldedbars;the other was the steel tube
assembly which was composed of 16 steel tubes ctethevith 2 prefabricated steel

plates.
3.2.4.1 Stedl Plate Assembly

The steel plate assembly includes 4 pieces of Iprietgted steel plates at a spacing of
1 ft (seeFigures 47, 48 and 494-#4 bars are welded across the plates to fofranae
with 2 bars at top and 2 at the bottohhe plates are arranged at 1 ft spacing so that the
strand profile can satisfy the minimum curvaturequieement in the LRFD
Specifications. Each steel plate has 16-1 in. dianteles allowing the plastic shields to
pass through (seleigure 48. Before pouring the end panel, temporary postitamnng
strands may be left in the plastic shields to awg possible blockage during panel

construction.

As shown inFigure 5Q the curved steel plate has an outside diametdrfofand a
dimension of 22 in. x 6 in. X 0.75 in. before baerdiWith the 1 in. diameter holes, 16
washers (O.D. = 2 in., I.D. = 0.75 in.) may be patween the chucks and curved plate
for adequate bearing, if necessary. Plate B, (2% 6 in. x 12 in., is embedded at the
post-tensioning channel end (sEmures 49 and 50)Plates C and D, 0.25 in.-thick
intermediate plates, may contribute to maintainrdwuired strand profile. According to
the local steel manufactures, i.e., Drake-Willigateel Inc., the cost of the 4 steel plates
is approximately $200.00. The manufacture indicateat the plate thickness barely
influenced the cost. In addition, A36 steel cosisw 2 cents less than Grade 50 steel per

pound, which is insignificant in this case if Greilesteel is used.
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Figure 3.47-Plan View of End Panel with Steel PR¢eembly
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Figure 3.48-Plan View of Steel Plate Assembly
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Figure 3.49-Elevation of Steel Plate Assembly
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Figure 3.50-Prefabricated Steel Plates Details

3.2.4.2 Steel Tube Assembly

The alternative anchorage detail, steel tube adgerobnsists of two steel plates
welded with 16 steel tubes, which may be prefabettas a whole piece and embedded
in the end panel (sd&gure 5). The tubes, 1 in. outside diameter with 0.1 limckness,

are bent to provide the strand profile. Accordingthe local steel manufacture, i.e.,
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Drake-Williams Steel Inc., the total cost of thischorage detail is approximate $600.
Since it is time-consuming to bend the steel tudrebs weld them with the steel plates as

requested, the cost is higher than that of thd ptate assembly.

Plate B: 0.5"x6"x12" "
12— -6
A | / A CT 2.175" 1.65" 2.175"
N S _t—*“'—*.\
|
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i
i
|
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Figure 3.51-Steel Tube Assembly Details

3.2.4.3 Sted Plate Assembly Specimen

Since the cost of steel plate assembly was mompéaigle than the steel tube assembly,
it was selected for demonstration at the UNO Stmest Lab. The post-tensioning panel
introduced in 10.2.2 was sawed 3 ft away from thaddend after the post-tensioning
force was released (s&&gure 53. The steel plate assembly was then placed inadudi

four steel plates welded with 4-#4 bdsge Figure 53)Note that two layers of 16 total
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plastic tubes pass through the steel plates. Aiswvis were 4-#4 bars placed near the
post-tensioning channel end and the panel end Zidme.reinforcement at the channel
end was used to resist the tensile stress andngrthesconcrete from cracking. The rebar
placed around the panel end zone should contriougpread out the high compressive
stress longitudinally and avoid any concrete cmughiAfter the panel end block was
poured and concrete hardened, 16-0.6 in. diamé&t@nds were fully tensioned. As a
result, the modified anchorage detail using thelgpate assembly provided adequate
strength to resist the post-tensioning force. Ngsleing or obvious cracking was found
during the post-tensioning process. From what heenlobserved, several issues are

listed below.

1) Since there was not enough concrete cover pedvidr the top 2-#4 bars which were
welded to the steel plates, two fine cracks wetmdbalong the rebar. It happened about
8 hours after the end block was poured. As a muatifin, the #4 bars may be welded to
the sides of intermediate plates instead of top &onttom. Also, the height of
intermediate plates can be reduced to 4 in. rdtfar 5 in. so that enough concrete cover

may be provided.

2) Two 1/4-thick intermediate steel plates helgedmaintain the demanded strand
profile. Also, they, together with the rebar, cdmited to take the splitting force due to

post-tensioning.

3) It was difficult to pull the strands through tpkastic tubes by hand since the distance
between adjacent plates is only 1 ft. Either adamgate spacing should be adopted or
less steel plates be included, say, three plasead of four, unless a strand-pulling

device is utilized.
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Figure 3.53-Plan View of Steel Plate Assembly
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CHAPTER 2

NUDECK SYSTEM DEVELOPMENT

2.1 BACKGROUND
The large majority of short to medium span bridgstesms in the United States are

the composite beam/slab systems. The beam is dignemecast prestressed concrete or
structural steel I-beam. Cast-in-place (CIP) raicdéd concrete deck system, as the most
commonly used system, has the primary advantagidsasufield adjustment to produce a
smooth roadway profile. But CIP bridge deck slakpegience cracking shortly after
construction due to its tendency to shorten retatorthe beams, which is resulted from
temperature gradients and differential creep amthlsdge. They generally require major
repair or replacement work in only 15 to 25 yearsile the beams generally last much
longer. In addition, nearly one-half of about 6@®M0Ghighway bridges in the United
States are in need of replacement or rehabilitatbomce a large number of these bridges

carry heavy traffic, it is necessary to remove aplace the deck in a short period.

Numerous attempts have been made to correct tlakness, with varying degrees of
success. One of the earliest FHWA “High Performa@macrete (HPC)” Showcase
Program bridges was the f»and Giles Road Bridge in Sarpy County, Nebraskachv
was opened to traffic in 1997. The deck was mad8,000 psi HPC concrete. Strict
curing specifications were placed, which includedsting, spraying of a curing
compound and placement of wet burlap for seven.ddpen inspection of the deck
several weeks after completion of the bridge, $icgmt cracking was observed at the
bottom surface of the deck. There have been sirabaervations on other bridges, even

with use of Type K expansive cement and shrinkagenpensating admixtures.
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Additional drawbacks of CIP concrete decks are $p&ed of construction and the need

for strict field quality control.

