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SI* (MODERN METRIC) CONVERSION FACTORS |

APPROXIMATE CONVERSION S 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 mny
ft2 square feet 0.093 square meters m?
yad? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi2 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 shownin m
MASS
0z ounces 28.35 grams o]
b pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagr ams i Mg (or "t*)
TEMPERATURE (exact degrees)
o . 5(F32)/9 . R
F Fahrenheit or gF-BZ))ll.S 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
mn? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi2
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet fts
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or i 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/n? 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 the International System of Units. Appropriate rounding should be made to comply with Section 4 &388TM

\Y
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1 INTRODUCTION
1.1 Background

The majority of existing standards for concrete bridge rails were designed and evaluated
accordingto the safetyperformancecriteria published in theNational Cooperative Highway
Research ProgranNCHRP) Report 35(0[1]. Testing according to Test Level 4 (-B) impact
conditionsof NCHRP Report 35@emonstrated that 38. tall barriers had sufficient height to
contain and redirect a 17,6400 singleunit truck (SUT) (designated 8000S). However, with the
adoptionot he Ameri can Association of St AASETOHiIi ghway
Manual for Assessing Safety HardwdMASH) in 2009[2] and its second edition in 2018],
the TL-4 SUT vehiclebecame 4,400 Ib heavjemnd the impact speed was increased from 50 mph
to 56 mph.The increased mass and impact speed have resulted in the MASH-BR2®0T
(designated 10000S) rolling over the top of multipleir82tall rigid barriers[4-5]. Thus, the
minimumheight ofMASH TL-4 barriersvasincreased t@6 in. tosatisfy the current crash testing
standard.

Additionally, roadway overlays reduce the effective height of the barrier relative to the new
roadway surface and increase the likelihood of an impacting vehicle overriding the barrier.
Retrofitting existing barriers to account for this loss ofgheicanbe costly, so nany state
departments of transportation (DOTS) are beginning to install barriers taller than their nominal
heights to account for future roadway overlays.

With the increase in vehicle mass and impact speed, the MASH criteria aliedes
increasd impact loadhg for TL-4 bridge rails. These increased loads matentially result in
premature failure of existing bridge railgat weredesigned for lower impact loads. Additionally,
these higher impact loads may be transferred to the bridge deck andjezaisedamage. New
bridgesshould be designedith railings and decks that caesist MASH impact loads while
minimizing the potentialor damage.

Many of the existing concrete bridge rail standards utilize Nexsey shape or-$hape
configurations commonly referred to as safety shapes. Howeesearch has shown thatler
slope break points fasafety shape lbaers canincrease ehicle climb, instability, and rollover
rates especiallyfor passenger vehicle®ne studyfoundthat5.7 percent of safety shape barrier
crashegesult in rollover, and that safety shape barrfergeroughly twice the rollover rate of
verticalbarrierd 6], whichbecomes criticasrollover crashesre more likely to be severe or fatal
than nonrollover crashesFull-scale crash tesig on safetyshapebarrier systembas also shown
significant vehicle climland roll during impact events wigassengerehicles Alternatively, ull-
scalecrashtessinto verticatfaced barrieshave @monstrated little to no propensity feaissenger
vehicles to climb thebarrieror roll over[7]. Therefore, an optimized, MASEompliant, TL-4
concrete bridge rail was desired to satisfy design loauprove vehicle stability, and
acommmodate future roadway overlays up to 3 in. thick.

1.2 Objective

The objective othis research effonvas to develop a MASH-compliant TL-4 concrete
bridge rail. The bridge rail had to remain crashworthy after roadway overlays up thigkrlrhe
bridge rail design was to be optimized to satisfy MASH4T'design loadsimprove vehicle

1
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stability, minimize installation costs, and minimize the potential for deck damage. Detads
desiredfor bothinterior and end regionsf the barrier. Furtheminimum deck strengths were
determinedand a deck overhang design procedure was provided for users desiring to modify their
existing deck details. Finally, fulicale crash testing was conducted to evaluate the MASH safety
performanceof the bridge rajl damage tdarrier and deckand theworking width for the new
barrier.

1.3 Scope

The research objective was achieved through the completion of severalRiasksa
review of «isting literature and state DOT plang&as conductedNext, the barrier designwas
optimized to satisfy MASH T4 impact conditions, maximize vehicle stability, and minimize
installation costs. Additionally, deckoverhang design methodology was established and used to
design a bridge deck to support the new rail@ge full-scale cash test was conducted on the
TL-4 bridge rail according tMASH 2016]3] test designation no-#2. The test vasconducted
in compliance withthe Midwest Roadside &f et y FMwREH) listtofya@cseditéd testing
services granted by the A2LA laboratory accreditation body (A2LA Cert. No. 293TItd Yest
results were analyzed, evaluated, and documented. Conclusions and recommendations were then
madepertaining to the safety performance of thedrbridge rail.
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2 LITERATURE REVIEW

Transitioning from th@rior NCHRP Repor850 [1] testing standards to ticarrentMASH
2016 B] testing standardsvolved significant changes to vealke characteristics and impact
conditions.Specific to TL-4, the weight of the SUT vehiciacreased 25 percerand the impact
speedincreased from 50 mph to 56 mph, thus increasing the impact severity of this test by
56 percent. This increadempact sgerity impose more severe demands BASH TL-4 bridge
rails. Thus, a literature review was conducted to form a base of information from which the
optimized bridge rail could be designed. Kagaf interest included (1) the required bridge ralil
height b contairthe 10000$est vehic, (2)updatedMASH TL-4 design loads, (3) optimal bridge
rail shape, (4pverhangdeck design, and (5) head slap mitigation.

2.1Bridge Rail Height

In 2006, MWRSF conducted a fidtale crash test according tiee proposed impact
conditionsMASH test designation no-#2 on a 32n. tall New Jersey safety shape barrigr [
Note, MASH had not yet been filsed and published at the time of the crash Wsile the 32in.
test article was proven adequate for4 conditions under NCHRReport350, it failed to redirect
the impacting vehicleandthe SUT rolled over the barrier, as showrrigurel.

Figurel. SUT Rollover in MWRSF Tt4 Test with 32in. Tall Barrier (4]

In a similar study,Texas A&M Transportation Institute (TTHonducteda MASH test
designation no.-42 crashteston another32-in. tall New Jersey safety shape bridge rjl [n
this 2010test, the SUTrolled 101 degreedraversed past the end of the test installation, and
ultimately came to rest upright.eBearchers determinéohtthe vehicle woulchave rolled over
the barrier had the test installation length been longerrdihangle experienced near the end of
the barrier installatiois shown inFigure2. Both of these studigustrated that 32n. tall barriers
were no longer sufficient to contain the-#LSUT according to MASH impact conditions.
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Figure2. SUT Rollover in TTI T4 Test with 32n. Tall Barrier B]

Multiple studies were performed to establisiheav minimum height forMASH TL-4
barriers. In 2011, resedrers at TTI conducted a parametric simulation study usingnlinear
finite element analysis software calle8-DYNA [8] to investigate the effect of barrier heignt
vehicle stability 9]. Rigid, singleslope barriers of varying height were impacted in a series of
simulated testsansistent withMASH test designationo. 4-12. Beginning with a barrier height
of 42 in., the height was incrementally reduced until a critiehicleroll anglewasobservedt a
barrier height of 36 inas shown ifrigure3. As a result, a minimum height requirement of 36 in.
was proposetbr further evaluation in that study

Figure3. SUT Critical Scenarioin Simulated Tk4 Test with 8-in. Tall Barrier[9]

Subsequentlya fullscale crash test conforming to MASH test designatioid-12 was
performed on a 3. tall singleslopeconcretéarrier. The results of the test were comesig with
the simulation study, arttie SUTwas contained and redirected while maintairits stability, as
shown inFigure4. To date, theminimumrigid barrier heightincluding all concrete barrier shapes
and steel bridge rail$d satisfy MASH Tl-4 criteriahas beef36 in.



Figure4. SUT Stability in Tl-4 Test with 36in. Tall Barrier 9]

2.2 Bridge Rail Design Loads
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A multitude of methods for estimating traffic impact loads have been descritmatiside
safety |literature.
ReportNo. 86, which relied on simplified vehicle and impact geomet§).[In 1978, Hirsch
met hod,

proposed a modification
estimatewith further idealization of the impact scenafibl]. Alternatively, in 1993, Faller

An

earl vy,

to

wi despread

t his

met ho

conyv

proposed a rudimentary impulsgomentum based methodl. Although these methods have
been usd in prior roadside safety designs and evaluations, more robust methods have been

developed since theformulation.

While the above methods i®ll on metanics and idealizations of the impact scenario,
alternative methods involving actual load measurement have also been utilized. Instrumented wall
tests in which impacted barriers were equipped with load cells and accelerometers to directly
measure impadbads,wereperformed by Noel et al. in 19813 and by Beason et al. in 1989
[14]. The hstrumented wall testwere robust, accounting for complicated impact behavior that
was not consideredh a theoretical analysis. In fact, the current lateral design loads presented in
the AASHTO LRFD Bridge Design Specificatip88 Edition (AASHTO LRFD BDS)[15] were
derived from the results of the instrumented wall tests performed by Beason ¥f].al.he
AASHTO LRFD BDSdesign loadsare shown inrablel.

