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APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mn?
ft2 square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1,000 L shall be shown®in m
MASS
0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagrams (or A1 Mg(or"t"
TEMPERATURE (exact degrees)
o . 5(F32)/9 n o
F Fahrenheit or (F32)/1.8 Celsius C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela per square meter cd/n?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in.
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mmn? square millimeters 0.0016 square inches in?
m?2 square meters 10.764 squarefeet ft2
m?2 square meters 1.195 square yard yad?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft3
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or fl 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit IE
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela per square meter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for thénternational System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E38(
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1 INTRODUCTION
1.1 Problem Statement

At the Institute of Transportation (InTrans), housed within lowa State University (ISU), an
innovative precast concrete bridge barmexs developedfor Accelerated Bridge Construction
(ABC) applications featuring special details for both barrterdeck and barrieto-barrier
connectionsf. I n order to evalwuate the barrier syst
individual force transfer and strength, as well as the corresponding stress distribution in the barrier
and bridge overhan@ comprehensive seriesfafl-scalecomponentests were conducted at the
Structures Testing Laboratory of ISU. These examinations emplmyasistatic loadings on a
representative barrier prototypapported on haridge deck overhang.

Figures 1 through 5 provide schematics and photographic illustrations of the prefabricated
concrete barrier§2]. These barriers kdaundergone experimental evaluation using cgaic
testing methods. Additionally, the figures elucidate the specialized connections employed to
ensure the structural integrity of the prefabricated concrete barriers.

As a subsequent phase in the investigation, the reseansdremised to undertake a crash
teston modified barrier designs, i.esingleslopeshapeor a neavertical shape Details of the
modified precast concrete barriers and connectionspeseidedin Figures 6 throughl1l The
overarching objective of this examinatisiasto substantiate whether the bridgaling system
includingits connection detailsnet or exceedd designTestLevel4 (TL-4) in accordance with
the American Association of State HiMphualay and
for Assessing Safety HardwaifdASH) and Load and Resistance Factor Design (LRFD) Bridge
Design Specificationf3-4].
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Figure3. lowa State University Component Testing ProgréahReinforcement Receiver; (b) Receiver Placed in Bridge Deck
Formwork; (c) Receiver Placed with Reinforcement; and (d) #8 Reinforcement with Threadgd]Ends
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Figure4. (a)lowa State University Component Testing ProgrBmuble Headed Ties; (b) Barrier End with Double Headed Ties; (c
Barrier End with Receiving Slot; and (d) Barriers Hoe€End|[2]
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(b)

(© (d)

Figure5. lowa State University Component Testing ProgréahReceiving End of Barrier (Side View); (b)ansverse Ties Detail
(receiving/female end placed when forming barri@r) Detail Showing Male Transverse TA@ove Actual Location; (c) Placing
Male Transverse Ties Once Barriers are Placed; and (d) Placed Transverse T[€]Detall
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Bridge Deck Details

General Notes:
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bottom)
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Deck Center
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Figure8. SingleSlope Barrier Segment, Deck and Barti@iDeck Attachment Detail 5]
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Figurel10. NearVertical Barrier Segment, Reinforcement Details [
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1.2 Background

To mitigate timeintensive installations or replacements of bridge structures, many
transportation agencies have started to implement Accelerated Bridge Construction (ABC)
methodologies. A predominant technique in ABC entails the usage of Prefabricatge Bri
Elements and Systems (PBES3}teadof traditional castn-place construction methods. These
prefabricated elements, applicable to the bridge superstructure, typically encompass elements such
as girders and decks. In this approach, the interconnedigingeen these elemerdafien only
require onsite assembly and fixation.

An area of ABC that has received comparatively less attention is the development of
prefabricated elements specifically designed for concrete bridge rails. Most bridge rails,
predominantly composed of concrete, are still created througineplsice methds. This process
is intrinsically timeconsuming, requiring significant durations for casting and curing to reach the
desired capacity. In response to this limitation, InTrans devised a precast concrete bridge barrier
with an integral attachment system,igfhfeatures unique connection details for the bataer
deck and barrieto-barrier couplings for utilization in ABC initiative4]

InTrans formulated two alternative methods of connections between the deck and the
precast concrete barrier. A traditional precast concrete barrier was examined alongside these two
connection alternatives, using fisitale precast barriers for evaluatidhe first type of barrier
to-deck connection employed inclined reinforcing bars with threaded ends, joined to bar splicers
embedded within the bridge ded@s depicted ikigurel2. The second typgshown inFigurel3)
involved U-shaped bars inserted into the barrier from the underside of the bridge deck overhang.
The design considerations for these connections included minimal damage to the deck, ease of
barrier replacement, constructability, durability, and econoeasibility. The performance of the
inclined reinforcement connection was found to be superior to tbleaded bar connection, and
suggestions were provided to further optimize the performance of the detail.

