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As bridges buil't in the 19306s and 194C¢
and service lives the concrete and embedded steel reinforcerokhialustradeshow
noticeable signs of deterioratiowhich affects their performanceMany of these old
bridges are historic and the aesthetics must be preserved to keep it as a historic landmark.
The Hidoric Preservation OfficdHPO) mandated that amew balustraddor use on
historic bridgeanust retain the appearance of the original one while also satisfying the
requirements of the crash test level AASHTO MASH-ALwhich was adopted by the

FHWA on Janary 1, 2011.

This study addresses the issue that the state of New Jersey does not currently have

any operfaced balusttide standa specifications. A new design was develqpkx



which the aesthetics have been approved eH#O, and a dtailed finiteelement model
wasdeveloped using L®YNA software for cral test simulation. The capacity of the
barrierwaschecled usingthe design procedures outlined in section 13 of the AASHTO
Bridge Design SpecificationsA parametricstudy of the balustrade wasrformedusing

the finite element modehdjusting parameters such as height, post watidwindow
opening width Occupant risk factors such as ridedown acceleratiand,occupant

impact velocitiesvere evaluated using tbemodels.

Based on theesults of the simulations, a final design was setkend chosen for
full scalecrashtesting. A single unit truck, pickup truck, and small passenger car were
crashtestedat TTIl and successfully met alhe AASHTO MASH TL-4 requirements.

All risk factors werewell below the maximum permissible values for the car and pickup

truck, and the single unit trueskas successfully contained

After these successful crash tests, the model was calibrated to more accurately
duplicate the impact reepse of the vahle and barrier.The models were alsalidated
using traditional methods, as well as the statistical comparison proBadside Safety
Verification and Validation Program (RSVVPyhich wasdeveloped under NCHRP

Project 2224.
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CHAPTER |

1. INTRODUCTION

1.1. PROBLEM STATEMENT

As many bridges built in the 19300s st a
lives, the need for repairs and maintenaneeomes more and moapparentand when
the state of the bridgdsecomes more deficignithere comes a need to rehabilitate, or in
some cases, completely replace the bridge. Some bridges that are old may have historical
significance to the city they are in, and city councd@mipers may create roadblocks that
do not allow for a full removal and replacement. A bridge may not be completely
replaced i f it is considered a national | a

a city, or even if it is just an aestheticghgasing part of the city view.

One bridge that has historical significance has been undergoing rehabilitation
since April of 2014is the Pulaski Skyway in Jersey City, Hudson County, NJ. The
Hoboken Viaduct, also known as NJ Route 139, was opene8i3i dnd is part of the
Route 1&9 Historic Corridor. Along its length is an oganed concrete lhastrade
barrier to prevent vehicldsom driving off the bridge. The current barrier in place is as

old as the bridgéself and is deteriorating rapidly bause of its age. Because of this,



there is a need to replace the old barrier with a new one that was designed and tested to

pass todayodéds rigorous safety standards.

The operfaced design of this barrier adds an aesthetic element to the bridge
becase nore recently designetharriers are solid and do not provide the pleasing
appearance that the original one does. Because of this, the Historic Preservation Office
(HPO) has expressed opposition to using the solid barrier. One of the solutions to this
probdem is to retain the original barrier on the bridge, but have an approved crash tested
metal barrier between the lanes and itself. This way, the open bridge rail will still be
there providing the aesthetics and the passengers on the bridge will stillahave

crashworthy barrier to help prevent injury or death.

This solution, though, is naiptimal because the view of the original rail would
be obstructed. But what if the original aesthetics could be retained without the need for a
second barrier? The gnivay for this to occur is if there was an aesthetically pleasing
bridge rail design that has been crash tested and approved by the Federal Highway
Administration (FHWA). The objective of thisesearchis to create an aesthetically
pleasing open faced lge rail design that meets the aesthetic requirements of the HPO
and the safety standards of the FHWA. The safety standard that must be met to receive
approval from the FHWA is to pass a Test Level 4-@jLcollision specified in the
American Associatiorof State Highway Transportation Officials Manual for Assessing

Safety Hardware (AASHTO MASH).

1.2. RESEARCH OBJECTIVES AND SCOPE

The purpose of this research is to develop an aesthetic;fagesh concrete

balustrade design that is also safe, and can suskd#Sad TL-4 collision. Because full



scale crash testing is very tisensuming and expensive, computer simulations will be
used prior to construction and testing. A detailed finite element model using the dynamic
nortlinear Finite Element Analysis (FEAp&ware LSDYNA will be utilized to predict

the behavior fodifferent scenarios. A parametric study will be performed using this
model to evaluate different design alternatives. Parameters that will be changed and
investigated include total height, pdstight, post width, window opening width, and
concrete strength. During this study, factors such as occupant risk, barrier damage,
vehicle response and occupant response will be investigated. Once the study is
concluded, a final design will be choserdarsed for construction. After the final design

is chosen, the barrier will be constructed and tested at an FHWA accredited facility, and a
final pass/fail grade will be determined. Once the barrier pasisedinite element
models will be calibrated a@nvdidated. The barriewill become a standard NJDOT
specification and will be able to be used anywhere in the state whévachizarriers

need replacement

1.3. THESIS ORGANIZATION
This thesis will be organized as follows:
Chapter | introduces the problestatement, research objectives and scope, and

thesis organizatian

Chapter Il covers the background and literature review of work performed by
others in historic bridge rehabilitation, finite element crash test simulation, and crash

testing.