There are currently two types of precast presttesigek panel systems. The more
common one utilizes 3 to 5 in. stay-in-place prsi@med panels that span between beam
edges and are totally separated over beam topearidney house the positive transverse
moment reinforcement, which is generally pretensignstrand. Negative moment
reinforcement is provided in a CIP composite togpimhis system sometimes
experiences reflective cracking over panel edgeadtition, experiments in the NCHRP
12-41 project have confirmed that lack of anchothaf transverse strand reinforcement
in individual panels into the beam supports reduwreking action and the system’s load
capacity compared to full-bridge-width CIP or pretcg@anel systems. Another major
drawback of this system is the need for conventidoeming and construction of

overhangs.

The second precast concrete deck system, oftenimseglacement projects, is full-
depth, full-width precast panels that are abouto810 ft long. These panels are
conventionally reinforced in the transverse di@ttand post-tensioned along traffic.
They have been placed primarily on steel plate bbadges with the horizontal shear
stud connectors clustered in pockets at aboutspdting. The pockets are grouted after
the panels are post-tensioned. This system doebawet the flexibility to be used with
precast prestressed beams because the horizorgal shinforcement cannot be
conveniently clustered in pockets. In addition, kgds and post-tensioning ducts require
grouting. The system generally has no transversstiassing, and is thus subject to

cracking under service conditions.
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It appears, therefore, that a need exists for teftective concrete deck system that
has the following characteristics: (a) Precast petecinstalled after most of the creep,
shrinkage and heat of hydration has taken plageP(bstressed concrete in which the
level of prestressing is high enough to resultarozesidual tension at service conditions,
both in the longitudinal and transverse directiof3; A panel system that allows for
simple construction and creation of composite actiith the beams, especially concrete
beams; and (d) A panel system that allows for ttestpessing to be introduced before
composite action takes place, so that the mucferstieams do not attract most of the

prestressing.

2.2 RESEARCH SIGNIFICANCE
Deck is connected with a basic component of mosgigbs built in the U.S.,

regardless of whether the supporting elements @& sr concrete beams, arches or
trusses. On the other hand, decks are the majacesaf bridge deterioration and
deficiency. Deck replacement must be done quicklyavoid loss of revenue to the
traveling public. In particular, the proposed bedipck system can result in a significant
reduction in the construction time of deck slabise Beck obtained is compressed in two
directions, resulting in a significant reductionaperation and maintenance costs and in
greater durability of the overall structure. Theasp between beam flanges is fully
covered with deck panels, thus protecting workegairest accidental falling. Rapid

construction and reduced maintenance diminish tblegbility of workers’ injury.

This report presents an innovative full-depth pstipaestressed concrete bridge deck
system that enables fast efficient constructioe]dg superior performance in service,

and reduces long-term maintenance and replacerosts ¢
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2.3 DEMONSTRATION PANELS

During the early-stage of full-depth NUDECK pansistem development, four
precast panels were produced for demonstrationogarn 2001. Two basic types of
precast panel systems were presented: one is #duagtrprestressed deck panel (see
Figures 1 and )2and the other is the precast conventionally ceodd deck panel (see

Figures 3 and @

Figure 1shows two 4 ft long by 46’-6” wide by 6 in. thigganels on display at the
Concrete Industries INC., in Lincoln, Nebraskkagure 2illustrates the details of the
precast prestressed panel, which is reinforced @Bhin. diameter, Grade 270 ksi low
relaxation strands along the panel transverse ttbrecAlso shown are the adjustable
bolts to achieve the required panel elevation. Phen view of a conventionally
reinforced panel is illustrated iRigure 3 The transverse joint between panels may be
spliced by spirals (see Badie, 199igure 4shows the details of the precast panel over a
concrete block. Note that a steel plate was emlzkdtithe block top surface to simulate

the steel beam top flange.

The panels shown ifigures land 3 were designed for a beam spacing of 12 ft,
which was the maximum spacing allowed in Nebrasié many other states, and for a
skew angle of 30) which is near the limits for skewed panels irs thystem. For larger
skews, right angle panels may be more convenienséo The panels were produced by
Rinker Materials in Bellevue, Nebraska, and shippedConcrete Industries INC.,
Lincoln, Nebraska. This provided a full-scale destoation of the handling, shipping,

and installation ability of these panels, as ma@sual observers would tend to believe
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that they are too flexible to handle and ship. Ehdsmonstration panels showed that the

precast deck system was easy to work with.

According to a discussion among UNL researchemcgst producers, and NDOR

bridge designers, the precast panel system wasefusimplified to improve its ease of

production and structural efficiency.

Precast concrete, or
prefabricated steel beam

Precast deck panel

Longitudinal post-
tensioning strands location
(Strands are not shown)

Gap along beam line

Shear key between panels

Figure 2.1-Plan View of Precast Prestressed Pan&dmonstration

26



Inserts for railing
connection

3 in. diameter grouting
hole (needed for wide
flange concrete beams

only)
4-#7 rebar @2 ft

2-0.5 in. diameter
pretensioning strands @2 ft

Figure 2.3-Plan View of a Precast ConventionallynReced Panel
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Figure 2.4-Details of Precast Conventionally Reioéal Panel over Concrete Girder

2.4 Description of NUDECK Pand System

Figure 5shows the modified NUDECK panel system which waplemented in the
Skyline Bridge in Omaha, NE. The panels are 8rgl@along traffic) and as wide as the
bridge, i.e. 51.5 ft. The plan view and cross secwof a typical NUDECK panel are
shown inFigures 6, 7 and 8Note that each panel is reinforced with #5 bar$atn.
spacing along the beam line direction. The trarseveeinforcement is pairs of 0.5 in.
diameter, Grade 270 ksi low relaxation strands4ain2 spacing. The two strands in the
pair are spaced vertically to allow 1 in. concrétar cover. The effective pretensioning
stress (after accounting for time dependent los®sunts to about 350 psi. Considering
arching effects and strand continuity, theory ha@as this quantity to be adequate for
beam spacing up to 12 ft. To assure a short tratesigth of prestressing, an innovative

detail was used. High strength wire spiral wasgila@round each pair at the end 2 ft.
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Figure 2. 5 Plan V|ew of Typlcal Precast Prestre$$6®ECK Panels
One of the primary innovations of this system is thlly open gap in the panel over

each of the beam lines. To preserve the tensidharcontinuing strands and, thus the
pre-compression in the concrete, the absent canestap in the gap is substituted with
4#7 bars at the location of each pair of stranti®s€ bars can be viewed as “prestressed

rebar”.