Tablel. Design Loads for Traffic Railing®fASHTO LRFD BDS

. _ _ Railing Test Levels

Design Forces and Designatior

TL-1 TL-2 TL-3 TL-4 TL-5 TL-6
Impact ForceF: (kips) 135 27.0 54.0 54.0 | 124.0 | 175.0
Friction ForceF. (kips) 4.5 9.0 18.0 18.0 41.0 58.0
Vertical ForceFv (kips) 4.5 4.5 4.5 18.0 80.0 80.0
Length of Forcel.: andL_ (ft) 4.0 4.0 4.0 3.5 8.0 8.0
Length of Vertical Forcd, v (ft) 180 18.0 18.0 18.0 40.0 40.0
Effective Load HeightHe (in.) 18.0 20.0 24.0 32.0 42.0 56.0
Minimum Height of RailH (in.) | 27.0 27.0 27.0 32.0 42.0 90.0

5
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Anothermethod to measure actual crash test impact loads utifeeoin-boardvehicle
accelerometers and theertiaof the vehicleTypically, in full-scale crash tests, thest vehicle is
equipped with accelerometers to measure lateral, longitudinal, and vertical accelerations. Using
the acceleration data from these instruments,
second law of motignforce equals mass timescelerationA procedure for estimating impact
forces using vehicle deceleration dats outlined by Eller et al1fg]. The lateral and longitudinal
coordinate sgtemwas transformed to coincide with that of the barrier using yaw measurements,
and lateral impact forcesere calculated accordingly using vehicle deceleration measurements.
Utilizing this load analysis methazh test data from the RESTORE barrig¥][and a steel tube
bridge rail [Lg], the TL-4 impact loads have been estintate be between 95 kips and 110 kips.

Impact forcegan also be estimated frasamputer simulatios The most recent estimation
of TL-4 impact demands wasqulucedby Bligh et al. in 2017 under NCHRP Project2X2)
[19] using LSDYNA [8]. In this effort, simulations of SUT impacts with wdigbarriers of varying
heights were performe@ndimpact loads antbad applicationlocationswere extractedmpact
forces were found to vary significantly with the barrier height, as showahie2. Taller barrier
heights resulted in more direct contact between the side of the cargo box and the barrier, which
increassthe magnitude and height of the lateral loads during impact.

Table2. TL-4 Impact Force Variation with Barrier Heigliid]

Barrier Height (in.)

DesignParameter

36 39 42 Tall
Impact Forcef: (kips) 67.2 72.3 79.1 93.3
Friction ForceF. (kips) 21.6 23.6 26.8 27.5
Vertical ForceF (kips) 37.8 32.7 22.0 N/A
Length of Forvel; andL. (ft) 4 5 5 14
Effective Load HeighttHe (in.) 25.1 28.7 30.2 45.5

N/A T Not Applicable

Due to the variation ofmpact forces with respect to barrier height, Bligh et al.
recommended the division of T4.into subcategories based on the height of the barrier. Proposed
subcategor TL-4-1 corresponed to the minimumbarrier heightof 36 in. required for vehicle
stability. Subcateggr TL-4-2 corresponed to bariers taller than theninimum height The final
design parameters are collected’able3. It should be noted that tiparameters proposed in this
study were associated with simulated impacts with rigid barriers. In reality, any barrier
deformations or displacements would result decreasing the sustained impact forSice
concrete barriers only minimally deform, thesag loads for rigid barriers were applicable.
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Table3. NCHRP Report 220(2) TL-4 Design Parameter9)

_ Railing Test Level

Design Parameter
TL-4-1 TL-4-2

Bridge Rail HeightH (in.) 36 > 36
Lateral ForceF: (kips) 70 80
Longitudinal ForceF. (kips) 22 27
Vertical ForceF (kips) 38 33
Lengthof Lateral Forcel (ft) 4 5
Lengthof Vertical Forcely (ft) 18 18
Effective Load HeightHe (in.) 25 30

2.3 Traffic Face Geometry

In a 2011 analysis of actuatashdata, Albuquerque et al. investigated the relatigns
between rollover propensity (i.e., the propensity for a redirected vehicle to roll at least 90 degrees
on the roadwayand theraffic faceshape of the impacted barri@q[. In this investigation, it was
determined that safeshape rails are at 1t@ 2.1times more likely to causeehiclerollovers as
compared to verticalaced barriersSince vehicle rollover are associated with increased risk of
fatalities and serious injuries, these findings would support vefticad barriers being a safer
barrier shape than safety shapes.

A 2007 study of over 100 previously conducted crash tests reached similar aoreclusi
[21]. Safety shape barrieshowedhighertire climb and vehicle roll during crash testirgjngle
slope barriers showed improved vehicle stability over safetyesbarriers, but still had moderate
amounts of climb and roll. Vertical face barriers minimized tire climb and vehicle roll with only
slightly increased vehicle decelerations (well within MASH safety limEgamples of vehicle
roll and climb are showmiFigure5.

New Jersey | Sinle Slope
Test No. 2214N1 [22] Test No. 140M\SH3c1604 [23] Test No. H34BRL [24]

Figure5. 1100C Small Car Roll during MASH Impacts into Various Barrier Shapes
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2.4 Barrier Strength

For decades, the strength adncrete bridge rails has been calculated using -Jiredd
theory, which is based on the plastic bending failure of the barrier over a predetermined failure
shape. Equations for calculating barrier capacity using-irédtheory are provided in Sectidd
of AASHTO LRFD BDS[15]. Contemporary research has identified mechanmngibuting to
the capacity of concrete barriemhich have not been considered in paessign efforts. These
mechanisms includeunching shear failure artde relationshif effective loacheighton barrier
capacity.

2.4.1Effective Load Height and Flexure Strength

The currenyield-line calculationgublished withirAASHTO LRFD BDSassumehat the
load is applied at the top of the barrier. However, recent reseanchucted as part of NCHRP
Project 2220(2) hasquantified effectivempact height@and found them to be significantly lower
than typical barrier heighfd9]. Due to tle overestimation of load application heigihthe current
methodology SilvestriDobrovolny et al. suggestedany concretdarriershavebeendesigned
with anunintentional reserve capacity over thistorical AASHTOdesign load$25].

In the derivation of yieldine equationsthe internal absorbed energy within the beagdi
failurewas set eqal to the external work doned.,impact load multipliedy displacement within
the barrierdos deformed shape). The internal
displacement of the barrier would vary along the heighthe barrier. As such, the failure load
increases as the effective impact load height decreases. Altering the currelmgietflations to
account for the effective load height of an impaegntresults in the modified barrier strength,
Rw-eff, beirg equal to the standard yidlide strength, R, multiplied by the ratio of the barrier
height, H, over the effective load height [A6]. This relationship is showim Equation 1.

O @)
2 2 (

2.4.2Punching Shear

Existing AASHTO LRFDBDS guidance does natiscusspunching shear as a possible
failure mechanism for concrete barriers. However, recent research has demonstrated that punching
shear behaviotan occurand may control the strength of concrete barfi2rs29]. Examples of
punching shear failures in concrete barrierssamvn inFigure6.

€
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£

Figure6. Punching Shear Faillsef Concrete Barrierf29]

According to ACI 31830], punching shear strength can be conservatively estimated with
Equation 2 fo strip loading:

6 1 /EhA (2)

where o is the | i gclistheeoncete tompressive strengtle (si),act or
is the critical perimeter, ardlis the average depth of the barrier across the punching shear region.
Consideration of the shear strength of the steel is permitted if the barrier is atiledbtdk and
at least sixteen times as deep as the shear reinforcement bar diameter.

The crifcal perimeter for barrier punching shean bedefined by a box formed around
the impact loa@pplied over a length ofiland at a height of ,{26]. Shear &iluresurfaces extend
outward from thdoaded regiorat approximately45-degree anglesrhus mid-depth of theshear
failure regionextends alistance equal tbalf the depthd/2, below the impact region and on both
the upstream and dmstream endsf the impact regionTheassumed shear failure perimetins
both interior and end section conditions deenonstrated in Figuré
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2.5Deck Design

The integrity of any bridge rail system is dependent upon the deck structure to which it is
secured. The design of theidgedeckis of equal importance to that of the bridge rail, as either
can limit the strength of the overall system in the event oftacle impact. The bridge deck
overhang, or the cantilevered portion of the bridge deck protruding from the outermost girder, is
particularly sensitive to railing impacts.

10
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2.5.1Deck Design Cases

Bridge deck overhangs are subjected to a suite of loads vanyapplicationmagnitude,
direction of force, andikelihood of occurrenceAs such, the design of bridge deck overhangs
requires consideration of multiple load cage&SHTO LRFD BDS[15] guidance specifies three
design cases by which deck overhangs must be analgzses are considered independently,
though dead loads produced by the barrier, deck slab, and wearing surface are considered in each
case.

DesignCase lincludes the lateraipact forcesk, developed during vehicle impacts with
the bridge rail, ands analyzed considering the Extremeet Load Combination Illimit state
Design Case 2 includes the vertical impact forces;gsulting from vehile impacts to the bridge
rail, and is also analyzed withe Extreme Event Load Combinationliinit state Both the lateral
and vertical impact loads are functions of the Test Level of the bridge railing, as discussed in
Section2.2 Finally, Design Case lll addresses the vertical vehicle wheel loads occupying the
overhang region at any point in time. As such, Design Case 3 is independent of bridge rail impact
consideations, and is analyzed withe LoadCombination Strengthlimit state All three Design
Case are shown ifrigure8.