Chapter lllcovers the barrier design, Finite Element Model development, and the

parametric study results

Chapter IV covers the fullscale barrier constructiprerash testing, results, and

finite element model calibration and validation

Chapter Vcovers thesummay, andconclusiors.



CHAPTER I

2. LITERATURE REVIEW

2.1. INTRODUCTION

Before any piece of roadside safety hardware is approved for use on the road, it
must first passhe appropriaterash test.In the past few decades, researchers bagen
using finite element modelwhich have become a widespreamd commonly used
method of analysis.Software such as -BYNA hasrevolutionized the way highway
barriers are analyzed and evaluated. By utilizing finite element models, the process of
designirg and optimizing any piece of safety hardware is faster &wanbecause in
many @ses, some designs mag ruled out before they are constructed or tested.
Limiting the number of full scale tests performed greatly reduces the cost of developing

and impementing safety hardware.

The methods of physically testing this safety hardware have also grown to be
much more sophisticated and consistent. Many facilities, such as Texas A&M
Transportation Institutél Tl), have performed countless tests on a vargimgy of safety
hardwareand have nearly perfected the artcodishtesting. The use of highly accurate
accelerometersrotational transducer@&nd highspeed cameras has revolutionized the

way the data is processed and analyzed.



This chapter will discus work performed by others in the area of bridge

rehabilitation, finite element modeling, and fattale crash testing.

2.2. BRIDGE REHABILITATION

As historic bridges become older and the need to rehabilitate or replace them
becomes morand moreapparentthere are many things that must be consideréd.
retain aestheticshé components of the bridgthat areto be replaced must look similar
to the original ongsandmost of the standard specifications, such as thosbdioiers
must be redesigned todk similar, which addso the project time and costThese
redesigned components must dislill the safety requirements set forth by the Federal
Highway Administratio(FHWA). This is usually thehallenging part of historic bridge
rehabilitation beause the safety requirements are changed periodically and never stay
constant for a long period of time. These requirements arechaeging because safety
is a top concern foengineersand with every change to the requirements, the level of

safety is mproved.

Demond (1996 provides six alternative solutions to rehabilitate bridges when
replacing a bridge is not desirable. The six alternatives are listedrigflg described

below:

1) Rehabilitation (widening) 1T Widening the existing structur¢usually an
overdesignedruss) to accommodate larger traffic volume.

2) Rehabilitation (complimentary) i Making traffic on the existing structure one
way and building a similar bridge next to the original to handle traffic in the other

direction.



3) Twinning 1 Similar to complimentary rehabilitation, but the new bridge as
identical as possible to the original.

4) Adaptive reusei Using the original bridge for something besides transportation.

5) National landmark rehabilitation T Maintaining the original appearancethwi
minimal alterations to accommodate current highway standards.

6) Removal and replacement with mitigationi Salvaging components from the
old bridge for use on a new bridg&his is done when functional requirements

are too unreasonable to attain.

2.3. OPEN FACED BALUSTRADE DESIGN

There are many different types of bridge rails used across the United States made
out of different materials including wood, concrete, steel, aluminum, or a combination of
these materials. Barriers made of concrete are typically fosedhigher level of crash
resistance than those made of wood or méfablel1 shows a list of tested and approved
concrete barriers from the AASKD ARTBA-AGC Task Forcd 3 bridge rail guide. The
concrete bridge rails ifable 1 have all been tested and approved under the previously

acceptedriteria of NCHRP Report 350.



Tablel: Bridgerailings using casin-place concrete [http://guides.roadsafellc.com]

Name/Designator | Image Mounting Aesthetic| See Test Spec./
Type Through | Test Level

SBC04d Deck No No R350/TL4

TL-4 F Shape

SBCO04e Deck No No R350/TL5

TL-5 F Shape

SBCO05d Deck No No R350/TL4

TL-4 Safety

Shape

SBCO05e Parapet No No R350/TL5

TL-5 Safety

Shape

SBCO07b Parapet Yes Yes R350/TL3

TX T411

SBCO07c Parapet Yes Yes R350/TL3

Natchez Trace

Bridge Rail

SBCO7d Deck Yes Yes R350/TL4

TX F411

SBC12b Parapet Yes Yes R350/TL2

CA Type 80 SW




SBC12d Parapet No Yes R350/TL4
CA Type 80

SBC13d = | Parapet No No R350/TL4
CA Type 732

2.4, FINITE ELEMENT MODELING

Because full scale crash tests asy costly and time consuming, tleeis an
urgentneed for accurate numerical computer solutions. Advances Hiirmear dynamic
model ing have occurred with the greatest
became more widelysed. Eskandariart.eal. (1997) modeled, tested, and validated a
bogie used as a surrogate crash test vehicle for impact with roadside objects. The bogies
used for full scale tests have a crushable nose with honeycomb materigaramd
reused several times whitaly replacing the nose. Because the popularity of-ivoear
finite element programs is on the rise, a validated bogey model is necessary. Bogies are
very versatile because the nose can easily be changed to represent different vehicle types,
and the vehicle wght can be easily adjusted. The honeycomb material was validated
using the impact of the nose with a rigid pole as the baseline for comparison. Showing
proper behavior when impacting a narrow object is important because narrow objects
(signs, poles, etpcan cause injury often times, and it is a better measurerfoirmance

for model behaviofEskandarian et. al, 1997)

Consolazio et. al. (2002) modified an NCAC model of the 2000P vehicle to

accurately simulate different crash testing conditions. ov profile barrier for use in
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construction zones was and modeled in the highway vehicle object simulation model
(HVOSM) and later confirmed using EBYNA. The NCAC model was accurate for tall
longitudinal barriers, but was not meant to simulate largerahefiions in the front
suspension. The front suspension springs were modified to make the truck behavior more
realistic. The barrier was constructed and a full scale test was performed, and successful.
The model was validated, and a comparison of theatess model is shown iRigure 1.