1%

PRECAST BARRIER

#B STAINLESS STEEL BAR WITH
THREADED END

#6 @ 5" C-C
]
/ /#5 LONGIT. BARS (TOP)
!
. AN WA
o v o v "$*'7BRIDGE DECK

L . . .
J

R\
45 LONGIT./ N
BARS (BOTTOM) #@ 75 C-C
ECK INSERT

(THREADED
BAR SLEEVE)

Figurel2 lowa State Universitynclined Bar Connection Betwedrecast Barrier and De¢éll
dimensions are in cheg [1]
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Figurel3. lowa State UniversityJ-bar ConnectioiBetween Precast Barrier and Ddek
dimensions are in oheg [1]

Following the development and testieifortsfor the precast concrete barrier, it was noted
that results from NCHRP Project No.-28(2) [6] indicated that the MASH T4 impact loads
were substantially greater than the previousAlibads under NCHRP Report 35Q. The current
guidance from NCHRP Project No.-2P(2) recommeneblapproximatelyan 80kip lateral impact
load for designing bridge rails and concrete parapets under MASH t€kt conditions with a
10000S singlaunit truck (SUT) vehicle ). This lateral design load is distributed acrossfa 5
length and applied at a height of 30ltrshould be noted that more detailed information is provided
for use in determining the magnitude of design load and load application height as a function of
barrier height.

1.3 ResearchObjectives and Methodology

The primary objectives of this research were to: g&jform numerical simulations
preceding the crash test; (2) conduct a crash test utilizing a 10000S SUT; amiti¢Bpke
numerical evaluations subsequent to thegallle crash test.

Within the numerical analysis padf thisproject, the intenivas to evaluate a crashworthy
TL-4 precast bridge rail through various simulations. They complemented the physical evaluation
of the precast concrete bridge barrier designed by InTrafStato MASH TL-4 [1]. The
investigations were separated into two phag@ds$: pre-crash testpredictions and design
modificationsand (2) postcrash test analis Extensive modeling was performed in the first
phaseand the physically tested specimen was decided based on these numerical results.

The crash testwhich aligned with MASH TL-4 test designation no.-¥, entailed
constructinga full-scaleprecast concretéridge railing and deck system. The fatlale crash
testing was conducted to evaluate the MASH safety performance pfebasiconcrete bridge
rail, damage tohe barrier and deck, and the working width for the precast concrete barrier.
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1.4 Scope

The research objectives were achieved through the systematic execution of several tasks,
each contributing to the understanding and evaluation of the crash performameerofotype
precast concreteridgebarrier.

The first task involved the research team conducting an initial evaluation. This evaluation
was informed by their accumulated expertise, previous experiences, and the employment of LS
DYNA computer simulations. Pserash modeling and analysis were caroatlprior to the crash
test. The prerash investigation encompassed: (1)BNA computer simulations to predict the
barrier and the vehicle performance for impacts into both the prototype-siogkebarrier and
prototype neawertical barrier using althree MASH TL-4 test vehicles (1100C, 2270P, and
10000S); (2) determination of the required test length for the crash testing program; (3) selection
of the critical barrier shape for the crash testing program based on the simulation analysis; (4)
comparate study of the simulation results across all three test vehicles and both barrier shapes;
(5) determination of the Ciritical Impact Point (CIP) for all three test vehicles on both barrier
shapes; (6) investigation of impacts at various points includitigeimiddle of a barrier segment,
at the barrieto-barrier connection, and upstream from the batodyarrier connection; and (7)
comparison of simulated CIPs to the CIPs established from MASH Section 2.3.2.2.

Following the precrashmodeling andnalysis, the information obtained was used to make
informed decisions regarding the preliminary test layout, revisions to the prelimiia@AD
details, and the placement of sensor instrumentation on selected barrier and deck locations prior to
the crakb test. The barrier system's test length was determined in accordance with the findings of
the precrash analysis and the MASH guidelines. The system's length was configured such that the
barrier's ends were not expett® undergo any lateral displacemdhtdeemed necessary, the
research was also to make suggestions to the ISU design team regarding modifications to the
barrier system that would improve the potential for a successful test and crashworthy barrier
system. During the prerash modeling and alysis effort, the research team raised concerns and
conducted more L®YNA computer simulations that led to decisions to modify the barrier design
using (1) a highegrade steel (60 ksis. 80 ks) for the inclined bes and (2) a greater quantity of
inclined bars in the singlslope configuration thrainitially desgned.

Subsequently, a MASH TFé4 10000SSUT crash test was conducted on the sirgitge
concreteprecastoridge rail. The test wasonductedn compliance with the Midwest Roadside
Safety Facility's (MWRSF) accredited testing services, validated by the A2LA laboratory
accreditation body (A2LA Cert. No. 2937.01). The test results were thoroughly analyzed,
evaluated, and documented. From #ifsrt, conclusions werdrawn, and recommendations were
proposed regarding the safety performance of the ssigpe concrete bridge rail.