E
|
%Ft . : I|
sl
] 1 kip/If
1ft
( ] i ( I (
ah » s DA \ | A:U.-‘A > > ’ \ | '.I_. . ok - ". .IIJ
/ / T ’
Design Case 1 Design Case 2 Design Cas&

Figure8. AASHTO LRFD BDSBridge Deck Overhang Design Cases

2.5.2Critical Deck Sections

AASHTO LRFD BDSdoes not specify the critical deck secgam which to analyze the
provided design cases. However, other souZés3[l-32] have identifiedwo critical sectionso
be evaluated: (1) the deck section coincident with the face of the rail and (2) the deck section
coincident with thecritical girder section, where the critical girder section is determined in
AASHTO LRFD BDSArticle 4.6.2.1.6. For example, the critical section of an overhang on a
concrete box is at the face of the box, and the critical section an overhang on alsleapstl
concrete beam is at ottleird of the flange width inset from the outer face of the fladdese
recommendations are showrHigure9. Note for Design Case,Zhe deck section coincident with
the rail face does not require analysis, as the vertical impact force acts at a very small moment arm.

11
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Design Section 1-1
at parapet face

Design Section 2-2
determined via
2 AASHT0 46.2.1.6

Figure9. Deck Overhang Design Sections

2.5.3Deck Loadingand Distribution

For solidconcrete bridge raijAASHTO LRFD BDSsuggests that for Design Case 1 the
deck overhang may be designed to resist alength flexural demand\ls, acting coincident with
a unitlength tensile forcel. The overhang design momens, may be greater thaor equal to
the overturn bending strength of the concrete baiegrat its base. The uAigngth tensile force
acting on the overhang sectid) is calculated as:

2
.G (

whereRy is the yieldline capacity of the barriet is the critical length of the barrier calculated
during the Yield Line analysisind H is the barrier height.

4 )

This methodology does not account for any longitudinal distribution of the impact loads
along thedeck and neglects to consider barriers designed with strengths far exceeding design loads.
Thus,theAASHTO LRFD BDSmethodology is highly conservative and can result in significantly
overdesigned deck overhangs. In fact, both stastingand fulkscalecrash tests have been
performed on deck overhangs with lower flexural strength than the barriers they s8p{3dit [

This conservatism is widely known and has led to alternative design methods growing in
popularity within state DOTs and roadside safety agencies. One methodology simply reduces the
design moment on the deck to only a portion of the barrier overturning myoan®) M where
U< 1.0. Typical factors foJrange from 0.7 to 0.9.

Other design methadltilize a lateral impact load to determine the moment demand on the
deck and an enlarged length of desler which the load is distributed.he lateral load caneb
defined as a factor of the design loadk; whereb can range from 1.0 to 1.5, or as the design
capacity of the barrieRw, depending on the specific roadway agency and how conselydlieg
wish to design their deck839]. The lateral load is applied at the effective load heightpHat the
full height of the barrier, H, if using & calculated at the top of the barrier.

12
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The moments and tensile loads ceglaby the lateral loads described above are then
distributed longitudinally along the deck overhang. At design section 1 at the face of the barrier,
the design deck length is typically taken as the cribeatierlength,Lc, as calculated within the
yield-line analysis of the barrier, plus two times the barrier heighsHshown in Equation. 4
Essentially, the impact loads are assumedpreadoutward at a 4%legreeangle from the
calculated failure shamestheytraveldownward through the barriand into the decig7, 31-32,

36], as shown irFigurel0.

L11=Lc+ 2H 4

AASHTO LRFD BDSsuggested thateck loads irpostandbeaminstallationsdistribute
at a 45degreeangle as thetranslate inward toward deck sectiorl8][ However, AASHTO does
not provide guidance for solid concrete bridge rails. Ftezast Concrete Institute Bridge Design
Manual B6] and the National Highway Institut83-32] suggest that decloads distribute at a
30-degree angle, as demonstrate#igurel0. Using a 36degree angle, the deck design length at
deck section 2 is calculateding Equation 5:

Lo2=L11+ 2Y tan30° (5)

where Y is thalistance from the face of the barrier to Design Section 2 over the external girder

- L. -
BN NN N i
i F, /
{ H
45° __
"\I . 1
> / 30° M1 - .
Design section 1-1 — ol 3 N

at parapet face " M Laa
Design section 2-2

per AASHTO
4.6.2.1.6

Figure10. Transmission of Impact Loads into Deck Overhang, Int&emtion

For impacts near discontinuities, such as expansion joints, impact loads would not
distribute across the open joint. Thus, the load only distributes outwatbdeompactside,
effectively shortening the deck design length, as shovagmre11.
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Design section 1-1
at parapet face

Design section 2-2
per AASHTO
46216

Figurell Transmission of Impact Loads into Deck Overhang, End Section

2.6 Head Slap Mitigation

Redirection of vehicles impacting safety shapeibes is typically characterized by vehicle
roll away from the barrier. Alternatively, vertical and singlepe barriers do not allow significant
climb and exergreaterdateral forces onto impacting vehicles. As such, a significant risk of head
slap, ori mpact bet ween the barrier antllverticad and e hi c |
singleslope barriers. Heaslap is associated with high risks of serious injury or fatality.

In 2007, Rosenbaugh et al. analyzed digital videtufifscalecrash tsts to develop a head
ejection enveloper]. Lateral and vertical ejection of seatbelted dummies were measured from the
lower edge of the window, as showrFigurel2. By superimposingummyheadocationsduring
multiple impacts head ejection envelopes were developed for both small capiekup truck
impacts The head jection envelope was adjusted to account for vehicle roll toward the barrier
and interpolated to account for midsize vehicles, such as SUVs and small fpicigoBarriers
and attachments in violation of the head ejection envelope would be at rislaébslap during
vehicle impactsThe final head ejection envelopesisownin Figurel3.
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3 BARRIER ANALYSIS AND DESIGN
3.1 Barrier Geometry

As discussed in Sectidhl, crash testingp MASH TL-4 impact criteria has demonstrated
that the 10000SUT will likely roll over the top of 32n. tall rigid concrete barrierg4-5].
Conversely, 36n. tall barriers have successfully contained and redirected the MASHSIUT
[9, 18]. Thus, the height for the new J4_concrete bridge rail was required to be at leash.3&
roadway overlay would reduce the effective height of the brid¢jescathe design height of the
barrier needed to be increased by the thickness of any anticipated future overlays. This project
assumed a maximum overlay thickness of 3 in.; thus;ia.3%esign height was selected for the
new TL-4 bridge rail.

The barrier shape was designed to maximize vehicle stability during impacts while also
being easy to construct. Studies have shown that vefsicetl barriers provide the best
performance in terms of vehicle climb and stability during imgaeints acompare to safety
shapeor even standard singi&ope barrier§6-7], which typically have sloped front faces of either
9 degrees or 11 degremsayfrom vertical. However, tall vertical parapets are not easy to slipform
and often result in concrete slumping near the base of the barreenationwide survey, most
slipform contractos indicated they were confident in slipforming barriers with sldipes batters)
as steep as 1H:24Vaking these survey responses into consideration and desiring to have barrier
dimensions be whole numbers, the top offtbat face of thebarrier wasset back 2 in. from the
base, which created a 1H:19.%dnt slope.

SeveraktateDOTs sponsoring this project desired to minimize the width of the bridge rail
to maximize the traversable roadway width on narrow bridges. Accordingly, the back side of th
bridge rail could be made vertical to reduce the width of the barrier. However, installations with a
vertical back may require conventional formwork as opposed to slipforBarger ¢oss section
optiors with a sloped back face and vertical back face with a top wtitlare shown irFigure
14.

2" |—W——|——2"
“11
39 -, 19.5
[  wer
Doublesided configuration Singlesided configuration with
for slipform construction a vertical back for narrow bridges

Figurel4. Barrier Geometries
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3.2Design Load

Section 13 oAASHTO LRFD BDSJ[15] provides design loads for traffic barriers based
on test level. For a T4 barrier, the transverse impact lo&é,is 54 kips. However, this design
load was determined for the FA impact conditions specified BlyCHRP Report 35(Q1], and
Section 13 ofAASHTO LRFD BDShas not ben revised to include design loads for MASH
barriers. Due to the increase MASH SUT weight and speed as compared\t0HRP Report
350conditions MASH TL-4 design loads were expected to be higher than those liA&GIHTO
LRFD BDS

As discussed in Saonh 2.2 researchers af Tl recently conducted an ESYNA
simulation study to evaluate barrier design loads under MASH impact conditions as part of
NCHRP Project 2220(2) [19]. MASH TL-4 impacts were simulated with rigid barriers ranging
from 36in. to 9Gin. heights As the barrier height increased, the amount ofexjtlerienced by
the TL-4 truck decreased, the magnitude of the impact force increased, and the effective height of
the impact force increased. Subsequently, differend Tdesign loads were recommended for
36-in. tall barriers (designated ¥4-1) and barries taller than 36 in. (designated-Bt2), as shown
in Table4. Since the new T4 concrete bridge rail was designed with ar8Sheight, the design
load was selectedsa80 kips at an effective height of 30 in. above the roadway in accordance with
the recommendations for #4-2.

