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Thesis supervised by Professor Antonio Nanni.
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The aim of this thesis is to develop the necessary design knowledge and tools to implement
an innovative Glass Fiber Reinforced Polymer (GFRP) rebar shape in traffic railings. The
innovation lies in the use of GFRP continuous closed stirrups that have become recently
available. The design method is based on AASHTO-LRFD Bridge Design Specification
and the latest specifications issued by the Florida Department of Transportation (FDOT)
for Reinforced Concrete Traffic Barriers. After the review of existing design procedures
focusing on traffic barriers and understanding the mechanical characteristics of GFRP
reinforcement, a modified design approach is proposed for reducing reinforcement ratios
and complexity in construction. The effort included two different type of traffic railings,
namely: 36”—Single Slope (36—SS) and FDOT 32” F—Shape (F32). The 36—SS is to be used
as a later time test specimen. The F32 is showcased in the Halls River Bridge Replacement
Project. Finally, a Mathcad application tool developed for public use as part of the FDOT
design examples library illustrates the application of this configuration for traffic barriers.
Continuous close GFRP stirrups champion the versatility of the FRP composite technology
by accommodating to most requirements. The use of GFRP stirrups in traffic railings
complements the application of non-corrosive reinforcement in transportation structures to

address the demand for sustainable construction practices
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Chapter 1: Introduction

1.1 Research Implication

The corrosion of the structures is one of the main issues that reduces the Service Life and
strongly affects maintenance costs of infrastructures. Many studies have been done in order
to define the cost of corrosion. CC Technologies and Federal Highway Administration
(FHWA) did a benchmark study about the cost of corrosion, and they estimated that the
total corrosion around the 3.1% of the gross domestic of the United States, which
corresponds to $276 billion per year [1]. Due to aging, lack of maintenance and exposure
to aggressive environment, civil infrastructure facilities in U.S. and abroad deteriorate. The
total number of highway bridges in the U.S. is 614,378, according to American Society of
Civil Engineer (ASCE) in 2017. 9.1 % is considered structurally deficient in 2016 and
almost four out of ten of which are 50 years or older. On average there were 188 million
trips across a structurally deficient bridge each day [2]. The recent estimation of the costs
substitution in the U.S. of these bridges is around $123 billion. Most of the bridges are
made of steel or reinforcement concrete and most of them are subjected to significant levels
of corrosion. The cost of corrosion for those bridges is estimated to be $8.29 billion every
year, considering maintenance as well as the replacement of structurally deficient bridges,

which equals 16.4% of the total infrastructures cost[3].

The American Society of Civil Engineers (ASCE) is committed to protecting the health,

safety, and welfare of the public and, as such, is equally committed to improving the

nation’s public infrastructure. America’s civil engineers provide a comprehensive
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assessment of the nation’s major infrastructure categories every four years through the
ASCE’s Report Card for the U.S. infrastructure [2]. In 2017, infrastructures received a D+,

and bridges earned a C+ (Figure 1).

The challenge for federal, state, and local governments is to increase bridge investments
by $8 billion every year in order to reach the identified $76 billion which are needed for

deficient bridges across the U.S.

The Florida Department of Transportation (FDOT) is the executive agency that coordinates
the planning and development of the transportation system in the state of Florida. FDOT
submits a plan of 5 years of works to maximize the department’s production and service
capabilities through increased productivity, reduced cost, innovative use of resources and

strengthened organizational effectiveness and efficiency.

The work program consists of 6,987 projects starts from the year 2014/2015 through
2018/2019 and includes the construction of 762 lane miles of roadway, replacement of 76

bridges and reparation of 190 bridges.

Better corrosion management can be achieved using preventive strategies at every project
and includes the change of policies, the increased awareness of large corrosion costs and
potential savings, regulations, standards, development, management practices, advance of

design practices and technology through research, and implementation.

All the infrastructures have to be designed with respect to the natural environment and

withstand both natural and man-made hazards.

Finally, the research should study and develop new and more efficient methods and

materials in order to ensure the infrastructures can be maintained longer. One of the most
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important aspects is corrosion, which requires new technologies like Glass Fiber
Reinforced Polymer (GFRP). This technology can reduce significantly the indirect cost of

rehabilitation, maintenance and replacement of systems.

ExX "" gpﬂl
a.!vssl;' s

INFRASTRUCTURE

REPORTCARD Bri d g es c+

9.1% of bridges rated structurally deficient

1] ISR | ST |

Figure 1 - ASCE Report Card for Bridge

1.2 Glass Fiber Reinforced Polymer: Components, Use and Production

A Composite material is made from two or more constituent materials with notably
different physical or chemical properties. When combined, the single components produce
a material with different characteristics to the originals. In the final material structures, the

components remain separate and distinct Nanni, De Luca [4].

GFRP is a composite material that is made from glass fibers which provides strength and
stiffness. The resin matrix, when properly embedded, transfers loads between fibers and
also protects them from chemical attacks. The combination of the two materials leads to a
final product with superior properties and better performance than the individual

components alone. Because of the protective resin, GFRP rebars are almost not corrosive
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which lead to a significant market adoption and different applications of the material in the
construction industry and in infrastructures. Corrosion of reinforcing steel rebar is one of
the main problems in concrete structures and a major durability concern. Over time,
concrete inevitably cracks because of shrinkage or other mechanisms that expose the steel
rebar to external agents that induce corrosion of the steel (chlorides, sulfates, carbon

dioxide, etc.).

GFRP rebars have been analyzed as valid alternative solutions, and different GFRP
products were tested in laboratory and structural application for various concrete
components. Over time, such materials have been proven to be an adequate alternative to
traditional steel reinforcements. Nowadays, many different manufacturers around the
world produce GFRP rebar that can be used in structural applications. Each company has
their own production methods and uses different resins and/or fiber types and the final

product strongly depends on that [5].

The three main functions of the resin matrix are to protect the fibers from mechanical and
environmental attacks, to maintain the alignment of fibers, and to guarantee proper load
transfer between individual fibers. There are two classes of resins: thermoset and
thermoplastic resins. Thermoset polymeric resins are the most commonly used ones to
produce GFRP rebar [4]. Initially, in their virgin state, thermoset polymeric resins are
usually liquid (Figure 2) at room temperature, but sometimes they are solid with a low

melting point.

To properly penetrate the fibers, resins are heated to temperatures of approximately 177°

C [6]. Heat treatment and catalysts are used in the curing process to solidify the resin. After
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curing, the material is locked into shape and cannot be converted back to the original liquid

form.

Figure 2 - Thermoset polymeric resin in liquid state

On the other hand, thermoplastic resins do not cure permanently, and can always change
from solid to liquid through increased temperatures. Therefore, thermoplastics are not
acceptable for structural applications. The thermoset polymeric resins, polyesters, vinyl
esters, and epoxies are the most used resin-matrix materials in FRP Reinforcement rebar

designated for civil engineering applications [4].

Fibers are the major load-carrying component in FRP composites. On the worldwide
market, there are FRP reinforcing rebar made from various types of fibers, with different
volume fractions and orientations of these filaments. One of the important aspects of
these fibers is the size, which will differentiate between producers [5]. The size of the fiber
is a critical element to determine how fibers will handle during the processing and how
they will perform. Different types of fiber are used in FRP rebar, mostly fiberglass,

followed by basalt and aramid. Carbon is also used, but typically for pre-stressed

applications.
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As shown in Figure 3, the engineering properties of FRP rebars highly depend on the

utilized fiber type.

3450

2760

- 2070

Stress, ksi

1380

Stress, MPa

Mild 690
Steel

0 1 2 3 e 5 6 7
Strain, %
Figure 3 - Tensile stress and strain of different types of fibers [7]
According to Busel et al. [7] the tensile strain capacity of GFRP rebar is higher than the
tensile strain capacity of carbon or aramid FRP rebar, while the reverse is true for the tensile
strength. Fibers made from glass are among the most economic ones along with basalt,

while carbon fibers are the most expensive. The cost of aramid fibers are comparable to

the price of low grade carbon fibers [8].

The three main glass classes used for GFRP reinforcement are E-glass, C-glass and S-glass.
E-glass, where “E” stands for “electrical application”, is the first type used to produce
continuous filaments. It was first used in electrical applications due to its low conductivity
and its permeability to magnetic fields. C-glass, where C stands for “chemical resistance,”
is mainly used in aggressive environments and S-glass, where S stands for “stiff” is used

in application where is required high strength modulus.
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Although C-glass and S-glass have the highest strength properties and corrosion
resistances, the E-glass is the most used for civil engineering and industrial applications

because it is the easiest and cheapest to obtain [8].

Extensive variety of fibers are present on the market, which are used in GFRP
reinforcement rebar as ECR-glass, A-glass, Ar-glass (alkaline resistance), D-glass, R-glass

and S-2 Glass [8].

Since GFRP is a composite material the rebars are highly anisotropic (unlike steel rebar
which can be considered as a isotropic material): the GFRP rebars are strong along their
main axis but weak in the transversal direction [4]. Therefore, the compression and tension
strength resistance are the same, and are higher than the shear strength. Moreover, in
compression when the ratio between the height and width make the fiber instable and, thus,
seem fragile, then the strengthening of the compressive capacity could prevent GFRP fibers

from buckling.

The typical cross-sectional shape of the rebar is solid and round, but other shapes are

available in the market [9](Figure 4).

The characteristics of the several cross sections present interesting and important
differences, therefore to use the most suitable rebar for any project it is important to know

the advantages and disadvantages of each type.
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Figure 4 - GFRP rebar with different cross-sectional shapes [9]

The most used GFRP rebar manufacturing method is the Pultrusion Process. The Pultrusion
process is a continuous manufacturing process used to make FRP profiles with consistent
cross-sectional properties, such as rebar. It is a continuous molding process that combines
fiber reinforcement and thermosetting resin. Figure 5 shows schematically the basic steps
and production sequence of the pultrusion system. The process begins by inserting the fiber
into the machine. To keep the fiber in tension, the reinforced fiber are threaded into the
tension roller. This roller is the first component that prepares the product for its final shape
by grouping them accordingly. Then the fibers pass through a resin bath for impregnation.
The resin-soaked fibers are then heated in the steel forming dye to create the final shape of
the material after the resin has cured. Then a pull mechanism extracts the cured product
and advances it into the cutting station. The mechanical properties of GFRP are ultimately
affected by the fiber volume, rate of resin polymerization, manufacturing process and the
quality control process. Furthermore, the strength of the rebar depends on its diameter [9].

The production of rebar bents remains a challenge to GFRP rebar manufacturers because
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rebar cannot be bent after curing when a thermoset is used [4]. The strength for normal
bent rebar is reduced in current standards, with safety factors, from 40 to 50 percent

compared with the tensile strength of a straight rebar with same diameter [10].

*Cal llar Pullers (shown) or
Rut:griumﬂng Fullsnrl ’

Figure 5 - Pultrusion process for the manufacture of GFRP rebar

The FRP rebar can have different diameter size, the most common and used in construction

are reported in the following Table.

Table 1 - Size designation of FRP round rebar

Rebar size Nominal .

designation diameter Nominal area
# in. mm in? mm?
2 0.25 6.4 0.05 32
3 0.37 9.5 0.11 71
4 0.5 12.7 0.2 129
5 0.62 15.9 0.31 199
6 0.75 19.1 0.44 284
7 0.87 22.2 0.6 387
8 1 25.4 0.79 510
9 1.13 28.7 1 645
10 1.27 323 1.27 819

www.manaraa.com
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AASHTO LFRD 2009 for GFRP-RC Bridge Design [11] reports the minimum required
tensile strength associated to the rebar diameters that the manufacturers have to respect

and is shown in Table 2.

Table 2 - Minimum Tensile Strength as reported by manufacturer, AASHTO LRFD

Rebar size Minimum Tensile

designation Strength
# psi MPa
2 110,000 758
3 110,000 758
4 100,000 689
5 95,000 655
6 90,000 621
7 85,000 586
8 80,000 552
9 75,000 517
10 70,000 483

Since the thermo-set materials cannot be post-formed, to produce non-linear shape (as
continuous closed stirrups) the shaping can only be done during the “non-totally
polymerized” phase. In order to make non-linear shapes, such as continuous closed stirrups,

two different manufacturing processes are used:

e A rod can be produced with “non-polymerized spots” located at the bending points;
then this rod is precisely placed on a form producing the final shape; the stirrups are
done when the polymerization is completed. As a result, the straight section of the
stirrup will maintain typical characteristic of regularity and smoothness of the section

as designed, while the bent parts will show some deformations like wrinkles on the

Ol LAC U Zyl_ilsl
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compressed side and irregular section on the tensed side. In this case, a reduction factor
of 50% is considered for the strength in the bent regions.

e The stirrups are produced with a closed loop by positioning the uncured fiber-
resin system on frames with the design curve adaptors at the bending points,
which are four in the case of rectangular or square shape. A winder rotates the
steel frame at a set velocity. Special bushing will reproduce the wanted
curvature. From a rack the fibers are pulled into the frame and forced to
submerge in a resin bath, and after that it will reach the frames. After total
polymerization, the molds are taken apart to collect the finished product and
recomposed for new production. With this procedure in the bent zone, where
the wet fiber is easily and precisely placed on the curved bushing-mold, a fiber
geometrical regularity is obtained, even better than the “non-guided” rectilinear
zone. Therefore, it is correct to consider the bent part of the closed stirrups as
“equivalent” diameter stirrups as the continuous zone of the rebar, as

recommended by ACI 440.3R-04 PART 2.

1.3 Objectives: The Use of GRFP

The projects and the information present in this thesis is part of a larger and exiting
program, where the goal is finalized to fully understand composite materials in bridge
construction in order to make this technology available to professionals and bridge owners.
Almost all the bridges in the U.S. and abroad are made of steel reinforced concrete, which
are fully exposed to degradation related to corrosion; the maintenance and replacement of

those bridges is an expensive priority. Therefore, the incrementing of the existing and the

new bridge with a non-corrosive GFRP rebar as internal reinforcement for concrete bridge

Ol LaCu Zyl_i.lbl
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components has a significant potential for extending the service life of a structure.
Moreover, GFRP internal reinforced rebars are lightweight, high-strength and can
substitute steel rebars in many applications. Nowadays, the initial cost of GFRP is one of
the biggest disadvantages if compared to that of steel reinforcement. Since the initial cost
of GFRP is considerably higher sometimes it can be seen as an unattractive alternative;
but, in reality, the initial cost of a bridge is small compared to its Life Cycle Cost. The final
cost of the structures may be smaller using GFRP reinforcement than steel because those
reinforcements potentially can increase the serviceability life of the infrastructure and

reduce the maintenance cost.

Moreover, a recent project called “Seacon” is producing an innovative sustainable concrete
made with sea water, which can be reinforced only with non-corrosive rebars, as the GFRP

rebars and not with normal steel reinforcement.

The advantages of those composite materials incite to build more than 190 installations

with FRP in the U.S. and in more than 50, GFRP is used as a bridge deck reinforcement

[3].

1.4 Traffic Barriers
A traffic barrier is used to redirect safely an errant vehicle away from a hazard, such as an
oncoming car from the opposite direction, or dangerous obstacles like trees, rocks, sign

supports, bridge abutments and buildings etc. [12].

Ideally, a traffic barrier should redirect and decelerate the vehicle in the road away from

the hazard with a narrow angle and, at the same time, should not overturn, spin or result in

significant damages to the vehicle that may cause injury or be fatal to the occupants. The

Ol LAC U Zyl_i.lbl
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deceleration and the redirection of the vehicle should be within human tolerance and

comfort levels [12].

Usually, barriers are made of steel, concrete or plastic (for temporary use only). Sometimes,
steel railing are added over a concrete barrier in order to prevent the rollover of vehicles.
Steel barriers can be made as guardrail, tubular sections or wire rope. It is common to use
steel barriers in order to reduce the severity of a crash. Steel barriers are semi-rigid or
flexible, therefore, during accidents they can deform in order to reduce the impact force to

the vehicle and passengers.

In contrast, concrete traffic barriers are considered rigid since the deformation during the
impact is small, no more than a few inches [12]. This displacement/deformation is called
“working width”. In steel barrier the working width may reach deformation up to 13 ft. (4

m), but usually it is preferred to not pass 6.5 ft. (2 m).