Within the space in any given gap, the tensionaichepair of strands is equal to the
compression in each set of four bars. In the soidcrete between beam line gaps, the
tension in the strands is equal to the compressiothe concrete. The bar size is
determined by its ability to resist buckling duripgestress release and bending during
handling and erection. The value of a totally ogap is to avoid conflicts with the
composite action studs, and more importantly tatlyesimplify post-tensioning in the

longitudinal direction.

Large diameter studs are placed at the centerlinbeobeam in one row at 6 in.

spacing. NCHRP 12-41 project and additional fundesearch by NDOR included
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extensive ultimate and fatigue studies on 1 % imméter studs. It has been
demonstrated that each 1 ¥ in. stud is equivateabbut two 7/8 in. diameter studs. A
bridge has already been constructed with this negved stud and has performed equally
to conventional design. Using these large studatlyreeduces fabrication costs of steel

plate girders, improves safety in the field, aneess up total construction.

The hanging supporting system, or plastic shimkstacan be placed at the corners of
the panels at each beam line ($égure 9) The height of support or shim stack is
expected to be provided by the designer. The desighould calculate the support or
shim heights after accounting for deflection dugémel weights and additional loads.
After the panels are set in place on the supportslims, further minor profile

adjustments can be accommodated in the toppingnass.

4.5" OD, 4" ID,

«  2-1/2" diameter,
145 ksi, 0.5" pitch spiral ar1@24

Grade 270 strands @ 24"
T S K\_ \\  A AN \\  "\ \

2' (Typ.)\ \ \ N \\

. T \ \ \.\ \_\ \.\
ANV A IRANRRE INARARAN

| N \ ; XX N \ 3
\

8

G Girder ~ #5@12"
Figure 2.6-Plan View of a Typical Prestressed NUBHRanel

1/2" diameter strand 4.5" OD, 4" ID, #5@12"
@ 24" oncenter 145 ksi, 0.5" pitch spire% AHT@24
n
e
ﬂ 1-0" b 2-0"—+— 20" 2-0"— 1'-0" k
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Figure 2.7-Cross Section of a Typical PrestredddDECK Panel
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B ~_— Typical precast
Lt / panel
2-0.5” diametel

pretensioning
strands @2 ft

4-#7 @2 ft

1 ¥
“‘ i

Figure 2.8-Precast Prestressed NUDECK Panel Details

NUDECK panel

#1bar 1 q/4"stud

\ /
0.6" stranc

Steelbean

Figure 2.9-Arrangement of Post-tensioning Strands

Grouting of transverse shear key joints betweenelgais done using a high
performance concrete flowable grout. There is nedn® use shrinkage-compensating
admixtures in this grout as the joints will havesgrvice residual compression due to
longitudinal post-tensioning. The grout strengtloldd match that of the panels, a

minimum of 5,000 psi.
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Post-tensioning is done using a unique procesd.d6n. diameter strands are
threaded between the pairs of strands and groufsuofbars. The gap over the beams
can be viewed as an open channel post-tensioningt,“dr sheathing.” The criticism in
recent years of a lack of quality grouting of ptestsioning ducts is totally eliminated
with this system. The tensioning of the stranddase individually using a light weight
mono-strand jack. Post-tensioning is done after tthasverse joints attain adequate
strength (about 1,500 psi) and before composit®racs effected. This puts the post-
tensioning force fully in the deck rather than fraéntly sharing it with the much stiffer
beams. This system is therefore highly resistamtatosverse cracking, which has been a
major problem in recent years. The longitudinalrected over the beams and the 2-in.
composite overlay are filled with Type K, non-shkage, cement. Grout in the channel,

similar to grout in P/T ducts, is not precompressed

A number of innovations are introduced with the NELK system. They include the
following: The panels are made of high performapoecast prestressed concrete. The
concrete is precompressed in two directions suah ttie residual stress in service is
compression and cracking is avoided. Most of theegr shrinkage, and temperature
change due to hydration take place before the p@&neionnected with the rigid
underlying beams, eliminating a major source otkireg. The continuous gap over beam
lines assures simple, high quality post-tensiorangd eliminates the question about the
guality of tendon grouting. Individual post-tensiilag of strands allows most contractors,
even in areas not familiar with post-tensioninggtothe post-tensioning work with local
crews. The precasters also would have the capalifid the option to include post-

tensioning as part of supplying the panels. Theo@sed prestressed deck panel system
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covers the entire width of a bridge, which elimagthe necessity of forming for the
overhangs. All materials used in the productiontlod deck panels and the other
construction steps are non-proprietary and readibjlable. This makes the system cost
competitive with cast-in-place concrete decks, a/ltilis much more rapid to build and
durable to maintain. Use of large diameter studsiges the required number of studs.
Thus, economy of fabricated steel beams is impraued, more importantly, worker
safety is enhanced. Finally, the cast-in-place layeallows for adjustments in roadway

profile. It provides an excellent riding surfacaddarge cover for the reinforcement.

25POSSIBLE CONSTRUCTION STEPS

The possible NUDECK panel construction proceduredisted as follows:

1. Determine the elevations of the support systedhiastall them.

2. Set the panels sequentially from one end, stamith the special anchorage end panel,
then the typical panels, then the special end palsd two CAT 950F Front End Loaders

or crane to install each panel.

3. Grout the shear keys between the panels. Maketlsel ends are fully sealed to prevent
accidental leakage into open channels.