Table4. Recommended MASHIL-4 Design Impact Loads for Traffic Barrief$9]

_ Railing Test Level
Design Parameter
TL-4-1 TL-4-2

Bridge Rail HeightH (in.) 36 > 36
Lateral ForceF: (kips) 70 80
Longitudinal ForceF. (kips) 22 27
Vertical ForceF (kips) 38 33
Distribution of Lateral Forcd,. (ft) 4 5
Distribution of Vertical Forcel,y (ft) 18 18
Height of Resultant Load{e (in.) 25 30

3.3 Barrier Reinforcement Optimization

The optimal bridge rail configuration was defined as having the strengttisty MASH
TL-4 design loads while minimizing installation costs. As such, strength and cost analyses were
conducted on hundreds of possible bridge rail configurations to identify theuoptesign. Each
configuration varied in longitudinal bar size,miber of longitudinal bars, stirrup bar size, stirrup
spacing, and bridge rail width.

Both longitudinal and transverse steel bar ©ipdonsincluded #4, #5, and #6 rebar.
Longitudinal bar quantities includeik, eight, and terwith the bars split eveplbetween the front
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and back faces of the bridge rail. A 25 clear cover was required for all reinforcement. Possible
bridge rail widths, as measured at the top of the rail, varied from 8 in. to 12 in.antervals.
Note,8 in. was the minimum wlth required to fit a bent stirrup within the parapet and satisfy the
clear cover requirement.

The strength of each bridge rail configuration was calculasitlg modified yield-line
equations, which included a height scaling ration of @/Hs discusgkin Section2.4.1 The
applied load height, §l and length, L, were taken from the values recommended by NCHRP
Project 22-20(2) and shown previously imable 4. Note, the actual load height used in the
equations was 33 in. to account for a futur@n.3thick overlay in a worstase scen#.
Additionally, each design configuration was checked for punching shear failure along the top of
the barrier consistent with the discussion presented in Se2tib2 Both the flexuralyield-line)
andpunching shear capacities had to satisfy th&ip@esign load for a design configuration to
be considered a viable optioAll strength calculations were conducted on the sisgled,
verticatback, railing confjuration since the reduced width would result in a reduced strength as
compared to the corresponding doubided configuration, shown previouslykigure14.

Installation costs were estimated based on a cost per lineaffoatrier Concrete barrier
installers from arossthe United Statesvere surveyed to obtain average installation costs for
concrete andteelrebar.At the time of the survey, the average costsenfound to be $122.50 per
yd® of concrete and $1.30 per pound of steel reffaese estimates includedaterial costs,
transportationandbending andying of the rebarThe cost of concrete labor and formwork was
not included in these estimates as these costs were considered consistent among all of the design
options since each design had the same basic shape.

Three configurations satisfied the strength criteria andsiradar installation costs well
below other configuration3.hese three design options are shownhahle5. However, one design
had a significantly reduced dWalue, @ the overturning moment capacity along the base of the
barrier that would be transferred into the deck. Limiting the impact loads into the deck was
preferred as it would reduce the potential for deck damage during an impact evenhafités
design cofiguration, which consisted of ariB. top width, eigh#5 longitudinal bars, and #4
stirrup spaced at 12 in. arenter, waghereforeselected for the new F4 concrete bridge rail.
The barrier capacitfor interior section®f this desigrwas calculatd to be84.4kips.

Table5. Top Design Options Based on Optimization Analysis

Top Base Longitudinal Steel . Capacity, :
Option| Width | Width | Stirrups . 1 ot | Rw V(‘I’s/'%‘t Cost ($/ft)
(in.) (in.) Bar Size| Quantity : (kips)
1 8 10 [#4 @ 4 8 113 85.3 379 $29.06
2 8 10 [#4 @ 5 8 8.6 84.4 380 $30.19
3 9 11 |[#5 @ 4 8 11.0 82.5 420 $29.29
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3.4 Bridge Rail End Region Design

End regions of bridge rails are found adjacent to discontinuitiesXgansion/contraction
joints and the ends of installationBarrier end regions are more susceptible to failesaempact
loads cannot be transferred across the open joint. Thus, bridge rail end regions often require
additional reinforcement, additionalidth, or another mechanism to transfer loads to adjacent

barrier sections.

An end region configuration was designed with the same methodology described above for
interior regions except the yieldine analysis equations were switched to the end region
cdculations provided in Section 13 AASHTO LRFD BDS[15]. Additionally, it was desired to
maintain the same bridge rail width and longitudinal steel pattern fstro@tion purposes. Thus,
only the stirrup sizes and spaciwgre varied. The optimalarrierend region design configuration
consisted of an-8. top width, eight#5 longitudinal bars, and #4 stirrup spaced at éh. on
center which provideda capacity 080.9kips. The calculated critical length of the end section
was 6.1 ft.Cross sections for both the interior and end regions of the nedvbErrier are shown

in Figurel5.
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Figurel5. Cross Sections of Concrete Bridge Rail Design
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4 DECK ANALYSIS AND DESIGN
4.1 Deck DesignMethodology

Section 13 oAASHTO LRFD BDSJ[15] provides three design cases for the analysis of
bridge deck overhangs in combination with bridge rails, as showahle6. Design Cases 1 and
2 are the lateral and vertical design loads applied to the bridge rail, while Design Case 3 is a vehicle
live load applied near the face of the barrier. As discussed previously, the design impact loads in
AASHTO LRFDBDS have notyet been updated to reflect MASH16impact conditions. Thus,
the design loads recommended by NCHRP Proje@®2)[19] were used for Design Cases 1
and 2.

Table6. Design Cases for Bridge Deck Overhangs

Design TL-4 Design Loads o
Load Type Limit State
Case AASHTO LRFD BDS[15] | NCHRP 2220(2)[19]
Horizontal 54 kips 80 kips
1 impact load at 32in. height at 306in. height Extreme Event |
Vertical 18 kips 33 kips
2 impact load over 18 ft over 18 ft Extreme Event |
, 14/
3 Live load at 1 ft from barrier N/A Strength |

1 For barriers of heigbtgreater than 36 in.

For concrete bridge railing§ASHTO LRFD BDSalso states that for Design Case 1, the
deck overhang may be designed with a flexural resistance eqlvk| the barrier overturning
moment, acting coincident with a tensile fqrtewhich is calculated frorthe yieldline capacity
of the barrier.Thus, either the horizontal design load, as showTaile 6, or the overturning
capacity of the barrieM, could be used for &ign Case 1. The difference in magnitude between
these design load methodologies depends on the lutekign

In general,conservativelydesignedbridge rails (those with capacities well above the
horizontal design load) will have relatively hige values. Designing the deck based on these
high Mc values will result in significantly overdesigned decks. Conversely, more optimal bridge
rail designs (those with capacities at or near the horizontal design loaltikeljilhave lower M
values The use oharizontal design load toonfigurethe deck will result in an overdesigned deck
that is significantly stronger than the loads that the barrier can physically transfer to it. In an effort
to optimize the deck overhang for the new-Zlconcrete bridge rail, &ign Case 1 design loads
were calculated from both the 8@ design load and the barribt;, and the lesser of the two
approaches was selected as the demand on theTdeskmethodology was applied at bdtte
interior and end sections of theidge deck using the load distribution patterns, barrier strength,
and barrier critical length corresponding to interior and end conditions, respectively.

Section 13 ofAASHTO LRFD BDSdoes not define the critical deck sections or the
longitudinal lengthof the deck overhang in which the loads are distributed. With these aspects
undefined, the design/analysis cannot be completed. Thus, guidance for these critical design
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aspects was taken from a reference manual and design examples comipiécBduleral ihway
Administration FHWA) and the National Highway Instituf81-32]. Additionally, these critical
sectionsare described bifrosch and Morel in an evaluation of existing deck overha2igs [

Two critical deck sections were identified, sfsown inFigure 16. Design Section 1 is
located adjacent to the face of the bridge rail where barrier shear loads become tensile loads in the
deck. Dueto its close proximity to the edge of the deck, transverse deck bars may not have
adequate development length, thereby limiting the effective strength of the rebar and reducing the
strength of the declbesign Section 2 is located over the external suppoder and is often the
location of maximum flexure in the deck overhange exact location of Design Section 2 is
dependent upon the type of girder and is described in AASHTO LBtF®Section 4.6.2.1.61F)].

For example, for a typical rolled steel girder, such as the girder shown in Figuses 18, the
critical section is considered to be efiarth of thesteelflange widthawayfrom the center of the
girder [15, 31].