Finally, a postcrash analysis was performed upon the crash test's compldtieranalysis
included comparisons between the simulation results obtained frggnetbeash analysis and the
actual physical test results obtained from the 10000S SUT crash event. This final step ensured a
comprehensive understanding of the performance of the barrier system under realistic crash
conditions, confirming or contesting thaitial predictions established during the jarash
analysis phase.
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2 PRE-CRASH TEST ANALYSIS
2.1 Purpose

This chapter serves as a comprehensive summary of the numerical analyses conducted
before crash testing to predibecrashworthinessf thetwo ISUbarrierconfigurationslit outlines
the key elements of the analyses, including a detailed descriptionFohiieeElementFE) models
developed for crash test simulations. The geometry, general modeling techniques, and material
properties used in these models @s®explained in this section.

FE models were createdtime LS-DYNA software packagg8]. This powerful package is
specifically designed to simulate nonlinear collissimulations anthas been successfully used to
predict the behavior of concrete barriesensubjected to vehidarimpactevents LSSDYNA is
an effective toofor researchers and engine¢osassess the a r r gafetypérformance under
various impact scenarios.

Several parameters define fgltalevehicle crash tests, including impact speed, impact
angle, test vehicle maasid geometryand impact locatiarFor TL-4, the teshg matrixincludes
1100C and 22Mvehicleimpacts at 62 mphand 25degreesalong with10000Svehicleimpacs
at 56 mph and 18egreesThesehreetestconditionswere simulated in this project. It should be
noted that the vehicle models used in this project wegnally developed bythe Center for
Collision Safety and Analysi§CCSA) at George Mason UniversityGMU) [9], which later
included updates that were provided by MwRSF researchérs primary objective othe
computer simulation effort wae shed light on the behaviand crashworthiness of the two ISU
precast concrete barrisystemswvhensubjected ttMASH vehicle impact loaitg.

2.2 Geometry of Barriers and Impacting Objects

Two design alternatives (singgbope and neavertical barrier shapes) were considered in
this study.Schematics of the two barrier shapes are shoviaigimre 14. The singleslope barrier
design (10.9egree slope) had four 1 in. diameter (Grade 60) inclined anchor rods per segment,
while the neawertical barrier design (8egree slope) had five 1 in. diameter (Grade 60) inclined
anchor rods. Both barrier shagesl four’/s in. diameter barrier joint connecting rods, as depicted
in Figure 14. The LSDYNA model of the barrier and deck is shownRigure 15. These two
barrier typeso ¢e oléandl? yheiowl leagthmfiwhe modeledByistgnufore s
both barrier shapes was 80 ft and consisted of 8 segments, each with a length of 10 ft, as depicted
in Figure15. The grade beam beneath the deck was fixed. The maximum barrier height with the
grout pad was 44 in.

The bridge deck was configured with a-i#2 lateral overhang extending away from the
outer face of the grade beam. The lateral reinforcement embedded in the deck comprised two #6
bars spaced at 5 in. and 7%z in. on center on the top and bottom steedspaidjvely. A #5 rebar
was placed on each side of the inclined receiver in the bridge deck. The deck was reinforced with
#4 bars spaced longitudinally. The singlepe bridge rail segment was 10 in. wide at the top and
18% in. wide at the base, whileetheatvertical barrier was 13%2 in. wide at the top and 15% in.
wide at the base. In terms of reinforcement, each segment of the bridge rail was equipped with ten
#5 longitudinal bars, divided between the front and back faces of the bridge rail.
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Modeling all barrier components can be quite complex, which can yield datadkdie
difficult to interpret. This investigation prioritized resources and computational efforts toward
aspects of the model that were deemed to have a greater impact on the study's overall objectives.
Therefore, the investigation focused on the primary elesneftinteresti normal barrier
reinforcement, inclined reinforcing bars, and dotidaded ties across the barrier joints. As such,
the transverse ties were not includiethe simulation models. This decision was made to simplify
the analysis at the ends of the reinforced concrete segments to manage the scope of research within
practical bounds without compromising the integrity and relevance of the findings.
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Figurel4. Schematics of Singi€lope and NeaYertical Barrier Shapes: (a) Singhtope
Barrier; (b) NeaiVertical Barrier(c) Barrier Joint Connecting Rods, Sir§lepe Barrier; and
(d) Barrier Joint Connecting Rods, Ne&ertical Barrier
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Figurel15. Overview of LSDYNA Model of Precast Concrete Barrier SystérBridge Deck Region Only
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The type, size, and weight of the test vehicles can significantly affect the impact safety
associated with the MASH crash tests. Both small and large passenger vehicles can pose a
significant and unique set of challenges for most types of roadside safétydne. The specified
MASH test vehicles considered for the current study were a small car weighing approximately
2,420 Ib (designation 1100C), a fedwor, twewheel drive, halton pickup truck weighing 5,000
Ib (designation 2270P), and a singieit truck weighing 22,046 Ib (designation 10000S)- LS
DYNA models of these vehicles are shownHFigure 18. Note that the vehicle models were
developed by the CCS& GMU [9], which werdater updatethy MWRSF researchers.