4. Install post-tensioning strands.

5. Fill open channels and place overlay concrete.
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CHAPTERG6

NUMERICAL EXAMPLE OF NUDECK PANEL

6.1 STANDARD DETAILS OF NUDECK PRECAST PANEL SYSTEM
The standard details of the NUDECK precast declepare repeated in this chapter for

design engineers to facilitate their deck desigesénted herein are the reinforcement
setup of a typical panel, the shear key detaild,tha longitudinal details over the girder

lines (sed-igures 1 to 1

45" 0D, 4" ID, 7@24" 2-1/2" diameter,
145 ksi, 0.5" pitch spiral Grade 270 strands @ 24"

\ \ \ \
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¢ Girder #5@12"
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Figure 6.1-Plan View of a Prestressed NUDECK Panel

1/2" diameter strand 4.5" OD, 4" ID, #5@12"
@ 24" oncenter 145 ksi, 0.5" pitch spira A#1@24
4
6 0 —i & S — T
ﬂ 1-0" 20"+ 20"+ 2-0"+ 10" r
\ 8'-0" |

Figure 6.2-Cross Section of a Typical PrestredeDECK Panel

1.25"
1" 3.5 |
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Figure 6.3-Transverse Joint Configuration
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NUDECK panel

#1bal 1 /4" stuc

\ /
0.6" sfranc

Steel beal

Figure 6.4-Arrangement of Post-tensioning Strands Girder

6.2 DESIGN ASSUMPTIONS
The NUDECK precast deck panel is design based en UWRFD Bridge Design

Specifications using the approximate design methAdee following assumptions are

made during the development of this system.

Concrete:

Concrete strength at releasg, = 4,000 psi, concrete strength at 28 days: f
6,000 psi

Steel:

Low relaxation prestressing strand, 0.5 in. orif.@liameter, Grade 270 ksi, and
Grade 60 ksi rebar

Maximum girder spacing is 12 ft.

Maximum deck overhang is 4.5 ft.

The dimension of a typical precast panel is fuilge width, 8 ft-long, and 6 in.-
thick. The precast panel is made composite withra €IP concrete overlay.

Skew angle is up to 25 degree.
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* The weight of each barrier is assumed as 0.4 lepsipit length. A 2 in.-thick
future wearing surface is included in the analysis.

* The panel can be erected by crane or the CAT 93t#eloaders with a weight
up to 35,000 Ibs. During lifting of deck panelspemximately 70% to 80% of the
machine weight goes to the front machine axle.

In addition, the amount of post-tensioning stramdy be determined based on bridge

spans to satisfy requirements at the service antate limit state. The post-tensioning
anchorage details using either the steel platendsgeor steel tube assembly may be

adopted.

6.3 SKYLINE BRIDGE DECK DESIGN BY THE APPROXIMATE METHOD
The Skyline Bridge precast deck analysis is presknosing the approximate design

method based on the LRFD Bridge Design Specifinatidt considers a unit width of
strip supported by the girders underneath. Thip Erdesigned as a continuous beam and
the maximum positive and negative moment applylitdha sections. Considering the
Skyline Bridge,Figures 5 and @resent the moment diagrams due to one-truckwaod t
truck loading. Note that both the impact and thespnce factors are included. The values
shown are those prior to division by an equivaknp width (E. S. W.)Figures 7 and 8
show the moment due to deck weight plus barrier &mdre wearing surface,
respectively, which are also determined based eAfoot unit width stripTables 1 and 2
give the positive and negative moment due to loaglIplus impact on a unit width basis.
The sections A through D represent the positive srdnsections and sections 1 through
5 refer to sections at the supports. Listedlables 3 and 4rethe total positive and

negative moments due to various loads at the rkletiéical sections. The maximum
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positive and negative moment are 13.11 ft-kips abdB4 ft-kips, respectively. The
flexural capacity of the 7.5” thick bridge deck 38 ft-kips considering a unit length
section reinforced with 1-0.5” diameter pretenstbs&rand plus 1-#6 rebar. In terms of
analysis at Service lll, the stress at the decki@edottom due to all loading can be
determined as follows:

P My My M, +08(LL+IM)

A s, S

Where P = 0.9(202.5)0.153 = 27.9 kips

f, =

A=12(6) = 72irf

2
S, =&§)=72 in2

_12(75?)

S, =1125 in?

At the critical positive moment section, sectionMyeck = 0.55 ft-kips, Marrier= -0.51
ft-kips, Mys = 0.1 ft-kips, and M i = 7.37 ft-kips. Thus,

_ 279 _055(2) _(-051)(12) + 01(12) + 08(737)12

fb -
72 72 1125

=0.388-0.092-0.585

= -0.289 ksi (tensile). This satisfies with the d#®m stress limit of

0.19,/f, = 0196 = 0.465ksi.

At the critical negative moment section, sectioMeck = 0.9 ft-kips, Marier= 1.1 ft-
kips, Mys = 0.19 ft-kips, and M.+ = 7.46 ft-kips. Thus, at the top fiber of the @sic
deck panel section,

_ Mdeck _ (Mbarrier + Mws + 08(LL+ IM))yt
S Ibc

f, =

>|T
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12(6%)

where, S, = =72in2
3
| ~120057) _ 4519 in
12
y =6-0115_ oo5 i,

( 22790902 _(1+ 019+ 08(716)(12)225_ 300 15 449
12 72 4219

= -0.211 ksi (tensile). It satisfies with the tibms stress limit

0.19,/f, = 0196 = 0.465ksi.

of

M13

-48.3-47.0 -47.9-48.
. 483 483

Figure 6.5-Moment due to One-truck Loading (with &d Presence Factor)
Note: 1) Moment is in ft-kips; 2) The moment vaighown are that prior to division by an
equivalent strip width (E. S. W.).

