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1 DEVELOPMENT OF MODULAR ADVANCED COMPOSITE BRIDGE
SYSTEMS

Advanced composite materials, or fiber reinforced polymers (FRPs), have been widely used in
recent years for the rehabilitation of existing structures in the form of seismic retrofit, service load
strengthening, and damage repair measures. Their use to date in new structural systems has been limited
to a few demonstration projects, since material and manufacturing costs are still uncertain. Clear
advantages of the FRPs for civil applications such as the light weight and easy handling, low
maintenance and increased durability, as well as tailorability for function and demand, can only be
realized when new design concepts and structural systems offer reduced material usage and simplified
construction procedures combined with reduced erection times.

Material cost issues can only be addressed by prudent use of the FRPs in design through (1)
eliminating the notion of simple component replacement in the form of reinforcing bars, prestressing
tendons and structural shapes, (2) development of new structural shapes and geometries which lend
themselves to both function and manufacturability, (3) combining conventional materials with FRPs, and
(4) development of connection concepts which can significantly simplify the on-site assembly. Only
once these issues are properly addressed will cost, as a dominant factor, be competitive enough to alow
durability and maintenance to be considered. For short and medium span bridges, economical bridge
systems and construction technologies require even further efforts to address the above issues. Only
significantly lower construction and erection times derived from light weight, modular and easy to
connect components will provide material-cost offsetting benefits in the form of reduced lane closures
and fewer traffic interruptions in urban aress.

To provide new bridge systems that can be cost-competitive with conventional bridge
construction practice, two systems for short and medium span bridges have been under development at
the University of California, San Diego. The systems combine modular, factory produced FRP
components with conventional materials as well as innovative connection and assembly technologies.
The first system consists of filament wound thin-walled carbon shells filled with concrete and used as
bridge columns, girders and cross-beams in combination with conventional reinforced concrete (RC)
bridge decks or modular pultruded fiberglass decks. The concrete filled carbon shell systems (CSS) rely
on conventional civil engineering connection technologies in the form of embedded dowels or
connection reinforcement and are briefly described in the next section. The second system is based on
hollow pultruded hybrid tube girders or beams with modular connections and RC decks.

1.1 ConcreteFilled Carbon Shell System (CSS)

The concrete filled carbon shell system (CSS) was devel oped following very successful tests on
bridge columns retrofitted with thin carbon jackets to provide ductility and shear strength for seismic
retrofit []il] The high confinement achieved in seismic column retrofit with thin carbon jackets was
translated to a thin walled pre-manufactured carbon shell with both hoop (90° from the member axis) and
longitudinal (£10°) fibers produced by the wet filament winding process. A special mandrel provides
helical ribs on the inside of the carbon shell to aid in the force transfer between the infill concrete and the

shell, see Figure 1.1}
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Figure 1.1 Concretefilled carbon shell system

Thewell confined concrete provides for compression force transfer as well as stabilization of the
thin walled carbon shell against buckling, and the carbon shell provides the stay-in-place concrete form,
the longitudinal flexural reinforcement and the hoop confinement. The concept was validated for CSS
columns with large scale flexural tests that featured conventional starter bar connections, allowing
displacement ductilities of p, = 8 to be reached prior to starter bar rupture in low cycle fatigue. In case
metallic connections are not desirable, the carbon shell can be directly embedded into the footing,
resulting in a stronger yet less ductile connection concept and column response. While significant
overstrength would be needed in the more linear elagtic to failure FRPs to derive at an equivalent safety
factor againgt failure in an energy sense, design comparisons have shown that most FRP component or
system designs are stiffness driven and that the available material strength cannot be fully utilized in
many applications.

Following the CSS column tests, the system was further developed for use as girders and beams
[E]. While till very advantageous in terms of concrete confinement and for the filament winding
manufacturing process, the circular cross-section has limitations in girder type applications which
resulted in the development of sguare or rectangular thin walled carbon shells as shown in
The sections with large rounded corners still exhibit significant confinement effects.

(a) Circular (b) “Conrec” (confined rectangular) (¢) Square

Figure 1.2 Potential carbon shell system cross-sectional geometries

Similar to the column end connections, girders can be spliced where necessary with either mild
reinforced bars or with FRP reinforcing units. The CSS girders can be combined with a conventional RC
bridge deck or a FRP modular deck system to form a complete deck system. The connection between the
decks and the concrete filled carbon shells can again be accomplished with conventional dowel
technology by embedding shear connectors into the shell system during grouting. In the deck the dowels
are either cast directly into the RC deck or anchored in polymer concrete filled sections of the E-glass
deck. The modular E-glass deck consists of pultruded trapezoidal elements bonded together and overlaid
with continuous face sheets under factory system [. Tests conducted on such FRP decks have shown
that its diffness fals within the bounds established by the cracked and uncracked stiffness of a
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conventional RC deck of same section depth. Failure mode ultimate limit state characterization tests
have shown that a capacity of four times that of a conventional RC deck can be achieved.

Comparisons of cost estimates of the CSS bridge system with conventional systems indicate that
the CSS bridge with RC deck is 15 to 20% more expensive compared to a conventional RC slab bridge,
and a higher cost is predicted when a pultruded modular deck glassis employed.

1.2 Hybrid Tube System (HTS)

Further cost analysis on the CSS modular bridge showed that additional savings could be
derived if a hybrid material system and an aternative manufacturing procedure for the girders are
employed. Therefore a new modular FRP bridge system is proposed, which is based on the more
economical pultrusion process using a carbon/glass hybrid material system. The proposed hybrid tube
girders, which are left ungrouted except for the ends or connection regions, are depicted in|Figure 1.3
Different bridge spans can be achieved by stack bonding of the modular hybrid girders as shown in
A variation of the proposed girder can be employed for small deck spans and a single girder
in the section depth, as shown in[Figure 1.§. The Modular Hybrid Tube System (HTS) can be used in
conjunction with conventional RC decks, but is ideally suited for new fiber reinforced concrete arching
deck systems as described in the following. First cost estimates of this modular system are below those
of a conventional RC slab system.

The Modular Hybrid Tube System consists of pultruded hybrid rectangular girders connected
aong their tops with a polypropylene fiber reinforced concrete arching deck, as shown in The
concrete arching deck behaves predominantly in compression and is based on a concept developed by
the Ministry of Transportation in Ontario, Canada IEI Normal weight concrete is utilized for the deck,
and the short fiber reinforcement in concrete controls cracking due to shrinkage and temperature effects.
An FRP form panel is snap-locked to the hybrid girders providing a tension tie between adjacent girders.
It also serves as a stay-in-place form for the arch-action type concrete deck. The bottom of the parabolic
shaped tension tie panels is an FRP membrane, on top of which a lightweight filler core and a thin FRP
top are overlaid. The panels are designed to withstand construction loads. Prefabricated carbon/epoxy
snap-in stirrups (see [Figure 1.5) provide the horizontal shear transfer between the concrete deck and the

hybrid tubes.
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Figure 1.5 Geometry of carbon/epoxy shear connectors

The hybrid girder consists of an E-glass-carbon/vinylester box beam with cross-sectional

geometry as shown in The beam has an overal depth of 711 mm (28 in.), awidth of 457 mm
(18 in.), and anominal web thickness of 19 mm (0.75in.).