When high force level is required to redirect the vehicle and there is not enough working
width to accommodate a deforming barrier, strong rigid barrier are used. Another reason

to use rigid barrier is that repair maintenance is much lower than for deformable ones.

In the U.S., the four most common types of rigid concrete traffic barriers are the New
Jersey Barrier, the F-Shape Concrete Barrier, the Single Slope Traffic Barrier and the
Vertical Concrete Barrier. Usually, these are called “Safety Shape Barriers”, which proved
to have satisfied impact performance during impact tests [12]. None of these standard
barriers are perfect and all have some imperfections, which depend on the vehicles type,

angle of impact and height of the impact.

Ol LAC U Zyl_i.lbl
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The New Jersey shape and the F-shape barrier (Figure 6) which both are descendants of
the traffic barrier developed by the General Motor (called GM shape), have incorporated a
steep upper slope with a shallow lower slope. If the impact has a low impact angle, the tires
ascend the lower part of the slope and redirect the vehicle without the contact of sheet metal
with the barrier. The upper part of the angle is made to redirect the vehicles which impact

at a higher angle.

The GM shape was not developed by crash testing, and at a time when cars were larger and
heavier. Now GM is considered obsolete because it demonstrated to have unacceptable

performance in crash tests [13].

The most used traffic barriers in the U.S. are the New Jersey barriers. The name came from
the first traffic barrier that was installed in New Jersey in 1955. Apparently no crash tests

were carried out in the development of the upgraded New Jersey barrier.

432 mm (17" 4533 men (18" 550 mm (22"
34\:

B4

3

254 mm (10" oo 178 mm (7") oo
e P
?6mm(3") ‘?ﬁ m(3"}
(b) ©)

Figure 6 - Safety Shape concrete traffic barrier, (a) GM Shape, (b) New Jersey shape, (¢)
F-Shape [13].

The New Jersey has different height from GM shape, from 13 in. (330 mm) to 10 in.

(254mm) but has a similar lower shape slope of 55°.
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The vehicle impacting the slope of the barrier will present a longer time impact and,
consequently, a lower peak impact force compared to a vehicle impacting a vertical barrier.
This lower peak impact reduces accelerations acting on passengers as compared to a flat
wall with the same height. On the other hand, tire climbing the barrier could made the
vehicle to rollover. The risk of serious injury or fatality is much higher in rollover accidents

than in non-rollover accidents.

The F-shape barrier were designed in order to reduce the percentage of vehicles climb and

roll-over in the basic New Jersey traffic barrier (developed in 1976).

Single Slope Traffic Barriers were developed in 1989 in California as a modification of the
well-known NJ barriers [19]. The aim of the Single Slope Traffic Barrier is to reduce the
rollover of the vehicles during the impact, which may cause more injury and fatality. The
impact force has almost a horizontal direction that will limit the climb to approximately
zero (increase of the overall stability). On the other hand the peak force that will be
transferred to the passenger will be higher, increasing the risk of injury [2]. For example a
passenger’s head slapping the side window is one injury that could occur during a lateral

impact to the barrier, increasing the risk of death.

An advantage to consider in single slope barrier as compared to more complex shapes is
that the performance is not as affected by changes in the roadbed’s height during repaving.
It is also easier to construct. Some examples are California Type 60 barrier with a single
slope of 9.1° and Texas SSCB with a slope of 10.8° (Figure 7) most used for TL-5. In
general for TL-4, the minimum used elevation is 32”. A single slope 36” is adopted by the

TxDOT and it will be used as the FDOT standard.
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1067 mm (42") 1067 mm (42")

(a) (b)
Figure 7 - Single slope traffic barrier, (a) Texas SSCB, 2(b) California type 60

1.5 State of the Art: GFRP RC Railings and Barriers

The use of GFRP rebar in most of the traffic railings, until now, were involved in vertical-
faced systems. In the last few years, as mentioned before, GFRP manufacturers could
produce bent rebar and also closed stirrups. These new technologies allow for new design

of traffic railings which are not Vertical-faced.

In North America there are several examples of field implementation that have
demonstrated the validity of traffic barrier with GFRP reinforcement. Also some research
projects tested the validity of this implementation. The first traffic barrier realized with
GFRP reinforcement were open post-rail. In 2003 an experimental investigation on
continuous GFRP RC traffic barrier was conducted by El-Salakawy et al. [14] subjected

on static and pendulum impact tests.

The test results showed that traffic barriers reinforced with GFRP have similar failure
behaviors as traffic barrier reinforced with steel. The ministry of transportation of Quebec

(MTQ) approved the use of two traffic barriers with GFRP RC: one bridge in Val-Alain,

Ol LAC U Zyl_ilsl
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in 2004, on Highway 20 with a performance level of 2 and in Melbourne, in 2005, on the

Highway 55 with a performance level of 3 [15, 16].

A joint project “FRP Reinforcing Rebar in Bridge Decks”, involving TxDOT Texas
Transport Institute, the University of Texas at Arlington, and Texas Tech University , was
initiated in August 1999. The barriers used were concrete bridge railings supported by
concrete posts spaced 5 ft. (1.5 m) apart. Both tests showed structural adequacy of rail.
Since the collision loads imposed on the bridge railings, in full scale crash test, were easily
resisted, the structural failure modes for the bridge railings with GFRP RC were not
identified. The TxDOT T202 with GFRP RC, contained and redirected the truck and no
measurable deflection was noted [17]. As we can see from Figure 8, the truck impacted the
barrier without penetrating it, the vehicle did not overturn or spin and high damage was not

recorded.

0.0825 02765

Figure 8 - Sequential Photographs for test 441382-2.

The owner of the Bridge 14802301 in Greene County (Missouri, USA), decided to use the
replacement of the 70 years old slab and girder superstructure. The use of only
prefabricated GFRP reinforcement for RC deck and open post railings came after two years
of research and development and technology transfer project. The re-decking was done in
only five days with a reduction in construction time and labor cost of more than 70%

compared to the traditional process. GFRP prototypes were designed using an equivalent

amount of reinforcement compared to the steel RC system. Open GFRP stirrups were used
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to connect the curb to the deck and the transverse strength of the GFRP RC systems exceed

the mandatory static load demand required from the code, similar to steel RC system

(Figure 9).
=305
| 3016
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Figure 9 - Open Post railings. (units are mm) [3].

The rehabilitation of John Street CNR Overhead Bridge, (Ontario, 2012) was made using
vertical-faced barriers. Two vertical straight rebar connected to the longitudinal
reinforcement was the transverse reinforcement. These vertical rebars were embedded in
the concrete deck before the cast of the traffic barrier. The transverse rebars used in the
case of Boulevard West Bridge in Lakeshore were coupled with 90 degree bent rebar, used
to increase the bond between deck and traffic barrier [18]. GFRP U bent rebar, joined in a
close loop, is also used to connect the traffic barrier with the deck; an example of this is
used in Eglinton Avenue Bridge, in Toronto as well as in the design of Clark’s Mill Bridge

with transverse reinforcement of GFRP (Figure 10).
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Double head galvanized steel of 0.87 in (22 mm) with 11.8 in (300 mm) spacing connects
the traffic railing to the deck and the deck reinforcement. The splicing needs to be adequate

in order to transfer the load from the parapet to the bridge.

1 75mum E0rmim

180mm
-
4 (4) #5
Evenly Spaced
800rrwm
() #5 E'" #5 @ 300
Evenly Spaced
1 1025mm
#6@ 250" 0.4 ~_| dl.
A
Freehand Edge
25007
o -
|
somm Ao | Al7 7éfnm
_|' - ——22mm Galvanized Stee!
p
=y et i
! 40mmd

Figure 10 - Clark’s Mill Bridge traffic barrier [19]

In the case of the Ross Corner bridge, double bent GFRP rebar and 90-degree of bent rebar
are used (Figure 11)[20]. Those rebars are connected to the deck reinforcement. After
casting the deck, another bent rebar is placed at 90-degree, connected with longitudinal and
vertical rebar.

(6) Rows of (4) RB5-472 &
(1) RB5-167 each side

J«ﬁ BAB5-90-12-49 @ 200*

BRB5-80-10-40 @ 200*

BRB5-U*-11-11-20 @ 200*

Note: Deck Reinforcing not
shown for clarity

Figure 11 - Ross Corner bridge traffic railing [20]
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In Baden Creek Bridge, a similar rehabilitation method was used with three different types
of bent rebar in order to optimize the shape. In order to provide anchorage, the rebars are

embedded inside the deck [18].

1.6 Thesis Outline

This thesis is divided in three principle parts and supported by six appendices. The first
part, the Chapter 2, introduces the design method based on AASHTO-LRFD Bridge Design
Specification and the latest specifications issued by the Florida Department of
Transportation (FDOT) for Reinforced Concrete Traffic Barriers. In the third chapter, some
final design of F-Shape 32 in. of height (F32”) and Single Slope 36 in. of height (SS36”)
are shown, both RC traffic barriers with GFRP reinforcement. This examples includes: the
design of the F32” RC Traffic Railing of the Halls River Bridge (Homosassa, FL) and the
SS36” which will be used as a test specimen from Florida Department of Transportation
(FDOT). The fourth chapter shows how to use the Mathcad file (reported in Appendix C)

related to the design of the F32” RC traffic railings with GFRP reinforcement.

Appendix A presents the innovation aspects of Halls River Bridge and the constructability
process of the bridge and the traffic railings. The calculation supporting the design of the
traffic barrier F32” of the Halls River Bridge approved by FDOT is presented in Appendix
B. The final drawings of the Halls River Bridge traffic railings, approved by FDOT are
shown in Appendix D. In Appendix E, the calculations of SS36” made by Excel are
presented and in Appendix F, the final drawings approved by FDOT which will be used as

a pendulum specimen are provided.
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Chapter 2: Design of Traffic Railings, GFRP RC Type Parapet

2.1 Assumptions
In traffic barriers crash testing aims to determine the structural and geometrical

crashworthiness and, both, have to depend on the Service Level chosen.

There are several type of traffic railings depending on the variation in traffic volume,
vehicle mix, speed, roadway alignment, condition and activities of the structure, which

involve different performance requirements.

Modern traffic barrier have to be structurally and geometrically crashworthy. The
protection of the passengers and drivers of vehicle in impact with the barrier, of people and
property on the roadway and of the vehicles near the impact point should be considered.
Other considerations includes cost-effectiveness, future rail up-grading and variation in

traffic volume [21].

In 1993, the National Cooperative Highway Research Program (NCHRP) in the Report
350 produced the standard for the performance of the safety evaluation of highway features
[22]. NCHRP report 350 gives a guide on the procedure of the crash testing, on the impact
conditions for barriers, crash cushions and a description of the evaluation criteria of each

test.

Six different test levels are defined in the Report, from TL-1 to TL-6, with an increase on
each level of severity and impact loading. First of all, the test level of the project should be

defined:

- Test Level One (TL-1): generally, this level is suitable for work zones with low posted

speeds and very low volume, low speed local streets.
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- Test Level Two (TL-2): generally, this level is suitable for work zones and most local and
collector roads with favorable site conditions as well as where a small number of heavy

vehicles is expected and posted speeds are reduced.

- Test Level Three (TL-3): generally, this level is suitable for a wide range of high-speed
arterial highways with very low mixtures of heavy vehicles and with favorable site

conditions.

- Test Level Four (TL-4): generally, this level is suitable for the majority of applications
on high speed highways, freeways, expressways, and Interstate highways with a mixture

of trucks and heavy vehicles.

- Test Level Five (TL-5): generally, this level is suitable for the same applications as TL-4
and where large trucks make up a significant portion of the average daily traffic or when

unfavorable site conditions justify a higher level of rail resistance.

- Test Level Six (TL-6): generally, this level is suitable for applications where tanker-type
trucks or similar high center of gravity vehicles are anticipated, particularly along with

unfavorable site conditions.

For TL-3, traffic barrier are at least 27 in. (0.69 m), for TL-4 the minimum is 32 in. (0.81

m), for TL-5 the minimum is 42 in. and for TL-6 the minimum is 90 in. (2,23 m) [21].

The performance factors as post-impact behavior of vehicles, risk for the occupants and

structural adequacy are some features that are evaluated in bridge railing design.

The impacting dynamic force of the vehicle under specific crash test conditions are

converted in AASHTO in equivalent static loads to be used for structural design [22], as
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transverse force Fi, longitudinal force Fi, and Vertical force Fy (Table 3). The transversal
impact length Lt and longitudinal impact length LI are also evaluated. Since serviceability
requirements are not a major concern, these loads are referred to ultimate limit state
conditions. The transverse load is typically the one concerned in the design load for traffic

railings.

Table 3. Design Forces and Dimensions for Traffic Barriers and Railings

Design Forces Railing Test Levels
and TL-1 TL-2 TL-3 TL-4 TL-5 TL-6
Designations kips KN |kips kN |kips KN |kips KN |kips KN |[Kkips KN
Ft Transverse 14 60 27 120 54 240 54 240 | 124 552 175 778
Fl Longitudinal 5 20| o9 40| 18 80| 18 80| 41 182 58 258
Fv Vertical 5 20 5 20 18 80 18 80 80 356 80 356
Dimensions: in. mm | in. mm | in. mm| in. mm | in. mm | in. mm
Ltand L1 48 1219 48 1219 48 1219 42 1067 96 2438 96 2438
Lv 216 5486 | 216 5486 | 216 5486 | 216 5486 | 480 12192 | 480 12192
He 18 457 20 508 24 610 32 813 42 1067 56 1422
Min. H Height 27 686 27 686 27 686 32 813 42 1067 42 1067

In 1978, the Texas Transportation Institute studied and developed a method to evaluate the
structural resistance of reinforced concrete traffic barrier [23]. This method is known as
yield line theory and it is based on the conservation of energy principle and to an estimation
of rupture shape to predict the ultimate strength of the barrier. First it is found a postulation
of failure mode kinematic collapse mechanism that satisfies the yield criterion at the yield
lines; then an upper-bound ultimate load is determined by equating the work done by the
external load and the resistance forces at the yield lines. Since it is a statically indeterminate
system, a redistribution of bending moments with plastic rotations have to be assumed. In
this way, both longitudinal and overturning resistance could be determined and ultimate

strength of the barrier can be evaluated (Figure 12).
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Due to the linear elastic behavior of the GFRP rebars, moment redistribution cannot be
taken in account in the analysis of indeterminate structures; therefore, the yield analysis

cannot be used.

The results of a full-scale static tests on post-deck connections reinforced with GFRP rebar
were presented by Matta and Nanni, in 2009. The aim of these tests were to assess the
compliance with strength criteria at the deck to barrier connection, mandatory by ASSHTO
Standard Specifications [10], which are used in design of bridge. Using the strength-

convergence method, the strength and stiffness until failure are shown to be predictable.

Fig.CAl3.3.1-2 AASHTO LRFD 2012 Fig.CA13.3.1-1 AASHTO LRFD 2012

Mc = Flexural resistance of the
traffic barrier chout its
Le= Critical length of vyisld line verticol axis.
failure pattern REZISTANCE PROWIDED BY
TRANSWVERSE REINFORCEMEMNT

Lt= Longitudinal length of

distribution of impact farce Mo, Mw= Flexural resistonce of the
iroffic borrier ckout an axis
Ft= Transverse impact force parallel to the longitudinal

axis of the kridge
RESISTANCE PROVIDED BY
LONGITUDINAL REINFORCEMENT

Figure 12 - Yield line analysis of concrete parapet walls for impact within wall segment.

An iterative procedure is used in order to achieve the convergence for tensile load capacity.
The methodology to find the strength level of a GFRP RC railing is consistent with the

requirement of AASHTO LRFD approach. Since in successful crash tests are not observed

large deformations, the torsional effects on the traffic railings can be neglected. Therefore,
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the behavior of the traffic barrier into a bi-dimensional system is an appropriate
approximation. The design for flexural and shear of GFRP reinforced members follows
AASHTO provisions. The equilibrium-convergence method provides a simple and
effective method for the design of traffic barrier reinforcement. The following different

failure modes may occur when dealing with GFRP railings:

e Concrete crushing;
e GFRP reinforcement rupture in flexure at the weakest connected section;
¢ Insufficient anchorage of the post or development length of the deck reinforcement;

e Diagonal tension cracking at the corner.