G681

T M13

-44.9 ~428 4548 0
5o B

Figure 6.6-Moment due to Two-truck Loading (with Wid Presence Factor)

Figure 6.7-Moment due to Deck Weight plus Barriezigit
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=1

Figure 6.8-Moment due to Future Wearing Surfacegei

-1

-1

Table 6.1-Positive Moment due to LL+IM

0.3 0.3
0.2

=1

Positive Moment due to LL+IM
(E. S. W. =8.217 ft)
Location |LL+IM LL+IM)/E. S. W.
A 60.6 7.31%
B 48.3 5.88
C 48.3 5.88
D 14.8 1.8(
Table 6.2-Negative Moment due to LL+IM
Negative Moment due to LL+IM |
Overhang (E. S. W. =5.278 ft) Interior (E. S. W6.¥50 ft)
Location |LL+IM LL+IM)/E. S. W. LL+IM LL+IM)/E. S. W.
1 39.37 7.46
2 50.83 7.53
3 45.57 6.74
4 36.4 5.39
5 0.95 0.14
Table 6.3-Total Positive Moment
Positive Moment Mu
Location |Deck+Barrier| WS (LL+IM)/E. S. W.
A 0.04 0.1 7.3 13.11
B 0.66 0.] 5.88 11.46
C 0.34 0.1 5.8B 10.46
D 0.89 0.] 1.80 4.41
Table 6.4-Total Negative Moment
Negative Moment Mu
Overhang Interior
Location |Deck+Barrier| WS (LL+IM)/E. S. W. Deck+Barrier WS (LL+IVE. S. W.
1 2 0.19 7.46 15.84
2 0.59 0.2] 758 14.7
3 0.8 0.21 6.7 13.1
4 1.14 0.27 53p 11.7
5 1.1 0.19 0.1 1.9

N M OO
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Also performed is the analysis due to constructaading (refer to Chapter 3.1.2).
The total factored moment is 115.7 ft-kips consietwo loader wheels arranged in the
middle of the precast panel, which converts to I6kps per unit length. This flexural
moment is larger than the moment due to HL-93 logdi.e., the construction loading
controls the ultimate design. The flexural capaoityhe 6” thick precast deck panel is 25
ft-kips considering a unit length section reinfatceith 1-0.5” diameter pretensioned
strand plus 1-#6 rebar. In terms of analysis aviBe Ill, the stress at the deck section
bottom due to the construction loading can be detexd as follows:

¢ _P_M, +08M
b A SD

Where P = 0.9(202.5)0.153 = 27.9 kips

construction

A=12(6) = 72irf

12(6%)
6

S = =72in2

MpL = the moment due to the deck self-weight undemd#a loaders = 6.4/7 =0.91
ft-kips

M construcio= the maximum moment due to the loaders plus thelpgaerects = 60.6/7
= 8.66 ft-kips.

Thus, f, = 2729 _ 09149 +72'8(8'66)12 = 0.388-1.306=-0.918 ks .

This indicates the panel cracks under this constmicloading. However, the
arrangement of loader wheels is very conservatnge anly reasonable for the ultimate
design. Normally there should be only one loader, either one wheel or two wheels of

the same loader (5 ft spacing), acting on the pb@®leen the adjacent beams. Also, it is
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very conservative to determine the moment fromngphki-supported beam model since
there are 4-#7 bars and 2-0.5” diameter strandsacthe open channel.

Rebuild the model using the section propertiesrgivethe Chapter 3.1.5. Note that
the section over the gap has 2-0.5 in. diametéeps®ned strands and 4-#7 bars per two
feet. The section properties, area (A) and momeirtestia (1) per unit length, are given

as follows:

A=[4(06) + 2(0.153]/2 =1.353in., and

1, [ 70875 1, [ (05 N "
= (4){7 + 06(L56F )} + (2){T +0.153(L.375 )} =3281in% The

precast panel section, 1 ft x 6 inch, has the ptigseof A = (12)6 = 72 iff; and |= 216
in.%,

Considering the distributed loading from one fromheel is 12.45 kips/ft, the
maximum moment due to these two loading cases eaetermined a35 ft-kips, which

corresponds to a moment of 5.0 ft-kips per unigten

_279 091(12) + 08(50)12
72 72

f, =0.388-0.818=-0.430 ksi, which is within the

tensile stress limit.
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in the traffic direction.

Constructing formwork is one of the most expensine time-consuming duties
for CIP bridge deck construction. Approximately 55960% of the bridge deck cost
is in the labor and materials related to formwdtkout 20% of the overall time of the
project is spent on forming. Wood forming is comityonsed to form a flat soffit
between the supporting beams. Also, there are eauwnf reusable and adjustable
form accessories available in the market. Soméefmanufactures producing new
forming systems are listed as follows: Borg Adjbsaloint Hanger Co., Minnetonka,
MN; Economy Forms Corp. (EFCO), Des Moines, |IA; Mod Bridge Forming
Company, St. Louis, MO; Symons Corp., Des Plaities,

This system provides a smooth riding surface fa& traffic. However, field
casting and curing concrete necessitates a golddielity control, which might be
impacted by harsh weather conditions. Also, lordjital and transverse cracking are
regularly reported in CIP decks (Rogalla, 1995).e TWolumetric change due to
shrinkage, creep, thermal stresses, and chemicadmipatibility of concrete
components results in transverse cracking. Longiaddracking results from flexural
stresses. Cracking causes rapid deck deteriordggause of corrosion of the steel
reinforcement. Therefore, CIP decks normally lady 20 to 30 years and requires
replacement while the bridge girders are still @arvie. Even though some state
agencies allow the use of epoxy coated welded wilvere are some problems
encountered with this type of reinforcement, sugBaicing, especially with large bar

size, and the effect of epoxy coating on develograad anchorage.



1.2.2 Precast Concrete Stay-in-place (SIP) Deck Panel System

Precast concrete SIP deck panel system has beefywised in the Unite States.
A survey conducted by the PCI committee in 1982natbthat 21 states used this
system regularly, i.e., Kansas, Missouri, and Vii@i This system has the advantage
of cost-effectiveness in comparison with the CIBtem. Also, it reduces construction
time by eliminating field construction and remowaformwork.