MASH 4-10 MASH 4-11 MASH 4-12
62-mph speed and 25-degree angle 62-mph speed and 25-degree angle 56-mph speed and 15-degree angle
Toyota Yaris Chevrolet Silverado

Figure1l8. LS-DYNA Models of 1100C, 2270P, and 10000S Test Vehicles

2.3 Material Properties

All concrete partsisedthe Continuous Surface Cap Model (CSCM) inD¥NA [10].
The CSCM considers various characteristics of concrete, such as stratifftiess,
hardening/softening, damage, and the influenc
three surfaces: triaxial compressidniaxial extension and torsional shear. Thesairfaces
technically make up the yield surface. There are also ultimate and residual surfaces.

Additionally, there is a hardening cap surface that determines the pressure at which the
material starts exhibiting inelastic strains. The damage formulation within the CSCM involves
strain softening in both compression and tension, as well as modulasioadThe strain rate
effect accounts for the increase in concrete strength as the strain rate rises.

This study utilized normalveight concrete with a density of 150 pounds per cubic foot.
The unconfined compressive strength of the concrete was estimated to be 4,000 psi. Previous
research workbhave successfully applied the CSCM to accurately capture the impact response of
various concrete structures subjected to impact IgEH$5).

Steel reinforcement was modeled using the piecewise linear plasticity jh6idel]. This
material model enables the specification of paramesersh as steel reinforcement density,
modul us of elasticity, y i e | diplasticrsteam getationshig? o i s s 0
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and strain rate effect. The density of the steel reinforcement was assumed to be 490 pounds per
cubic foot. The moduli of elasticity and yield strength of the steel were considered 29,000 ksi and
60 ksi, respectivel y. Th 3. Phestis @te éfect im thetsieed wa s
reinforcement followed the equations proposed by Malvar and Cra\d8fdThe paramete€

andP were considered 0, angd was considered 1 in the simulations. A bilinear stedissin curve

was considered for the rebar steel material. Eiglae solid elements were used to model concrete
components. Friction contact was used to model the contact bettwedearrier, grout, and pad.

The embedded reinforcement within the concrete was represented using beam elements. The
interaction between the concrete and rebar was simulated using the constrained beam in solid
feature of LSDYNA. As such, the bond Ibeeenthe reinforcemenbars and the surrounding
concrete was modeled as perfect.

2.4Vehicle Models and Impact Locations

Full-scale crash testing is the primary method for evaluating the impact performance of
roadside safety features. These tests are crucial in assessing how well these safety features can
withstandvehicularcollisions. One vital aspect of the impact performance evaluation process is
carefully selecting the test vehicles. Choosing vehicles that represent a wide range of sizes and
types commonly encountered on the roads is important. MASH designisetest vehicles for
TL-4 to account for the various vel@aypes that may collide with barriers on highways. These
designations aim to encompass a diverse set of impacting vefiiglds1 provides an overview
of the properties of these test vehicles. The
performance is evaluated comprehensively, as both light vehicles prone to rollover or severe ride
down and heavy trucks prone teesride are included.

The philosophy behind selecting these test vehicles is rooted in the idea that if a safety
feature can demonstrate satisfactory performance for the smallest and largest passenger vehicles,
it is expected to perform adequately well forpaElssengevehicle size$3]. This approach allows
for a holistic assessment of the safety featu
vehiclesencountereth service.

Impact locations on a safety feature should be carefully chosen to represent a critical impact
point, which is the point where the highest probability of test fadaeirs[3]. In order to locate
this point, simulations were conductedth multiple vehicles For each vehicle typdhree
different impact locations were uséthr the 1100C vehicle, the impact locations were at the mid
span of barrier no. 2, 3.6 ft upstream of the joint, and at the joint between barrier nos. 2 and 3.
Similarly, for the 2270P vehicle, the impact locations were at thespad of barrier no. 2, 3t
upstream of the joint, and at the joint between barrier nos. 2 and 3. Finally, for the 10000S vehicle,
the impact locations were at the rgpgan of barrier no2, 2.5 ft upstream of the joint (which
corresponded to Fpan location), and at the joint between barrier nos. 2 afti€keimpact
locations were investigated and analyazbdough numerical simulations, and details of the
simulation matrix can be found ifable 2. In total, 18 different combinations of barrier types,
impact vehicles, and impact locations were considered during the numerical analysis.
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Tablel. MASH TL-4 Test Designations and Evaluation Criteria