Since GFRP reinforcement members do not exhibit ductile behavior, conservative
resistance factors are taken into account in order to have a higher reserve of strength in the
member. While the crushing failure mode of the concrete could be evaluated with
calculations, the member may not fail accordingly. If, for example, the concrete strength is
higher than specified, the failure could happen due to GFRP rupture. For this reason and to
establish a transition between the two value of safety factor, ¢, a transition, a section
controlled by concrete crushing is defined as a section in which pr>1.4 - psp, and a section
controlled by GFRP rupture is defined as one in which pr< pgp. In between is considered

transition between the two values of safety factors (AASHTO LRFD, 2009 - C 2.7.4.2).
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Figure 13 - Resistance factor for flexure [21]

The diagonal cracking of the corner must be avoided to prevent permanent damage in the
bridge deck. It is also important that after failure the connection does not separate. When
the connection between barrier and deck reaches its strength or when the beam reaches its
nominal value, the ultimate transverse load is obtained. Furthermore, the connections need

accurate detailing and inspection:

e Effectiveness of the barrier/deck construction joint;
e Effectiveness of the anchorage of the bent rebar within the deck;

e Developable tensile stress in straight or bent rebar in the deck;

2.2 General Design Steps
This study provides guidance for the design of a cast-in-place GFRP RC traffic barrier. The
design procedure is the same for the traffic barriers F32” and SS36” and it was done using

Excel.

A six-step procedure was implemented for the design of the traffic barrier:

e Input Data and Geometry

e Development Length and Connections

e Design Loads

www.manaraa.com



27

e Flexural Verification: Limits for Reinforcement and Flexural Strength
e Shear Verification: Concrete Shear Strength and Shear Reinforcement Strength

e Results

2.3 Input Data and Geometry

The geometry and the material characteristics of the GFRP RC traffic barriers have to be
defined first. The GFRP mechanical properties can be defined according to the minimum
requirement of ASSHTO LFRD 2009, or from manufacturers. The concrete modulus of
elasticity, the strain and the strength can comply with either FDOT requirements or with

manufacturers.

The geometry of the sections F32” and Single Slope 36” is different and two sections are

reported, as adopted by FDOT, in Figure 14 and Figure 15 respectively.

18
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Figure 14 Typical section of F32”
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Figure 15 Typical section of SS36”

In order to reduce the gravity of the accidents approaching the bridge, the section at the
approaches is usually thinner and may present a different geometry from the typical section
through the railing. This change in geometry should be considered because it may alter the

dimensions of the internal reinforcement.

The clear cover required strongly affects the internal reinforcement configuration of a
traffic railing and the resistance of the section. Since GFRP have much higher corrosion
resistance compared to steel reinforcement, it could be possible set the clear cover down to
1.5 in. (38 mm). The clear cover depends, also, on the construction method used (cast in
place with a stationary removable form, slip form or precast). For example, according to
FDOT, in a slip form construction the minimum concrete cover, as constructed, must not

be less than 1.75 in. (44 mm).

2.4 Development Length
The internal rebars must have a minimum length to give continuity between the traffic

barrier and the deck, and enough bond resistance. The minimum tension development

length which should be used, according to ASSHTO LFRD Bridge Design Guide
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specifications for GFRP concrete bridge deck and railings (equation 2.12.2.1-1), is
determined as follows: the length Ly should not be less than the results from the equation

(1) or 20 - dp.

31.6-a-—L=— 340
fc

lg= I “dp (D

C
13.6 E

o = rebar location modification factor. It is set to 1 except for rebar with more than 12 in.

(305 mm) of concrete cast below for which a value of 1.5 shall be adopted.

ff= effective strength in reinforcement computed according to Eq. 2.9.3.1-1

C= lesser of the cover to the center of the rebar or one-half of the center-to-center spacing

of the rebar being developed, in.
dp, = GFRP rebar diameter, in.

ACI-318 also allows a reduction in the computed development length based upon an excess
of flexural reinforcement being provided. This reduction is computed as the ratio of the

area required to the area provided. In

Figure 18 an example of minimum development length for a bent rebar is shown. The
section x-x is the maximum stress section from which the minimum development length

should be evaluated and must be greater than L.
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“dev. length ™

Figure 18 - Development length of a bent rebar

2.5 Design Methods with Two Independent Structural Models

AASHTO requires railings and barriers to be designed both for bending and shear forces
acting to their longitudinal and vertical axis. In order to analyze how the impact load is
distributed over the traffic railing, two different assumptions of “structural models™ are
considered. The first assumption is determined considering the traffic barrier as a beam,
with a length equal to the impact Lt, pinned at the two extremities. The impact load is
considered uniformly distributed over the impact length Lt at the effective height of the
vehicle rollover force, He [AASHTO LRFD A13.7.2] (Figure 16). The ultimate bending

moment in the center of the beam span and the maximum shear resistance at the two

extremities are evaluated.
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Plan view
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Figure 16 — First structural model

Then, the second structural model considers the traffic barrier as a cantilever slab with a
unitary strip length. It is legitimate to consider a fixed restrain between deck and the traffic
barrier because the corner region is very stiff and the tests show that the relative rotation
between post and deck section is negligible, and mostly is developed after cracking. The
transverse impact load, Fi is evaluated over a unitary width. The critical horizontal section
of the cantilever slab is defined as the one connected to the deck. An Equivalent continuous

rectangular beam shape is used to simplify flexural and shear resistance (Figure 17).

In this way the impact force is analyzed in two failure modes independently, therefore, in

each model the reactions are evaluated against the total impact forces Fy. In chapter 3.2 it
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is shown an example of the design of the F32” traffic barrier that are the results of this

conservative design.

Ftr*He/(unit. width)

\/\ unit. width

Ftr/(unit. width) . s e
Wh|
He ¢ 2 ’ Efd
-~
A Section A
T\ Varies

Figure 17- Second structural model

2.6 Design Methods with Two Combined Structural Models
In this thesis, another design method has been studied. The two different structural models
presented in chapter 2.5 Design methods with two independent structural models are

combined in this method in order to determine a more realistic design.

The traffic barrier will have reactions simultaneously: in vertical direction as a cantilever
slab while in horizontal direction as a simply supported slab. In order to determine how the
reactions will be redistributed during the impact, the barrier is decomposed in a strip of
beams in the two principal directions (horizontal and vertical) through the impact length.
The two-way slab will have the following dimensions: a length equal to the length of
impact Lt and a height equal to the height of traffic barrier. Since the traffic barrier section
presents, usually, an irregular geometry (in particular for F32”), an equivalent rectangular

shape section is taken into account instead, therefore the thickness is an average of the

traffic railing width. The slab is divided in an equal number of beams in horizontal and in
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vertical directions. An equal division is required in order to conserve the same width ratio
between the slab and the beams in the horizontal and vertical directions. In this way a better

inertia approximation can be evaluated.

Rankine and Grashof’s Method has been chosen in order to analyze the redistribution of
the loads in the two principal directions. This method which has been popular in codes of
practice recommendations assumes a load distribution in two orthogonal directions which
are uniform over the entire slab [24]. The loads are carried only by flexure and the twisting
moments are ignored. The uniform loads Px and Py carried in the respective horizontal (x)

and vertical (y) directions are such that:

Where P is the total uniform applied load. The actual distributions Px and Py are determined

by the compatibility of deflections of the center strips [24]:

5-px-L4 _ 5-py Ly
384-Ey-I, 384-Ey-l,

)
Assuming that the flexural rigidity of the strips are equal and the strip has the same size it
can be determined the amount of Px only with a geometrical relation of the two lengths:

4
Ly
4 4
Li+L5

Px = 3)

In a more generic case, where the modulus of elasticity or the inertia of the beam strip may
vary, the following formula can be used:

4,
p.—_1oy
S 4 4
Lx-Cx+Ly-Cy

(4
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Where Cy and Cx depends on the inertia and the modulus of elasticity of the beams in x

and y directions.

The method used follows the simple principle of continuity where, the area in intersection
of the two beams in x and y directions will have the same deformation [24] . In the specific
case of Rankine and Grashof’s Method, the beams were both simply supported therefore
the deflection at the mid-span presents the same behavior. Also, the load is equally

distributed all over the slab surface.

In the case of the traffic railing, the top-side of the slab is not supported and the bottom-
side is fixed, therefore, the vertical beam will behave as a cantilever beam. In addition, the

traffic barrier is not subjected to an equally load distribution over its surface.

The central vertical beam and the horizontal beam, where the load is apply (at the height
of the impact He), are the two beams considered. These two beams are underlined in red

in the Figure 18.

The goal of this redistribution is to define the load reactions at the restrains. In order to do
that, the same displacement in the intersection area between the two beams is considered.
Defining then the inertia of the beams and the stiffness of the two elements, the percentage
of load carried by each beam can be defined (Px and Py are punctual loads, gx and qy are

relative loads over unitary length) and therefore the reactions at each sections.
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Figure 18 - division of the slab, combination of the two structural model

The displacement of the horizontal beam, for this configuration, is defined as:

"
V=29t oy 9 (5)
384-E-1 E

The displacement of the vertical beam, for this configuration, is defined as:

Py HS  qy wiHS
_ Py He _ay Wite _ L
V2 3E 1 3E1 C2 E (6)

Where wi is the width of the vertical beam (Figure 18).
Therefore the ratio between gx and qy is defined as:
Cx-gx=Cy-qy therefore Cx/Cy=qy/qx
Ftr/Lt=q=qx + qy

q=9gx +(qy/qx) - gx
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Once the values of qx and qy are found, the total reactions at critical sections can be
determined (Figure 19). The total reaction at the bottom section (the fixed section with

the deck) is defined as “Rv” and it can be determined as:

Rv=qgx-Lt

The total reactions at the vertical sections (the two pinned sections at the extremities of

the traffic railing) are defined as “Rh” and it can be determined as:

Rh = qy- Lt
2
Rh Rh
{ G288 44 A
Ftr
Ly / SRR 07

v
Figure 19 — Total reactions inKt:e traffic railing subjected to the force Ftr.
In this way the reaction on each section are much smaller (with a reduction of around 50%)
in respect to the design methods with two independent structural models. Therefore, less
GFRP internal reinforcement is required. This is, actually a more realistic method and it
results in an internal reinforcement similar to the traffic barrier reinforced with steel. This
is supported also from the results of the pendulum test analyzed by El-Salakawy et al. [25]

where the traffic barrier with GFRP showed a similar behavior to the one reinforced with

steel.
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2.7 Flexural Verification
The flexural verification will be made in both the structural models and the two different
methods specified before. The different output between the two methods is the design load,

therefore the ultimate bending moment.

In the first structural model the ultimate bending moment is evaluated in the midsection of

the beam over the impact length Lt, which in the case of a TL-4 is set to 3.5 ft (1.07 m).

In this configuration the flexural resistance of the barrier about its vertical axis is

considered. The ultimate bending moment is determined to be:
Mu=—-L%/8=F-La/8 ()
Where:

e F is equal to the transversal force (Ftr), in design method 1, and F is equal to gx in
design method 2.

e Lyis the length of the impact (TL 4)

The design of the longitudinal rebar is based on this ultimate bending moment and the
Requirement Limits for Reinforcement (2.9.3.3) of AASHTO LRFD in which “the amount
of tensile reinforcement shall be adequate to develop the factored flexural resistance Mr

and at least satisfy the following equation”:
Af,min > max (016 . 1/fc’; 033) l;_d (8)
fd

Where:

e fc'isthe specified compression strength of the concrete [ksi]
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e b is the width of the cross section [in]

e d is the Distance from extreme compression fiber to centroid of tension reinforcement,
for the section at the top [in]

® frq = design tensile strength of GFRP rebar considering reductions for service

environment [ksi]

Once the minimum total area of longitudinal rebar necessary is determined, then the

nominal resistance has to be greater than the ultimate bending moment.

If pr> pp the failure of the section is started by the crushing of the concrete, thus, the
nominal resistance, based on force equilibrium and strain compatibility, may be calculated

as (AASHTO LFRD 2.9.3.2.2):
Mi=Ar fi-(d-2) (9

Where:

Arfr
0.85*fc’+b

(10)

e Af=area of GFRP reinforcement [in’]
o fr= effective strength in GFRP reinforcement at the strength and extreme event limit
state as specified [ksi]

e a=depth of the stress block, [in]

If pr < pp the failure of the member is initiated by the rupture of the GFRP rebar; since the
maximum concrete strain 0.003 may not be obtained, the rectangular stress block cannot
be used. Therefore a more simplified and conservative evaluation of the nominal resistance

of the member may be used:
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Ma = A¢- frg-(d - ’“;b) (11)

where:

Cb=(—=_).d (12)

Scu+€fd

e (1 = factor taken as 0.85 for concrete strengths not exceeding 4 ksi (27 MPa). For
concrete strengths exceeding 4 ksi, B1 shall be reduced at a rate of 0.05 for each 1 ksi
(6.89 MPa) of strength in excess of 4 ksi, except that f1 shall not be taken to be less
than 0.65.

e &, = ultimate strain in concrete

e g = design tensile strain of GFRP rebar considering reductions for service

environment.

The other flexural resistance check is considered at the section between the deck and the
traffic barrier, following the same procedure. The connection can be considered fixed, as
previously discussed, and the resistance is evaluated per linear foot (therefore the width B
=12 in). In this case the flexural resistance of the traffic barrier is evaluated as a cantilever

slab and the rebar working in flexion are the bent rebar and the vertical rebar.

2.8 Shear Verification

For TL-1, TL-2 and TL-3 the shear verification is satisfied without the need for
reinforcement. In the case of TL-4 shear reinforcement is required. As for the flexural
verification, the shear verification is evaluated in the two different structural models. For

the simple supported beam, the factored shear strength provided by the concrete is

(AASHTO LFRD 2.10.3.2.1-1):
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Ve=0.16-y/fc" - b, ¢ (13)

Where:

bw = width of the web [in]

e ¢ =k-d=distance from extreme compression fiber to neutral axis [in]

e k = ratio of depth of neutral axis to reinforcement depth (AASHTO LFRD 2009 Eq.
2.7.3-4)

e d=distance from extreme compression fiber to centroid of tension reinforcement [in]

In the first design method the Ultimate Shear Stress, Vu, is half of Ftr, while in the second
design method the Vu is equal to the reaction Rh. In both cases the strength V¢ provided
by the concrete is not enough and additional shear reinforcement are required; however,

sensitively less reinforcement are required following the second method.

The nominal shear resistance of the shear reinforcement, Vf, perpendicular to the axis of

the member shall be evaluated as (AASHTO LFRD 2.10.3.2.2-1):
V=2 (g
In which:

o fr=20.004 - Ef <fp

e Afv = area of shear reinforcement within spacing [in?];
e fr = design tensile strength for shear; [ksi]

e S = spacing of shear reinforcement [in]

e Ef=modulus of elasticity of GFRP reinforcement [ksi]

e fin = strength of the bent portion of GFRP rebar [ksi]
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In order to design the shear reinforcement, the spacing and the rebar size, which will affect

the Afv, are taken into account.

The other shear check has to be done in the section between the deck and the traffic barrier.
For this check the resistance of one linear foot of cross section is taken into account. The
ultimate Shear Stress is evaluated over unitary length. The first design method is set to

Ftr/Lt, while the second design method is set to qy.
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Chapter 3: Examples of Traffic Railings, GFRP RC Type Parapet

3.1 F-Shape 32” Traffic Barrier with Continuous Closed GFRP Stirrups
In this chapter three examples of F-Shape 32 Traffic Barrier with Continuous GFRP

Stirrups are shown. All of these three solutions are design followed the first design method

and the TL-4.

Since GFRP have much higher corrosion resistance compared to steel reinforcement, it
could be possible set the clear cover to 1.5 in. (38 mm). The first of the three examples has
a minimum clear cover of 1.5 in. (38 mm). In the this example are used of continuous
closed stirrups vertical #6 with an internal radius of 2.25 in. as shown in Figure 20. The
spacing of the vertical reinforcement has to be consistent with the deck reinforcement
spacing (in the case of Halls River Bridge spacing of deck rebar is set to 4.5 in., 114 mm
and it is taken as a reference). In these design, the closed stirrups (labelled 6S) and the bent

rebars (labelled 6A) have a spacing of 9 in. (228mm).