Precast prestressed panels work as stay-in-planevark spanning the girders.
Although this system avoids field forming betwearders, the formwork for deck
overhang is usually still required. Once the paaedserected over the girders, the top
layer of reinforcement is placed and a cast-inglagncrete topping is poured. The
top surface of the panels is normally rougheneprawide mechanical bonding with
the CIP topping slab. Thus, the panels are madgasite with the concrete topping
after the CIP concrete hardens. The SIP panelsehthés positive reinforcement to
resist the moment due to its self-weight and Clipitag. The topping slab houses the
negative moment reinforcement to carry the momemsttd superimposed loads over
the girders. The precast panels are 2.5 in. toir8.5hick, and prestressed at their
centerlines with 3/8 in. or 1/2 in. strands. Theg #ypically 4 ft to 8 ft wide. The
thickness of CIP topping varies from 3.5 in. tg tontingent on girder spacing.

The SIP deck panel system proposed by Badie anb3 41997) consists of a 4.5
in. thick SIP precast continuous panel and a 4.&iok CIP concrete toppingigure
1 shows the cross section of the deck system, gpieal 44 ft wide bridgeFigure 2
illustrates the plan view of the precast panel. paeel covers the entire bridge width

and varies from 4 ft to 12 ft in length dependingthe transportation situation and
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lifting equipment available in the field. Along tiggder line, there is a full-length gap
of 8 in. wide to accommodate the shear conneciidis. panel is pretensioned from
end to end with 16-0.5 in. diameter, Grade 270sksinds. The strands are provided
in two layers and uniformly spaced at 12 in. asaghin Section A-A ofFigure 3 In
order to maintain the 8 in. gap over the girderlara to transmit the prestressing
force at the gap at the time of releasing the dBar28-#6 reinforcing bars are
arranged in two layers, shown in Section C-C~igiure 3 These bars have an 18 in.
embedment length to transfer the compression foxes the gap. Shear keys and
reinforced pockets are provided to maintain coritynin the longitudinal direction
between the adjacent precast panels. Section Fihime 4illustrates the dimension
of the proposed shear key. Reinforced pockets paeesl at 2 ft on center. Also
shown inFigure 4is the pocket configuration. The panel is reinéardongitudinally
with #4 bars spaced at 2 ft at the location of pbekets. The #4 bars provide the
lateral distribution of concentrated live loads,riskage reinforcement, and
longitudinal connection between precast panelsimovative confinement detail is
used to provide the tension development for thb&t4. The splice consists of a loose
9 in. #4 bar and a spiral of 3 in. O.D., 1 in. pjitand 0.25 in. wire diameter (see
Figure 5. This splice detail was evaluated with tensioecémen and found to
produce the full bar yield strength of 60 ksi (¥hia et al., 1997). A bolt-leveling
device was developed to level the panels by turtiiregbolt up and down when the
panels set over the supporting girders.

This panel system can reduce construction time%y®20% in comparison with



the full-depth CIP deck system (see Badie, 1997s0Ait shows substantial
elimination of the most significant problem encared in the conventional CIP deck
system, which is the transverse cracking due tccred@ shrinkage. This system
provides rapid construction as field forming isrehated because the SIP panel can

cover the full width of the bridge.
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| : W
12'
3 !
4.5" CIP Topping Concrete - ¢ Br:d’:'
4.5" [ . 4 1
4578 | ==1 = ]
4.5" Precast Continuous Panel
Figure 1.1-Cross Section of a SIP Bridge Deck
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Figure 1.2-Plan View of a SIP Panel
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Figure 1.5-Reinforced Pocket Details

1.2.3 Precast Deck Pand System

The precast deck panel system has become incrgagiogular due to the
demand for high performance structural componemtisfast construction. Full-depth
precast system may be conventionally reinforcednswersely prestressed, or
transversely prestressed and longitudinally passitmed. It is desirable to have
longitudinal post-tensioning to control transvecsacking at the panel joints due to
service loads. Transverse prestressing can bededliso that the cross section
dimensions of the panel can be reduced. This sysi@sntwo main advantages: 1)
high durability; and 2) fast construction. The cate of precast panel is plant
controlled which normally has a better quality thtaat of the CIP deck. The deck
concrete is generally strong when it begins torade with the beams. Also, the
shrinkage, creep, and temperature drop in the cehyenation cycle occur before the
deck is made composite with the rigid steel or cetgcgirders, which eliminates a
major source of cracking. Some of the newly devetbprecast deck panel systems

are studied and listed herein.



1.2.3.1 Full-depth Precast Deck Panel System by Yamane and Tadr os

The precast panel system proposed by Yamane andslad al. (1998) is shown
in Figure 6 This system includes precast prestressed coruaetds, welded headless
studs, welded threaded studs, grout filled shegs,Keveling bolts, and threaded bars
for post-tensioning. The panels are transversebtepsioned and longitudinally
post-tensioned. Pretensioned strands are arrangeailayers and the eccentricity is
minimized since the panel is subject to both pesitand negative moments.
Longitudinal post-tensioning has typically beenvymled at or near the mid-depth of
panels and the post-tensioning tendons are locdiede the top flanges of girders.
Blockouts are provided for anchorage and couplerdsoth transverse edges of the

panels.

Post-tensioning tendons

Leveling bolt
(to be removed
after grout hardened)

Non-shrink grout

Welded threaded stud
with plate washer and nut

Non-shrink grout

Figure 1.6-Precast Panel System by Yamane and adro

1.2.3.2 EFFIDECK System by Fort Miller Co., INC
EFFIDECK System, developed by Fort Miller Co., ING,a lightweight deck

system consisting of a 5 in. reinforced concreth Supported by closely spaced
structural steel members cast compositely with deek. The typical EFFIDECK

panel is 10 ft wide. Steel members rest directlystvmgers or floor beams to which
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they are bolted (seeigure 7. 3/4 in. diameter studs are welded to the topasarof
the tube beams so that composite action betweecaherete slab and the support
tube beams can be maintainigde Figure 8)The composite action between the panel
and the supporting stringers is provided by blot&on the deck, which is along the
girder lines. As shown irrigure 9 EFFIDECK voids out concrete between tubes
where it is not needed. This makes this deck sy$ggrthand as strong as it needs to
be. Notice how the deck is haunched down to theotyobf the tubes at stringers or
floor beams as illustrated iRigure 9 Figure 10shows an EFFIDECK Panel for
Stewart Ave. in Ithaca, NY, which consists of an5 deck supported by 8 in. deep
tubes. Stud shear connectors and threaded studlbwials are attached directly to the
stringer or floor beams from the top of the dec&e(Bigure 1). Panel-to-panel
connectors are attached to adjacent steel tubss,flidm the top of the deck. All
pockets are filled with non-shrink grout to achidut composite action. Steel shims
between tubes and supporting floor beams consti#wteel-on-steel load path (see
Figure 13. Non-grouted EFFIDECK panels provided a workfplah for the crane to

set new panels, as shownFigure 13



Panei to Panei
.Connection

Temporary
. ) Adjusting Bolt
1" Transverse Joint

Typicci Pane!