The geometry of the top flange is such that it provides an anchorage zone for the tension tie
panels and the snap-in shear connectors. The overall height of the anchorage region is 98 mm (3.875in.)
with a E-glass/vinylester wall of 19 mm (0.75 in.) nominal thickness. The tubeis hollow and the end-cap
region is filled with polymer concrete. The bottom flange of the beam is reinforced with a 6-mm (0.25
in.)-thick uni-directional carbon fiber reinforced composite, which is embedded within E-glass/vinylester
layers. The total nominal thickness of the bottom flangeis25 mm (1 in.).
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Figure 1.6 Hybrid girder cross-section

The tension tie panel consists of a bottom plate, a foam core, and a thin top layer. The plate is
prefabricated with a unidirectional carbon/epoxy composite that has E-glass/vinylester chopped strand
mat (51 g/m’ or 1 % oz./yd?) face sheets on both surfaces. The parabolic-shaped polystyrene foam core is
bonded to the plate. A thin E-glassfabric isthen wet laid up on the top of the core.

The overall geometry of atension tie panel unit is shown in[Figure 1.7| The tension tie panels
should be placed in segments along the transverse direction of the bridge.
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Figure 1.7 Overall dimensions of thetension tie panel

1.3 Applications
1.3.1 KingsStormwater Channel Bridge

The CSS concept is currently being considered by Caltrans in a demonstration bridge on
California State Route 86 near the Salton Sea, the King Stormwater Channel Bridge. The carbon shell
bridge design consists of a 20.1 m (66 ft) two-span continuous beam-and-slab type bridge with a five-
column intermediate pier, see [Figure 1.4 and [Figure 1.9 Concrete filled carbon tubes comprise the
longitudinal beams connected along their tops to a structural slab. The structural slab consists of an E-
Glass Fiber Reinforced Polymer (GFRP) deck system.

The bridge cross-section selection was determined primarily by geometric constraints and
structural performance requirements. The requirement for a shallow superstructure depth, approximately
762 mm (2.5 ft), constrained the geometric selection of the girders. The preliminary selection of the
bridge components was based on structural performance and operational requirements, and was guided
by previous experience in the design and full scale testing of advanced composite bridge components at
the University of California, San Diego (UCSD).




(a) Side View

(b) Close-up view

Figure 1.8 Conceptual rendering of Kings Stormwater Channel Bridge
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The structural design features of the bridge are summarized in the following with reference to

» Tota bridge length of 20.1m (66 ft)

e Two 10 m (33 ft) span bridge system with a multi-column intermediate pier
*  Thebridge superstructure consists of a beam-and-dlab deck type

* The cross section is 13 m (42-1/2 ft) wide, composed of 6 longitudina girders spaced at
every 2.3 m (7.5 ft).

» The overdl superstructure height (excluding a 19 mm or ¥4' wear surface) is 562 mm (22-
1/8 in.), with an average girder depth of 362 mm (14.25 in.) and an average slab depth of
181 mm (7.125in.).

e The longitudinal girders consist of filament wound carbon/epoxy shells filled with
lightweight concrete

e The dab consists of E-Glass Fiber Reinforced Polymer (GFRP) deck panels composed of
pultruded trapezoidal sections with top and bottom skin layers.

*  Conventional road barriers will be connected to the GFRP deck system.

e The multi-column intermediate pier is composed of precast prestressed concrete piles, with
the two outer piles encased by circular carbon/epoxy shells to evaluate environmental
degradation.

* Thebridge structure uses conventiona abutment details.

The longitudinal connections of the carbon shell girders and their connection to the E-glass deck
system is achieved by means of conventional reinforcement. Details of the girder to deck and girder to
bent connections are given in|Figure 1.10

Polymer
F—CGlass Deck Concrete GFRP Deck
Face Sheets
Foam
;19 219 Bulkhead

Panel Connection Bors
Wear Surface Polymer
762 Concrete
S
TN !

I‘ T N ) LI
I £ m I
181 ! = / | =
i‘ = | & = J_ |se2
i — s = o 714
o ng 4 No.19 Dowels A s 3 I i v 1
@ 610mm o i e ) 152
62| 1o Lightweight  corpon Shel ! Steel Connection
Concrete Girder Cage
Carbon ngm 152
Shell P Spacars
Carbon Shell : .
Note: all dimensions in mm Colurmn . Note: all dimensiens in mm

a) Girder-to-deck connection

b) Girder-to-bent connection

Figure 1.10 Kings Stormwater Bridge connection details



1.3.2 1-5/Gilman advanced composite cable stayed bridge

The conceptua design of a 137 m (450 ft) long cable stayed two-lane traffic bridge across
Interstate 5 at Gilman Drive (I-5/Gilman) on the University of California, San Diego (UCSD) campus, to
be built with FRP composite materias, was developed as a preliminary design study in a cooperative
agreement with the Federal Highway Administration (FHWA) [E] The conceptua design was
performed to demonstrate applications of both CSS and HTS conceptsin civil infrastructure.

The I-5/Gilman Advanced Technology Bridge is a 137.2 m (450 ft.) long cable-stayed bridge
supported by a 57.9 m (190 ft) high A-frame pylon, designed utilizing FRP composite materials and
manufacturing. The bridge system is that of a dual plane, fan-type, cable-stayed bridge with an eccentric
A-type pylon. The overall concept of the I-5/Gilman cable-stayed bridge is depicted in
Figure 1.12 and|Figure 1.13. The superstructure has an overal width of 18.3 m (60 ft) and a structural
depth of ~1.45 m (4.75 ft). The bridge structure is designed to accommodate two 3.7 m (12 ft) lanes of
AASHTO HS-20 loading, two bicycle lanes, two 1.52 m (5 ft) pedestrian walkways, and two utility
service tunnels.