In this traffic barrier design, a #4 closed stirrup is designed as secondary shear

reinforcement (labelled 4c¢). A total of 9 longitudinal #6 rebars are used (labelled 6L).
2

I

L 6L
Sj ~closed stirrups 4c

1,25 &

1,5

L

A S~ - S - B = j{:uu\lu))uul
(. 0 0 o 0 0 0 ;

I _J closed sti rrupis, 6S

Bar numb. 6A

Varies
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e —
CE
7.5
25
=~
/ \ closed stirrups 6S
R2=23in
. closed stirrups 4c P
) R2=2in -
~ ©
I
_1
. Nt/

Figure 20 - Typical section with vertical close stirrups, minimum Cc=1.5 in. All
measurements in inches (lin =25.4 mm)

e
() —
&
7.5
25
=
m closed stirrups 65
) R2=23in
© closed stirrups 4c 0
P R2=2in —
- -

Figure 21 - Primary and Secondary closed stirrups, all measurements in inches (1in =

25.4 mm)

The second traffic barrier has a minimum clear cover of 2 in. (50.8 mm). Closed stirrups
#4 are used, with the same geometry of the previous closed stirrups. In order to respect the
clear cover, the stirrups have to be inclined from the vertical axis to match the slope of the

concrete upper front part of the barrier as shown in the Figure 22.

In this example, since the closed stirrups are #4, the spacing is reduced down to 4.5 in. (114

mm). A total of 8 longitudinal #6 rebars are used (labelled 6L).
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ﬁ
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—closed stirrups 4C
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6A @ 4.5" losed stirrups 4S @ 4.5

R2=23in

|
e e f: i
|
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Figure 22 - typical section with inclined close stirrups, Cc=2 in (1in = 25.4 mm)

In the third example (Figure 23) the minimum clear cover is set to 2.5 in. (64 mm). In order
to comply with that requirement, closed stirrups #5 (labelled SR) must have an internal
radius equal to the diameter Figure 23Figure 24). Both the closed stirrups SR and bent
rebars #5 (labelled 5A) have a spacing of 4.5 in. (114 mm). In this case are not used shear
secondary reinforcement and the spacing of both close stirrups and bent rebar is set to 4.5

in (114 mm). A total of 9 longitudinal #6 rebars are used (labelled 6L).
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Figure 23 — Traffic barrier with Closed Stirrups with internal radius equal to diameter,
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Figure 24 - Closed stirrups SR with internal radius equal to diameter
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3.2 F-Shape 32” of Halls River Bridge

The type of traffic barrier chosen for the Halls River Bridge was F-shape 32, which was
also a common solution in Florida, until now. In order to reduce the gravity of the accidents
approaching the bridge, the section at the approaches is thinner and presents a single slope
that gradually increases until it reaches the standard dimensions of F32”. In Figure 25, the
plan view of the approaches shows how the traffic railings pass from the thinner section B-
B to the regular, section A-A (Figure 26).

36
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Figure 25 - Plan view traffic railing approach
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Figure 26 - Geometry of typical section A-A (a) and typical section B-B (b)
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In order to comply with the construction steps of the bridge the “South Side Traffic
Railing” will be cast together with the deck, while the “North Side traffic Railing” will be

inserted into the deck.

A slip form will be used as casting method and the minimum clear cover is set to 2.5 in.
(64 mm) for both the railings. In order to guarantee continuity between the deck and the
traffic railing and to fix the rebars during the casting, the transverse rebars of the traffic
barrier must be tied with the deck reinforcements. The deck reinforcements have a spacing
of 4.5 in. (114 mm), then the reinforcement of the traffic barrier should have a spacing of
4.5 in. or a multiple of it. The configuration of the longitudinal rebars is composed of two
layers of five #5 rebars, disposed in the front and in the back of the railing. The transverse
reinforcement of the South Side Halls River Bridge Traffic Barriers are non-continuous
closed stirrups #5 (name used: 5V and 5P) with a spacing of 4.5 in. (114 mm). Bent rebars
#5 (name used: SA) are disposed with a spacing of 9 in. (228 mm) in order to increment
the bending resistance in the most critical section (at the bottom in connection with the

deck) and to improve the connection between the traffic barrier and the deck.

The transverse reinforcement of the North Side Halls River Bridge Traffic Barriers are
drilled in the existing deck (name used 5P and 5D)(Figure 27). The shape of the rebars will

be different as shown in Figure 27.

In Section B-B, for both the railings, transverse rebars (5D, 5V and 5A) will slightly change

in dimensions in order to insure the clear cover in all the sections.
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Figure 28 and Figure 29 are showing respectively the South Side of typical section A-A
and section B-B of Halls River Bridge Traffic Railings. In Figure 30 and in Figure 31 the
typical sections A-A and B-B of the North Side are shown. Full drawings are shown in

Appendix D

26
29

11 | 55

Rebar 5V

Rebar 5P

Bent Rebar 5A
R2,3 %

| 20 |

Figure 29 - Rebar used in Halls River Bridge, typical section A-A South Side
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Figure 27 - Rebar used in Halls River Bridge, typical section A-A North Side
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Figure 29 - Typical section B —B south side
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Figure 30 - Typical section A-A North Side
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3.3 Single Slope 36”

The Single Slope 36” (SS36”) is the type of traffic barrier chosen from the FDOT as the
new basic default traffic railing in Florida. In this chapter two different internal
reinforcement layouts are studied: SS36” with Rectangular Closed GFRP Stirrups and
SS36” with Trapezoidal Closed GFRP Stirrups. The SS36” with Rectangular Closed GFRP
Stirrups are designed following the first design method and a TL-4. The typical section of
SS36” is shown in Figure 32. The internal reinforcement of this barrier will present
continuous closed rectangular stirrups number 6 (labelled 6C) and bent rebars number 6
(labelled 6F) both every 6 in. (152 mm). A total of ten longitudinal rebars number 6
(labelled 6L) with a spacing of 7.5 inches (190 mm) are presented in this design. The rebar
at the front will be in tension for impact near an open joint and the same rebars are used as

in the back.

9 7
[
[s
| 35 6L
w =
- wn
N ~
n
- N ©
@ ©
|15 i}
* = a
& e _
o : closed stirup 6 C
T les
r———rebar 6 F @ 6"
P rebars 5Ry @ 6"
(top and bottom
deck)
w
Py | |
o
| |
I 1 { |
— I 1
w | O [*] T [*] O o |
- & L) A D
sy Lo o o o |
I |
| |
| |

AN i
5 fF—>____ Rebars 6Rx@6"

o 4
- 14 5% 24

Figure 32 - Traffic barrier 36” single slope with Closed Rectangular GFRP Stirrups, all

measurements in inches (lin = 25.4 mm)
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As shown in Figure 33, the vertical reinforcements are aligned with the deck reinforcement
(represented as dash line in Figure 33) in order to tie them together. The closed rebars (6C)

are positioned on the right side of the deck rebars and bent rebars (6F) at the left side.

diosed s5mup 6F g 6.,

-
Rebars 'E-L"rf

dosed simp SCQ E. |

Deck rebar SR @ B vy
Figure 33 - plan view of the Traffic barrier 36” single slope with close rectangular GFRP

stirrups, all measurements in inches (1in = 25.4 mm)

The SS36” with Trapezoidal Closed Stirrups is designed as well for the TL-4. The first
difference from the SS36” with Rectangular GFRP Stirrups, is that the second design
method is used (the one that combined the two structural models) which is less conservative
and more realistic. It has been defined that, in this way, the maximum reactions at the
critical section are considerably reduced, therefore, the ultimate bending moment and the
ultimate shear acting on the traffic barrier are reduced as well. It is clear that consequently
the traffic barrier needs less shear and bending reinforcement in order to support these

modified design loads.
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There are two type of vertical reinforcements: closed trapezoidal stirrups SC and bent rebar
5D (Figure 34) both #5 (instead of 6 in the previous design) and both with a spacing of 8
in. (200 mm) (instead of 6 in. in the previous design). Furthermore, the closed stirrups is
trapezoidal in the shape of the concrete section, which will optimize the moment resistance
at the section in the bottom and give a better confinement to the concrete section. It has
been decided, as shown in Figure 35, to collocate the two vertical reinforcement alternate
with a relative spacing of 4 in. (102 mm) in order to spread better the reinforcement through

the traffic barrier.

Rebar 5D chosed stirmup 5C
Internal radius equal to bar | Intemal radivs equal to bar
diameter = diameter

d

Figure 34 - vertical reinforcement 5D and 5C, all measurements in inches (lin = 25.4

mm)

This Traffic Railing SS36” will be used at a later time as a pendulum test specimen. Three
equivalent traffic barriers, with those reinforcement will be built in order to perform the

impact pendulum test. Every specimen will present the same internal reinforcement as

shown in Figure 36 and Figure 37, through the length of 12 ft.
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Figure 35 - Plan View pendulum specimen single slope 36” all measurements in inches
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Figure 36 - Pendulum specimen single slope 36” section A-A, all measurements in inches
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Chapter 4: Mathcad Code Check

4.1 Remarks

The design of the traffic barrier F32” has been also implemented with the “PTC Mathcad
software”. The design is divided in 5 parts. Part A defines the traffic railings geometry, the
concrete mechanical characteristics and the rebars characteristics. Part B is related to the
design of the necessary development length for the bent rebars. In Part C, the design loads
are shown. The flexural verification, in Part C, is subdivided in three main design checks:
the limits for reinforcement are determined in the first design check; in the second one, the
flexural strength for the structural Model 1 is established; in the third subdivision the

flexural strength for the structural Model 2 is determined.

4.2 Geometry, Concrete and GFRP Rebar Characteristics

In this part, all of the data that characterize the traffic railing are chosen. Once these data
are defined, the program automatically provides, in the consecutive parts, the
corresponding results from all the checks required, following the ASSHTO LFRD, ACI

and FDOT standards and requirements.

The first subsection introduces, first of all, the type of traffic barrier, which is a Concrete
parapet, and the geometry model, which a traffic railing F32”. Then the required test level
can be defined. As shown in Figure 38 a T.L. from 1 to 4 can be selected with the cursor

according to AASHTO LRFD 2014 13.7.2.

L= TL=4  Test Level [AASHTO LEFD 2014, 13.7.2]

1
2 Traffic railings shounld be at least 42 in for TL-5 and 90 in for TL-6
3 [AASHTO LEFD 2014, 13.7.3.2].

Figure 38 - Test Level Selection

56
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The clear cover of the concrete traffic barrier can be defined or modified only in this
section. The height and the width correspond to the F32” traffic railing as shown from
FDOT 2015 (page 59). The concrete strength, strain and concrete modulus are related to
the preexisting characteristics of Halls River Bridge and can be modified only in this

section as well. In order to change those data in the program requires the symbol “:=".

Subsequently, the GFRP rebars characteristics are chosen. As shown in Figure 39 the bar

size of all the reinforcement rebars can be selected with the cursor.

Traffic barrier Noy pent = Traﬁic bgrrier Nolg =

transverse longitudinal 4

reinforcement bent 5 Is‘f;:f(gg;gn;]_]?ar :

bar size. (GFRP 5A -

or 5D bent bars) ; straight bars) g
Nip 2 5

Noy pent = 2 lg ]

10
Traffic barrier shear ~ Noy, ¢ = Nog g = 5

reinforcement bar
size. (GFRP 5P and

5V)

= D O~ O

0

Figure 39 - Bar size selection

In the next step, the spacing of the transverse rebars are chosen, and consequently the

quantity of rebars for foot is evaluated (Figure 40).
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. 12in
Spacing of SPirbedt =10 Quantity of Quir bent = Sp =kt
ransverse transverse bent et
reinforcement bent. rebarts in one foot
(GFRP 5A or 5D
bent bars)
Spacing of shear SRt 4 Quantity of 12
reinforcement. transverse shear QUi oy = . L
(GFRP 5P and 5V) reinforcement SPirsh

rebarts in one foot

Figure 40 - Spacing of transverse rebar selection

Then, the quantity of longitudinal rebars on the front side and the back side of the F32” can

be selected (Figure 41).

Cantity of =
longitudinal Q“]g_ﬁ-
reinforcement in

frent. (GFRP 5L

straight bars)

=

= W0 o0~ @

Cuantity of Q"igback =
longitudinal

reinforcement in.

{GFFF 5L siraight

=

6
[
a
9
10
Figure 41 - Quantity of longitudinal reinforcement selection

The GFRP mechanical properties can be picked according to the minimum requirement of
ASSHTO LFRD 2009, or from the manufacturing rebar characteristics if provided. Once
the size of the rebars is defined, a loop automatically associates the design tensile strength

of GFRP bars, considering reductions for service environment [AASHTO GFRP 2009,

2.9.3.3] (Figure 42).
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fiylg = |100ksi if Noyg = 4
95ksi if Nojg = 5
90ksi if Noy, = 6
85ksi if Noy =7
80ksi if Nop, =3
75ksi. if Noy, =9
T0ksi if Noy, = 10

Figure 42 - Loop of design tensile strength of GFRP bars

With a similar loop, the diameter and the area of each rebars are automatically determined
(Figure 43) according to table 4.5.4-1 [ASSHTO GFRP 2009].

dlamNolg = |0.5m 1f Nolg =4
0.625in if Nolg =5
0.750in if Nojg = 6
0.875in if Noj, =7
lin if Nolg =8

L128in if Noj, =9

1.270in if Nolg =10

s T

ATeaN tr bent =
Figure 43 - Loop of diameters and area determination for GFRP rebar

In this first subchapter, the distance from the extreme compression fiber to centroid of
tension reinforcement is also calculated in the critical section related to the two structural

models taken into consideration, according to AASHTO GFRP 2009, 2.9.3.3.

diam . dia
( Olg) g o mNOtr.bent _ .
D:=W, - —5 Ce = 7.9-in Bl e = Wi = Bgem f =13.9in

The GFRP reinforcement ratio is evaluated for the transversal section (p1) and for the

bottom longitudinal one (p2vottom) Which are related to the two structural models.
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(Q“tr.sh'2 + Qutr.bent)
(121“'Dbottom)

=12%

=12%  pspottom = AN tr.sh’

4.3 Development Length and Reinforcement Splices
In the second part, the determination of the minimum development length is calculated
according to AASHTO GFRP 2009, 2.12.2.1. The data used by this subchapter followed
what is defined in the previous chapter, and the final output is the development length of

the transverse bent rebars.

The transverse and longitudinal GFRP reinforcement ratio producing the balanced

condition are estimated according with AASHTO GFRP 2009, 2.7.4.2-2:

fL:.super' Epeen
=12%

Pbtr = 0-85-By super
2 ffd.tr.bent'(Ef €ent ffd.tr.bent)

£o cuper Ef-
c.super cu —12.9

= 0.85 ;
g PLsuper fra1g(EfCcu + frd1g)

These values were used in the following chapters in order to evaluate if the failure would

be initiated in the concrete or in GFRP rebars.

Then, the effective strength of the transverse reinforcement is evaluated according to

AASHTO GFRP 2009, 2.9.3.1-1.

2
Epe 0.85-8 £
_ ( f cu) 1.super’ Lc.super ,
for = ].I].ll\l:\] 1 3 o) ‘Ef€ey 0'5“(Ef'ecu)’ffd.tr.bent = 66.5-ksi

In order to define the development length for the bent rebars AASHTO GFRP 2009,

2.12.2.1 is followed:

31.60.0c———— — 340
ksi

-dmmNOtr.bent =19.2-n
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4.4 Design Loads

The design loads are referred to the specification made in AASHTO LRFD 2014, A13.7.2
for the Traffic Level 4, but can be changed for each of the six different test levels. The
effective height of the vehicle rollover force is evaluated as defined by AASHTO LRFD

B :
He = Gv — 12-WV-— = 2381

2-F
( tr4,TL)

2014, A13.2-1:

where the height of the vehicle center of gravity above bridge deck (Gy), the weight of the
vehicle corresponding to the required test level (Wy), the out-to-out wheel spacing on one

axle (B) and transverse vehicle impact force for the selected T.L. distributed over 1{t length

(Fu).

The ultimate bending moment and the ultimate shear force on longitudinal (Structural

Model 1) and vertical direction (Structural Model 2) are evaluated:

Fr, - F -
4,TL -(L[ )2 s 77 .
LI - LTL VuZ — - =] 154k1p
M, = % = 24-kip-ft Lorr
E,
Sagrly B ) M. A= (Vo~H.) = 31-ft-ki
g = 2 ()i

where L;is the longitudinal length of distribution of the impact force according to the T.L.

selected before.