Access Pocket
for Anchorage
to Stringer.

Figure 1.7-EFFI-DECK System by Fort Miller Co., INC

Figure 1.9-A View of EFFIDECK Panel from Bottom
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Figure 1.12-EFFIDECK Panel Shimming
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Figure 1.14-Non-grouted EFFIDECK Panel Carrying@rane

1.2.3.3 Full-depth Precast Bridge Deck Panel by Issa, et al.
The full-depth bridge deck panel system proposetsbg, et al. (2000) is shown

in Figure 15.The proposed deck system utilizes stage construtdionaintain traffic

both ways. The deck panels can be either precasprerast prestressed, and
post-tensioned along the longitudinal direction pmvide continuity and secure
tightness of the joints between the adjacent pteeémments. The panels are
connected to the existing steel stringers or caaayeders through shear pockets to

provide composite action. The shear pockets argmes so that the configuration
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represents a tapered form, i.e., the top of thekgiors wider. The bottom of the
tapered shear pocket is controlled by the widtthefbeam flange. Furthermore, the

corners on the pockets must be beveled to elimstadss concentration.

7 Joint between
concrete slab ; " . 2 adjacent panels

Haunch

Blockout for stud
shear connectors

Post-tensioning ducts

Steel girder

SHEAR POCKET

TRANSVERSE JOINT

Figure 1.15-Full-depth Precast Bridge Deck Pandkbg, et al.

1.2.3.4 Full-depth Precast Bridge Deck Panel Used in Other States
The Connecticut DOT undertook rehabilitation of mgmmately 1640 bridges at

an estimated cost of $1.6 billion. Many of the bed involve complete deck
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replacements requiring complicated stage erectamuences and occasional bridge
closure during construction. In an attempt to expethe construction process, a
design using a precast concrete deck slab waspoied for one of the bridges,
Connecticut Bridge 03200. It is a six-span bridggehwa total length of 700 ft
consisting of straight composite plate girders migron tangents from pier to pier.
The structure is located on a horizontally compoouad/e requiring various degrees
of deck superelevation. To account for the cunegteach slab was designed as a
trapezoid. One end of the slab would be 8 ft widel @ahe other slightly less,
depending on the curvaturigigure 16shows a typical section of precast slabs of this
bridge. The panels were designed as full bridgehyi?6.7 ft, and 8 in. in depth. The
shear connector blockouts were rectangular, 18 fin. at the top and tapered from
top to bottom. The spacing of the blockouts was @fcenters for each slab. Three

7/8 in. welded stud shear connectors were placeddh blockout.

Blockout for Stud
Shear Connectors
Cast in Place Concrete

Grout Filled Haunches

8'x26'-8" Precast
Concrete Slab

Post- tensioning Strands

Figure 1.16-Typical Section of Precast Slabs oflg&i 03200 by Connecticut DOT

1.3SHEARKEY
1.3.1 Shear Key Proposed by UNL Researchers

It is required that the transverse joint can trandize loads and prevent water
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leakage. The transverse joint configuration progdseYamane and Tadros (1998) is
illustrated inFigure 17 A clear spacing of 0.4 in. is provided betweemgba for
production and construction tolerances. Rapid-setshrinkage grout material, Set
45, made at Master Builders, Inc., was recommebdsdd on the study preformed by
Gulyas. The simulated axle load consisted of famcentrated loads in accordance
with AASHTO Specifications and was applied to thieeations (sed-igure 18.
Location 1 was adjacent to a transverse joint, tiona2 was centered between
transverse joints, and Location 3 was at the edlgepoecast panel. A 2 million-cycle
fatigue loading was applied to Location 1. A wafmol was provided at the
transverse joint to check for water leakage duthme fatigue loading. A monotonic
ultimate load was applied at Location 2. At Locati8, only service loads were
applied to check stress in the panel. The testtsesiniowed that stresses for the loaded
side and the unloaded side of the transverse yeéné about the same for maximum
positive and negative moment zones, which indicttas the transverse joint detalil
effectively transfer loads from one panel to araednt panel. In addition, there were
no cracks or water leakage under the fatigue Igadiimerefore, the transverse joint
with the given configuration exhibits satisfact@grformance under service load and

fatigue load.

Rapid-set non-shrink grout

2

—r 2“
2ll
Z Oversized 2.2" Z
joint filler b oo
304

Figure 1.17-Transverse Joint Configuration
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Figure 1.18-Loading Locations

1.3.2 Shear Key Investigation by Issa, et al. (1995)

The investigation by Issa, et al. concluded thattthnsverse joints between the

precast slabs should be female-to-female (she3dr &ay have a minimum nominal

width of 1 % in. at the top and % in. at the bott@mngitudinal post-tensioning was

also recommended to secure tightness of the jdsga, et al. also did a case study of

shear keys used in the U. S. Some of them arel lastdollows:

In the Connecticut Bridge 03200, a standard shegrdonfiguration filled with

high strength, non-shrink grout was chosen fortthasverse joint (seEigure 19.

Longitudinal post-tensioning was designed to prevabntinuity. The strands were

16



pulled through plastic ducts that were splicedahetransverse joint through small
blockouts. An arbitrary stress of 150 psi was chof& simple spans and was
increased to 300 psi in the three-span continuousop of the bridge to account for

the significant composite dead loads and live ldesisses.