When modeling crash scenarios, it is important to make sure all critical failures are

modeled properly to ensure aocurate result (Consolazio et. al, 2002).

Figurel: Comparison of crash test results and simulation results for 2000P vehicle
(Consolazio et. al, 2002)

Borovinsek et. al (200 evaluated the use of computer simulations to evaluate
barrier designs according to European standard EN 1317. EN 1317 criteria defines safety
in terms of containment level, impact severity, and deformation of the barrier after
impact. Two vehicles anased to evaluate the barrier, a 900 kg personal car and a high
mass vehicle such as a heavy goods vehicle or a bus. The heavy weight vehicle
properties depend on the containment level being evaluated. Accelerometers were

defined at the center of gravity the vehicle and the barriers were modeled using mainly
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shell elements. Bolted connections were modeled with beam elements. Soil conditions
are difficult to accurately model because they are always changing and hard to predict.
Soil conditions were naeled with spring elements in different directions where the
barrier was secured to the ground, and is showhigare 2. Contacts were defined
where applicable and different reinforcements were evaluated. The reinforcements
evaluated included a longitudinally placed tension belt, wheel guidance profile, and a

single wire rope, which are shownhkigure3.

Figure2: Spring elements used to simulate soil conditi@wovinsek et. al (200)

tension ball WHE TOpe ST
T
wheel gusdance —

Figure3: Guardrail reinforcement options evalua{Borovinsek et. al (200)

The wheel guidance system was chosen as the best option for containment level H1 and
was certified later with a large scale test. The barrier performed acceptably and safely

redirected the truck without any major parts separaliogy the barrier. The finite
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element models were compared ite experimental results and the Acceleration Severity
Index (ASI) time dependencies were in fairly good agreement and the values differed by
less than the acceptable 10% margin. It was cdeduhat the computer simulations can

be used to evaluate the experimental parameters with reasonable accuracy, and the use of
simulations reduces the development and testing costs of new barrier designs

(Borovinsek et. al2007).

Ren and Vesenjak (2008pmpared results of an HSYNA simulation and full
scale crash test of a metal barrier according to European Standard EN 1317. The rail
evaluated was composed of adWaped guardrail, distance spacers, and posts with 2/3 of
their height rammed into the iso Each section of the guard rail is 4.2 m long with a 0.2
m splice at each section. The material was defined using tensile test results of S 235 steel
and an effective plastic strain of 0.28. When the effective plastic strain reaches this level,
the load carrying capability of the element becomes zero, effectively removing it from the
model. Viscoelastic springs were defined on the posts to simulate soil, and linear springs
were defined at the ends of the guardrail to simulate the continuation dditherhe
vehicle evaluated and tested was a Fiat uno impacting at 100 km/h at 20 degrees. When
the full scale test and simulation were compared, there was very good agreement in the
results and the model and it was determined that the model could Hefarse
computational evaluation of other road safety barriers in the place of performing full

scale test§Ren and VesenjaR005)

Itoh et. al. (20@) performed a simulation and full scale crash test for a 1.1 meter
high Fshaped barrier. As per Japanéssting standards, the vehicle to be used is a

25,000 kg truck impacting at 100 km/h at 15 degrees to produce 650 kJ of energy.
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However, due to limited pulling power available, the truck used was only 20,000 kg and
the angle was changed to 17 degreeprtamluce 660 kJ of energy. In the model, the
subgrade of the barrier was modeled with springs, and the simulation was run. The
barrier showed satisfactory performance in the model, and when testasdalell the
barrier was shown to meet all safety reqments. The results from the models and

experimental results were in good agreement, as shokigune4 (Itoh et. al,2007).
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Figure4: Comparison of experimental and simulation reqitith et. al, 200y

Marzougui et. al(2012) evaluated the practicality of using finite element models
to evaluate barrier retrofits. DurifgCHRP Project 224(3), seven barrier previously
accepted under NCHRP Report 350 were tested under MASH conditions, and three of
them failed the pickup truck collision (Testl3). These collisions were then modeled
using LSDYNA and validated. Different retrofit options were then evaldiaising
these models to find a functional retrofit option. The FHWA recently announced that
crash simulation results would be considered acceptable for evaluating improvements to
previously tested barriers, which means there would be no need for anattertest.
Barrier models were odeledin LS-DYNA using exadly the samegeometry and
connection details as the barriers tested. The finite element model of the Chevy
Silverado was tested and was accepted as an acceptable surrogate for the 2270P vehicle

previously used. Two of the barriers that were investigated for retrofits include the G9
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Thrie-beam barrier and the G4 median barrier. The G4 median barrier failed because the
truck overrode the installation and the THomam barrier failed because thdeel
snagged on the bottom of the barrier and caused the truck to roll 360 degrees. A
comparison of between the models and tests is shofigume5. The visual comparison

shown inFigure5 is only the first step in validating the models and showing that they are
successfully able to replicateetlfiull-scale collisions. The second step to validation was

to compare the graphs of the accelerations, and the roll, pitch, and yaw of the vehicle.
The third step is to statistically compare the models with the experimental results by the
use of Phenomen | mportance Rating Tables (PIRTO0s)
parameters measured to evaluate whether the values in the model fall close enough to the
experimental values to be deemed valid. After evaluating different retrofit options, it was
shavn that the Thridbeam rail could be retrofitted with a hdlfiockout to reduce roll,

and the G4(1S) median barrier could be improved by increasing the height 3 inches to

prevent the truck from overriding the barridtarzougui et. 312012).
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TTI Test 476460-1-8 TTI Test 476460-1-9
G9 Thrie Beam G4(1S) Median