4.5 Flexural Verification
The part regarding the flexural verification is subdivided in three different checks. The first

one regards the minimum amount of longitudinal reinforcement for flexural tensile

reinforcement according to AASHTO GFRP 2009, 2.9.3.3:

www.manaraa.com




62

- HD HD \kip 2
Af min = m«><|:0.16\1 fC.Sllper'kSI_ ,[0-33 —}—:| = 1.4-in

Once, in the first part, the number and the size of the longitudinal rebars have been defined,
the total amount of area provided (Af long) is automatically evaluated. Therefore, the
output will show if the longitudinal rebars utilized are enough or not in order to satisfy the
minimum reinforcement check as shown in Figure 44.

check flexural minimum reinforcement:= | "VERIFIED" if Ap long Pty

"NOT VERIFIED" otherwise

Figure 44 - check of minimum reinforcement required for flexural

The next check is regarding the flexural strength of the Structural Model 1, where the
structure is evaluated as a simply supported beam with a length equal to the impact length
Lt. First of all, the depth of the equivalent rectangular stress block is found according to

AASHTO GFRP 2009, 2.9.3.2.2-3:

Af_long'ffd.lg
0.85-f, quperH
The distance from the compression fiber to the neutral axis at balanced condition is

= 0.7-in

aﬂ =

calculated referring to AASHTO GFRP 2009, 2.9.3.2.2-4:

. cu

i —— L= 1.8-in
€cu ™ EfdNo.lg
Once defined the internal longitudinal reinforcement, the critical section and the
corresponding critical distance from extreme compression fiber to centroid of tension
reinforcement (D) and the nominal flexural resistance M, are evaluated. If the GFRP

reinforcement ratio provided in the critical section (p1) is greater than longitudinal GFRP

reinforcement ratio producing balanced condition multiply by 1.4 (psg) , the failure will be
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initiated by the concrete crash and the first equation will evaluate the nominal moment. On
the other hand, if the GFRP reinforcement ratio is smaller or equal, the failure will be
governed by the GFRP rebars and the nominal moment will be evaluated with the second

equation as shown below:

| -
M, = |:Af_1011g'ffd.lg'[D - ?):| if py > Plg

By super b
super .
|:Af_long'ffd.lg'{[) - 5 if py < Pfig

Figure 45 - Nominal flexural resistance evaluation

Also the resistance factor for flexure depends on the ratio of GFRP reinforcement, and it

is evaluated following AASHTO GFRP 2009, 2.9.3.2.2-1 (Figure 46).

Prig | .
03+ 025——| if Pfblg < P1 < 1'4'pfblg
Ptblg ‘

Figure 46 - Resistance factor for flexure

Once defined the nominal flexural resistance and the resistance factor, the factored flexural
resistance (M) is evaluated. As shown in Figure 47, it will be shown automatically if the

check for flexural resistance is verified or not verified.

check flexural resistance 1 := [

"VERIFIED" if M, > My }

"NOT VERIFIED" otherwise

Figure 47 - Check for flexural resistance for structural model 1
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The nominal flexural resistance for the structural Model 2, where the traffic railing is
analyzed as a cantilever beam model taken to be the bottom of the railing, will be evaluated
in the same way as for structural Model 1. What will change is the rebars position, the
associated distance from extreme compression fiber to centroid of tension reinforcement
(Dvottom) and the distance from extreme compression fiber to centroid of tension

reinforcement for stirrups (5V). The nominal flexural resistance is:

a

f1.2 ama ) |
5 & (Qutr.sh'AreaNo.tr.sh'ffd.t[.sh)' Dy — 5 it py > Pfig

M= |:(Q'A'f)'[Db -

PLsuper©b.2 P1.super©v.2
.super’~b. ) .super”~b. ;
[(Q'A'f)'[Db - 5 + (Qu‘u‘.sh'AleaNo.tr.sh'ff.tr)' Dgir = 5 if py = Plg

As for structural Model 1, the check for flexural resistance will show if is verified or not

(Figure 48).

"NOT VERIFIED" otherwise

Figure 48 - Check for flexural resistance for structural model 2

check flexural resistance 2 := (

"VERIFIED" if M, , 2= M, )

4.6 Shear Verification

The shear verification is divided in four different parts. The first part evaluates the concrete
shear resistance for the structural Model 1. First, the ratio of depth of neutral axis to
reinforcement depth (k) will be evaluated, from there the distance from extreme
compression fiber to neutral axis (Cq) is evaluated, according to AASHTO GFRP 2009,
2.10.3.2. The nominal shear strength provided by the concrete is defined following

AASHTO GFRP 2009, 2.10.3.2.1-1:
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Ve i= min(0.16 [T goeKsi-by-Cp.0.32- [T e Ksi-byCp) = 20-kip

The resistance factor for shear as 0.75 is assessed and the factored shear strength provided
by the concrete is defined following AASHTO GFRP 2009, 2.7.4.2. Then, the check will
show if the shear resistance of the concrete will be enough or if shear reinforcement is
required. As shown in Figure 49, the shear capacity of the concrete, in this case, is not

enough and shear reinforcement rebars are required.

check concrete shear resistance 1 := ["VERIFIED: SHEAR REINFORCEMENT NOT REQUIRED" if & -V, >V,

"NOT VERIFIED: SHEAR REINFORCEMENT REQUIRED" otherwise

Figure 49 - check for concrete shear resistance

The second shear check is about the shear reinforcement strength for structural Model 1.
According to AASHTO GFRP 2009, 2.10.3.2.2-2, the design tensile strength for shear is
evaluated, considering the minimum resistance between the bent portion and the straight

one set to 0.004 - Ef:

ff, = min(0.004-Eg, f ) = 26-ksi

The maximum spacing of shear reinforcement is evaluated following AASHTO GFRP

2009, 2.10.3.2.2.1:

AreaNo.tr.sh'ffv' Dav

Vf_requm‘ed

= 4.5-in

Ssh_max *~

www.manaraa.com



66

In the first part the design spacing (Spw.sh) of the transverse rebars has been defined and it
must be bigger than the maximum spacing found before, therefore the check will be as

shown in Figure 50.
check shear resistance 1:= |"VERIFIED" if Ssh max > SPtr sh

"NOT VERIFIED: MORE SHEAR REINFORCEMENT REQUIRED" otherwise

Figure 50 - shear check resistance structural model 1

For Structural Model 2, the other two shear resistance checks are the same as before. As
for the flexural resistance for strength Model 2, the section considered is the one at the

bottom. The concrete shear resistance check will be as shown in Figure 51.

check concrefe shear resistance 2:= |"VERIFIED: SHEAR REINFORCEMENT NOT REQUIRED" if &}V, 5 >V},

"NOT VERIFIED: SHEAR REINFORCEMENT REQUIRED" otherwise

Figure 51 - concrete shear resistance

As well as before shear reinforcement is required, and the last check determines the spacing

of the transverse reinforcement for this structural model.

check shear resistance 2:= |"VERIFIED" if Ssh max 2 ~ SPirsh

"NOT VERIFIED: MORE SHEAR REINFORCEMENT REQUIRED" otherwise

Figure 52 - shear check resistance structural model 2
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Chapter 5: Conclusion

The GFRP internal reinforcement has been demonstrated to be a valid solution for traffic
railings. The design of parapet and railing reinforced with GFRP remains incomplete in
codes and standards in the United States (for example in ACI and AASHTO). Considering
the increased use of GFRP reinforcement in the last years, full design criteria and provision
for RC GFRP traffic railings should be available soon. This study shows two different
traffic barrier designs with GFRP reinforcement, F32” and SS36”, and it underlines the
innovation and sustainability that the FDOT and the University of Miami are always

searching for in a state of the art bridge construction project.

The approached design should consider, first of all, the right connection between the traffic
railing and the deck. This check strongly depends on the geometry of the connections. Once
determined a suitable geometry for the connections, the flexural and shear check should be
analyzed based on AASHTO-LRFD Bridge Design Specification, AASHTO-LRFD
Bridge Design Guide Specification for GFRP-Reinforced Concrete Bridge Decks and
Traffic Railings and specification by FDOT. This thesis has proposed two approaches for
design of GFRP RC Traffic Railings: the more conservative design method, in which the
two models are separated, (the first proposed approach) or the less conservative design
method that combined the two different structural models (the second proposed approach).
Referring to the latter, the internal reinforcement quantities are comparable to RC traffic
railing reinforced with steel reinforcement. For both the traffic railings, the calculations are
made by Excel and, for the F32”, by Mathcad as well in order to create an easy tool to

implement in future design projects.
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Both the traffic barrier F32” and SS36” are considered Safety Shapes Traffic Barriers and
have been designed with innovative shape internal GFRP stirrups. One of the F32” traffic
barriers analyzed in this thesis has been accepted as the traffic railing of the Halls River
Bridge (Homosassa, FL). One of the SS36” will be tested with an impact pendulum tests
by FDOT. Innovative internal GFRP reinforcement shapes are used in both the designs and
will translate into low maintenance costs and longer life of structures supported by the non-

corrosive nature of FRP composites [26].
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Appendix A: Halls River Bridge, Innovation Aspects and

Construction Process

The Halls River Bridge is an ambitious project of FDOT in which the University of Miami
and Seacon are also involved. It is an important project with the objective to demonstrate
the possibility of producing sustainable concrete using seawater and salt-contaminated
aggregates (natural or recycled). The combination of this new idea of concrete with
noncorrosive reinforcement is the base for the construction of durable and economical

concrete infrastructures.

The Halls River Bridge is located in Homosassa in the north part of Tampa, (Figure 53)

and it will take the place of an existing bridge.

pa =Rt

“/"JJJ\,'

£ Worelo Trall

Homosassa

W Grower Cleyaland Blvd
Springs
|

W Oaklawn

W Me:

W Cardinal 5t

Figure 53 - Halls River Bridge position
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All the reinforcements inside the bridge will be made by composite materials (CFRP and
GFRP). This is an extremely innovative work since construction where steel is not used is,
nowadays, rare. This is a new concept of bridge; in fact, according to Florida Department

of Transportation, Halls River Bridge is the first of its kind in Florida.

The estimated cost of the project is around $6.9 million, which will be paid entirely by the

Federal Highway Administration; the construction probably will take 310 days.

Figure 54 - Existing bridge over the Halls River

The configuration of the new bridge will be 185.9 ft. (57 m), with 5 spans characterized by
two 12 ft. (3.6 m) lanes, two 8 ft. (2.4 m) shoulders, and the traffic will be separated from

the pedestrian area on both sides of the bridge by a railing and traffic barrier.

Different materials are used for the reinforcement of the different parts of the structure. In
particular, deck, parapets and bent caps are reinforced by GFRP rebar and stirrups (Figure

55).
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Figure 55 - FRP material in the new Halls River Bridge

The construction of the Halls River Bridge is divided in five main phases and the traffic
barriers have to be installed in different time in order to address the constructability phases.
The construction of the bridge has to be finished in very restricted time and one main goal
is to allow the traffic of the vehicles through the Halls River Bridge during the demolition

of the old bridge and the construction of the new one.

In the first phase of bridge construction, the two lane (two-way) are shifted to one lane
(two-way) on existing structure, provisory New Jersey barrier (or type “K” barrier) is
installed on the existing structure and then the north side of the existing bridge is

demolished (left side in the Figure 56).

|\— B Survey CAR 4904 (Halls River Road)
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Existing 55 —/)
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Figure 56 - First Phase of construction
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In the second phase of construction, the north side of the new bridge will be built and

provisory traffic barrier type “K” will be installed (Figure 57). In this phase it is not

possible to build the permanent north side traffic barrier because it will be necessary, during

phase three, to guarantee enough space for two way traffic in that lane.

—— B Survey CR 4904 (Halls River

12 Temp.

260 -6
Stage 2
-0z - 20— -]
>0
Y Type K Barrier (Baited)

/

Index No. 414

N

L]

|

|

L

DA ) lna

Twa Way Traffic
Temg

Figure 57 - Second Phase of construction

In the third phase, the two way lane will be shifted to the new side of the bridge, then the

South Side of the old bridge will be demolished and the remaining portion of the bridge

will be constructed. In this phase, the South Side permanent traffic railing F32” will be cast

with the deck.

£ Travel lanes & 10000 = 20007
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In the fourth stage (Figure 59), the traffic from the North Side will be shifted to the South

Side of the new structure in order to build the North Side Traffic Barrier F32”.

|~ 8 Survey CR 4904 (Halls River Road)

Z-6¥" 2 Travel Langs @ 11'-0° = 22-0°
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Figure 59 - Fourth phase of construction

In the last phase (Figure 60), the provisory traffic railing K type will be removed and the

traffic will be shifted to the final alignment of the new structure.
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Figure 60 - Fifth phase of construction
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The construction of the traffic railings of the South Side will be made in two main steps.
In the first step the bent rebar SA (SA* for the section B-B) and rebar 5V (5V* for the
section B-B) will be tied with the deck rebars “493-6S2”, which have a spacing of 4.5 in
(114 mm). The rebar 5V will be placed every 4.5 in. (114 mm) and the bent rebar SA every

9 in. (228 mm). Then the rebar SA and 5V will be cast with the deck (Figure 61 - First step

[
i |
1 |
i |
i 1
i |
1
Bent rebar 5A" @ o |
|
1
1
1
| RebarEV' @45
I 1
1 PR | S E—
rfi
L e " - B = R - L ) e L =
el 9 o o o //Zu{\k KL/I) o

Section A-A and B-B South Side).
Figure 61 - First step Section A-A and B-B South Side

In the second step the rebar 5P will be tied to the rebar 5V (5V* for section B-B) and 5A
(5A* for section B-B) every 4.5 in. (114 mm) and the longitudinal rebar 5S will be tied to

the stirrups 5P. Then the traffic barrier will be cast (Figure 62).
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Figure 62 - Second step Section A-A and B-B South Side

The construction of the North Side Traffic Barrier will be made in two main steps as well
but will be more complicated than the construction of the traffic barriers on the other side.
In fact, in order to insert the traffic barrier after the casting of the deck and give structural
connection between deck and traffic railings it is necessary to drill the rebars inside the

existing deck.