MASH T
Design 4-1 0 4-11 4-1 2
No.
Descr i 2,4201b car at 62 mph/25 | 5,00G1b pickup at 62 22,000Ib singleunit truck
degrees mph/25 degrees at 56mph/15 degrees
Struc A. Contain and redirect A.Contain and redirect B. Contain and redirect
Ad vehicle without overridg  vehicle without override|  vehicle without override
equ of barrier of barrier of barrier
D. No penetration and D. No penetration and D. No penetration and
limited deformations of |  limited deformations of limited deformations of
occupant compartment| occupant compartment occupant compartment
F. Remain upright; F. Remain upright; F. Preferable, but not
maximum roll and pitch maximum roll and pitch essential, that the
angles of 75 degrees angles of 75 degrees vehicle remain upright
Oc Cup|H. Lateral an_d longitudina H. Lateral and longitudina
Ri s k occupant impact :
: occupanimpact velocity NA
veIOC|ty(((OIV) d 40
(12.2 m/s)
|. Lateral and longitudinal | I. Lateral and longitudinal
occupant ridedown occupant ridedown NA
acceleratio acceleratiaog
20.49 gbos 20.49 gbos
Table2. FinalNumerical Simulation Matrix (for each Barrier Shape)
: Speed Angl e .
Test Vehi c | mpact 0l
(mph)| (deg) P P
Mi-dpan of &
4-1 0 1100CG 6 2 25 3 .fét upstrea
Joint
Mi-dpan of K
4-1 1 2270PR 6 2 25 43ft upstreaq
Joint
Mi-dpan of &k
4-1 2 10000 56 15 IJ-s pan
Joint

2.5Results and Discussion

The performance dhe twobarriershapesunder vehiclempactloading was investigated
and analyzed using various model response measures, such as concrete damage pattern, axial and
shear force in rebars, impact force, and velocity or accelestnanhistory from the vehicle
impact simulations.
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2.5.1General Behavior and Concrete Damage

The generakffect of different vehicle impacts on the barriers were first assessed by
analyzing the concrete damage contours, as depictéidune 19, for animpact atthe mid-span
of barrierno. 2. The damage value incredsehenever the materialas undergoing yielding,
meaning it accumulatewhen the stress stateasbeyond the yield surface. This figure clearly
illustrated that the damage predominantly occurred at the second and third barriers, which were
the locations of the collisions. Among the impacting vehicles, the 10000S vehicle caused the most
significant damage and displacement inithpactzone. This notable damage was primarily due
to the vehicle 1000G5 greater masand impact severity-urther, the increased center of gravity
(C.G.) height of the 10000&:hicleresulted in a higher lateral lo@shd, cosequently, a greater
overall moment exerted on tharrier/bridge railingand the deck.

Additionally, it was observed that the barriers' traffide surface suffered more damage
than the baclsideface. Moreover, in the case of the neartical barriers, generally, more damage
was seen on thearrierto-barrierjoint connections compared to what was observeldéasingle
slope barriers. These joint connections experienced higheresttegsto the specific geometry
and configuration of the ne&ertical barrier design. Greater impact force for the weatical
barrierswas likely due to decreasethicleroll and climb, resulting in more energy dissipated
through lateral load. It is worth notirtigat in all tested conditions, the impacting vehicles collided
with the barriers twice. The initial collision involved the vehicle's front bumper, followed by a
secondary collision involving the side of the vehicle near the quarter pahebaick of the cargo
box (tail slap). Throughout thismpact simulatiors, the barriers gradually returned to a lesser
displacement from their peak displacement, indicating some degree of elastic rebound after the
impactevent
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1100Con
Single-Slope
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Figure19. Concrete Damage Contours for Sele@edulations Impact at MidSpan of Barrier
No. 2

2.5.2Stresses in Inclinedand Joint Rebars

Axial and von Misestresgesthat weredeveloped irthe inclined andlongitudinaljoint
rebars at critical locations are shownTiables3 through5. The reinforcing steel rebansitially
had a yield strength of 60 k3ihe numbers in parentheses indiddte count of rebars that yielded
in a given simulation. Based on the number of yielded rebar for the three SWA) {Mipact
scenarios, impact at mgpan appeared more critical than impact-&p#n and joint for the single
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slope barrier. Also, impact at-3fpan appeared more critical ththatimpact at midspan and joint

for the neavertical barrier. As shown, it was found that inclined bars in both types of barriers
reached stresses beyond their yield point in the case of impacts with the 2270P pickup truck and
10000S SUT.

Tables3 through5 demonstraté that as thempact severity and load heightreasd, the
maximum stress experienced by the rebar also inateadditionally, the number of yielded rebar
increasd with higher vehicle massesd impact severityNote that the numbers in parentheses
are the number of yielded baMoreover it was observed that although the reartical barrier
included one more inclined bar than the single slope barrier, bars in this design were still stressed
beyond yield during impacts involving pickup trucks and SUTSs. This highlights theddading
effect of the single slope barrier dueato allowance foncreased vehicleoll and climb.