Figure5: Comparison between computer models and full scale tests for G9 Thrie Beam
and G4(1S) barrie@arzougui et. al, 2012

Marzougui et. al (2014) evaluated the crashworthiness of roadside barriers
previously accepted under NCHRP Rep350. The adoption of the new MASH
requirements raises the question of whether this hardware still fulfills the safety
requirements of the new standard. Because many of these previously accepted barriers
are already in use, finite element models weased to investigate the crashworthiness
under the new conditions. The-B&h New Jersey shaped barriers were evaluated under

the MASH conditions. Tests-B0 and 311 using a small car and pickup truck,
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respectively, were modeled in L3YNA, and comparedbo full-scale results. The barrier

was modeled using rigid shell material because the deformation is very small when these
vehicles are used, and the barrier was fixed at the bottom. Rigorous validation efforts
were not undertaken for the research bseathe New Jersey shaped barriers were
extensively used in other simulation studies. The models were compared using visual
comparisons, traditional metric comparison, and analytical comparisons using procedures
outlined in NCHRP Project 224. The simulaons for both tests were stable, showed no
unusual behavior, and traditional and analytical validation efforts showed good
agreement between the models and experimental results. The conclusion of this study
was that finite element simulations providead representation of experimental setups,
and that the New Jersey shaped barrier in question still passes the new MASH

requirementgMarzougui et. al, 2014)

Abu-Odeh (2008) conducted a study regarding how different concrete material
models behaved inlaridge rail subjected to a bogie impact. In the past, concrete barriers
were modeled using a rigid or elastic material characterization because it would reduce
the computing time needed, and because there were no models that could accurately
predict the Bhavior of the concrete that were not difficult to use. The author developed a
finite element model of the TXDOT type T501 bridge rail and simulated a 5000 Ib. bogie
vehicle impacting it at 20 miles per hour using-DENA. Three material models for
concete were simulated to investigate the accuracy of the predicted behavior. Each of
these models required varying input to simulate. Some only required the unconfined
compressive strength and density, while others required additional information. The

condusion of this study was that the models all predict, with reasonable accuracy, the
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behavior and deformation of the concrete after the impact with the bogie. The crack
pattern each model predicted is very approximate, and none of them correctly mapped it,

but the overall damadecation theypredicted was accuraf@bu-Odeh, 2008)

Borrvall et al (2011) investigated and evaluated the RHT concrete model that is
available in LSDYNA. They conducted a study to compare how the RHT model
performed when a refiarced concrete plate was modeled and subjected to a blast load.
The findings of this experiment were that the experimental results and model were in
good agreement. When the damage is displayed in the simulation, there is good
gualitative agreement begen it and the experimental results. The pressure measured at
the center of the block was higher than what the simulation displayed, but it was still in
close enough agreement to be deemed acceptable. It was noted that this model could still
be developedurther to more accurately predict spalling, scabbing and crack prediction,
but as far as showing overall damage and failed sections, this model i€Bgonall et.

al, 2011).

When modeling rebar, there are two methods that can be used: smeared and
exgdicit. Schwer (2014) discussed these two methods in great detail and how they are
input into models. Schwer provided a breakdown of the different methods of

reinforcement shown iRigure6.
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Figure6: Breakdown of reinforcement modeling meth¢8shwer, 2014

Smeared reinforcement works well when the stress does not go too far beyond the
yield stress. The reinforcementdeled within the mesh of the concrete, and elements
of concrete are given different material properties to act as steel. The concept of smeared
reinforcement is that elementontaining reinforcemenare given volume fraction
average of material propas, e.g. yield strength, shear modulus, bulk modulus, etc. One
material model used to model smeared reinforcement is *MAT_PSEUDO_TENSOR.

The property averaging for this material is calculated via the relation

0 p Qu "Q

Whereu is the volume averaged bulk moduluis, is the concrete bulk modulus,
0 is the reinforcement bulk modulus, aiédiis the volume fraction of the reinforcement.
The same format of averaging is used for all other material properties. Using this volume
fraction average for the elements containing reinforcement treats these elements as a
composite material. This method of averaging is accurate until yield occurs, and

homogenization is lost.

The second method of including reinforcement is explicit reinfoec#. To
explicitly model reinforcement, section properties must be defined, and this section can

then be used to model the rebar as either truss elements or beam elements. It can be
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modeled by using shared nodes or constraint methods. When using rsbdesd the
meshing effort can become overwhelming, especially when there are multiple layers of
reinforcement. When using this method, all nodes of the rebar must be coincident with
nodes of concrete to be combined with them. This requires a lot ofatwches very

tedious.