The design concept consists of the dual cable plane system supporting concrete filled
carbon/epoxy tubes, connected in the transverse direction by hybrid E-glass-carbon reinforced FRP
hollow cross-beams spaced 2.4 m (8 ft) on center, which in turn support a longitudinally spanning fiber-
reinforced concrete deck. The system considers a set of cables at every 4.9 m (16 ft). A fixed support
condition at the west abutment, for torsiona rigidity, and a roller support condition with torsional
restraint at the east abutment allows therma expansion movements. The single A-frame type pylon
system is located on the west side of the freeway, alowing a dual set of stays radiating outward towards
the edge beams. The design uses conventional concrete abutments and foundations. The primary
structural components in 1-5/Gilman Advanced Composite Cable Stayed Bridge are the deck system, the
longitudinal edge girders, the transverse beams, the pylon, and the cable stays.

The superstructure, schematically shown in [Figure 1.14, consists of two longitudinal
carbon/epoxy/concrete edge girders, 13.7 m (45 ft) apart, connected in the transverse direction by hybrid
E-glass-carbon reinforced transverse girders, which in turn support a polypropylene fiber reinforced
concrete arching deck.

The longitudinal edge girders are based on the concrete filled Carbon Shell System construction
concept described in Section 1.1. The concrete filled Carbon Shell System allows for new structural
elements consisting of prefabricated filament-wound carbon/epoxy thin shells filled on-site with
concrete. Transverse ribs are provided on the inside of the carbon/epoxy shell for full force transfer
between the concrete in-fill and the shell. The concept is suitable for both columns and girders. The
girder carbon/epoxy shell members consist of circular tubes of 91 cm (3 ft) inner diameter and a wall
thickness of 10 mm (0.375 in.). The carbon/epoxy tubes are fully grouted with normal weight concrete
to (1) stabilize the carbon/epoxy shell, (2) aid the member to carry the stay compressive forces, and (3)
provide anchorage of the cable anchorage hardware. Structurally, composite action between the concrete
filled tubes and the deck is achieved through the use of shear dowels. The longitudinal girders are
prestressed, prior to the installation of the transverse system, in the part of the span close to the east
abutment.

The Hybrid Tube System (HTS) described in Section 1.2 constitutes the transverse deck system
for the superstructure. The system uses hollow hybrid E-glass-carbon reinforced FRP beams connected
along their tops with a polypropylene fiber reinforced concrete arching deck as shown in The
girders are E-glass/vinylester rectangular box sections with longitudinal carbon reinforcement in the
bottom flange. The hollow E-glass-carbon reinforced FRP box beams straddle the longitudina
carbon/epoxy shells spaced at every 2.4 m (8 ft) on center along the bridge length.
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Figure 1.11 Rendering of the I-5/Gilman Advanced Technology Bridge

11




<——54.9m (180'-0")

137.2m (450°—0")

95.3m (312'-6")

\\\conventunﬁﬂ footings
and abutments

K\concrete filled

carbon/epoxy shells

[
Interstate 5

concrete filled carbon/epoxy shells
transverse hybrid FRP beams

and polypropylene fiber—reinforced
arch—action concrete deck

| El. 140.4m

| (460.7") ‘

; Type C |

carbon/epoxy !

\ cable stays \ conventional steel |

\ | cable stays |
—~ !
+ | ) | \
o To Gilman Dr.
S | |
E\ \ | ‘
o
~ | \
0

\ | \

| 2y

‘><§\ Type B ‘
- | carbon/epoxy
‘“*‘*‘;ﬂ cable stays | BL 85‘3n1
I /(28007

Figure 1.12 Elevation of the I-5/Gilman Advanced Technology Bridge--geometry and components

12



(wg gT)
.0—.09

Aemood J—

|
s I s R
|

7
‘.
i

Figure 1.13 Plan view of the of |-5/Gilman Advanced Technology Bridge

13



2 _5”

Ped.

5 _g”

Walkway

Cable Stay
40'—0” 1"_6”
8_0" 12°_0” 12'_0” 8 —0"
Bicycle Traffic Lane Traffic Lane Bicycle
Lane Lane
Fiber Reinforced Y
4'-3 3/4” / Concrete Deck 32

Concrete Filled

L/Trcmsverse Hybrid

Carbon Shell ‘,)
Edge Girder Tube Beam

45°—0"

60°—0"

61°—0"

(2'=305 mm, 1"=25.4 mm)
Figure 1.14 1-5/Gilman Bridge super structure section

14




186’'-6"

~182'-0"

~144’-0"

Cable Stays

Fiber Reinforced
‘ e Concrete Deck ___\
D000 | [ Oo oC

Concrete Filled T Hybrid
Carbon/Epoxy Shell raTns‘;/ersBe ybri
Edge Girder ube Beam

T o

T 800"

~51'-6"

109'-0"

(2'=305 mm, 1"=25.4 mm)

Figure 1.15 Cross-section view of 1-5/Gilman Advanced Technology Bridge

An FRP form panel (see[Figure 1.7) is snap-locked to the pultruded girders providing a tension tie
between girders and the stay-in-place form for afiber reinforced arch-action-type concrete deck. Normal
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weight concrete is used for the slab. Prefabricated carbon/epoxy snap-in stirrups (see M provide
the horizontal shear transfer between the concrete deck and the hybrid tubes.

The delta shaped pylon concept is shown in|Figure 1.15 Pylon dimensions of approximately
579 m (190') in height and 1.52 m (5 ft) in diameter, were selected based on aesthetic, economic, and

engineering considerations. The concrete filled carbon shell system is aso used for the pylon system.
The pylon carbon/epoxy shell members consist of circular tubes of 1.52 m (5 ft) inside diameter and a
wall thickness of 13 mm (0.50 in.). The carbon/epoxy tubes are fully grouted with normal weight
concrete to (1) stabilize the carbon/epoxy shell and (2) aid the member to carry the stay compressive
forces.

Due to cost considerations, conventional steel cable-stays are mainly used for the I-5/Gilman
Bridge. Only six to eight of the cable stays will be made from FRPs with FRP composite anchorage
technol ogy.

1.4 Scopeof The Report

The scope of this report is a preliminary evaluation of the Modular Hybrid Tube System. To
investigate the structural behavior of the HTS system, a series of tests were conducted at the Charles Lee
Powell Structures Laboratory, at UCSD. Initially the material properties of all the HTS components
utilized are obtained as explained in Chapter 2. Chapter 3 describes the flexural characterization of the
hybrid girder, which was performed by means of a four-point-bending test. An HTS subassemblage
consisting of atwo girder-concrete deck was then tested under flexure and punching-shear as reported in
Chapter 4. Conclusions of this preliminary evaluation are given in Chapter 5.