Table3. Axial and von Mises (VM) Stressésinclined and JoinRebas (1100C vehicle)

Single-slope barrier Near-vertical barrier

Simulati it (four inclined bars) (five inclined bars)

imuiation resufts Mid - 361t . Mid- | 3.6ft .
Joint Joint

span u/s span u/s
Max. impact force (kips) 53.50 51.70 | 58.45 58.00 54.40 49.45
Max. axial Sgaers(sk'sr})'\'o' 8inclined 2560 | 5511 | 4361 | 36.25 | 4641 | 57.74
Max. VM stress in No. 8 inclined 60.91 60.91
bar (ksi) 38.44 ) 50.76 | 49.31 57.28 (1)

Max. axial stress in No. 7 joint
rebar (ksi)

Max. VM stress in No. 7 joint rebd

(ksi)

15.23 26.83 | 20.30 | 24.65 26.10 | 25.38

21.03 28.28 | 27.55| 29.00 31.90 | 33.35

Table4. Axial and von Mises (VM) Stresses in Inclined and Joint Re(2280P vehicle)

Single-slope barrier Near-vertical barrier
Simulati It (four inclined bars) (five inclined bars)
imuiation resutts Mid- | 43ft . Mid- | 43ft .
Joint Joint
span u/s span u/s
Max. impactforce (kips) 64.07 63.17 68.57 71.94 69.92 74.19

Max. axial stress in No. 8incline oo 21 | g6 49 | 6381 | 60.19 | 636 | 58.01

bar (ksi)
Max. VM stress in No. 8 inclined| 67.41 68.17 65.27 63.81 64.00 60.91
bar (ksi) (3) (2) (5) (2) (2) (1)
Max. axialstress in No. 7joint | 3/ a9 | 4931 | 44.96 | 55.11 | 4351 | 55.31
rebar (ksi)
Max. VM stress in No. 7 joint 60.91 64.10
rebar (ksi) 43.51 58.01 53.66 @) 55.11 @)
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Table5. Axial and von Mises (VM) Stresses in Inclined and Joint ReifX300S vehicle)

Single-slope barrier Near-vertical barrier
. : (four inclined bars) (five inclined bars)
Simulation results . .
Mid - . Mid - 3/4- .
3/4-span | Joint Joint
span span span
Max. impactforce (kips) 116.90 | 109.03 | 105.66| 57.78 76.88 50.36
Max. axial Sgaef(skg})'\'o' 8inclinel o962 | g7.02 | 7252 | 7832 | 7551 | 61.64
Max. VM stress in No. 8 inclined 94.27 88.47 76.87 79.77 77.59 66.42
bar (ksi) (8) (7 (6) (9+6) (10) (10+5)
Max. axial stress in No. 7joint | g4 91 | 6050 | 61.64 | 63.09 | 63.81 | 6351
rebar (ksi)
Max. VM stress in No. 7 joint 66.71 61.20 62.05 | 63.52 69.61 63.81
rebar (ksi) (6) (3 4 (6) (11) )

Figure20illustrates the maximum axial and shear forces observed in inclined rebars within
the singleslope barriers during impacts involving the 10000S vehicle. It is important to note that
the diagrams showcasing the forces acting on the rebars can be fé\pgkimdix A As shown,
the location of the maximum forces experienced by the rebars varies based on the impact location.
For instance, when the impact occurs at the joint between barrier nos. 2 and 3, the rebar in barrier
no. 4 reaches a maximum axial force of apprately 18208 kN (4.93 kip). However, in other
impact locations, the maximum axial force in the same ghaapproximately 100.00 kN (22.48
kip). This observation highlights the influence of different impact points on the distribution of
forces within the singlslope barrier system. The impact location determines which rebars bear
the highest axial forces. Thisformation was considered when determining the critical impact
point for physical testingNote the plot in Figure 19 depicts the maximum obse axial and shear
forces regardless of time. These forces were plotted at a time when axiabferesimum in a
rebar and shown in Appendix A

Figure21 shows the maximum axial and shear forces observed in inclined rebars within
the neatvertical barrier shape duringnpact from 10000S vehicle.This figure similarly
establishedhat the location of the maximum foraes the reinforcement bars were influenced by
the impact location. For instance, an impatt®span locatia yielded apeakaxial force of
approximately 236.5 kN (53.17 kip). the rebarof barrier no2. Conversely, alternative impact
points resulted in a peak axial forceapiproximately 212.2 kN (47.70 kip) the same rebarhis
pattern reiterates the substantial influence of varying impact locatiotisecforce distribution
within the neatverticalbridge railingsystem.
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2.5.30ccupant Risk

The calculated occupant impact velocities (OIVs) and maximum &ed@ccupant ride
down accelerations (ORAs) in both the longitudinal and lateral directions are shown in
Tables6 through8. It should be noted that for the 1100C model, roll andldsnotexceedthe
MASH limits (themaximum recorded angle was 66 degredschwould have been higher if the
termination timehad beenextended)Existing full-scale crash testing of singstope barriers has
notindicated vehicle roll as high as the roll angles observed in the simulation models. As such, it
was believed that the recorded roll angles were due to issues with the Yaris (1100C) model and its
interaction with the barrier model and did not represeracéumal concern for high vehicle roll. A
recent fullscale crash test conducted by the California Department of Transportation (Caltrans)
on a singleslope concrete barrier with a small car (Te403 had only 12 degrees of rali(]. The
ORA limits for 2270P were exceeded, which is a kn@wnulationissue (i.e., overestimation of
tail-slap loads with the Silveragmckup truckmodel).