To drill the rebars inside the deck without damaging the concrete deck and the deck rebars,
those rebars have to be inserted in the correct place and allow a faster drilling. “Blockout”
will be casted with the deck during the first step. In order not to damage the deck rebars
during the drilling, Blockouts must have a minimum distance of 4 in. with deck rebar.
Additional supporting rebars are needed to ensure that, during construction, blockout will
maintain design position (perfectly verticals and with precise horizontal spacing). They
may be made of both, GFRP or PVC; even if PVC is less expensive, GFRP is recommended
because it has better adherences when tied to the supporting rebars, since PVC presents a

smooth surface. Blockouts 5i will be placed every 4.5 in. and 5d every 9 in. (Figure 63).
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Figure 63 - First step Section A-A and B-B North Side

In the second step (Figure 64), after the casting of the deck, blockouts 51 and 5d will be
removed by drilling them. Then rebar 5P* will be inserted and anchored with epoxy in the

halls made by removing 5i and rebar 5D. Longitudinal rebars 5S will be tied to rebar 5P*

and, ultimately, the traffic barrier will be cast.
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Figure 64 - Second step Section A-A and B-B North Side
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Appendix B

CALCULATIONS TO SUPPORT GFRP-RC TRAFFIC RAILING DESIGN

HALLS RIVER BRIDGE REPLACEMENT PROJECT

FEBRUARY 23" 2017

UNIVERSITY OF MIAMI
College of Civil Architectural & Environmental Engineering

Paolo Rocchetti
Guillermo Claure
Antonio Nanni
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TRAFFIC RAILING DESIGN

height of parapet

width of parapet - top

width of parapet -

bottom
effective distance

stirrups - bottom

Clear cover

fe

Ecu

¢ lime rock

Ec

AASHTO LRFD 2009 for GFRP-RC Bridge Design Table 4.5.4-1
Designation of GFRP Round bars

Table 4.5.4-1—Designation of GFRP Round bars

Bar Size Nominal Nominal
Designation Diameter, in. Area, in.”
2 0.250 0.05
3 0.375 0.1
4 0.500 .20
S 0.625 0.31
6 0.750 0.44
7 0.875 0.60
1.000 0.79
9 1.128 1.00
10 1.270 1.27

AASHTO LRFD 2009 for GFRP-RC Bridge Design Table 4.6.1-1
Minimum Tensile Strength for GFRP Bars

Bar Size Minimum Tensile Strength as
Designation Reported by Manufacturer, psi
2 110,000
3 110,000
4 100,000
5 95,000
6 90,000
7 85,000
8 80,000
9 75,000
10 70,000

80

www.manaraa.com



in section (in2

fid (ksi) €fu efd
66.5 0.0146 0.010
66.5 0.0146 0.010
66.5 0.0146 0.010
66.5 0.0146 0.010

diameter Area section D (in) height of
(in) (in2) section (in)
10 0.625 0.307 7.938 10.750

type number
5P; 5V 2.67
5A bent (or 5D) 1.33

5A bent (or 50

number of [number

Spacing (in)

diameter  |Area section D (in) height of

(in) (in2) section (in)
0.63 0.31 10.30 16.75
0.63 0.31 13.94 16.50

ism1

. diameter [Area section D (in) height of

spacing ) o
rebars i (in) (in2) section (in)
2.67 4.50 0.63 0.31 9.07 11.00

number of | number

spacin diameter |Area sectio 1D (in) height of
rebar (i’;) < (in) (in2) section (in)
T 2.67 4.50 0.63 0.31 10.30 16.75
1.33 9.00 0.63 0.31 13.94 16.50
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Results & Verifications
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Verified if
Check Ratio<1
Development Length Lreq/L
Lreq 19.20]in
L provided 20.00(in
VERIFIED 0.96
Flexural Verification
Limits for reinforcement
VERIFIED
Af/Afmin | 1.07|
Flexural Strength Mechanism 1 Mreq/Mr
VERIFIED 0.46
Flexural Strength Mechanism 2 Mreqg/Mr
VERIFIED 0.94
Shear Verification
Shear resistance only concrete
NOT VERIFIED (Shear Reinforcement Required)
Shear resistance with shear reinforcement
Mechanism 1 Vfreq/Vf
VERIFIED 0.999
Mechanism 2 Vfreq/Vf
NOT VERIFIED (ADD Bent Bar) 1.03
Mechanism 2 including Bent bar Vfreq/Vf
VERIFIED 0.83
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AASHTO LRFD 2014 A13.7.2 (crash test)

Wv 4.5|kips
B 6.5(ft.
Ftr 54 (kips
He 23.75(in
Ltl 3.5]ft.
Mu 15.75|kip*ft.
Vu 27|kips
Mechanism 1
q=Ftr/i3.5
| | PR P P PN VI PN PN PN PN
351
Vu=Ftr/2
Vu=Ftri2
Mu=Ftr*L/12
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Vu 15.4|kips/ft.
[Mu | 30.5[Kips*ft./ft. |
Mu Mechanism 2
S ll )
'| Vu Section A "
| [ SV ) ~pafl
| el o
\ ¥ EL— ff*
— BA £ ff
A A
=Ll =
T
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~ Development Length and Strength Reduction Factors
_—

. . diameter |Area fru frd
height parapet 32(in Name/numb (in) . (ksi) |(ksi)
Ce 2.5(in ig)be"t for 0.625 0307 95| 665
fc'super 5.5]ksi 5P; 5V 0.625 0.307 95| 66.5

5S
Ecu 0.003 longitudinal 0.625 0.307 95| 66.5
back
5L
Ec 3841 |ksi longitudinal 0.625 0.31 95 95
front
ffv 26.00|ksi
AASHTO LRFD 2009 for GFRP-RC Bridge Design,
2009 Safety factors
: p( <= -E
¢ = 0>3+0.25;; for pg<p,<ldpy,
0.£5 for py2ldpy 0.55
(27.4.2-1)
Shear factor [¢psh 0.75
AASHTO LRFD 2009 for GFRP-RC Bridge Design,
2009
AASHTO GFRP 2009 2.12.2.1
sisatl _sn B1 0775 _
!;' fe'super 5.5(ksi
£J=Tdb @1221-)  [gf 6500.0lksi
dy €cu 0.003
ffd 66.50]ksi
Ce 0.7|envi. Red
ffu 95.0|ksi
pfb 1.24(%
coefficient 14
1.4%pfb 1.73(%
a 1
ff 66.5(ksi
C 2.8125]in
Ntot bars 10
Pf mechanism 1 1.21(%
Pf mechanism 2 1.22|%
L 19.20(in
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D 7.94|in
B 32]In
ftd 66.5|ksi
Af, min 1.4[in2
Af, provided 1.54(in2
VERIFIED
Afmin/Af | 1.07|

D (in) 7.94{in
ff 66.5]ksi
If failure is governed by rupture of concrete

afl 0.68]in

Mn 65|kips*ft

ofl 0.55

Mr 35.5|kips*ft

Mu 15.75|kip*ft

If failure is governed by rupture of gfrp

€fd 0.010

Ecu 0.003

cb 1.80

B1 0.775

ftd 66.50|ksi

Mn 61.59|kips*ft
ofl 0.55

Mr 33.9|kips*ft
Mu 15.75]kip*ft

Mr in current case

Mr 33.9(Kip*ft
Mu/Mr 0.46
VERIFIED
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Flexural Verification

AASHTO LRFD 2009 for GFRP-RC Bridge Design, 2009

i E €
P = 0.85B, S 2 (2.7.4.2-2)
ffb‘ Ej'em + fﬁ{
(Ere.)” 0s5p,f:
fysyr—a—+ p,l £ E €0, ~0.5E (€ < [
(2.93.1-1)
bd
Ay min = mﬂx(O-l c';0-33)-f; (2.9.3.3-1)
M, =A,f; [a' —5‘2'-] (2.9.3.2.2-1)
A >
... "% (2.9.3.2.2-2)
0.851.b
B,c
M, =A;fu (d - Izb (2.9.3.2.2-3)
(
Cp = —= |4 (2.9.3.2.2-4)
E.,+ 3;3
Mu Mechanism 2
Section A
5v - afl
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Flexural Strenght: Mechanism 2

Vu 15.428571|Kips/ft
He 1.98|ft
B 12(in
Area 2.05(in2
D 13.94|in
pf 1.22
If failure is governed by rupture of concrete
ff 66.5|ksi
ofl 0.55
numb of bars 1.333
o Af, provided 0.41{in2
Contribution D 13.94]in
°friﬁ:res”t afl 1.46in
Mn 29.96
Mr 16.48
ff* 49.1ksi
S 10.30]in
C;)fntsrtlibr::lposn numb of bars 2.667
Af, provided 0.82(in2
5V -
Mn 32.09|Kips*ft/ft
Mr 17.65|Kips*ft/ft
Mr total 34.13|Kips*ft/ft
Mu/Mr 0.89
If failure is governed by rupture of gfrp
ofl 0.55
D 13.94|in
Contribution Z:‘ 0143: —
of 5A bent : .
rebars cb 3.16|in
B 0.775
ffd 66.50]ksi
Mn 28.8|Kips*ft/ft
Mr 15.86|Kips*ft/ft
ff* 49.11ksi
buti D 10.30]in
Cgfn;:l)szt;c\)/n Af, provided 0.82(in2
Mn 30.43|Kips*ft/ft
Mr 16.74|Kips*ft/ft
Mr total 32.60|Kips*ft/ft
Mu / Mr tot 0.94
Mr in current case
Mr 32.6|Kip*ft
Mu/Mr 0.94
VERIFIED

88

www.manaraa.com



Shear Verification

89

AASHTO LRFD 2009 for GFRP-RC Bridge Design, 2009

2
k= \/Epv,—nj +(pfn_, ) —pny

; b s
A, =005~
./!r
V, =0.16y f. b,c
_ Apdpd
s

[y =0.004E, < [,

(2.7.3-4)
(2.10.2.2.1-1)
(2.10.3.2.1-1)

(2.10.3.2.2-1)

(2.10.3.2.2-2)

Shear verification Mechanism 1

Shear verification Mechanism 2

B 32|in
pf 0.0121
dlimerock 0.9
Ec 3841.5(ksi
Ef 6500.0]ksi
nf 1.69
k 0.1828
9.07|in
C 1.66(in
Vc 19.92|kips
dsh 0.75
dsh*Vce 14.94
Vu 27

NOT VERIFIED (Shear Reinforcement Required)

5P; 5V
Vf requ. 16.08|kips
Afv 0.28]in2
Shear resistance 5P and 5V

B 32|in
Area section 0.307(in2
n. of legs 1

Af 0.307(in2
ffv 26.00]ksi
d 9.07[in
Spacing 4.5]in
Vf 16.10(kips
Vf tot 16.10]kips

VERIFIED

Vfreq/Vf 0.9991|

B 12(in

pf 0.0121

Vu 15.4 kips/ft

odlimerock 0.9

Ec 3841.5|ksi

Ef 6500.0|ksi

nf 1.69

k 0.1828

13.94(in

C 2.55]in

Vc 7.74kips

¢dsh 0.75

dsh*Ve 5.8|kips

Vf requ. 3.67|kips/ft

S 4.5]in

N° 5V per foot 2.67|n per foot

n. of legs 2

rebar per foot 53

Area 0.307|in2

area tot 1.64|in2

ffv 26.00]ksi

Vf 3.55]kips/ft
NOT VERIFIED (ADD Bent Bar)

Vfreq/vf | 1.03]
Shear resistance by bent bar

S 9lin

bent bar 1.3|n per foot

Area 0.307|in2

area tot 0.41)in2

ffv 26.00(ksi

Vf 0.89|kips/ft

Vf tot 4.43

VERIFIED
Vfreq/vf | O.83|
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Mathcad Design Calculations for Traffic Railing

F-Shape 32”

May 7t 2017

UNIVERSITY OF MIAMI

College of Civil Architectural & Environmental Engineering
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A. Type, Geometry and Concrete

Type of traffic barrier : Concrete parapet [AASHTO LRFD 2014, A13.1.1]

91

Geometrical model: Section Thru F-Shape Railing 32 in in height [FDOT 2015, pag.59]

e TL=4  Test Level [AASHTO LRFD 2014, 13.7.2]
2 Traffic railings should be at least 42 in for TL-5 and 90 in for TL-6
3 [AASHTO LRFD 2014, 13.7.3.2].

Concrete clear cover Cg = 2:3in

Height of traffic railing A= 32in

Width of traffic railing (top) Wy:= 10.75in

Width of traffic railing (bottom) Wp = 16.75in

Width of traffic railing average Way i= 12in

Specified compressive strength of concrete fc.super = 5.5ksi

Ultimate strain in concrete Ecy = 0.003

Correction factor for Florida limerock coarse aggregate Djimerock = 0.9

Concrete modulus of elasticity E. = ®limerock 1820 fc.super'kSi = g,8 x 107 -ksi

[FDOT LRFD design example#2]
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Table 4.5,4-1—Designation of GFRP Round bars

Bar Size Nominal Nominal
Designation Diameter, in. Area, in.”
2 0250 0.05
3 0.375 .11
4 0.500 0.20
5 0.625 031
6 0.750 0.44
7 0.875 0.60
8 1.000 0.79
9 1.128 .00
10 1.270 1.27
Bar Size Minimum Tensile Strength as
Designation Reported by Manufacturer, psi
2 110,000
3 110,000
4 100,000
5 95,000
6 90,000
7 85,000
3 80,000
9 75,000
10 70,000
Traffic barrier Nog pent = E,?giﬁ(;ﬁler Nojg := 1
reinforcement bent reinforoement bar
bar size. (GFRP 5A ? :fji.g(hct}?a{rz)SL ?
or 5D bent bars) 3 8
Nog bent = 5 Nolg -’ 9
10
Traffic barrier shear ~ Noy. o, = Noy gp =5

reinforcement bar
size. (GFRP 5P and
5V)

= O 00 =]

Recall:

Nog pent = O Traffic barrier transverse reinforcement bent bar size. (GFRP 5A or 5D bent bars)

Nolg =35 Traffic barrier longitudinal reinforcement bar size. (GFRP 5L straight bars)
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Noy gy =5 Traffic barrier shear reinforcement bar size. (GFRP 5P and 5V)
= 0 i 12in
Spacing of SPir bent == 2in Quantity of QUi pont = —13
transverse bent : Sp
transverse tr.bent

. rebarts in one foot
reinforcement bent.

(GFRP 5A or 5D

bent bars)
Spacing of shear SPyp.sh = 4.3in Quantity of 12in
reinforcement. transverse shear Quy, ¢y = =27
(GFRP 5P and 5V) reinforcement SP¢r.sh
rebarts in one foot
Qual}tit){ of Qulg. &=
longitudinal
reinforcement in
front. (GFRP 5L b
straight bars) T
8
9
10
Quar}titx of Qulg.back =
longitudinal
reinforcement in.
(GFRP 5L straight b
bars) T
8
9
10
Quyg = Qujg g + Quig pack = 10
Environmental reduction factor [ASSHTO 2009 Co =07
2.6.1.2]
GFRP rebars modulus of elasticity Ef := 6500ksi

Tensile strength for product certification as reported by manufacturers for transverse bent rebars:
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ffutr.bent == | 100ksi if Nog.pene =4
95ksi if Nog pent = 5
90ksi if Nog. pent = 6
85ksi if Nog pant = 7

80ksi if Notr.bent =38

Design tensile strength of GFRP bars considering reductions  fgq ¢ bent = ffutr.bent Ce = 66-5-ksi
for service environment for transverse bent rebars [AASHTO
GFRP 2009, 2.9.3.3]

ffu.lg = | 100ksi if Nolg =4
95ksi if Nolg =5
90ksi if Nolg =6
85ksi if Nolg =7
80ksi if Nolg =8

75ksi if Nolg =9

70ksi if Nolg =10

Design tensile strength of GFRP bars considering reductions for service  f dlg =fp, lg'Ce =66.5-ksi
environment for longitudinal rebars [AASHTO GFRP 2009, ' '
2.9.3.3]

fir gh == | 100ksi if Noj, = 4
95ksi if Nolg =5
90ksi if Nolg =6
85ksi if Nolg =7
80ksi if Nolg =3

75ksi if Nolg =9

70ksi if Nolg =10

Design tensile strength of GFRP bars considering reductions for  fgg ¢ g = fir gp'Ce = 66.5-ksi
service environment for transverse shear reinforcement [AASHTO
GFRP 2009, 2.9.3.3]

Diameters and area of corrisponding GFRP rebars (TABLE 4.5.4-1):

www.manaraa.com




95

dlamNOlg = |0.5in if Nolg =4
0.625in if Nolg =5
0.750in if Nolg =6
0.875in if N°1g =7
lin if Nolg =38

1.128in if Nojg =9

1.270in if Nolg =10

. 2
dlamN -TC
( Otr.bent)

4

—21x 10 f°

AreaNy i bent ‘=

diam

N 0.5in if Noy pent = 4

Otr.bent -
0.625in if Noy pant =5
0.750in if Nog. pant = 6
0.875in if Nog pane =7
lin if Noy pant = 8

1.128in if Nog pant = 9

1.270in if Nog pent = 10

diamN 2, ™
AN 7

4

3.2

Areay, 1 1= =21x10 ~ff

diam e = |0.5in if Noy. o, =4
0.625in if Noy. o, =5
0.750in if Noy ¢, =6
0.875in if Noy o =7
lin if Noy ¢p =8

1.128in if Noy ¢, =9

1.270in i Noy g, = 10

Area rsh = =2.1x 10 "ft
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diam

Distance from extreme compression fiber to centroid ( N"lg) .
. . . . D=W, - — Cn = 7.9-in
of tension reinforcement at the critical section t P c
Distance from extreme compression fiber to diam
centroid of tension reinforcement at the critical D W — . — No bent — 13.9i
section for a Cantiliver beam mechanism taken bottom *— b~ ~c - om
to be the bottom of the railing
[AASHTO GFRP 2009, 2.9.3.3]
Quy,-Areay, |
, , oy e g T Nolg )

GFRP reinforcement ratio [ASSHTO 2.7.4.2] (H-D)

(Qutr.sh' 2+ Qutr.bent)

( 12in- Dbottom)