2 MANUFACTURING AND MATERIAL PROPERTIES OF THE

COMPONENTS
2.1 Materials Specifications

211 FRP composites

Three types of fabrics are used in the lay-up of the composite girder. They are summarized in

able 2.1} The nominal properties of these fibers are shown in([Table 2.2

Table 2.1 Summary of fabrics used in the composite girder

Fabric Designation | Fiber type Areal Weight Fiber Orientation Basis Weight
g/m” (ozlyd’) (%)
CDB340 E-glass 1153 (34) 0°/45°/-45° 50/25/25
A260 E-glass 881 (26) 0° 100
GA130 Carbon 441 (13) 0° 100

16



Table 2.2 Nominal fiber properties

Fiber Young' Modulus, GPa (msi) Tensile Strength, MPa (ksi)
E-glass 72.4(10.5) 1862 (270)
Carbon 228 (33) 3932 (570)

Vinylester resin is used in the FRP composite components. The nominal properties of the resin
are summarized in[Table 2.3

Table 2.3 Resin properties

Resin type Vinylester Epoxy
Elastic Modulus, GPa (msi) 3.45 (0.50) 4.27 (0.62)
Tensile strength, MPa (ksi) 75.9 (11.0) 77.9 (11.3)
Compressive strength, MPa (ksi) 372 (54.0) 120 (17.4)

2.1.2 Fiber-reinforced concrete
Polypropylene fibers are used in the fiber-reinforced concrete deck. The physical properties of

the fibers are summarized in[Table 2.4

Table 2.4 Physical properties of polypropylenefibers

Material Virgin homopolymer polypropylene
Form Collated fibrillated twisted-bundle fiber
Specific Gravity 0.91
Tensile Strength, MPa (ksi) 621-759 (90-110)
Lengths, mm (in) 60 (2.36)
Color Tan
Acid/Alkali resistance Excellent
Absorption Nil
Compliance ASTM C-1116

" Provided by Forta®

2.2 Manufacturing of FRP Components

In order to assess the structural response at a prototype level, the FRP components were fabricated
using the wet lay-up process with E-glass and carbon fabrics rather than through pultrusion. Thisis done
to enable the use of cheaper tooling such as wooden or foam molds during the initia investigation,
thereby avoiding the initial capital cost of metal dies for pultrusion. Due to the large thickness of these
components (2.5 cm or 1" to 3.8 cm or 1.5"), lay-up was done in steps to avoid excessive exothermic
problems. Between each two steps, the surfaces were alowed to ambient temperature level, then ground,
and primed with fresh resin. Plastic rollers were used to apply the fabric layers (as shown in
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Figure 2.1 Resin being applied to the girder with plasticrollers

A schematic showing the steps in making the hybrid girdersis given in[Figure 2.3. A mandrel was
first built by bonding tooling foam onto wood blocks. Glass fabric was then placed on the surface of the
mandrel by wet lay-up. This forms the inner tube of the hybrid girder. After the resin cures, the mandrel
is pulled out of the tube by breaking the tooling foam. A cap, which is also made with wet lay-up on a
separate mandrel, is then bonded on the top of the tube. Unidirectional carbon fabric was then laid up on
the bottom of the tube. Finally, an outer skin was wrapped around the girder.

Lay-up details are given in|Figure 2.3

STEP STEP

1. Wood block
/ -———5. Cap adhesively
; bonded to the
//2. Foam top of the tube
]
: 3. FRP laid u

on the foam
mandrel. Demold
when resin cures.

4. Cap made in the
inverted position.
Polymer concrete
fills the hollow /7. Unidirectional carbon
core fabric laid—up on the

bottom of the tube

\8. Lay—up outer skin

of the girder

Figure 2.2 Manufacturing schematic of the hybrid girder
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For the convenience of manufacturing, the detailsin the cap of the girder were modified from its

origina design as shown in and are shown in the shop drawing (Figure 2.3). The “Mark”
definitions related to the fabric lay-up in the drawing are given in[Table 2.5
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(1"=25.4 mm)
Figure 2.3 Shop drawing for the FRP girder (showing lay-up details)
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Table 2.5 Mark definitionsfor the lay-up of the hybrid girders(asin [Figure 2.3}

Lay-up Name

Successive Plys

Number of Plys

Ply Name Fabric

Orientation

Mark "A"

1

CDB340

0°/-45°/45°

CDB340

90°/45°/-45°

A 260

OO

A 260

90°

GA 130

OO

1.50Z CSM*

N/A

Mark "B"

P O R|INRE R P ®

Mark "C"

=
w

Mark "D"

Mark "E"

Mark "F"

N T I LN

The bottom of the tension panels is first laid up with unidirectional carbon fabric on a flat
surface. The edges of the panel have the contour as shown in the shop drawing (Figure 2.4). A pre-
shaped foam core is then bonded to the top of the tension panel. Finally, a thin (6 oz./yd® or 203 g/m?)

glassfabric islaid on the top of the foam core.

v L y
)3 cORBon) FIBEL LAY -uP; —

3
2ibs/Ft” ERS. Foam (Bown 1O STrucTuRAL LAY- &

) w E.?or;g),

| LAYER OF oz

-

7 LAvERs OF GAlzo N
oF |rog Csn

WiTk | LA7EL
ABOYE AvD
FIBE R LAY -
VIN Y LT T (R

BELDOWw CHRBoN

RELR)

—A

<

IwaTaeT i (mo AT
mMLLED FIBed

(1"=25.4 mm)
Figure 2.4 Shop drawing for the edge detail of thetension panel
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The shear stirrups are made with amale mold, which accommodates the details as shown in
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(b) Leg detail

(1"=25.4 mm)
Figure 2.5 Shop drawing for the edge detail of the shear stirrup

2.3 FRP Hybrid Girder

The maority of the girder cross-section is composed of an E-glass/vinylester laminated omposite.
The fiber volume fraction is approximately 33%. The design of the glass laminate was guided by the
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objective of achieving a wall thickness of approximately 19 mm (0.75”) to provide restraint against
buckling. The lamina definition is given in -§. The resulting mechanical properties of the girder
are summarized inF‘abf;E'zﬁ‘} The hybrid g weighs approximately 149 kg per linear meter (100 Ib