Table6. OIV, ORA, and Maximum Angular Displacement Value (1100C vehicle)

Evaluation Crieria | Single Slope Near Vertical MASH
Mid - 3.6 ft Joint Mid - 3.6 ft Joint Limits
span u/s span u/s
oIV Longitudinal | -4.47 -4.61 -4.58 -5.52 -5.57 -5.77 +12.2
(ft/s) Lateral -9.14 | -9.01 -9.00 -9.52 -9.46 -9.43 +12.2
ORA Longitudinal | -6.07 -5.56 -5.18 -9.32 -10.12 -9.30 +20.49
99s Lateral -15.95| -1563 | -16.17 | -14.91 | -14.97 | -13.11 +20.49
Maximum Roll* -66.49 | -66.3F | -54.4%4 8.09° 8.17° 7.68° +75
_Angular Pitch 76& | 758 | 795 | -475° | -4.41° | -4.68° +75
Displacement
(deg) Yaw -51.02 | -57.32 | -47.23 | -38.09° | -36.96° | -36.15° | not required
Table7. OIV, ORA, and Maximum Angular Displacement Value (22¥@Ricle)
valuation Criteria | Single Slope Near Vertical MASH
Mid - 4.3ft Joint Mid - 4.3 ft Joint Limits
span u/s span u/s
o Longitudinal | -4.31 -4.44 -4.20 -5.51 -5.62 -5.82 +12.2
(ft/s) Lateral -7.79 -7.78 -7.95 -7.88 -7.73 -8.31 +12.2
ORA Longitudinal | -8.75 | -13.72 | -11.13 | -7.66 -6.45 -6.78 +20.49
99s Lateral -20.14 | -21.03 | -22.49 | -13.66 | -13.65 | -16.11 +20.49
Maximum Roll -33.18° | -38.56 | -43.08 | -21.928 | -23.42 | -22.59 +75
~Angular Pitch 527 | 1248 | 11.39° | 947 | 102 | 7.83° +75
Displacement
(deg) Yaw -28.74 | -29.17 | -30.16 | -31.75 | -31.47 | -32.3C0 | notrequired
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Table8. OIV, ORA, and Maximum Angular Displacement Value (10000S vehicle)

_ o . Single Slope - Near Vertical MASH
Evaluation Criteria Mid - ) Mid - . -
Yrspan | Joint Yrspan| Joint Limits
span span
ol Longitudinal | -0.99 -0.72 -0.86 -0.99 -1.35 -2.01 | not required
(m/s) Lateral -5.31 -5.19 -5.33 -5.31 -5.61 -5.02 | not required
ORA Longitudinal | -6.27 -6.92 -4.68 -6.27 -6.02 -10.19 | notrequired
99s Lateral 710 | -855 | -6.41 | -7.10 | -8.82 | -6.13 | notrequired
Maximum Roll -17.40 | -17.96° | -21.70° | -8.87 | -15.17°| -9.42° | not required
_Angular Pitch 587 | 6.00° | 7.11° | 288 | 4.36° | 4.13° | notrequired
Displacement

(deg) Yaw -20.96 | -21.08° | -18.16° | -17.07 | -20.86° | -15.27° | not required

Figure 22 shows the angular displacemetiime histories of the 10000S vehicle collision
model with the singlslope barrierAn analysis of the roll, yaw, and pitch dynamics revealed a
general insensitivity to the point of impact for the majority of simulated collision events. Notably,
the angular displacement metrics exhibit pronounced deviations at later time intervals evhen th
point of impact aligns with the barrier joint, in contrast to +sp&n and 1.3 meters (4.3 feet)
upstream of a joint locations. Interestingly, the angular displacetinemhistories for impacts at
the midspan and 1.3 meters upstream of a joint werdyneangruent, as corroborated Bigure
22. Maximal roll behavior was observed for impact at the joint. A comprehensive set of angular
displacementime histories for 1100C and 2270P vehicle models in collisions with a slugle
barrier is documented lppendix B

Figure23 elucidates the angular displacem#nte histories for the 10000S vehicle upon
collision with a neawertical barrier. While yaw and pitch dynamics remained largely invariant
across varying impact locations, roll behavior exhibited marked disparitiegdretpoints of
impact. Specifically, the most accentuated roll response was observed for impacts situated 1.1 m
(3.6 ft) upstream of the barrier joint. The complete datasets for angular displatenedmstories
for 1100C and 2270P vehicle models withmeartical barriers are also encompassefigpendix
B.
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2.5.4Impact Forces