The other method of explicitly modeling rebar is by the use of constraint methods.
When using this method, the meshes of the concrete and reinforcement are completely
independent of one another, and there is no need to have amiydentnnodes. This
makes the meshing very easy and fast. After the meshes are defined, the rebar is simply
placed at the right location inside the concrete, andtcained. LSDYNA provides the
*ALE_COUPLING_NODAL_CONSTRAINTkeywordwhich locks the aaleration and
velocity of the reinforcement nodes to the concrete nodes. In doing this, the relative
motion of both materials is the same and this allows the concrete and steel to act as one
unit, as they do in real life.The authorfound that using a emtraint method was the
easiest and fastest method of modeling. Because the mesh refinement of the steel and
concrete were performed independently of one another, it is accomplished faster than the

smeared models, and the rebar placement is easier tattgyperform(Schwer, 2014).

2.5. FULL SCALE CRASH TESTING

Beginning in 1993, bridge rails have been tested according to the standards set
forth in NCHRP Report 350. Before this report was used, bridge rails were evaluated
usingthe testing criteria sdorth in the AASHTO Guidelines for testing bridge railings,
NCHRP Report 230, or NCHRP Report 23&hen NCHRP 350 was released, however,

the testing of all roadside safdtardware was standardized. All safety hardware listed in
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NCHRP 350 was classifigdto six different test levels to accommodate different vehicle

types and collisionfRoss et. al, 1993)

The AASHTO Manal for Assessing Safety Hardware (MASH) is currently the
standard manual used for testing safety devices used on highways in theStiaiésd It
was adopted by the FHWA on January 1, 2011, and is what is used when evaluating
safety devices. There were many changes in crash testing criteria made between Report
350 and MASH includingehicle massimpact angle, speed, and other factoree new
criteria set forth in MASH provides higher crash severity than Report 350. T#e TL
criteria has also been changed; the speed for the single unit truck was increased from 80
km/h to 90 km/h, the impact angle for the pickup truck and small caiirveaeased from
20 to 25 degreesand the mass of the vehicles has been increabable 2 summarizes

the criteria for the six test levels used iABH.

Table2: Summary of crash test levels for bridge railings from MABIASHTO, 2016)

Test Level Vehicle Velocity Angle

TL-1 1100C (passenger car) 31 mi/hr [50 km/hr] 25°
2270P (pickup truck) 31 mi/hr [50 km/hr] 25°

TL-2 1100C(passenger car) 44 mi/hr [70 km/hr] 25°
2270P (pickup truck) 44 mi/hr [70 km/hr] 25°

TL-3 1100C (passenger car) 62 mi/hr [100 km/hr] 25°
2270P (pickup truck) 62 mi/hr [100 km/hr] 25°

TL-4 1100C (passenger car) 62 mi/hr [100 km/hr] 25°
2270P (pickup truck) 62 mi/hr [100 km/hr] 25°

10000S (singlaunit truck) 56 mi/hr [90 km/hr] 15°

TL-5 1100C (passenger car) 62 mi/hr [100 km/hr] 25°
2270P (pickup truck) 62 mi/hr [100 km/hr] 25°

36000V (tractotvan trailer) 50 mi/hr [80 km/hr] 15°

TL-6 1100C (passengesr) 62 mi/hr [100 km/hr] 20°
2270P (jckup truck) 62 mi/hr [100 km/hr] 25°

36000T (tractottanker 50 mi/hr [80 km/hr] 15°

trailer)
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Bullard et al. (2M08) performed a MASH 4.2 test with a 32 in NJ barrier. This
barrier was previously tested under NCHRP Report 3504Ttonditions and passed
marginally, but when tested again under the more severe MASH ddnditions, the

single unit truck rolled over that same barrier and failétigure 7 shows the failed

MASH 4-12 test of the 32 in high Jersey bar(igullard et. al, 2008)
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Figure7: Test photos for failed MASH-42 test for 32 in barrigiBullard et. al, 2008)

In response to this failed test, Sheikh et al. 20dvestigated and found that the
minimum required rail height for longitudinal barriers in-ZLimpact conditions for
AASHTO MASH is different from NCHRP Report 350. The impeahditions that were
changed include the vehicle mass, velocity at impact, and center of gravity of the single

unit truck. A comparison of the test conditions is showhahle3.

The minimum height specified in the AASHTO design specifications foA TL
impact conditions is 32 ilAASHTO, 2012) but with the increased impact severity, this
height may not be sufficient. Finite element models werd tsaimulate collisions for
barriers of the following heights: 42, 39, 38, 37, and 36 inches. The barrier was modeled
using a rigid shell material because the deformation of the test article is very small. As
expected, the 42 in barrier provided the trgiability because it was the tallest. As the
height decreased, so did the stability of the vehicle. The 36 in rail was marginally stable
and passed the MASH T4 collision and the truck did not roll over. It was determined

that any further reductiomiheight from 36 inoheswould allow the rear axle to pass over
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the barrier, and allosthe truck to roll over. For this reason, 36heswas chosen as the
minimum allowed barrier height for a T4 level collision(Sheikh et. al, 2011) and

(Sheikh et. al2012).