per liner foot).
Table 2.6 Lamina Information and Nomenclature
Ply Name Fabric Placement of Nominal Layer
Nomenclature fabric Thickness, mm (in)
A CDB340 0° 1.4 (0.055)
A CDB340 90° 1.4 (0.055)
B A260 0° 1.2 (0.046)
B’ A260 90° 1.2 (0.046)
C GA130 0° 0.45 (0.018)
Table 2.7 Mechanical Properties of Hybrid Girder
Property Webs Webs Top Flange | Bot. Flange Bot.
(Girder) (Cap) (Cap) (Cap) Flange
(Girder)
o 14000 MPa | 15255MPa | 14621 MPa | 15862 MPa | 42069 MPa
Longitud rI]EaLI Modulus, | > 036 ps) | (2.2166pd) | (21266 ps) | (2.3066 ps) | (6.1066 psi)
12552 MPa | 12793 MPa | 12552 MPa | 12138 MPa | 12276 MPa
TransverseModulus, Br | o) 5"y | (1.86e6ps) | (18266 psi) | (17666 ps) | (17866 ps)
i 4428 MPa 3647 MPa | 4145MPa | 3538MPa | 4448 MPa
In-Plane Sgear Modulus, | & oesps) | (52965 ps) | (60165 ps) | (5.1365ps) | (6.4565 pd)
LH
In-Plane Poisson’s Ratio 0.33 0.29 0.31 0.30 0.31
VLH
In-Plane Poisson's Ratio 0.30 0.24 0.27 0.23 0.13
VHL
Densit 17.7kN/m® | 17.7kN/m® | 17.7kN/m® | 17.7kN/m® | 17.1kN/m°
Y. ¥ (0.065 Ib/in®) | (0.065Ib/in®) | (0.065 (0.065 (0.063
Ib/in®) Ib/in®) Ib/in®)
7.36e5/°C | 7.11e5/°C | 7.16e5/°C | 6.53e5/°C | 2.56e-5/°C
Long. (é;)sfén(;:f;]hermal (4.09¢5/°F) | (3.95¢5/°F) | (3.98e-5/°F) | (3.63e-5/°F) | (L42e-5 °F)
9.13e5/°C | 9.81e5/°C | 9.59e5/°C | 10.62e-5/°C | 9.00e-5/°C
Tran&"é%iﬁé’ggherma' (5.07€5/°F) | (5.45¢-5/°F) | (5.33-5/°F) | (5.90e-5 °F) | (5.00e-5 °F)
. . 19 mm 25 mm 15 mm 30 mm 25 mm
Nominal Thickness (0.75in.) (10in) (0.6in) (12in) (10in)
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2.4 Shear Stirrups

The shear connectors consist of prefabricated carbon/epoxy unidirectional composite. The shear
connectors have a thickness of 6.4 mm (0.25 in.). The lay-up cals for 14 plies of GA130 as in the
following sequence: The nominal properties of the stirrups are shown in[Table 2.8

Table 2.8 Nominal properties of carbon/epoxy compositein the shear stirrup and thetension panel

Property Sl Units English Units
Longitudinal” Modulus, E, 103 GPa 15.0e6 psi
Transverse (Hoop) Modulus, Er 8.5 GPa 1.23e6 psi
In-Plane Shear Modulus, G 4 3.6 GPa 5.2565 psi
In-Plane Poisson’s Ratio, Vi y 0.28 0.28
Density, y 15.7 kN/m® 5.78e-2 Ib/in’
Long. Coef. of Thermal Expansion 5.87e-7mm/mm/°C 3.26e-7 in/in/°F
Transv. Coef. of Thermal Expansion 3.01e-5mm/mm/°C 1.67e-5in/in/°F

" The longitudinal direction of the stirrup is circumferential to the hybrid girder direction.

25 Tenson TiePands

The unidirectional carbon composite in the bottom plate of the tension tie panel has the same
properties as those shown in The longitudinal direction of the tension panel is perpendicular to
that of the hybrid girder.

Each 2.44 m x 3.05 m (8'x10’') tension panel weighs approximately 445 N (100 Ibs) and can be
carried by two people.

2.6 Concrete

A volume fraction of 0.6% (equivalent to 5.45 kg/m® or 9.2 Ib/yd® of concrete) of polypropylene
fibers was used in the fiber reinforced concrete mix. The purpose of the fibers is to control shrinkage
cracks in the unreinforced concrete slab.

A series of tests were conducted to compare properties of concrete of different mix designs—
lightweight versus norma weight, fiber-reinforced versus plain. The results of these tests are
summarized in this Section.

All concrete cylinders and the slab of the system have a nomina strength of 34.5 MPa (5 ksi) and
design dump of 10 cm (4 inches). The concrete weighs approximately 150 Ib/ft® (2400 kg/m®) for
normal-weight and 2083 kg/m® (130 Ib/ft) for lightweight. When the polypropylene fibers are added to
the concrete mix, the slump of the mix decreases dramatically. Extra water was added to regain the
needed 10 cm (4 inches) of dump. When casting the dlab of the 2-girder subassemblage, 113.6 liters (30
galons) of extra water was added to the mix for this purpose. The effective water-to-(cement+flyash)
ratio was increased from 0.41 to 0.44.
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Table2.9 A summary of concrete mixes

ID 1 2 3 4
Concrete LW NW

type Plain FR Plain FR

Application TC TC TC TC

2G 2G

Design 28-day strength, MPa (ksi) 34.5 (5) 34.5 (5) 34.5 (5) 34.5 (5)

Design slump, cm (in) 10 (4) 10 (4) 10 (4) 10 (4)
Design W/C 043 0.41* 0.41 0.41*

NW: Normal weight
LW: Lightweight

2.6.1 Compressive properties

* Water-to-(cement+flyash) ratio. Extra water added to achieve the needed slump.

TC: Test cylinders
2G: Two-girder subassemblage
FR: Fiber reinforced

6 o 40
50 35
E 30
a4 o
& r 25 5
g 3F 20 £
gt ~5— L.W. Plain 15 8
w 2F &= L \W. Fiber w2
- —+—N.W. Plain 10
1F V- N.W. Fiber 5
QU [N T T T T N T T N T N T T B B 0
0 7 14 21 28
Age (day)

The compressive strength of the concrete was obtained from cylinder tests following ASTM
C39-93a. The specimens were tested at 3-, 7-, 14-, 21- and 28-day periods. The curves of strength
development over time are shown in[Figure 2.§. The fibers have little effect on the compressive strength
of the cylinders. The difference occurs after the failure: the unreinforced concrete specimen breaks into
pieces while the fiber reinforced cylinder is held together by the fibers.

Figure 2.6 Compressive strength development of the concrete cylinders

2.6.2 Split-tension properties

24

The split tension strength of the concrete was obtained from cylinder tests following ASTM
C496-90. The specimens were tested at 3-, 7-, 14-, 21- and 28-day periods. The curves of strength
development over time are shown in[Figure 2.7. The fibers have little effect on the split tension strength
of the cylinders. The difference occurs after the failure: the unreinforced concrete specimen breaks into




two halves, whereas the two haves from the fiber reinforced cylinder are held together by the fibers

bridging the crack..
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Figure 2.7 Split tension strength development of the concrete cylinders

2.6.3 Modulusof rupture

The rupture modulus was obtained from beam tests per ASTM C293-94. The results are

summarized in[Table 2.10

2.6.4 Summary of concrete properties

The 28-day strength of the concrete specimens discussed in Sections to Section is
summarized in[Table 2.10]

A dight increase in rupture modulus was seen in fiber-reinforced specimens.