The impact forcgime history of the 10000S vehicle collision models with the sistyipe
barrieris depicted irFigure24. The contact force data was filtered using a CFC 60 filter to obtain
impact forces on the barrier and averaged over a movingili®econd interval. As showm
Figure 24, the location of impact significantly influenced the forces experienced by the barriers.
When the impact occurred at the rsigan of barrier no.2, the impact forces on barrier no.4 were
approximately zero. However, when the impact location is orientdtegbint between barrier
nos. 2 and 3, barrier nd.started to experience forces. The complete impact-tfoneehistories
for 1100C and 2270P vehicle collisewith singleslope barries can be found ii\ppendix C

Figure25further elucidates the forgeme histories of the 10000S vehicle model duiang
collision with the neawertical barrier.The location ofthe impact point exerted a conspicuous
influenceon the force dissipation across different barrier segments. Impacts at tipanidnd
¥Yrspan locations primarily funnel to barrier ri).which experienakthe highestimpact loads,
while barrier no4 registered themallest Conversely, impacts localized at the joint between
barrier nos2 and 3 resulted in peak force to barrier BoThe complete datasets of the impact
force-time histories for ta 1100C and 2270P vehicle models collisions with-wedical barrier
are archived iAppendix C
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Figure24. ImpactForceTime Historyi 10000S Vehicle Impaatith SingleSlope Barrier
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2.5.5Forces in Barrier Connections

To analyze the joint between the bareeds data recordingrosssections were placed at
each joint location. Theserosssections served the purpose of measuring the shear and tensile
forces developed at the joints. The locations of thesessections and the corresponding numbers
assigned to the joint connection rebar can be foukRthimre26. Figures27 through29 presenthe
axial stresgime historieson the joint rebarfor different barriers numbered 1 tpiddicating no
yielding of the rebarsData shown correspositb the 10000S vehicle impactinige singleslope
barrier at the midspan ¥span, and jointThe complete axial foreeme and vonaMisestime
histories for 1100C2270R 10000Svehicle collisions with singkslopeand neatverticalbarriers
can be found iM\ppendix D
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Figure26. Section Location and Number of the Je8ganning Rebar

2.5.6Velocity and Acceleration

The longitudinal and lateral vehicle velocity and acceleration histories were measured at
the center of gravity and processed using a moving average witmalisécond intervalFigures
30and31 display the velocity and acceleration time history of the 10000S vehicle collision with
the midspan of the singtslopeand neatverticalbarriers, respectivelyThe complete longitudinal
and lateral vehicle acceleration and velocity time histories can be fodmbendix E
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2.5.7Deck Load Distribution Lengths

The load distribution length was investigated by observing stresses in transverse deck bars
atthetime of peak stress for two cross sections, which are showatbile9. The evaluation focal
points are the midpan, ¥span, and joint locations, and the load distribution length was studied
in the context of a 10000S vehiclmpact The datashows thatboth barrier configurations
exhibited an increasing trend in load distribution length as the impact locatiord finoxe the
mid-span toward the joint. It is noteworthy thide nearvertical barrier system, despite its
additional inclined bar, does not manifest a substantially different load distribution profile
compared to its singlslope counterpart. The sligbivergencebetween the twsystemsat the
barier base level for impact at the joint location warrants further caatipotl and experimental
studies to elucidate the underlying mechanics.

Table9. Load Distribution Lengtt§10000S vehicle)

Singlepe bar Nearer ti cal b
(four inclin (five inclin

Section
Midpg Uspa Joi nNnMidpg Jspa Join

Deck at

6. 61| 7. 24| 9.53| 6. 73| 7.24| 7. 49
base

Deck at 11.3}]12.3713.2]11.1¢12.1{13. 4

2.5.8Investigation on Dynamic Response of Inclined Bars

To determinethe mechanical response of inclined reinforcing bars, comprehensive stress
analyses were conducted on Grades 60 and 75 reinforcement bars, as depiciect 82. For
inclined bars of Grade 60, the anticipated yield strength was quantified as 415 MPa (60 ksi), while
the ultimate tensile strength was expected to be 620 MPa (90 ksi). In contrast, Grade 75 bars
manifested superior mechanical characteristics, witlestiimated yield strength and ultimate
tensile strength of 520 MPa (75 ksi) and 720 MPa (105 ksi), respectively.
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Figure32. Stress vsStrainCurves of Grade 60 and Grade 75 Ba?q]

Stress distribution profiles were assessed along the longitudinal axis of the inclined bars in
proximity to the deck interface. Two specific constraint conditions were employed to evaluate the
interaction between the inclined bars and the overlying bamrtee presence of grout: (1) a fully
constrained condition in all spatial dimensions (Case 1) and (2) an axially unconstrained condition
over a length of 4 in. (Case 2), as illustrate&igure33.

A selection of three distinct elements (Element 1, Element 2, and Element 3) was chosen
to determine the stress magnitudes localized within the inclined bars. Thiseteaignt approach
enabled an understanding of the mechanical behavior of these specialized reinforcing elements
under varied constraint conditions.

Figure33. Constraint ConditiosiBetween Inclined Bars and Barrier Above Grout Pad
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