Table3: Comparison of NCHRP Report 350 and MASH-Zlimpact conditions for
Single Unit Truck(Ross et. al, 1993) and (AASHTO, 2016)

Parameter NCHRP Report 350 AASHTO
MASH
Vehicle Mass 17,640 Ib. 22,050 Ib.
Impact Velocity 50 mph 56 mph
Impact Angle 15° 15°
CG height of vehicle 63in 67in
ballast

Pfeifer et. al. (1996) evaluated the Minnesota Combination Bridge Rail subjected
to TL-4 conditions according to NCHRP Report 350. This rail was initially meant to be
used on low service level roadways, but it was determined that with modifications, the
rail would be able to withstand R350 ‘BLconditions. The first iteration of the redesign
process included increasing the size of the weld at the base of the post to increase the post
capacity, and changing anchor bolt details. The full scale test dirtislesign failed
due to snagging, so a second iteration of the design was necessary. The second iteration
of modifications included extending the tubular rail and concrete parapet 4 in toward the
roadway. These modifications were retrofitted lte éxisting system. The barrigras
extended by dowelling into the existing parapet, and the tube was extended by welding an
additional steel tube to the original top rail. Because the tube used for the retrofit was not
readily available from steel suppkerthefinal iteration replaced thevo tubes welded
together with one larger tube to accomplish the same 4 in clearance. The most notable

changes in the design from the original to itezation are the width of the concrete
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to 10 in(Pfeifer et. al, 1996)
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Buth et. al. (1998) tested a Texas T411 to NCHRP R358.TRreviously tested

stee

under NCHRP R230, it needed to be tested again under NCHRP R350 to ensure the

structural adequacy for the new standards. Under R23€ fEsts included an 808 kg

passenger car traveling at 96.9 km/h at 21.2 degrees, and a 2043 kg passenger car

traveling at 100.1 km/h at 26 degrees. Under NCHRP R350, the 808 kg passenger car

did notchangeandthe 2043 kg passenger car was replaced with a 2000 kg pickup truck

traveling at 100 km/h at 25 degrees. The vehicle used for the test was a 1993 Chevrolet

2500 pickup truck. All requirements were met, except the occupant risk because the

ocaupant compartment deformation was extensive and could cause senmys kigure

8 shows images of the failed test due to excessive deformations.
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Figure8: Failed pickup truck test of the Texas T411 bridge(Buith et. al, 1998)

Bullard et. al. (2002) designed two aesthetically pleasing,-tamd bridge rails

that were constructed and tested full scale. One of them, the Texas F411, successfully

met R350 TkL3 requirements The other onghe TX T77, failed due to vehicle snaggi
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at the rail splice, which caused excessive vehicle deformation Fi§ee 9 andFigure

10 (Bullard et. al, 2002)
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Figure9: Test photos for NCHRP Report 350 Test13(Bullard et. al, 2002)
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FigurelQ: Test photos for Texas T77 bridge @ullard et. al, 2002)

Albertson et. al. (2004) conducted a full scale crash test for the Te#as F
bridge rail at NCHRP Report 350 4, higher than the tests performed by Bullard in
2002. The 18,000 Ib single unit truck impag at 49.7 mph at 16.9egrees was
successfully contained and redirected as showkigare1l. This passing bridge rail is
also very aesthetically pleasing due to thengfaeed design.Figure12 shows an image

of the Texas F411 rail that was tested.
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Figurell: Test photos for NCHRP Rep@%0 Test 412 of the Texas F411 barrier
(Albertson et. al, 2004)
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Figurel2: Texas F411 bridge rail that was tesfatbertson et. al, 2004)
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CHAPTER Il

3.MODEL DEVELOPMENT AND
PARAMETRIC STUDY

3.1. INTRODUCTION

Before construction and testing anything, a parametric stadyperformed using
the finite element analysis software -D¥NA. By using this program, many design
alternatives can be simulated and analyzed to determine the best design based on barrier
and vehicle damage, occupant risk and other MASH critefihe height was the first
variable adjusted, and then different post width/window opening width combinations
were tested. The initial design was calculated to have enough resistance fet a TL
collision. After the parametric studyas completed, the barriewas constructed and

tested to ensure its crashworthiness according to MASH standards.

3.2. OPEN-FACED BALUSTRADE DESIGN
The Pulaski Skyway was built in 1932, and has a historic -tgee¥d concrete

balustrade along the length of the road showRigure13. This barrierhas a column
width to window opening ratio of 1:1, which gives thedge a nice aesthetic touch.
NJDOT developed a preliminary design that has slight changes from the original one, and

is shown inFigure14.
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Figurel3: Existing operfaced balustrade on Pulaski Skyw@yovided by NJDOT)

4 12' ON CENTERS

Figurel4: Proposed opefaced balustrade design (plan)

The rew barrier design will be modified and parameters such as dimensions,
material properties, post spacing, and reinforcement details will be adjusted accordingly.
The barrier will have the necessary strength to resist-d4 €allision as per AASHTO
Bridge Design SpecificationsThis preliminary design is similar to an existing aesthetic

balustrade developed by Texas DOT called the Texas F411.

Although this design has been proven to withstand the impact, there were still
additional changes to the desidgrat needed to be made. This design, although very
similar to the Texas F41heeded modifications to meet all of the specifications set forth
in the NJDOT bridge design manual. The design consultant, AECOM, checked the

preliminary design, and made changes and improvements to it to ensure that the bridge
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rail fulfills all requiremants set forth by NJDOT. The specificatiotinat forcel design
changes wasection 20.8 in the deck slab design manual, that specify that a 2 % inch top
deck cover is preferred, and a minimum 2 inch cover for all ib#DOT, 2009) The

deck slab specifation also moves the rebar %2 inch down in the deck, but thecik

cover does change the aesthetics obtineier A lot of the design changes are inside the
concrete and not seen, such as the change in shdpsizeof some rebars, but the only
visible change in the design is the increase inrpheight, from 6 inches to 7 inches.