Table 2.10 Summary of 28-day propertiesof concrete specimens

Concrete Compressive strength | Split-tension strength Modulus of rupture
type MPa (ksi) MPa (ksi) MPa (ksi)
Normal weight 32.9(4.77) 2.34 (0.340) 5.48 (0.795)
without
Normal weight 34.2 (4.96) 2.96 (0.430) 5.90 (0.855)
fiber-reinforced
Lightweight 37.8 (5.48) 2.02 (0.293) 3.48 (0.504)
without fiber
Lightweight 30.8 (4.47) 2.30(0.334) 3.98 (0.577)
Fiber-reinforced

The mix designs for normal weight concrete, fiber-reinforced and plain, were used in
constructing the hybrid system test. One third of the dab (in system length direction) is cast with plain
concrete and the other two thirds is cast with fiber reinforced concrete (shown in:F|gure 4.27». During
the construction of the two-girder subassemblage, the mix appeared too dry to be boom-pumped. Extra
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water of approximately 16.5 liter/m® (3.33 gal/yd®) was added to the mix to obtain a needed workability.
The measured slump was 11.4 cm (4.5 in.). Results from cylinders tests conducted at the day of the test

were summarized in |‘Fabl'e;'27ﬂ|

Table 2.11 Properties of the concrete slab

Compressive strength Split-tension strength
Concrete type MPa (ksi) MPa (ksi)
Plain 31.6 (4.58) 2.74 (0.398)
Fiber-reinforced 27.3(3.96) 2.35(0.342)

3 FLEXURAL TEST OF AHYBRID TUBE GIRDER

3.1 Test Setup

The test was conducted in three steps. Step 1 is the initia stiffness characterization. It uses two
servo-controlled hydraulic actuators to apply pseudo-static loading. The testing configuration is shown in
Steps 2 and 3 both use two loading beams, each loaded by two hydraulic jacks (see
B.2). Step 2 consists of loading up to the equivalent service load level (667.5 kN or 150 kip of total load)
and holding the configuration at that level for 24 hours to assess potential strength or stiffness
degradation. Step 3 isto increase the load up to failure.

The jacks have a stroke of 15 cm (6 inches), less than needed to fail the beam. They were first
loaded to their full stroke before the stroke was reset with the help of two additional tie-down beams.
shows that there are four beams on top of the girder. The two exterior ones are the loading
beams and the interior ones are the tie-downs. Symmetric pseudo-static loading was applied up to
failure.

(1"=25.4 mm)
Figure 3.1 Stiffness char acterization of a hybrid girder
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(a) Elevation

[
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4’ﬁ

(b) Side view

(1"=25.4 mm, 1'=305 mm)

Figure 3.2 A schematic of the hybrid girder test setup
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3.2 Test Observations

During loading Step 1, a cracking noise was heard at a total load level of approximately 400 kN
(90 kips). After unloading and reloading to that same level, no more noise was heard. However, when
load was increased to 445 kN (100 kips), increased acoustic activity was noted. No visible damage to the
specimen was observed.

During test Step 2, more acoustic activity was noted when load was ramped up to the target
service load level. When the jacks are locked in place, no more acoustic activity was noticed. After 24
hours of sustained loading, the specimen showed very little change in stiffness. No visible damage was
observed.

When loading continued, the girder remained linear-elastic up to failure. Bond failure (Figure 3.4)
at splices of fabric (51 mm or 2” long) on the tension side of the specimen at mid-span was observed. No
visible damage to the rest of the specimen was observed.
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Figure 3.4 Failure of the hybrid girder test

3.3 Test Results
The load-displacement curve from test Step 1 isshown in

Midspan displacement (mm)
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Figure 3.5 L oad-displacement relation of the hybrid girder under initial stiffness characterization

The load-displacement curve of the test is shown in[Figure 3.§. The unloading and reloading at a
mid-span deflection of approximately 15 cm (6 inches) was induced during the resetting of the stroke in
the jacks. Linear elagtic behavior is observed. The displacement profile of the beam shows a well-
behaved flexural system (see Figure 3.7). The longitudinal strain was measured at various locations in
the girder. The load versus maximum strain curves, at midspan, are displayed in (tensile,
bottom flange) and Figure 3.9|(compressive, top flange). A linear relationship up to failure is observed.
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Midspan displacement (mm)
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Figure 3.6 L oad-displacement relation of the hybrid girder test
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Figure 3.7 Displacement profile of the hybrid beam under four-point bending
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Figure 3.8 L oad versus maximum longitudinal tensile strain at midspan
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Figure 3.9 L oad versus maximum longitudinal compressive strain at midspan
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The cross-sectional strain profiles at midspan can be seen in [Figure 3.10. The neutral axis
remains at the same location until failure.
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Figure 3.10 Cross-sectional strain profile at midspan

The shear strain was measured in both webs (locations 3 and 7) of the girder at section A, within
the shear span, as shownin The curves also exhibit linear elastic behavior.
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Figure 3.11 Shear strain in thewebs of the girder at Section A (within the shear span)
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After the test, the bottom section of the girder at midspan was cut and inspected. The
unidirectional carbon layers were noted to have significant layer separation and splits, while the glass
layers are undamaged (as shown in|Figure 3.12).

r'h.:f' '

1m1l|ﬂu1ll-* g

o e Rl TN

Figure 3.12 Section analysis shows delamination within the carbon layer

4 TEST OFTHEHYBRID TUBE SUBASSEMBLAGE
4.1 Assembly and Construction of HTS Two-Girder Sub-Assemblage

4.1.1 Components

The overall behavior of the Hybrid Tube System was evaluated by means of a flexure test and
punching-shear tests on a two girder-deck subassemblage. The specimen consists of an arching deck
spanning between two hybrid girders. The components, which include the two hybrid girders, the tension
tie panels, and the shear connectors, are shown in[Figure 4.1} [Figure 4.2/ and [Figure 4.3 respectively.
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Figure 4.1 Specimen components: hybrid tube girders

Figure 4.2 Specimen components: tension tie panels
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Figure 4.3 Carbon/epoxy stirrup snapped into girder anchorage cap

412 Assembly

The construction of the two-girder/deck subassemblage started with locally grouting steel pins
through the ends of the girders. The end-hooks of the tension panels were temporarily placed in the
grooves as shown in [Figure 4.4] The tension panels are light enough for two people to carry and install

(see Figure 4.5). The dowels were then snapped into the pockets in the top region of the girders as shown

35



Figure 4.4 Placement of the end-hook of the tension panel in the groove

—

Figure4.5 Installation of thetension panels
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Figure4.6 Installation of the dowels by snapping into the grooves