N
Design Design H
Section 2 Section 1
-~ rf'
— = |
I—

t | |

Figure16. Photo[27] and Diagram Showing Locations for Critical Deck Desiget®ns

Research has shown that loads applied to a bridge rail are distributed along the length of
the railing and into the deck. Thus, the loading to the deck is distributed over a much greater
distance than the applied lofzi7]. Estimations for the effective load length at each deck section
were formulated through recommendations shown in the previously referenced FHWA manuals
[31-32]. The participating deckength for an interior sectiorat Design Section 1..1nt, Was
estimated as shown in Eafion6:

N (6)

wherel. is the critical length calculadeduring theyield-line analysis of the bridge rail and is
the height of the barrier. Note; matches the recommended distaoser which to apply the
tensiledeckload, T, in Section 13 oAASHTO LRFD BDS However,in this design procesk;
was also used abd length over which the flexuralads were appliedimilarly, the participating
deck length for an end condition atdgn Section 1L1 eng Was estimated using Equation

VR ' R ( (7)
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Contemporary research suggests that impact demands penetrate inward through the deck,
from Design Section 1 to Design Section 2, at-@&@ree angle, as shownRigurel7[27, 31-32,
36]. Thus, the load lengtfor an interior sectiomt Design Section 2,s2int, Was estimated using
Equation8:

F . CDAITI (8)
whereY is the distance fror@esign Section 1o Design Setion 2 Thisbehavions demonstrated
at an end condition iRigure18. The load length for an exterior section as@a Section 2,s2.end
was estimated using Equatién

,F 90 AdimtJ (9)

Design section 1-1 —
at parapet face

Design section 2-2 > | - ‘\J
per AASHTO N
46216

NI

Figurel7. Distribution of Impact Demands to Deck Design Sections 1 ahdetior Section

L

M4 Ly
Design section 1-1 b ’
at parapet face M., Lo
Design section 2-2 ‘
per AASHTO |
46216

Figure18. Distribution of Impact Demands to Deck Design Sections 1 and 2, End Section

It should be noted thanhpact forces will be distributed to the deg&ll outsidethe bounds
of L¢. SinceM¢ is already in terms of moment per unit lend¥h,was applied over the full length
of each design sectiomhis assumption is supported by the results of physical testing of long deck
overhang sections performed by Frosch and M&4| [Conversely, the horizontal impact load,

Ft, is a prescribed force that is divided by the length of the design section to obtain units of moment
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per unit length. Finally, all otherals (i.e., dead loads) should be applied in terms of moment per
unit length so that all factors can be summed together.

4.2 Deck Design Results

A survey of sponsoring stai2OTswas conducted to determine the critical dimensions
utilized in their existing decktandards. MultiplstateDOTs desiredleck overhangvidthsup to
5 ft long, and the most commonlsed deck thickness was 8 in. Additionally, the deck was
assumed to have ai. thick asphalt overlay, which increased the dead loads applied to the deck.
The optimized TE4 bridge rail design configuration selected previously had an inteelokline
capacity Ry, of 84.4kips, a cantilever bending capaciMg, of 86 KP/x, and critical lengthl_c,
equal t013.0 ft. These capacities and dimensions were used with the design methodology
described in the previous section to calculate deck overhang design loads for the4éndbe
rail. The results of this analysis are summarizedable 7 and shown in terms of Mand M,
which correspond to the desigroments per unit length at Design Section 1 and Design S&gtion
respectively.

Recall thathe design loads for Design Casedre calculated from both the-&(p lateral
load and the barrigvlc, whereonly the lower of the two values would be used in the deck design
process. Design loads calculated frfiwere lower at both design sections. Accordingly, deck
demands calculatddom the impact load were ignored, akd was used for the deck demand at
both design sectiorfer Design Case.IFurther, these design loads were identified as the critical
load for both sections, as Design Case 1 controlled over Design Cases 2 and 3.

Table7. Results of Critical Deck Overhang Design Loads

DCesign Design Section 1 Design Section 2
ase
(,\ic) M = 8.86 (kft)/ft T=4.15k/ft | M2=13.73 (k-ft)/ft T = 3.24 k/ft
(8011<ip) M1 = 11.59 (kft)/ft T=411k/ft | M2=14.17 (kft)/ft T =3.17 k/ft
2 M1 = 090 (k-ft)/ft M2 = 10.8 (k-ft)/ft
3 N/A M2 = 11.72 (k-ft)/ft

" Loads from the 8&ip load were eliminated from consideration in Design Case 1
N/A i Not Applicable

Design calculations for the strength of the deck at Design Section 1 cewdsibler
devel opment | ength of the transverse steel bar
The barrier was offset 2 iawayfrom theouter verticakedge of the deck, and the deck utilized a
2-in. clear cover at the side of the deGkis meant the transverse steel bars had only 10 in. of
development length between Design Section 1 and the outer edge of theSuowmek.the
development lengths for mdséar sizes were greater than 10 in., the design capacity of transverse
rebar in the declwasreduced by a ratio of the available development length (i.e., 10 in.) divided
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by the required development length as estimated by3A8[30]. Design Section 2 did not have
the same development length issues.

The reinforcement configuration selected for the deck overhang incorporated one #5 bar
and two #4 bars spaced air¥ intervals along the top mat of steel and a #4 bar spacedimat 12
intervals in the bottom mat. This unusual reinforcement pattern was selected because its design
strength nearly matched the applied loads estimated for the deck. Thus,-HwlRiitrashest
incorporateda deckthat was configuredrery nearto the limits prescribed by the design
methodology. If the testing was successful, otaarforcement configurations adécks designed
using the same methodologyuld also be acceptable.
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5 TEST REQUIREMENTS AND EVALUATION CRITERIA
5.1 Test Requirements

Longitudinalbarriers, such as concrete bridge rails, must satisfy impact safety standards in
order to be declared eligible for federal reimbursement by FHW#®As®on the National Highway
System. For new hardware, these safety standards consist of the guidelines and procedures
published infMASH 2016[3]. Note thathere is no difference between MASH 20@PdndMASH
2016 for longitudinal barrierssuch as the system tested in this project, except that cagiti
occupant compartment deformation measuremehistographs, and documentatere required
by MASH 2016 According toMASH 2016 TL-4 longitudinal barriesystems must be subjected
to threefull-scale vehicle crash tests, as summariz&ichlyie8.

Table8. MASH 2016 B] TL-4 Crash Test Conditions for Concrete Barriers

Test Vehicle Impact Conditions _
Test Desianation Test Weiaht Evaluation
Article l\? Vehicle Ibg » | Speed, | Angle, Criterial
0. mph deg.
4-10 1100C 2,420 62 25 A,D,F,H,I
Concrete 411 2270P | 5000 62 25 A.D,E.H.I
Barrier
4-12 10000S 22,00 56 15 AD,G

1 Evaluation criteria explained ifiable9.

Following a review of previous crash testing into concrete barrier systems, only MASH
testdesignation no4-12 was determined to be critical for evaluating thedTdoncrete bridge rail.
Due to the mass of the 10000S vehicle being more than fourttiatesfthe 2270P pickupruck,
MASH test designation no4-12 has an impact severity 34 percent higher thBSH test
designation nod-11 and 278 percent higher than MA&stdesignation nod-10.NCHRPProject
22-20(2) found that the increased impact severity translated to increased impact loads for the
10000S impacts as compared to the 2270P, as obsetedécommended impact loads for-BL
and TL-4 MASH impacts 19]. Subsequently, the 10000S test would impart the highest impact
loads to the barrier and be the catitest for evaluating the strength of both the bridge rail and
bridge deck overhang.

Vehicle stability was not considered to be critical for sha&all car or pickup truckests.
Previous crash testing of the 2270P pickup into adeldree singkslope cowrete bridge rail and
verticatfaced concrete bridge raitesulted in successful MASH tests with minimal vehicle roll
and pitch displacemen{87-39]. Similarly, previous 1100C crash tests have been successfully
conducted on both single slope and vertical face concrete bridgg28#4]. The 3degree slope
of the new concrete T4 bridge rail was between those of typical single slope barriersesncy
parapetsThus,vehicle performance had been effectively bracketed by previous crastatests
there were no concerns for vehicle instability or excessive occupanneakuresTherefore,
MASH testdesignation nos4-10 and 411 were not deemed critical and were not conducted as
part of this study.
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The bridge rail designed herein was to l@shworthy both before and after-en3roadway
overlay was applied to the bridge deck. Thus, the bridge rail had two different height
configurations a 3%9in. tall configuration before an overlay and an effective-i36 tall
configuration after an overlayt the time of this study, few MASkHest designation nd-12 crash
tests had been conducted, so there were some concerns with vehicle containment with the lower
effective barrier height. Additionally, after an overlay, impact loads on the bridge nalidl Wwe
applied higher on the barrier and result in higher moments transferred to the bridge deck. As such,
the critical bridge rail configuration was determined to be tha36éffective barrier height after
a 3in. overlay was applied to the deck surface

tshould be noted that the test matrix det
engineering judgement with respect to the MASH 2016 safety requirements and their internal
evaluation of critical tests necessary to evaluate the crashworthingke ®farrier system.
However, the recent switch to new vehicle types as part of the implementation of the MASH 2016
criteria and the lack of experience and knowledge regarding the performance of the new vehicle
types with certain types of hardware couldulein unanticipated barrier performance. Thus, any
tests within the evaluation matrix deemmemh-critical may eventually need to be evaluated based
on additional knowledge gained over time or revisions ttMASH 2016criteria.

5.2 Evaluation Criteria

Evaluation criteria for fulscale vehicle crash testing are based on tfae®rs (1)
structural adequag¢y(2) occupant riskand (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability of the condrge tail to contain and
redirect impacting vehicles. In addition, controlled lateral deflection of the test article is
acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle.
Postimpact vehicle trajectory is a mmae of the potential of the vehicle to result in a secondary
collision with other vehicles and/or fixed objects, thereby increasing the risk of injury to the
occupants of the impacting vehicle and/or other vehicles. These evaluation criteria are suinmarize
in Table9 and discussed in greater detailNFASH 2016 [B]. The fulkscale ehicle crash test
documented herein was conducted and reported in accordance with the procedures provided in
MASH 2016

In addition to the standard occupant risk measures, thelRpatt Head Deceleration
(PHD), the Theoretical Heddhpact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussion on PHD, THIV and ASI is provided in
MASH 2016
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Table9. MASH 2016 Evaluation Criteria for Longitudinal Barriers

Structural
Adequacy

A.

Test article should contain and redirect the vehicle or bring the vg
to a controlled stop; the vehicle should not penetrate, underric
override the installation although controlled lateral deflection of
test article is aaptable.