Non-Shrink Grout

3/8“

Foam Backer Rod

[T

Figure 1.19-Standard Shear Key Configuration otl§ei 03200 by Connecticut DOT

In 1987, Maine DOT had a deck replacement projecthe Deer Isle-Sedgwick
Bridge. This bridge consists of nine spans: foaft, one at 484 ft, one at 1080 ft,
one at 484 ft, and two at 65 ft. It has a totalttvidf 23.5 ft center to center of the
suspended girders. A precast concrete slab alieenatis adopted by the contractors
for redecking process. The lightweight precast demkels were designed to cover a
half width of the bridge to maintain traffic flomudng construction. The panels were
6 Y2 in. thick, 9 ft 11 in. wide and of variable ¢gh depending on the spacing of the
suspended girders. A typical female-to-female trarse joint was chosen (sEgure
20). Joints were filled with epoxy mortar after thbear connectors and plate
connections were welded. No prestressing was appdiethe slabs. Epoxy coated
reinforcing steel was used. All the panels had aYepoxy waterproofing overlay

applied prior to erection. The overlay covered #mire top surface of the panels
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within 6 in. of any blockout for shear connectorssbhear key. After the shear keys
and blockouts were filled, the epoxy waterproofiogerlay was placed over these
areas. However, recent inspection has revealedthifgprotective coating does not
work properly. The transverse joints have cracksltang in leakage in the panel. The
reasons for these adverse results, according tMéiee DOT, are material quality,

construction procedures, and the substantial moreoiehe bridge.

Precast Concrete Panel Epoxy Mortar

Figure 1.20-Typical Transverse Joint of Deer Istel§wick Bridge by Maine DOT
The Seneca Bridge funded by lllinois DOT was bunlt1932. It consists of 13
spans. Spans 1 through 5 and 10 through 13 areoagprspans, while Spans 6
through 9 are interior truss spans. The four tspss1s, along with the approach spans,
had the existing concrete deck removed and replagéd a 6 1/2 in. precast,
prestressed deck slab. All precast slabs were nssthwith the replacement being
performed in sections. A male-to-female type jowats used between the deck panels

(seeFigure 2).
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Figure 1.21-Typical Joint between Adjacent PrePastels of Seneca Bridge

1.3.3 Shear Key Grouting Material

The most commonly used joint materials in civilragtructure, Set 45, Set 45 hot
weather (HW), Set Grout, and Polymer concrete wevestigated by Issa, et al.
(2003). A total of 36 full-scale specimens werdddgo evaluate the performance of
grouting materials subjected to vertical sheaeditension, and flexure. Based on the
observed results, it was concluded that the sheasjle, and flexural strengths of
polymer concrete grout are the highest among pkdgyof material studied. Polymer
concrete is the least permeable and it also pegfdoest in terms of shrinkage.
However, polymer concrete is very expensive anduireg careful application,
including thorough surface preparation and adequating. Issa, et al. recommended
the use of Set Grout in transverse deck jointstdués ease of use and satisfactory
performance. In special cases where the joint gested to excessive stresses or
quick resumption of traffic is critical, the propegoplication of the polymer concrete is
recommended.
1.4TYPES OF OVERLAY

Several types of overlays are currently used iddarideck rehabilitation projects

(see references by Issa et al.). They include latexrlified concrete (LMC), EP-5
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(epoxy), silica fume, etc. EP-5 is normally usedngl with aggregates of the same
size, and applied as an overlay in the range of41t® 2 1/4 in thick. Silica fume
overlay requires a minimum thickness of 1 1/4 inthis type of overlay is beneficial
and more effective than latex modified concretdic&ifume is less expensive but
more sensitive to temperature change than LMC.
1.4.1 Epoxy Concrete Overlay

Prior to placing the epoxy concrete, the entirekdaaface should be cleaned by
shotblasting or other specified cleaning methodiés 15 done to remove deteriorated
asphaltic material, oils, dirt, rubber, curing campds, paint carbonation, laitance,
weak surface mortar, and other potentially detritmematerials that may interfere
with the bonding or curing of the overlay. The epoxixture is uniformly applied to
the surface of the bridge deck with a squeegeainit poller. The temperature of the
bridge deck must be above®60(16°C) at the time of application. The dry aggregate
is then applied to completely cover the epoxy nrixtwithin 5 minutes. Type EP-5 is
a low modulus patching, sealing, and overlay adieesiith an elongation of at least
10 percent. Brooming is not performed until thexgpiesin has cured sufficiently to
prevent tearing.
1.4.2 Silica Fume Concrete

Silica fume concrete is a very fine material camsgsprimarily of noncrystalline
pozzolanic silica produced by electric arc furnaaes by-product of the production
of metallic silicon or ferrosilicon alloys. It ids®» known as condensed silica fume or

microsilica. When the overlay is placed on newlgtaancrete with a surface that is
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clean and free of curing compound or other chemjcayht sandblasting or shot
blasting is required to remove the laitance. Therlay should be replaced until the
new concrete has attained at least 90 percers degign strength. The surface of the
base concrete should be wetted at least one héareh@acement of the overlay. The
cleaned and wetted surface is covered with a pl&stprevent contamination prior to
placement. Silica fume concrete is brushed on thtace and excess aggregate is
discarded just prior to placement. The minimumkhéss of the bridge deck overlay
must be not less than 1 1/4 in. Silica fume coecdetes not bleed as much as normal
concrete and is more susceptible to plastic shgakaacking.
1.4.3 Latex Modified Concrete

Latex modified concrete (LMC) achieves a compressivength of 3,000 to 3,500
psi within 2 to 3 days, which is sufficient to allotraffic on the overlay. For
applications requiring high-early strength, Typeckment can be used. The smaller
particles associated with Type Il cement reactckjyi in LMC and allow LMC
overlays to be open to traffic in 24 hours, withreduction of the ultimate properties
of the concrete. The tensile strength of the LM@dexceeds 100 psi after one-day
cure. The normal curing procedure for LMC is ong damoist cure followed by air
drying for the remainder of curing time. The loweability of LMC contributes to
the impermeability of the cured concrete and morBy resisting infiltration of
moisture and gases, LMC produces concrete with dulne of elasticity that is 15
percent lower than comparable conventional concrete LMC is not as brittle as

conventional concrete.
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