This in turn makes the height of the posts 1 inch shorter to maintain the same total height

of 44 in. The rebar details AECOM changed are as follows:

1) Vertical bars int he posts were increased from #
increased to develop a stronger bond, and the radius at the hoop was decreased to

maintain the 2 in cover requirement

2) The three #5 4bars at 9 in were replaced with a #®ar and #5 bar at8 in.
This change reduces the labor needed to tie the rebar because there is only two bars

instead of three sticking up from the deck

3) m-bars were eliminated

4) w-bars in the bottom rail were eliminated

5) An extra 5 ft deck bar was added at 8 in oa tbp alternating with the deck

reinforcement

6) Deck bar spacing was decreased from 9 into 8 in

7) Top deck rebar was moved down %2 in
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All of these changes increase the capacity of the barrier, while also reducing the labor
required to assemble it becaubere are less total bars to bend and Egure16 shows

the originalandmodifiedrebar details.

When designing the balustrade, it is importiontsafety that it satisfies athe
requirements set forth in section 13 of the AASHTO LRFD bridge design specifications.
Section13is about bridge railgt definesall the design forces to use, and sets forth the
strength requirements of the railinghis procedure is required for checking the capacity
of the rail, and for checking if the rail will remain stable when it is subjected to impact.
Before the parametric study was performed usinige element analysis, alhe designs
to be considered we first checked using the criteria set forth in section 13. This was
done because the final design must conform to these specifications to ensure the
structural integrity of the rail, and to be approved for a MASHA4Ttollision. After
AECOM made changeto the proposed design Higure 14, it was found that the rail
does have the capacity to handle the collision, and was set as the baseline for the
parametric studyFigurel5 shows the aesthetic appearance of the new desighigunck

16 shows a comparison of the details for the design before and after AECOM maodified it.

-4 12' ON CENTERS

- [T

1

Figurel5: Modified openrfaced balustrade design (plan)
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3.3. FINITE ELEMENT ANALYSIS USING LS-DYNA
SOFTWARE

Before performing the full scale crash tests to check if the new balustrade satisfies
the requiements of AASHTO MASHTL-4, a parametric studyvas performedto
compare the behavior apetrformance of different barrishapes. By performing these
simulations,different parameters of the balustrade were optimized to make it look as
historic as possible while still fulfilig all FHWA RequirementsUtilizing this software
also allows many different designs to be analyzed without needing to physically test
them, which saves time and money.

3.3.1. LS-DYNA software

LS-DYNA is the finite element software that is being utilized floee modeling
and analysis of the Pulaski Skyway balustrade. Its dynamiclinear finite element
code makes it very practical for simulating realrld situations. This nehinear
program is very popular in the automotive industry for simulating vehrelghes which
include large deformations of the chassis, and failure of several components within the
vehicle and on whatever the vehicle is impacting.-DANA also has features such as
accelerometers that can measure accelerations in all three axesgaswureanmotions
such as rotation, pitch, roll, and yaw. This software was used to carry out the parametric
study of the balustrade to optimize the desigie inputfor the analysisvas prepared
usingthe preprocessor provided with the-D¥NA software pakage called LSrePost.

3.3.2. Modeling

When modeling the balustrade, there are many things that need to be taken into
consideration. Because both steel anccoete are present in the barridrey need to be

modeled together to create an accurate model. tWhenaterials are very different fro
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each other by nature, and mii& modeled accordingly. Steel is an isotropic material
that can handle tension, compression, and bending, while concrete is only good in

compression, but not bending or tension.

Because of the long and narrow shape of rebar and the modes by which it is able
to carry load,all of the rebarwas modeledas beam elements. Because steel is an
isotropic material, it was not difficult to define the parameters ¥rDYSNA. The only
parametes needed to model iare the stresstrain relationship curvemodulus of

elastiaty, yield strengthdensity and plastic strain curve

Concrete was modeled as solid elements because more detail in the model can be
created easier and more detaileformation about deformation and stresses can be
obtained. The matetianodel *MAT_RHT was used in theodelsfor the parametric
study. This material model is desirable to use becausstable can predict behavior of
concrete very well, the inputeeded is very limited, and it has shown to be the most
reliable out of all the concrete models that have hesead The only parameters needed
for this model are density and compressive strength, unlike other material models that

require much more inputath.

The concrete and steel occupy the same space, so the two meejdined to one
another. Anodal constraint methodias usedbecause it is faster, easier, and more
accurate than using shared nodes or smeared reinforcement. The rebar was originally
constrained to the concretasing the *ALE_COUPLING_NODAL_CONSTRAINT
which locks the acceleration and velocity at the nodes of the concrete and steel together

in order to act as one unit when strain occ{8shwer, 2014) When creating this
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constraint, he concrete is set as the master, and the steel bars are set as the slave coupled
to the concretéSchwer, 2014) and (Tay et. al, 2016 his constraint method works

well, but there were a few bugs that came along with it. For example, in some models,
same of the deck rebar did not couple correctly, and fell out of the dedkaaindrfor no

apparent reason. Not having a portion of the rebar act in the concrete causes problems
because the capacity of tharrierwould be lowered. In order for the calations to be
accurate, all rebar must be present and acting to give the correct soRébar. can be

seen falling out ofthe deck inFigurel?.