Occupant
Risk

Detached elements, fragments or other debris from the test i
should not penetrate or show potential for penetrating the occ
compartment, or present an undue hazard to other traffic, pedeg
or personnel in &vork zone. Deformations of, or intrusions into, {
occupant compartment should not exceed limits set forth in Seg
5.2.2 and Appendix E of MASH 2016.

The vehicle should remain upright during and after collision.
maximum roll and pitclangles are not to exceed 75 degrees.

It is preferable, although not essential, that the vehicle remain uj
during and after collision.

Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.
MASH 2016 for calculation procedure) shawsatisfy the following
limits:

Occupant Impact Velocity Limits

Component Preferred Maximum

Longitudinal and Lateral 30 ft/s 40 ft/s

The Occupant Ridedown Acceleration (ORA) (see Appendix
Section A5.2.2 of MASH 2016 focalculation procedure) shou
satisfy the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

Longitudinal and Lateral 15. 0 ¢ 20. 49
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6 DESIGN DETAILS

Thetest installation for the new F& bridge rail wad.50ft long. Theupstream halbf the
installationwas attached ta simulated bridge deckvhile the downstream half of the bridge rail
was attached directly to the test 8ite ¢ otarmac.éhe systemwasimpactedon the upstream
half of the installation in order to evaluate the bridge rail and deck under maximum loading
conditions. The downstream half of the installation wrly necessarto allow adequate timand
distance for theingleunit truck box to lean on the barrier and return to an upright position before
exiting the systemthus evaluating vehicle stabilityThe critical test configuration for the
reinforced concrete bridge rail incorporatedia.3verlay on the bridgéeck. Thus, the 3b. tall
bridge rail extended only 36 in. above the roadway surface. This configuration allowed for the
greatest impact height and moment arm above the bridgel@esign details for the T4 concrete
bridge rail are shown in Figuré® through33, and fhotographs of the test installation are shown
in Figure34.

Under the upstream half of the system, arR4dy 24in. reinforced concrete grade beam
was constructed taraulate a bridge girder. An-8. thick, reinforced concreteimulated bridge
deck was cast on top of the grade beamitlsetmained 3n. below the surface of the surrounding
tarmac. A 3in. thick overlay consisting of a weak concrete mixas placed o the simulated
bridge deck to create a uniform surface height with the surrounding tarmac. A polyethylene plastic
was used between the overlay and the bridge deck so that the overlay could be removed after
testing to inspect the bridge deck for damage Jimulated bridge deck was installed with-fa 5
lateraloverhang from theuterface of the grade beam, aihdvas anchored to the tarmac to prevent
lateral movement of the deck during the crash test. Lateral reinforcement in the deck consisted of
two #4 bars and on#5 bar per foot ofongitudinal distance. Each of these bars was spaceithat 4
oncenter and had a 18{kegree hook at the edge of the degkich tied the top and bottom steel
mats together. Notihat the#5 barhookshadto berotatedfrom vertical in ordeto fit within the
8-in. thick deck. Longitudinal steel in the deck consistetobars at 12 in. eoenter in both the
top and bottom mats of steel.

The bridge rail was installed with a -89 height relative to the top @he bridge deck,
which corresponded to a 36. effective height after the-iB. overlay.The surface of the bridge
deck was left rough at the rail location before the bridge rail was potiedridge rail was 8 in.
wide at the top and 10 invide at thebase.The back of the bridge rail was offset 2 amwayfrom
the edge of declEight#5 longitudinal bars were divided between the front and the back faces of
the bridge railand#4 transverse tharswerespaced at Lih. intervals. The concrete clearvey
in the bridge railwas 2% in.Note, the test installation was constructed with interior region
reinforcement only as a joint was not placed in the bridge rail or Beskgn calculations showed
that the interior region of the bridge rail was strudturaeaker than the end region. Thus, the
full-scale test was conducted on the critically weak interior section.

On thedownstream halbf the test installatiorthe bridge railvasanchoredlirectly to the
existing tarmacA narrow strip of the tarmac wagound down 3 in. so that the same bridge rall
cross section could be continued downstréam the simulated deck. Vertical no. 4 dowel bars
were epoxied into the tarmac and placed adjacent to the transverse steel in the barrier.

End regions were dewmbed for the TE4 bridge rail as discussed in Sect®bdand shown
previously inFigure 15. However, since the vehicle impact was occur in the middle of the test
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installation and loading of the upstream and downstream ends of the test article would be minimal,
end region reinforcement was not included in the test article. Notedworld installations, the

6-ft long end regions should be placed adjacent to any bridge rail ends, expansion/contraction gaps,
or other discontinuities in the railing.

The bridge railand deckwere designed for a concretenapressive strength of 5,008i.
The actual compressive strendtir the deck and bridge rail we&170 psi and 5,090 psi,
respectively. All steel rebar had a minimum yield strength of 6(QMatierial specifications, mill
certifications, and certificaseof conformity for the system materials are showAppendix A
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Notes: (1) Test shall be performed according to test designation no. 4—12 using
MASH 2016 criteria.

(2) The impact location is 3327 [8,433] downstream from the upstream end
of the bridge deck.

(3) The bridge rail will be constructed using only interior reinforcement details
for the crash testing program. End reinforcement details will be provided in
the research report.

(4) When foerming the celd joint, the longitudinal reinforcement should extend
past the form end a distance equal to or greater than the minimum lap
length for that reinforeing bar.

VIEW

i

Midwest Roadside
Safety Facility

. . SHEET:
TL—4 Bridge Rail i ol i
Test No. 4CBR-1 AT
8,/13/2M8
DRrAWN B
Querall View MES fER
WG, MAME. SCALE: 1:200 |REV. BY:
SOBR—1_m14 Unms: in.[rmm]

.ngé.lD,-"tKr

Figurel9. TL-4 Bridge Rail Test Installain, Test No. 4CBRL

TZSTHE0dYION Hoday 4SHMIA

1202 ‘9cydre



T€

RAIL

BRIDGE DECK

REINFORCED CONCRETE GRADE BEAM—\

ISOMETRIC

3"[76] OVERLAY

(Part a4)

CROP VIEW

TL—4 Bridge Rail
Test No. 4CBR-1

Midwest Roadside
Safety Facility

Isometric View

SHEET:
2 af 12

DATE:
8/13/208

oRAWN B
MES, e

DWG. NAME.
SOBR_1_R14

SCALE: 1:19
UrTE: in[rm]

rEV. Br:
NPT
Vil

Figure20. Isometric View, Test No. 4CBR

TZSTHE0dYION Hoday 4SHMIA

1202 ‘9cydre



ce

(3) Use a releasing agent/medium (polyethylene plastic) between overlay and
(4) The epoxy anchering of bar no. b11 inte the tarmac is for testing purposes

(5) Grind tarmac to a depth of 3" [76] and a width of x” [mm] to allow for
recess of bridge roil on tarmac and installation of concrete formwork. After Scfety Fccmty

Notes: (1) Reinforcement not shewn for clarity in section A—A.
(2) Reinforement bar no. b11 is shown in section B—B and is to be anchored

108"[2743 iz g
[2743] 872031 3/4"%3/4"[19%19] 3/4"x3/4"[19x19]
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” _
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|.24"[510]+24"[510]- 607 1524] | I
I 1
SECTION A-—-A ! SECTION B-B !

into the existing tarmac with chemical epoxy adhesive with a minimum bond
strength of 1,450 psi [10.0 MPa].

bridge deck.

only and does not reflect the recommended barrier installation.

removal of formwork, fill voids with low—strength concrete.
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SECTION D-D

Notes: (1) Reinforcement bar nos. b10 and b12 are driven into soil.

(2) Reinforcement bars no. b6 are anchored into the existing tarmac with
chemical epoxy adhesive with a minimum bond strength of 1,450 psi
[10.0 MPa].
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Figure26. Bridge Deck Assembly, Test No. 4CBR
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Figure29. Design Details for Downstream Half System Test No. 4CBRL
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b8 75 | #5 [16] |87 1/16" [2,211]| 25 1/2" [648] STM A615 Gr. 60 5/13/2018
ba g8 | #5 [18] | 1,795" [45,593] 25 1/2" [B48] STM AB15 Gr. 60 o e [
b10 | 150 5 [16 35 1/2" [902 = STM AB15 Gr. 60 . . System Rebar :
#5 [16] /2" [902) - Midwest Roadside .
b11 | 38 | #4 [13] | 25 1/2" [648] - ™ AB15 Gr. 60 Safety Facility [ ™= o T v o
b12 | 150 | #5 [16] | 37 1/2" [945] = TM AB15 Gr. 60 Fean-1 I v