GFRP reinforcement ratio [ASSHTO 2.7.4.2] P2.bottom = AT tr.sh’ = 1.2:%

Stress-block coefficient [ACI 318-14]

Bl.super = 10.85 if fc.super= 4000psi =0.8
f‘c.super . . .
1.05 — O.OS«Tpsi if 4000psi < fc.super < 8000psi

0.65 otherwise

B. Development Length and Reinforcement Splices

Transversal bent GFRP reinforcement ratio producing balanced condition [AASHTO GFRP 2009, 2.7.4.2-2]:

fc.super' Efecu

Pebtr = 0-85-B1 super’ =12%

ffd.tr.bent’(Ef Eeut ffd.tr.bent)
Longitudinal GFRP reinforcement ratio producing balanced condition [AASHTO GFRP 2009, 2.7.4.2-2]:

f

c.super’
Polg = 0-85-B1 super
£ P a1 (Er€ou * frdlg)

Ef€cy

=12%
Transverse GFRP reinf. ratio at start of concrete crash [AASHTO GFRP 2009, 2.7.4.2] pgp:= 1.4 pgye = 0.017
Long. GFRP reinf. ratio at start of concrete crash [AASHTO GFRP 2009, 2.7.4.2] Pflg = 1.4 Pfolg = 0.017

Rebar location modification factor [AASHTO GFRP 2009, 2.12.2.2.1] a:=1

Effective tensile strength of transverse reinforcement [AASHTO GFRP 2009, 2.9.3.1-1]:
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2
(Ef’gcu) N 0'85'Bl.super'fc.super

fyp = mi ‘Epeey— 0'5'(Ef'€cu)’ffd.tr.bent = 60.5-ksi

Cotri= O *+ 05 diamy, =28 [AASHTO GFRP 2009, 2.12.2.1]

Transverse top reinforcement development length [AASHTO GFRP 2009, 2.12.2.1-1]:

f]
31.6-0L-L — 340

f -ksi
o= S i diam, = 192:in
) Cetr Otr.bent
13.6 + "
1am
Nog bent

C. Design Loads

Height of the vehicle center of gravity above bridge deck G, = 27in
[AASHTO LRFD 2014, A13.7.2]

Weight of the vehicle corresponding to the required test Wy, = 4.5kip
level [AASHTO LRFD 2014, A13.7.2]

Out-to-out wheel spacing on one axle B:=6.5in
[AASHTO LRFD 2014, A13.7.2]

Transverse vehicle impact forces from TL-1 to TL-6
distributed over 1ft length at height H(e) above the
bridge deck [AASHTO LRFD 2014, A13.7.2]

F,.:= (13.5kip 27kip S4kip S54kip 124kip 175kip)

(Ftr)4 = Sip

>

Transverse vehicle impact force for the selected TL
distributed over 1ft length at height H(e) above the
bridge deck [AASHTO LRFD 2014, A13.7.2]

B .
Effective height of the vehicle rollover force He = Gy = 12:Wy (Z’Ftr ) = 2380
4,TL

[AASHTO LRFD 2014, A13.2-1]

Longitudinal length of distribution of impact force from L= (4ft 4ft 4ft 3.5ft 8ft 8ft)
TL-1 to TL-6 along the railing located at height H(e)
above the deck [AASHTO LRFD 2014, A13.2]

Longitudinal length of distribution of impact force for L = 3.51t
4,TL

the selected TL along the railing located at height H(e) ’
above the deck [AASHTO LRFD 2014, A13.2]
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F
oy L

Ultimate Bending moment on longitudinal direction (Lt )2
acting on the length of distribution of the impact force Ly A TL 4,TL

(structural model 1) M = 3 = 24-kip-ft

Ultimate Shear force on longitudinal direction acting on Fiy 4TL  f
the length of distribution of the impact force Vy1 = — -1 — = 27-kip
(strucutral model 1) ft 2

Ultimate Shear force on vertical direction acting on the Fi At
length of distribution of the impact force V= ———=154kip
(structural model 2) Ly 4 TL

Ultimate Bending moment on vertical direction acting
on the length of distribution of the impact force
(structural model 2)

My = (Vo He) = 31-fkip

D. Flexural Verification

D1. Limits for Reinforcement

diam.
Distance from extreme compression fiber to centroid ( Nolg) .
. . .. . D=W, - —— —-¢c.=79in
of tension reinforcement at the critical section AW t c

Width of cross section [AASHTO GFRP 2009, 2.9.3.3] A= 32in

Design tensile strength of GFRP bars considering reductions for service environment ffd.lg = 66.5ksi
[AASHTO GFRP 2009, 2.9.3.3]

Minimum requirement for flexural tensile reinforcement [AASHTO GFRP 2009, 2.9.3.3]:

- HD HD \ kip .2
Ag .= max 0.16 /f ksi——,] 0.33-—— |— | = 1.4in
f min c.super >
- P fg g ( ffd.lgj i,ﬁ}
A = A = 1.5 2
Area of reinforcement provided f long ™= QUig.back ATaNo.Ig = 1-3-in

Minimum requirement for flexural tensile reinforcement

Ap o = 14in°
[AASHTO GFRP 2009, 2.9.3.3] f min = 140

check_flexural_minimum_reinforcement:= |"VERIFIED" if Ap long 2 Af min

"NOT VERIFIED" otherwise
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D2. Flexural Strength Structural model 1

. . . . . D=709in
Distance from extreme compression fiber to centroid of tension reinforcement
[AASHTO GFRP 2009, 2.9.3.3]
Effective strength in GFRP reinforcement [AASHTO GFRP 2009, 2.9.3.1-1] ffd.lg = 66.5-ksi

Tensile strength of longitudinal reinforcement for product certification as reported by fy 1o =95°ksi
GFRP manufacturers [AASHTO GFRP 2009, 2.6.1.2] e

Area of reinforcement provided Ag long = Qulg.back'AreaNo.lg = 1.Sin2

Depth of equivalent rectangular stress block [AASHTO GFRP 2009, 2.9.3.2.2-3]:

Af long ffd.Ig

ag = = 0.7-in
0.85-f¢ guperH
Concrete ultimate strain [AASHTO GFRP 2009, 2.9.2.1] _
Egy =0.003
Design strain of longitudinal reinforcement considering reduction for service c —.0.0102
environment [AASHTO GFRP 2009, 2.6.1.2] fdNo.lg ™
GFRP reinforcement ratio [AASHTO GFRP 2009, 2.7.4.2] Prig = 0017
Distance from extreme compression fiber to neutral axis at balanced condition
[AASHTO GFRP 2009, 2.9.3.2.2-4]
€
Cp = $D = 1.8in
€cut EfdNo.lg
aﬂ )
M, = Af_long'ffd.lg' D- o if py > Pfig
B1 super b
.super .
{Af_long'ffd.lg'(D -, || feiseng
Nominal flexural resistance [AASHTO GFRP 2009, 2.9.3.2.2-1,2.9.3.2.2-3] M, = 61.5-kip-ft
Ppq= 1055 if py < Pblg
Pfig | .
Pblg
Resistance factor for flexure [AASHTO GFRP 2009,2.7.4.2-1] P =06
Factored flexural resistance [AASHTO GFRP 2009, 2.9.3.2.1-1] M, = ®4-M,, = 34-kip-ft
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Ultimate bending moment due to impact force on longitudinal direction

check flexural resistance 1 := "tERIFIED" it M= M ]

kn

OT VERIFIED" otherwise

check flexural resistance 1 = "VERIFIED"

D3. Flexural Strength Structural Model 2

Distance from extreme compression fiber to centroid of tension reinforcement at
the critical section for a Cantiliver beam mechanism taken to be the bottom of
the railing

Distance from extreme compression fiber to centroid of tension reinforcement at
the critical section for stirrups (5V)
[AASHTO GFRP 2009, 2.9.3.3]

The effective strength in the reinforcement 5V close when b g )
failure is initiated by crushing of the concrete. far™ fd.tr.sh

Depth of equivalent rectangular stress block [AASHTO GFRP 2009, 2.9.3.2.2-3]:

Quyr shrAreang trshfid.1g + QUtr.bent AT¥No.tr.bent ffd.Ig

0.85-fg gyper 12in

af o= = 1.5:in

Concrete ultimate strain [AASHTO GFRP 2009, 2.9.2.1]

Design strain of transverse reinforcement considering reduction for service environment
[AASHTO GFRP 2009, 2.6.1.2]

Distance from extreme compression fiber to neutral axis at balanced condition
[AASHTO GFRP 2009, 2.9.3.2.2-4]

) €cu .
b2 = +—Dbottom =3.2:in
€cut EfdNo.lg

Q= Quyr pent f:=frd tr.bent P2 = P2.bottom
A= AT€aN tr bent Dp = Dpottom

100

My = 24-kip-ft

Dpottom = 13:91n

DStr = 10.3in

St

D
— S _ 49 1ksi

ottom
Eeu ™ 0.003
afd.tl‘ = 0.0102
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. a11.2 a2 || .
Mpo:= || (QA)| Dy~ 5 * (Q“tr.sh’AreaNo.tr.sh'ffd.tr.sh)' Dgr = 5 if py > ppg

B1 super®b.2 B1 super ®b.2
super °b. super b, ,
[(Q'A'f)'[Db - + (Qutr.sh'AreaNo.tr.sh'ff.tr)' Dgtr = 5 if py < pgg

2
Nominal flexural resistance [AASHTO GFRP 2009, 2.9.3.2.2-1,2.9.3.2.2-3] M, 5 = 59.2-kip-ft

L= 1055 if py < Pfblg

Pblg

Resistance factor for flexure [AASHTO GFRP 2009,2.7.4.2-1] =06
Factored flexural resistance [AASHTO GFRP 2009, 2.9.3.2.1-1] M5 = @My p =33k

Ultimate bending moment due to impact force on longitudinal direction My, = 31 kip-ft

check flexural resistance 2 := (

"VERIFIED" if M, 5 2 M, j

"NOT VERIFIED" otherwise

E. Shear Verification

E1. Concrete shear strength structural model 1

Width of the web [AASHTO GFRP 2009, 2.10.2.2.2] b, := H= 32-in

GFRP reinforcement ratio factored flexural

resistance [AASHTO GFRP 2009, 2.7.4.2] Pflg = 1.7-%
Concrete modulus of elasticity = - 3.
[FDOT LRFD design example#2] Kai= Plimerock 1820y f superksi = 3.8 < 107-ksi
Modulus of elasticity of longitudinal GFRP Ep=65x 10"ksi
reinforcement

Ep
Modular ratio npi=—=17

C

Ratio of depth of neutral axis to reinforcement 5
depth [AASHTO GFRP 2009, 2.7.3-4] K= / 2-ppng +ppng)(” —ppng =0.2
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Average distance from extreme compression

fiber to centroid of tension reinforcement Dyy = 9.1in
[AASHTO GFRP 2009, 2.9.3.3]
Distance from extreme compression fiber to Cq=kDy, = 1.7in

neutral axis [AASHTO GFRP 2009, 2.10.3.2]
Nominal shear strength provided by the concrete [AASHTO GFRP 2009, 2.10.3.2.1-1]:

Ve i= min(0.16 [T goerksi-by-Cpp, 0,32 [P uperksi-byCpy) = 20-kip

Resistance factor for shear Pgp = 0.7
[AASHTO GFRP 2009, 2.7.4.2]

Factored shear strength provided by the @V, = 15kip
concrete

[AASHTO GFRP 2009, 2.10.2.1-1]

Ultimate shear force due to impact force on V1 = 27-kip

longitudinal direction

check concrete shear resistance
1

-~VERIFIED: SHEAR REINFORCEMENT NOT REQUIRED" if @} -V }Vu
OT VERIFIED: SHEAR REINFORCEMENT REQUIRED" otherwise

E2. Shear reinforcement strength structural model 1

Required nominal shear resistance provided by \
the GFRP shear reinforcement V¥ required = — — Ve = 16-kip
" require P c
[AASHTO GFRP 2009, 2.10.2.1-1, 2.10.3.1-1] sh
. . diam = 0.6:in
Diameter of shear GFRP reinforcement Noy. b

.2
Area of shear GFRP reinforcement Area tr.sh = 0.3-in

rb'sh := 2.lin
Internal radius of the shear bent GFRP bar
Average distance from extreme compression D,, = 9.l'in

fiber to centroid of tension reinforcement
[AASHTO GFRP 2009, 2.9.3.3]

Strength of the bent portion of a GFRP bar [AASHTO GFRP 2009, 2.10.3.2.2-3]

www.manaraa.com



103

. Th.sh .
ffp = miny | 0.05-=————+ 03|ffyg .- fra.cr.sh | = 311 -ksi
1am.
Nog sh

3. .
Modulus of elasticity of shear GFRP reinforcement Ep = 6.5x 10"ksi

Design tensile strength for shear fp, = min(0.004'Ef,ffb) = 26-ksi
[AASHTO GFRP 2009, 2.10.3.2.2-2]

Maximum spacing of shear reinforcement Arean i sh Ty Day

[AASHTO GFRP 2009, 2.10.3.2.2.1] Ssh_max = = 45in

Vfﬁrequired

Design spacing of shear reinforcement [AASHTO GFRP 2009, 2.10.3.2.2.1] SPir.sh =4.51n

check shear resistance 1:= |"VERIFIED" if Ssh_max > SPr.sh
"NOT VERIFIED: MORE SHEAR REINFORCEMENT REQUIRED" otherwise

Required nominal shear resistance provided by the GFRP shear reinforcement Vg required = 16-kip
[AASHTO GFRP 2009, 2.10.2.1-1, 2.10.3.1-1] -

E3. Concrete shear strength structural model 2

Width of the web [AASHTO GFRP 2009, 2.10.2.2.2] by, 5= W, = 12in

GFRP reinforcement ratio factored flexural

resistance [AASHTO GFRP 2009, 2.7.4.2] Pag=1.7-%

Concrete modulus of elasticity _ - 3.
[FDOT LRFD design example#2] K= Plimerock 1820 Te super ksi = 3.8 107 ksi
Modulus of elasticity of longitudinal GFRP Ef=6.5x 103-ksi

reinforcement

Modular ratio ng=17

Ratio of depth of neutral axis to reinforcement B

depth [AASHTO GFRP 2009, 2.7.3-4] ky = J 2:02 bottom 1 *+ (P2.bottom™f)” ~ P2.bottom f = 0-2
Average distance from extreme compression D = 9 1lin

fiber to centroid of tension reinforcement AW

www.manaraa.com




104

[AASHTO GFRP 2009, 2.9.3.3]

Distance from extreme compression fiber to C1.2 = k'Dpottom = 2-5:in
neutral axis [AASHTO GFRP 2009, 2.10.3.2]

Nominal shear strength provided by the concrete [AASHTO GFRP 2009, 2.10.3.2.1-1]:

Vg = min0.16 [P oo ksi-by 5-Cpi 2,032 [T quoerksitby, 5:Cpy o) = 11.5-kip

Resistance factor for shear Dstan= 075
[AASHTO GFRP 2009, 2.7.4.2]

Factored shear strength provided by the P,V p = 8.6:kip
concrete

[AASHTO GFRP 2009, 2.10.2.1-1]

Ultimate shear force due to impact force on Vo = 15.4-kip
longitudinal direction

e?2

check concrete shear resistanc ZQIERIFIED: SHEAR REINFORCEMENT NOT REQUIRED" if @,V 5 }Vu

OT VERIFIED: SHEAR REINFORCEMENT REQUIRED" otherwise

E4. Shear reinforcement strength structural model 2

Required nominal shear resistance provided by Vi
the GFRP shear reinforcement Vf_required.2 = e V. = 0.6:kip
[AASHTO GFRP 2009, 2.10.2.1-1, 2.10.3.1-1] sh
. . diam = 0.6-in
Diameter of shear GFRP reinforcement Noy ¢h
A =031 2
Area of shear GFRP reinforcement ®No.tr.sh = V-0
Lopshy = 2-1i0

Internal radius of the shear bent GFRP bar
Average distance from extreme compression D,, =9.l'in

fiber to centroid of tension reinforcement
[AASHTO GFRP 2009, 2.9.3.3]

Strength of the bent portion of a GFRP bar [AASHTO GFRP 2009, 2.10.3.2.2-3]

fa = 31.1ksi
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3.
Modulus of elasticity of shear GFRP reinforcement Ep = 6.5 107 ksi

Design tensile strength for shear fp, = 26ksi
[AASHTO GFRP 2009, 2.10.3.2.2-2]

Maximum spacing of shear reinforcement Area ¢ s ffy in

Ssh max 2=~ =13.3in
[AASHTO GFRP 2009, 2.10.3.2.2.1] |_max . Vf_required.Z

Design spacing of shear reinforcement [AASHTO GFRP 2009, 2.10.3.2.2.1] SPyrgh =4-3in
check_shear_resistance —. ['"VERIFIED" if Ssh max 2 > SPir.sh
2 R '

"NOT VERIFIED: MORE SHEAR REINFORCEMENT REQUIRED"  otherwise
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FEBRUARY 24" 2017

UNIVERSITY OF MIAMI

College of Civil Architectural & Environmental Engineering

Paolo Rocchetti
Guillermo Claure
Antonio Nanni
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Appendix E

CALCULATIONS TO SUPPORT GFRP-RC TRAFFIC RAILING DESIGN

Single Slope 36”

March 6t 2017

UNIVERSITY OF MIAMI
College of Civil Architectural & Environmental Engineering

Paolo Rocchetti
Guillermo Claure
Antonio Nanni
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height of parapet

width of parapet - top

width of parapet -

effective distance
bent bar - bottom

Clear cover

fc

Ecu

dlimerock

Ec

AASHTO LRFD 2009 for GFRP-RC Bridge Design Table 4.5.4-1
Designation of GFRP Round bars

Table 4.5.4-1—Designation of GFRP Round bars

Bar Size Nominal Nominal
Designation Diameter, in. Area, in.?