A polyester resin mortar paste was poured into the grooves (shown in[Figure 4.7). When pouring
the groove, the end-hook of tension panel was lifted out of the groove and then inserted back into the
mortar, which was partially squeezed out. A close-up taken after the grouting is shown in The
resin mortar paste has a resin-to-sand weight ratio of 40:100. After the polymer concrete hardened, a
concrete slab was cast on top of the specimen (Figure 4.9). Two different mix designs of concrete were
used. One third of the slab used regular normal-weight concrete and the other two thirds used fiber-

reinforced concrete (shown in [Figure 4.27).
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Figure4.7 Construction of the specimen: placement of stirrupsinto girdersafter snappingin
tension tie panels

i

Figure 4.8 Congtruction of specimen: detail of connection after pouring polymer concrete



N

Figure 4.9 Construction of Specimen: Casting Fiber Reinforced Concrete Deck

4.2 Flexural Test
421 Test setup

The specimen was simply supported as shown in[Figure 4.10 and|Figure 4.11} Load was applied
by two hydraulic actuators and distributed through four 20 cm x 51 cm (8" x 20”) pads by means of rigid
stedl plates. The test setup layout and the specimen geometry are depicted in Figure 4.12| and |Figure |
13

Load control was employed and the loading scheme consisted of 3 stages: 1) 3 cycles up to a
total of 196 kN (44 kips) simulating service wheel 1oads with an impact factor; 2) 1 cycle up to atota of
334 kN (75 kip), simulating factored wheel loads and 3) 1 cycle up to a tota of 668 kN (150 kip)
simulating an equivaent system service load. The loading was to continued up to failure of the system.
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Figure4.11 Test setup and instrumentation of the 2-girder subassemblage
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Figure4.12 Test setup of the 2-gorder subassemblage: cross-sectional view
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Figure4.13 Test setup of the 2-gorder subassemblage: top view

4.2.2 Instrumentation layout

A tota of 76 strain gages, 25 linear potentiometers and 4 rotation potentiometers were installed
on the specimen, as shown injFigure 4.14

41
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Figure 4.14 Instrumentation layout for the 2-girder sub-assemblage
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423 Test observations

The overal response was linear elastic during the first 3 load cycles up to 196 kN (44 kip) and
no distress was observed in the specimen. For the next load cycle up to 334 kN (75 kip), no distress on
the specimen was observed nor softening on the overall load versus displacement curves, but an audible
noise related to crack was heard at a total load of 334 kN (75 kip). In the next load cycle, a crack
developed longitudinally all along the interface panel/girders, as shown in[Figure 4.1, at aload level of
approximately 623 (140 kip), before the equivalent service load was attained. Slippage can be visualy
noted (see from the crack between the slab and the girders. At this point the system was
unloaded and reloaded again all the way up to failure of the deck. In this last load cycle a stiffness
degradation of more than 50 % was observed in the globa response beyond the level of 623 kN (140
kips).

When approaching failure large-width longitudina cracks developed at the top of the deck, close
to the interface with the girder and around the load application region, as shown in Figure 4.16 The
cracking noise intensified and transverse cracks also devel oped near the loaded area, followed by sinking
of the steel platesinto the panel. The deck failure took place at atotal load level of about 220 kips.

Separation

(a) Photo showing separation between the concrete slab and the hybrid girder

Concrete
slab

(b) Schematic of crack location

Figure 4.15 Longitudinal Crack at I nterface Deck/Girder
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(b) Schematic of crack locations

Figure 4.16 Failure mode: longitudinal crack in theslab



Figure 4.17 Failure mode — close-up

424 Testresults

The total load versus mid-span displacement curves of the girders are shown in the

curve of load versus central deflection of the panel is shown in|Figure 4.19. The graph showing the total
load versus dippage of the interface deck/girdersis given in|Figure 4.21]

Midspan displacement (mm)
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E C y:d 7" 334 kN (75 kip), factored whed! load ] %
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Figure4.18 Total load ver sus mid-span displacement of girders
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Panel deflection* (mm)
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* Cal culated by subtracting the average girder displ acement
from total pand displacement at midspan.

Figure 4.19 Total load ver sus central deflection of panel

The vertical displacement profile of the girders and dab along the length of the subassemblage,
isshownin for increasing load levels. The subassemblage behaves well in flexure.
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Figure 4.20 Displacement profile along the length of the subassemblage
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The dippage was measured at the interface between the dab and the girders. The four (Iphlee,
Iphlwe, Iph2ee and Iph3ee) of these five measurements, which were taken on the exterior of the girder
behaved similarly; and the one (Iphlei), which is recorded on the interior, behaved distinctively. Thisis
caused by the fact that the tension panel has very low stiffnessin the longitudinal direction of the system.
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Figure4.21 Total Load versus Slippage at | nterface Panel/Girder

The total load versus longitudinal strain curve at the bottom of the East girder, at midspan, is
givenin A linear elastic behavior is also observed up to the load level of 623 kN (140 kips).
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Figure 4.22 Total load ver suslongitudinal tensile strain at midspan

The longitudinal strain profile for increasing load levels is given in for the West
girder and in[Figure 4.24]for the East girder, at section B (2.44 mor 8' from the end of the specimen, see
Ei gure 4.14). An approximately linear profile is observed showing a composite action between girder
and dab in the linear elastic range of the system response before dlippage took place.
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Figure 4.23 Longitudinal strain profile at Section B of thewest girder
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Figure4.24 Longitudinal strain profileat Section B of the east girder

The shear strain in the shear dowels was a'so measured during the test. The total load versus
shear strain curveis displayed in[Figure 4.25|for a tirrup in the East girder near the support region (at 61
cm or 24” from the end of the specimen, see location A in[Figure 4.14) and in[Figure 4.26|for a stirrup
near midspan (46 cm or 18" from midspan, see location C il Figure 4.14). It is observed that larger dips
occurred near the support region, in the shear span of the girder, at the load level of 623 kN (140 kip).
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Figure 4.25 Total load ver sus shear strain in stirrup near support
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Figure4.26 Total load ver sus shear strain in stirrup near midspan

4.3 Punching Shear Test
431 Test setup

After the system test was completed, the specimen was vertically supported for the punching
shear tests. One hole near each end of the specimen was core-drilled through the slab and the tension
panel. Loads were applied with steel bars and jacks to the top of the specimen at those locations (shown
in[Figure 4.27). The 20 cm x 51 cm (8”x20") footprints of the loads was achieved by placing el astomeric
pads. One of the loading locations is in the plain concrete part and the other is in the fiber-reinforced
concrete part.