Figure32. System Rebar, Test No. 4CHBR
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I}:qe‘;'? aTy. Description Material Specification Treatment Specification
al 1 |Bridge Deck Concrete Min. f'e =NE5(P3I?>? L%55i0534'5 MPa] -
a2 1 |Bridge Rail Concrete Min. f'e =NESIEI?>? Lp555i0534.5 MPa] -
ald 1 |Grade Beam Concrete Min. f'e =NE’%E Egiﬂ£2?.6 MPa] -
a4 1 |Qwerlay Concrete NE Mix 9019 CITY -
b1 75 |#4 [13] Rebar, 70 1/4" [1,784] Total Unbent Length ASTM AB15 Gr. BD Epoxy Coated (ASTM A775 or A934)
b2 | 75 |#4 [13] Rebar, 46 1,/2" [1,181] Total Unbent Length ASTM AB15 Gr. B0 Epoxy Coated (ASTM A775 or AS34)
b3 | 75 |#4 [13] Rebar, 103 1/2" [2,629] Total Length ASTM A615 Gr. 60 Epoxy Coated (ASTM A775 or A934)
b4 | 75 |[#5 [16] Rebar, 115 3/8" [2,931] Total Unbent Length ASTM A615 Gr. 6O Epoxy Coated (ASTM A775 or A934)
b5 | 24 |#4 [13] Rebar, 895" [22,733] Total Length ASTM AG15 Gr. 60 Epoxy Coated (ASTM A775 or AQ34)
b6 75 |#5 [16] Bent Rebar, 56 1/4" [1,428] Total Unbent Length ASTM AB15 Gr. 6D Epoxy Coated (ASTM A775 or A934)
b7 19 [#4 [13] Bent Rebar, 83 11/16" [2,126] Total Unbent Length ASTM AB15 Gr. B0 Epoxy Coated (ASTM A775 or AS34)
b8 75 |#5 [16] Bent Rebar, 87 1/16" [2,211] Total Unbent Length ASTM AB15 Gr. 6D Epoxy Coated (ASTM A775 or A934)
b | 8 |[#5 [16] Rebar, 1,795" [45,593] Total Length ASTM AB15 Gr. 6O Epoxy Coated (ASTM A775 or A934)
b10 [150|#5 [16] Rebar, 35 1/2" [902] Total Length ASTM AG15 Gr. 60 Epoxy Coated (ASTM A775 or AQ34)
b11 | 38 [#4 [13] Rebar, 25 1,/2" [648] Total Length ASTM AB15 Gr. 6O Epoxy Coated (ASTM A775 or A934)
b12 |150[#5 [16] Rebar, 37 1/2" [945] Total Length ASTM A615 Gr. 60 Epoxy Coated (ASTM A775 or AQ34)
b13 |149|#4 [13] Rebar, 112" [2,845] Total Unbent Length ASTM A615 Gr. 60 Epoxy Coated (ASTM A775 or A934)
- 1 |Epoxy Min. bond strength = 1,450 psi [10.0 MPa] -
- 1 |Releasing Agent/Medium 1/4" [6] 'ng#_MPrE)Izgtg}ilene Plastic -
SneeT:
TL—4 Bridge Rail 13 et 13
Test No. 4CBR—1 e
5/13/2018
i . |omAWH BT |
Midwest Roadside| @ o """ v
Safety Facility = R

Figure33. Bill of Materials, Test No. 4CBR
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Figure34. Test Installation Photographs, Test MGBR-1

45



March 26, 2021
MwRSF Report NoTRP-03-41521

7 TEST CONDITIONS
7.1 Test Facility

The Outdoor Test Sités located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximatefymilesnorthwest of the University of Nebraska
Lincoln.

7.2Vehicle Tow and Guidance System

A reversecable tow system witha 1:2 mechanical advantage was used to propel the test
vehicle. The distance traveled and the speed of the tow vehicle wetalbribat of the test
vehicle. The test vehicle was released from the tow cable before impact with the barrier system. A
digital speedometer on the tow vehicle increbtbe accuracy of the test vehicle impact speed.

A vehicle guidance system developed by Hif#f] was used to steer the test vehicle. A
guideflag, attached to the lefront wheel and the guide cable, was sheared off before impact with
the barrier system. The-in. diameter guide cable was tensioned to approximat&Q0 Iband
supported both lateltg and vertically everyl00 ftby hinged stanchions. The hinged stanchions
stood upright while holding up the guide cable, but as the vehicle was towed down the line, the
guideflag struck and knocked each stanchion to the ground.

7.3 Test Vehicle

For testno. 4CBR-1, a 2005 International 4300 singlenit truck was used as the test
vehicle The curb, test inertial and gross statigehicle weights werel4,7421b, 22,1981b, and
22,360b, respectivelyThe test vehicland ballast arshown inFigures35through37and vehicle
dimensionsare shown irFigure38.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axle weight3he location of the c.g. is shown in Figu@&and 39. Data used to
calculate the location of the c.g. and ballast information are shoppendix B

Square, blackand whte-checkered targets were placed on the vehicle for reference to be
viewed from the higfspeed digital video cameras and aid in the video analysis, as shBigara
39. Round, checkered targets were placed at the c.g. on tHs&defloor, the righside door, and
the roof of the vehicle.

The front wheels of the test vehicle were aligned to vehicle standards except-ithe toe
value was adjusted to zesachthat the vehicle would track properly along the guide cable. A 5B
flash bulb was mounted underh e v delft-side Wiaddhseldviper and was fired by a pressure
tape switch mounted at the impact corner of the bumper. The flash bulb whsdoe initial
impact with the test article to create a visual indicator of the precise time of impact on the high
speed digital videos. A radiontrolled brake system was installed in the test vehicle so the vehicle
could be brought safely to a stop aftiee test.
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Figure35. Test Vehicle, Test NelCBR-1
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5 T
Figure36. Test Vehicle Ballast, Test N6CBR-1
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Date: 8/21/2018 Test Name: 4CBR-1 VIN No: 1HTMMAAN66H284494
Year: 2005 Make: International Model: 4300
Tire Size: 11r22.5 Tire Inflation Pressure: 105 Psi Odometer: 324817

Vehicle Geometry - in. (mm)
Target Ranges listed below

A:_921/2 (2350) B: 987/8  (2511)

C: 344 (8738) D: 41 (1041)

N i i Max: 394 (10000)

E:_2291/2 (5829) F:__ 82172 (2096)
Max: 240 (6100)

G: 50 5/8 (1286) H:_140 1/2 (3569)

TestInertial CG

"| I I: 203/4 (527) J: 351/4 (895)
T ‘ K: 23 (584) L: 48172 (1232)
’ 49£2 (1245250)
p—| J- » ’l | ] x M: 793/4  (2026) N:  723/4 (1848)
E O: 59 (1499) P: 1 (25)
o = T\ ILLI !
S
\ T T @ + ‘r —,l‘ | Q: 343/8 (873) R: 233/8 (594)
FT— T
[—D— E ! F S: 377/8 (962) T: 69 (1753)
c
U: 1063/4 (2711) V: 223 (5664)
Ballast
Weight: 7927 (3596) w: 4 (102) X: 146 1/8 (3712)
CG height: 63 1/2 (1613) Y: 301/8 (765) Z: 47112 (1207)

63£2 (1600£50)
IW (Impact Width): _901/4  (2292) AA:__ 713/8 (1813)

Mass Distribution b (kg)

Gross Static LF__ 4424 (2007) RF__ 4304 (1952)

Wheel Center

LR__ 6800 (3084) RR__ 6832 (3099) Height (Front): 19 1/2 (495)
Wheel Center
Height (Rear): 20 (508)
Weights Wheel Well
Ib (kg) Curb Test Inertial Gross Static Clearance (Front): 46 1/2 (1181)
Wheel Well
W-front 7636 (3464) 8606 (3904) 8728 (3959) Clearance (Rear): 43 1/2 (1105)
Bottom Frame
W-rear 7106 (3223) 13592  (6165) 13632 (6183) Height (Front): __ 11 (279)
Bottom Frame
W-total 14742 (6687) 22198  (10069) 22360 (10142) Height (Rear): 27 (686)
1320042200 22046660
(6000+1000) (10000300)
GVWR Ratings Ib Surrogate Occupant Data Engine Type: Diesel
Front 14000 Type: Hybrid Il Engine Size: 7.6L V6
Rear 23000 Mass: 162 1b Transmission Type: Manual
Total 37000 Seat Position: Left/Driver Drive Type: RWD
Note any damage prior to test: None

Figure38. Vehicle Dimensions, TestiN4CBR-1
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Date: 8/21/2018 Test Name: 4CBR-1 VIN: 1HTMMAANG66H284494
Year: 2005 Make: International Model: 4300
| & | D |
’ L _—
== =
=] -
—. /
. F =3
—N—
(5 = )
Test Inertial CG
(@]
" "
P WU i
‘ \DT T
| il ‘
\ 2N\ [
@l ® L]
E F G H
TARGET GEOMETRY-- in. (mm)
A: 52 3/8 (1330) F: 4 3/8 (111) L: 129 1/8 (3280)
B: 101 1/2 (2578) G: 67 (1702) M: 40 3/8 (1026)
C: 23 1/2 (597) H: 42 (1067) N: 26 1/2 (673)
D: 100 3/4 (2559) 1: 49 3/4 (1264) o: 117 3/4 (2991)
E: 140 5/8 (3572) J: 50 1/2 (1283) P: 83 (2108)
K: 53 1/8 (1349)

Figure39. Target Geometry, Test N6CBR-1
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7.4 Simulated Occupant

For test no4CBR-1, a Hybrid 1l 50"-Percentile, Adult Male Dummy, equipped with
footwear, was placed ithe rightfront seat of the test vehicle with the seat lbafitened. The
simulated occupartad afinal weight of162Ib. As recommended by MASE016 thesimulated
occupant weightvas not included in calculating the clgcation.