Figurel7: Rebar falling out of deck

To solve this issue, *ALE_COUPLING_NODAL_CONSTRAINT was replaced with
*CONSTRAINED_BEAM_IN_SOLID which did not have any noticeable issues. This
constraint method accomplishes the same task as the ale coupling constraint, but none of

the rebar falls out wén this one is used. The *CONSTRAINED_BEAM_IN_SOLID
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card is an overhauled constraint method that is more attractive than
*CONSTRAINED_LANGRANGE_IN_SOLID, or
*ALE_COUPLING_NODAL_CONSTRAINT(LSTC, 2016)

3.3.3. Data Collection

When collecting data about the vedkiaccelerations and rotations, accelerometers
are defined in the model at the center of gravity of each vehicle. The center of gravity of
each vehicle is where the accelerometers b4l placed during the fulicale test to
collect the data. These aceeimeters recordatain thedirections shown iTable4. A

graphical representation of the directions farteeehicle is shown iRigurel18.

Table4: Accelerometer data collected

AXxis Data Collected Data Collected
Longitudinal (xaxis) | x-acceleration  Roll Rate
Transverséy-axis) y-acceleration  Pitch Rate
Vertical (zaxis) z-acceleration Yaw Rate

+Y, +Pitch

Figurel8: Recommended vehicle coordinate system (AASHTO, 2016).

The daa collected when the model isnrus extractedvia the Nodeout file
generated in the output. The acceleration and angular rotation data is filtered using an

SAE-180 Hz filter to clean it up before it is processed further. After the acceleration and
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angular rotation rates are extracted from the nodeleuahd saved in Microsoft Excel

.csv file format, they armput tothe TRAP program developed by TTI.

The Test Risk Assessment Program (TRAP) is a program developed by TTI used
for processing acceleration and rotational data in finite element modellaisdale

tests. The input required for the TRAP program includes:

1) X, Y, and z accelerations at the center of gravity of the vehicle

2) Roll, pitch, and yaw angular rates at the center of gravity of the vehicle

3) Vehicle mass, speed immediatelydrefimpact, angle of impact

After all of these parameters are inpatcupant risk parameters (such as theoretical head
impact velocity, occupant impact velocity, ridedown accelerations) are calculated, and
the angular rates are integrated to calculatedtetional angles at different times. This
acceleration and rotational data is then put into eandl KaleidaGrapho generate the

collision plotsshown throughout this thesis

3.4. PARAMETRIC STUDY

The Pulaski Skyway has a balustrade that is unique intthas a very historic
appearance. It does not look like a typical Jersey barrier that is just a simple salid wall
looking item, it has an opeiaced design with window openings showrfFigurel13. In
orderto keep the appearance of the baragrclose as possible to the original one while
still fulfilling the safety requirements of AASHTO MASH T4, a parametric study must
be performed. The paramdric study focusedon the proposediesign changing the

following threeparameters:
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1) Total BarrierHeight

2) Post Width

3) Window Opening Width

The Texas F411 has a height of 42 inches, a post width of 12 inches, and a

window opening of 6 inches. Thi®gt width to window opening ratio is 1:2, which is

not acceptable for the historical appearancehefPulaski barrier To make te design
acceptable, the baseline design for the parametric studgtagdd witha height of 42
inches, a post width of &iches, and a window opening of 6 inch@is makes the post
width to window opening ratio 4:3, which is close enough to the original Pludaskeb s

ratio of 1:1 for the Historical Preservation Office to approve the aesthetic ddsigle5

shows a parameter matrix of thelues for each parameter that wesleanged and

simulated.

Table5: list of parameters and values todmmulated

Test Level Value 1} Value 2 | Value 3
BarrierHeight (in) 42 43 44
Post Width (in) 8 10 12
Window Opening (in) 6 8 10

3.4.1. Height Adjustment
The first parameter changed was the tbtatierheight. The height asadjusted

by changing the height of the posts in bagrier The height of the previously tested-TL

4 passed Texas F411 barrie 42 inches, but in the fudcale crash test, the truck seems

to start tipping over the barrieiThe truck never fully ovéurns over thdarrier, but there

is a noticeable risk of overturning. When adjusting the height for the parametric study,

the heights tested wed in, 43 in, and 44 in.
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The distance from the ground to the bottom of the box on the truck is
approximately 43.5 inches, andtivithis being highethan thebarrier, the truck tires hit
the barrierwhen the back of the truck swingswards it. When this happens, the truck
starts t o bartierandbéginotiveeallingtmbtien over iEigurel9 shows the
gap between the SUT Uawmerandtimtthetiresearethefpstpat t h e

in the rear of the vehicle to make caottavith thebarrier

Figurel9: Rear view of SUT tires contacting the 42 in barrier

This gap, although small, has a huge effect on the kinematics of the truck during
and after the collision. The height of tharrierdeterminesvhich part of the truck in the
rear will hit first, and ultimately determines how the truck will behave. If the height is
low, the tires will hit thebarrierand the box will ride on it for a longer time. On the other
hand, if thebarrieris high, the bx will hit first and more effectively keep the truck the

correct side. When the box hits tharrierfirst, the truck is also deflected away faster,
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and does not tip over thmarrier This is shown in the collision with the 44 inbkhrrier.
Figure20 showsa comparison a$ingle unit truckcollisions, with the 42 inclbarrieron
the left, the 43 inclbarrierin the middle, and the 44 inddarrieron the right. As se®n
the 44 inbarrier case, the box hits the bariiestead of the tires, and this causéighe

rolling motion to occur on the correct side of tieerier.
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42 in barrier 43 in barrier 44 in barrier
0.000 s 0.000 s 0.000 s
0.170 s 0.170 s 0.170 s
0.570 s 0.570 s 0.570 s
0.880 s 0.880 s 0.880 s
1.100 s 1.100 s 1.100 s

Figure20: SUT collisions with the 42, 43, and 44 inghrriers respectively

































































































































































































