2 0250 0.05

3 0.375 0.11

4 0.500 0,20

5 0.625 .31

6 0.750 (r44

7 0.875 0.60

8 1.000 0.79

9 1.128 L.00

10 1.270 1.27

AASHTO LRFD 2009 for GFRP-RC Bridge Design Table 4.6.1-1

Bar Size Minimum Tensile Strength as
Designation Reported by Manufacturer, psi

2 110,000

3 110,000

4 100,000

5 95,000

6 90,000

7 85,000

8 80,000

9 75,000

10 70,000
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ame/mumb | ameter(in)avessecton 1 1)

113

66.5 0.0146 0.010
66.5 0.0146 0.010
66.5 0.0146 0.010
66.5 0.0146 0.010

envi. Reduction

type

total number

diameter (in)

Area section
(in2)

D (in)

height of section (in)

10

0.625

0.307

6.69

5C

5D bent

5D bent

number of
legs

number of
legs

number
rebars

Spacing (in)

1.50

Area section

diameter (in) [(in2) D (in) height of section (in)
0.625 0.307 12.00 14.5
0.625 0.307 10.00 16.5

spacing (in)

diameter (in)

Area
section
(in2)

0.625

11

height of
number section section
rebars spacing (in) |diameter (in) |(in2) D (in) (in)
1.50 8.0 0.625 0.307 12.00 14.5
1.50 8.0 0.625 0.307 10.00 16.5

www.manaraa.com



Results

Verified if Ratio<1

Development Length Lreg/L
Lreq 19.51(in
L provided 22.00]in
VERIFIED 0.89
Flexural verification
Limits for reinforcement
VERIFIED
Af/Afmin | 1.13]
Flexural Strenght Mechanism 1 Mreq/Mr
VERIFIED 0.52
Flexural Strenght Mechanism 2 Mreq/Mr
VERIFIED 0.58
Shear verification
Shear resistance only concrete
VERIFIED
Shear resistance with shear reinforcement
Mechanism 1 Vfreq/Vf
VERIFIED -0.847
Mechanism 2 Vfreq/Vf
VERIFIED without bent bar 0.80
Mechanism 2 including Bent bar Vfreq/Vf
VERIFIED 0.53

114
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AASHTO LRFD 2014 A13.7.2 (crash test)

Base 42]in
height 36(in
He inpact 23.75(in
div. slab 6[n°
vertical base 7|in
horiz base 6[in
tickness 12]in
42
v |
7 - //,///// ///’/// H w
8
T
Beam H
Inertia 864|in3
C1 46.9]in/E***
Beam V
inertia 1008|in3
Cc2 31.01038

www.manaraa.com




116

ql/q2 0.66
qtot 1.66|*q2
gtot 15.43|kip/ft
ql 6.14|(kip/ft)
R1 10.75|kips
g2 (kip/ft 9.29|(kip/ft)
R2 32.51|kips
total reaction 54kips |
Ftr to beam V 32.5
Vu 9.3|kips/ft
Mu 18.4|Kips*ft/ft

- qB

. section

beam V
Beam V
|- |

Ftr to beam H 215

Vu 10.7474645 [kips
Mu 15.75|kip*ft
Beam H
| gA
a section
beam H
L. |

www.manaraa.com
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height parapet 36|in
Cc 2[in
fc'super 5.5[ksi
€cu 0.003

Ec 3841 (ksi

AASHTO LRFD 2009 for GFRP-RC Bridge Design, 2009

0.55 for p,<p,
$=102+0252L  for p,<p, <lap,
P ’
0.65 for p,21l4p,

(2.7.4.2-1)

AASHTO LRFD 2009 for GFRP-RC Bridge Design, 2009

316 af—f‘—340
¢, = ——~—ffc—d,, (2.122.1-1)
13.64+—
db
Name/numb diameter (in) [Areasection |ffu (ksi) frd (ksi)
5D bent 0.625 0.307 95 66.5
5C 0.625 0.307 95 66.5
5 L longitudinal back 0.625 0.307 95 66.5
5 L longitudinal front 0.625 0.31 95 95
ffv 26.00|ksi

www.manaraa.com




Safety factors
0.56
0.55
Shear factor |sh | 0.75

| AASHTO GFRP 2009 2.12.2.1 |

p1 0.775
fe'super 5.5]ksi
Ef 6500.0|ksi
Ecu 0.003

ftd 66.50]ksi
Ce 0.7|envi. Red
fru 95.0(ksi
pfb 1.241%
coefficient 14
1.4%pfb 1.73(%
a 1

ff 65.3]ksi
C 2.3125]in
Ntot bars 10

Pf mechanism 1 1.28|%
Pf mechanism 2 1.15(%
L 19.51]in

118

www.manaraa.com



f; Efam.-

p s =0.85B 2.742-2)
" I f_'ﬁ:‘ Elf'ac'tr +fj('f
(E/ea)  085p.f
A pJ.-l “E 8o ~0.5E 60 S fiy
(2.93.1-1)
bd
Af min 2 mﬂx(ﬂ-l ;;9-33)E (2.9.3.3-1)
o
M,=A,f d_i (2.9.3.2.2-1)
A :
_ AT i (2.9.3.2.2-2)
0.85f b
M, = A, f|a-Pre (2.9.3.2.2-3)
w L 2 Fo- R S
(e, |
ey = L—J d (2.9.3.2.2-4)
&, t a}r'.f
Mu Mechanism 2
Vu Section A
- 1l W afl
\ e §ﬁ
VR RN o
B — [ BA ff
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Flexural verification

Limits for reinforcement

D 6.69|in
B 36(In
ftd 66.5|ksi
Af, min 1.4(in2
Af, provided 1.54|in2
VERIFIED
Afmin/Af | 1.13]
Flexural Strenght: mechanism 1
D (in) 6.69(in
ff 66.5|ksi
If failure is governed by rupture of concrete

afl 0.61]in
Mn 54 |kips*ft
ofl 0.56
Mr 30.3[kips*ft
Mu 15.75|kip*ft

If failure is governed by rupture of gfrp
€fd 0.010
Ecu 0.003
cb 1.52
B1 0.775
frd 66.50|ksi
Mn 51.89|kips*ft
ofl 0.56
Mr 29.0(kips*ft
Mu 15.75|kip*ft

Mr in current case

Mr 30.3(Kip*ft
Mu/Mr 0.52

VERIFIED

Flexural Strenght: mechanism 2

Vu 9.287163142 Kips/ft
[He | 1.98|ft

B 12(in
Area 1.38]in2

D 10.00]in

pf 1.15

120
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If failure is governed by rupture of concrete

ff 66.5|ksi
ofl 0.55
numb of bars 1.500
e — gf, provided 183(6) !nZ
of 5A bent : !n
afl 1.09]in
rebars
Mn 24.13
Mr 13.46
ff* 79.8|ksi
. D 12.00]in
Contrlbute numb of bars 1.500
of stirrups - )
Sy Af, provided 0.46]in2
Mn 35.08|Kips*ft/ft
Mr 19.29(Kips*ft/ft
Mr total 32.76|Kips*ft/ft
Mu/Mr 0.56

If failure is governed by rupture of gfrp

ofl 0.55
D 10.00]in
Contribute fo olzéi >
of 5A bent - !n
cb 2.27]in
rebars
B 0.775
ftd 66.50|ksi
Mn 23.3|Kips*ft/ft
Mr 12.80|Kips*ft/ft
ff* 79.8|ksi
Contribute D - 12.00 !n
Af, provided 0.46|in2
of close 5V -
Mn 34.06|Kips*ft/ft
Mr 18.73|Kips*ft/ft
Mr total 31.53|Kips*ft/ft
Mu / Mr tot 0.58
Mr in current case
Mr 31.5[Kip*ft
Mu/Mr 0.58
VERIFIED

121
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AASHTO LRFD 2009 for GFRP-RC Bridge Design, 2009

k= Jprnf +(p}-nj-)2 —pyny,

> 0.05 E‘fi
S

A,.i".v

V. =0.16,7.b,c

Agfrd
y o Aels

4 5

(2.7.3-4)

(2.10.2.2.1-1)

(2.10.3.2.1-1)

(2.10.3.2.2-1)

(2.10.3.2.2-2)
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Shear verification Mechanism 1

B 36(in
pf 0.0128
dlimerock 0.9
Ec 3841.5|ksi
Ef 6500.0]ksi
nf 1.69
k 0.1873
D 8.50]in
C 1.59(in
Vc 21.51|kips
bsh 0.75
$sh*Vc 16.14
Vu 10.74746
VERIFIED
5C

Vf requ. -7.18|kips
Afv 0.55(in2

Shear resistance 5P and 5V
B 36(in
Area section 0.307|in2
numb leg 1
Af 0.307(in2
ffv 26.00|ksi
d 8.50(in
Spacing 8lin
Vf 8.48|kips
Vf tot | 8.48|kips

VERIFIED

Vfreq/Vf | -0.8466]

Shear verification Mechanism 2
B 12(in
pf 0.0128
Vu 9.3 kips/ft
dlimerock 0.9
Ec 3841.5|ksi
Ef 6500.0]ksi
nf 1.69
k 0.1873
12.00}(in
C 2.25(in
Vc 6.82|kips
dsh 0.75
$sh*Vc 5.1|kips
Vf requ. 1.59(kips/ft
S 8lin
N° 5V per foot 1.50|n per foot
numb of legs 2
rebar per foot 3.0
Area 0.307]in2
area tot 0.92|in2
ffv 26.00]ksi
Vf 2.00]kips/ft
VERIFIED without bent bar
Vfreq/vf 0.80|
Shear resistance by bent bar
S 8lin
bent bar 1.5|n per foot
Area 0.307]in2
area tot 0.46|in2
ffv 26.00]ksi
Vf 1.00(kips/ft
Vf tot 2.99
VERIFIED
|Vfreq/vf 0.53|
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Appendix F

FINAL DRAWINGS RC SS36” TRAFFIC RAILING

PENDULUM TEST SPECEMEN

MARCH 6™ 2017

UNIVERSITY OF MIAMI

College of Civil Architectural & Environmental Engineering

Paolo Rocchetti
Guillermo Claure
Antonio Nanni

124

www.manaraa.com




125

L dAN

(@30Y04NITY d¥49-edo|s 8|buls ,9€)

‘ON 183ys

uswipadg 1891 winNpuad ONITIVY Ol44vHL

INVIN 40 ALISH3AINN L1/60/€0

(umous uibua) £) 1UaI 101 21

UMOYS SSIMIBUIO SSBJUN ‘SBYOUI Ul SUOISUBLIIP I :B)ON

041 J0 59PIS %020 pUE 1O

8 ® Qg S1ea! Juaq pue Og sdnujs pasory

JeanxyeupNyIBUO] WS ssn uiof Usdo ue Jeau 1oed

(oun usep) 8 ® g s/eqa) 08Q

UoRoes 1o} € pue ,S'pL 01,81 Woy Bu
e swasaid wninpuad ‘sBuiyes o

ONITIVY O144VHL NYHL NOILO3S TVOIdAL

8® g# Jeqa) 0aq 8-8NOoILO3S

2 2 eUOISIN0Jd 1 1WBLIBDIOLUIR) %00p

]ﬁ @
8 o s1eqa1 o3P =

Seuou Z 49109 68 posodord ...
“Bulie 8L Jo SapIS ¥9EQ PUE U0} LJOG Ul JUaWwBDIOJUIB) (-

" o
.96 01,26 woy Buseax
81 W0y BLISNPR LOBS oYY Jout
iad ‘sBulles oex ,Z€4 of uospedwoo ul,

Uoyoes Isje} @ pue S bl

& sasaid uawads 159) wr

ONITIVY O133V¥L NYHL NOILO3S TVOIdAL
V-V NOILO3S

[euoisinoud s| JuawaDIOjuIR Y0P

]ﬁ T
8D 9# sieqes oop ]

sieqos | I
_ _ _ | — 16 sseq I i
L N e T T T — T T = 1 I
@ | | | {6 ® o5 dnuns pesop 5 » — = // — L = = i T L
g , L [N B SR N [ dca L -
LA ! A N A A N e N R i [ f Y : f i
2 o T ! o | o
@ i | I I I I
g I I e | A I 20 reqes (099 wooq pue (40P wonoq pus =T
i N (R Ay doi) 9 ® G# Siegel Yoap. doy) 9 © s# sieqa) yoop
A S 1 R O o o
! | I I 8®as seqes {— ¢ 8 ® 0g dnuns pasop-{—
, * * 4
I I I » TRRs | o
, — — — 3 . H 2 q H
i g Sk Z gk
N N N g |2 H [ —
AN O (U S AN (Y B @ H e e H e
i \"‘ 7|‘ ) ° & ® >
, v =] H L 2 L
s s
N {
uawioads }s8} Jo yibus| /| Buimoys ,z \ .z
| |
Buijiey ouyjel] Jo MaiA ueld T g T g
o7 £
wepoused
pauleep 81210u00 3y} Jo Buiuspiey 8y} Jaye Ajawi) 4o PaSOdSIP PUE A0S 3G O} HIOMULO) POOM .
29 0} SUBUB) UM G UBWSDIOJUIB) %03P O} O SIEqR B} . @se9 8 0} AupIBu 0w SN 0] Og PUE DG SJBqal 0} pan ALy pue x|y sieqas Aieiodwa) ppy .
ioiop 90 o) s1Bua| SuosuswIp poyoads i 1no Bunons 05 ‘S Sede)
I G e G 1UeWaOIOIR) X09p 0 OG GO wn0p oprscn w0y i s 16 SIEGRl [EUPMYBUO) pUE OG QS Sl +
a0u a0
Z da)s :uononisuo) | dajs :uononisuo)
s1eqey dy49
8® as Jeqes 8@ as seqes
5T I
b
3\ 6
o 3
@
5 seqal; 5 sieqes G sieqal; s sieqel
q ) s sepwerp
1eq 0} [enba snipes [eusBu| o J4eq 0} [enba snipes jewslu|
(408p wioyoq pue
Pl 05 cus posop as seaey
| o o | | pap— I X1y seqen_ ALy sieqol |
ottt ettty sttt | [IUE S ! ,\\\/. \\\\\\\\\\\ !
| h |
| i D | — ko N J:
[t ] [ [
| i | i
[-o----- % - b - — b - —F !
[ | [
i 8 @ o s1eqa) %03 | I L 8 ® 06 dnups pasoig L
I = [ ==

£
S
o
oo
©
)
C
3
E




	University of Miami
	Scholarly Repository
	2017-08-03

	RC Traffic Barrier with GFRP Reinforcement
	Paolo Rocchetti
	Recommended Citation


	MergedFile