48 48
Footprint . .
of the punching \Hybrld girder
mshecr loads
N — S

Fiber
reinforced

concrete Plain concrete

240" 120~

(1"=25.4 mm)
Figure 4.27 L ocations of the punching shear loads

432 Test observations

From the top of the slab, radial and tangential cracks developed at failure (Figure 4.28). The
concrete dab separated from the tension panel (Figure 4.29).
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Figure4.29 Failure mode: separation between the slab and the tension panel
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433 Testresults

The load versus displacement curves from both tests are graphically shown in and
tabulated in [Table 4.1, The addition of the polypropylene fibers results in a slightly higher punching
shear capacity and less drop in load after the onset of failure.

Displacement (mm)
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- o . — =
E 20F failure . ] E
| - ! ] —
10 Fi —H— With fiber —50
g ---&- \Wfithopt fi .
al TIIII L i
0 - ﬁlll’l 11 I 11 11 I 11 11 I 11 11 I 111 I-'r‘:‘l 11 I 11 11 I 11 11 i 0
0 0.5 1 1.5 2 2.5 3 35 4

Displacement (in)

Figure 4.30 L oad deflection curves of the punching shear test
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Table 4.1 Punching Shear Test Results

Deck with fiber Deck without fiber
Load Deflection Load Deflection

kN (kip) | mm (in) kN (kip) | mm (in)

0 0.00 0.0 0.00 0 0.0 0.0 0.00
20 441 0.2 0.01 21 47 1.3 0.05
28 6.27 0.6 0.02 31 6.9 2.0 0.08
41 9.32 12 0.05 49 10.9 3.3 0.13
54 | 1224 | 25 0.10 57 12.8 5.2 0.20
66 | 14.89| 45 0.18 71 15.9 9.5 0.38
82 | 1851 6.5 0.26 96 216 | 143 | 056
9% | 21.60| 7.3 029 | 109 | 244 | 16.7 | 0.66
105 | 2354 | 9.1 036 | 122 | 274 | 182 | 0.72
119 | 2666 | 104 | 041 | 136 | 305 | 222 | 0.87
134 | 3019 127 | 050 | 150 | 33.8 | 248 | 0.98
148 | 33.30| 154 | 061 | 166 | 37.3 | 304 | 1.20
164 | 36.83| 206 | 081 | 179 | 40.2 | 353 | 1.39
177 | 3969 241 | 095 | 173 | 388 | 387 | 1.52
191 [ 4291 367 | 144 | 163 | 36.6 | 432 | 1.70
193 | 4335 417 | 164 | 152 | 341 | 438 | 1.73
197 | 4424 519 | 204 | 140 | 31.6 | 496 | 1.95
186 | 4184 | 534 | 210 | 146 | 327 | 648 | 255
181 | 4067 | 622 | 245 | 142 | 31.9 | 699 | 275
186 | 4175 775 | 305 | 137 | 30.7 | 76.8 | 3.02
188 | 4223 826 | 325 | 121 | 27.2 | 80.2 | 3.16
191 | 4288 | 87.7 | 3.45 97 21.8 | 81.0 | 3.19
191 | 4295| 88.1 | 347 89 199 | 843 | 3.32
189 | 4241 | 881 | 3.47 82 185 | 844 | 3.32




5 CONCLUSIONS

In the preliminary characterization tests on components and subassemblages of the Hybrid Tube
Modular advances composite bridge system have shown that while the bridge system overall exhibited
the projected advantages of lightweight of the modular components, easy and fast assembly without
heavy lifting equipment, and significant over-strength in the assembled system, other more local
performance characteristics still need further improvement and devel opment.

The individual hybrid tube test showed that not only significant capacity reserves over and
above service or factored equivalent service load levels are present in the HTS girders but that failure did
not occur until very large and clearly visible girder displacements were achieved. The overall response
of the individual girder was essentially elastic al the way up to faillure. The encountered failure mode at
the maximum moment location by debonding of the short Iap length in the glass fabric indicated that
capacity increases are further possible by better detailing of the these laps.

The subassemblage of two HTS girders, the tension-tie form panels and the polypropylene fiber
reinforced concrete deck showed that the modular system can lead to very fast erection times. In
particular, the snap-in form panels and shear stirrups into the HTS girder grooves proved to be very
simple. Mixing and handling issues with reduced slump and workability of the fiber reinforced concrete
overlay need to be addressed and improved. Materials tests on the fiber reinforced concrete showed that
the addition of 0.6% (by volume) of polypropylene fiber to the concrete mix did not change the actual
concrete compression or tension capacities but rather the failure mode once initial failure onset had
occurred. The benefit of the fibers was in the form of crack width control and with its better aggregate
interlock characteristics once cracking was initiated.

The |load test of the two-girder subassemblage showed that (1) horizontal shear transfer between
the deck and the girders and (2) the stiffness and horizontal shear transfer between the deck and the form
panels are critical issues which need to be improved. The horizontal shear force transfer between the
concrete deck and girders failed by debonding along the entire girder length just dightly below the
equivalent service load level calculated for the two girder test from the prototype bridge system.
Subseguent to the horizontal debonding, the system capacity increased demonstrating the effectiveness
of the snap-in carbon shear stirrups to load levels approaching 1.5 times the nominal service loads.
While this may not be considered sufficient for actual design applications, the achieved horizontal shear
capacities provide an important data point in the system devel opment.

The horizontal shear failure (debonding) between the concrete deck and the girders
unfortunately had a very negative effect on the concrete deck behavior. The design concept of arching
action developing in the fiber reinforced concrete deck between girders held together via the form panel
tension ties did not and could not materialize after debonding between the concrete deck and the HTS
girders had occurred since the concrete deck could slide horizontally perpendicular to the girder line with
only nominal constraints by the carbon shear stirrups which have very little stiffness in this direction.
The dliding behavior between deck and girders resulted also in a separation between concrete deck and
form panels, thus, preventing the development of monolithic flexural action in the transverse deck
direction. In order to achieve monoalithic flexural action between fiber reinforced deck and form panels,
the panels need to be stiffer in flexure and in shear and mechanical bond between the form panels and
the concrete overlay through ribs or rough spray or fiber mats needs to be established. A next generation
of form panels with these improved characteristics is under development. Furthermore, the bond between
the concrete deck and the HTS girders can be improved by transverse ribs at the girder top for
mechanical interlock and by more snap-in shear stirrups. The same material quantities in the shear
stirrups can be used for stirrups with half the original length and half the stirrup spacing which would
result in improved shear transfer characteristics.

55



Finally, the punching shear test of deck sections with and without fiber reinforcement showed

very little difference in punching shear response with only a slight post-punching response improvement
in the fiber reinforced section due to better crack control. However, both punching shear tests clearly
lacked the benefit of deck arching action due to the premature bond failure between deck and girder and
punching shear failures occurred at load levels characteristic for decks with arching action. Again,
significant improvements of punching shear characteristics can be expected with improved bond
characteristics between concrete deck and form panels.
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