7.5 Data Acquisition Systems
7.5.1Accelerometers

Two environmental shock and vibration sensor/recordéesygswere used to measure the
accelerations in the longitudinal, éaal, and vertical direction$he electronic accelerometer data
obtained in dynamic testing was filtered using the SAE Class 60 and the SAE Class 180
Butterworth filters conforming to th&€AE J211/1 specifications4]]. The two systems, the
SLICE-1 and SLICE2 units, were modular data acquisition systems manufacturBiv/bysified
Technical Systemdnc. OTS) of Seal Beach, Californidhe SLICE-2 unit wasmounted in the
truck box near the c.g., while the SLICIEINnit was mounted in the cabhe acceleration sensors
were mounted inside the bodies of custoait, SLICE 6DX event data recorders and recorded
data at 10,000 Hz to the onboard microprocessor. Each SiI&Ewvas configured with 7 GB of
nonvol atile flash memory, a range adB50N5ORC ¢gos,
1000) antialiasing fiter. The A ®WRAIE€RBR computer ad & tustamized pr og
Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

7.5.2Rate Transducers

Two identicalangular rate sensor systeaamounted inside the bodies d¢fet SLICEL and
SLICE-2 event data recorders were usedneasure the rates of rotation of the test vehicle. Each
SLICE MICRO Triax ARShadarange of 1,500 degrees/sec in each of the three directions (roll,
pitch, and yaw)andrecorded data at 10,000 Hz ttee onboard microprocessoiThe raw data
measurements were then downloaded, converted to the proper Euler angles for analysis, and
pl otted. The ASLI CEWaredo computer software p
worksheet were used to analyze and flleangularrate sensor data.

7.5.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speedtedttrehicle
before impactThreeretroreflective targets, spaced at approximat&hn. intervals, were applied
to the side of the vehiclg/hen the emitted beam of light wiaglected by the targets aneturned
to the Emitter/Receiver, a signal was sent to the data acquisition coympateding at 10,008z,
as well aghe external LED boxactivating the LED flashe3 he speed was then calculated using
the spacing between thetroreflective targetand the time between the signdl&D lights and
high-speed digital video analysiseaonly used as a backup in the event that vehicle speeds cannot
be determined from the electronic data.
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7.5.4Digital Photography

Five AOS high-speeddigital video camergsten GoPro digital video cameraand two
Panasonidigital video camerawere utilized to film test no.4CBR-1. Camera details;amera
operating speedkns information, and schematic of the camera locatiaeative to the system
areshown inFigure40. Note, cameraAOS-9 and GP9 experienced technical difficulties and did
not record the impact event.

The high-speedvideos were analyzed usifigEMA Motion and RedlakeMotionScope
softwareprograms Actual amera speed and camera divergence factors were considered in the
analysis of the higispeed videosA digital still camera waalsoused to document prand post
test conditiongor the test.
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389'-2" [118.6 m]
220° [67.1 m] ' 0,‘95'{:
| 82° [25.0 m)— Q—'
87°-7" [20.6 m]—]
Onbeard:
" —-17'-9" [5.4 m] g ‘z
A0S §8 74'-3" [22.6 m]
a GP §21
246" [75 m] g ’,,r or i 1210 [3.9 m]
M A0S §7
3::’:: : 2"'] | LS'—4' [1.0 m]
-23'-10' [7.3 m]ﬂ—-l 3'-2" [1.0 m]
Overheod Height:
:‘1;'5—7;9[19.1 m]
& o
No. Type O?f? :rlntlgglsse%(;ed Lens Lens Setting
AOS-5 AOS X-PRI Gigabit 500 100 mm Fixed
AOS-6 AOS X-PRI Gigabit 500 Fujinon 35mm Fixed
AOS7 AOS X-PRI Gigabit 500 Fujinon 50 mm Fixed
AOS-8 AOS SVIT 1531 500 Sigma 2870 Between 35 an80
AOS-9 AOS TRIVIT 1000 Kowa 12 mm fixed
GP-7 GoPro Hero 4 30
GP-8 GoPro Hero 4 120
GP-9 GoPro Herod 120
GP-10 GoPro Herod 120
GP-13 GoPro Hero 4 240
GP-15 GoPro Hero 4 240
GP-16 GoPro Hero 4 240
GP-17 GoProHero 4 240
GP-19 GoPro Hero 6 120
GP21 GoPro Hero 6 120
PAN-1 Panaonic (HGV770) 60
PAN-2 Panaonic (HGV770) 60

Figure40. Camerd.ocations, Speedand LensSettings Test No4CBR-1
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8 FULL -SCALE CRASH TEST NO. 4CBR-1
8.1 Weather Conditions
Testno. 4CBR-1 was conducted on Augu&tl, 2018 at approximately 1:15 p.mihe
weather conditions as per the National Oceanic and Atmospheric Administration (station

14939/LNK)werereportedand areshown inTable10.

Table10. Weather Conitions, Test No4CBR-1

Temperature 12°F

Humidity 61%

Wind Speed 14 mph

Wind Direction 350 from True North
Sky Conditions Clear

Visibility 8 Statute Miles
PavemenSurface Dry

Previous 3Day Precipitation | 2.5 in.

Previous 7Day Precipitation | 2.9 in.

8.2 Test Description

Initial vehicle immact was to occur 27 it 8 in. downstream fronthe upstream end of
barrier, as shown iRigure41, which was selectei loadthe center of the simulated bridge deck
and avoid loas transferringout closeto the ends of the declburing testno. 4CBR-1, the
22,198Ilb SUT impacted thédridge rail 4 in. upstreantdm the targeted impact poiat a speed
of 57.6 mphand an angle of 16 degreesThe barrier contained and redirected the SUT with
minimal system deflection and negligible sysimmage. The SUT reached a maximum roll angle
of 35 degrees during redirection and exited the system with a speed and angle of 41.7 mph and
2.8degrees, respectively. After exiting the system, the SUT rolled downstream, impacted a row of
portable concretbarriers,ruptureda few of the barrier connections, and came to rest on top of
one of the barrier segments approximately 350 ft downstream from impaetaileddescription
of thesequentiaimpact events is contained Trable11, and gquential photographs the impact
eventare shown in Figured2 through44. Documentary photographs are showrFigure 45.
Photographs of theahicle trajectory and fad position are shown iRigure46.
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Tablell Sequential Description of Impact Events, TestdNOBR-1

Time Event

(sec)

0.000 | Vehicle's front bmper contacted barri@8in. downstream from upstream end of barri
0.010 | Vehicle's leftfront tire contacted concrete barrier.

0.026 | Vehicle's leftfront fender deformed.

0.036 | Vehicle's hood contacted concrete barrier.

0.042 | Vehicle rolled toward system.

0.116 | Vehicleyawed away from system.

0.136 | Vehicle's rightfront tire became airborne.

0.148 | Vehicle gougedace ofconcrete barrier

0.210 | Vehicle's rightrear tire became airborne.

0.242 | Vehicle's leftrear tire contacted concrete barrier.

0.262 | Vehicle's leftrear lower box corner contacted concrete barrier.

0.290 | Vehicle's grille became disengaged.

0.296 | Vehicle was parallel to systemaspeed of 48.7 mph.

0.366 | Vehicle pitched downward.

0.520 | Ve hi c | iecostactwithiop ofconcretebarrier.

0.668 | Vehiclereached a maximum roll angle of 35 degrees and began to roll away from bg
0.852 | Vehicled s dougmdop-front cornerof concrete barrier

0.874 | Vehicle's air tank became disengaged.

1.102 | Vehicle's leftfront tire recontacted concrete barrier.

1.114 | Vehicle's left headlightontacted concrete barrier.

1.166 | Vehicle's rightfront tire regained contact with ground.

1.292 | Vehicle's rightrear tire regained contact with ground.

1.382 | Vehicle's right box dodiower hinge disengaged.

1.562 | Vehicle's leftfront tire became airborne.

1.626 | Vehicle exited system atspeed of 41.7 mph aad angle of 2.8legrees
1.828 | Vehicle's leftfront tire regained contact with ground.

4.300 | Vehicle impactegbortable concrete barriers used for vehicle containment.
4.800 | Vehicle overrode a portable concrete barrier segment.

8.000 | Vehicle came to rest approximately 350 feet downstrieam impact.
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Figure4l. Impact Location, Test Nd.CBR-1

57



March 26, 2021
MwRSF Report NoTRP-03-41521

0.800sec 1.800sec
Figure42. Sequential Photographs, Test NGBR-1
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0.400sec 1.400sec

1.600sec

0.800sec 1.800sec
Figure43. Additional SequentiaPhotographs, Test N@CBR-1
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0.000 sec

0.100sec

0.200sec

0.800sec 0.800sec
Figure44. Additional Sequential Photographs, Test MOBR-1
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Figure45. Documentary Photographs, Test MGBR-1
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Figure46. Vehicle Final Position and Trajectory Marks, Test MiGBR-1
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8.3 Barrier Damage

Damage to the barrier was minimal, as shown in Fegdvehrough50. Barrier damage
consisted of contact marksoncretegougesand spalling and minor cracks. Shrinkagecracks
present Bfore testingwere highlighted with a red marker, ascan be seenn the damage
documentation phogyaphs

The length of vehicle contact was approximately t1Zhe primary contact mark on the
face of the bridge railbegan at the impact poirand extende®5 ft downstream. Another
significant contact mark was observed on the top face, st&Tiftg 8 in. downstreanfrom the
impact point and spanning 17if8 in., coinciding with the cargo box leaning on the barrier. Less
severe contact marks were ot on the top face of the barrier startdtgft i 7 in. from the
impact point ancextending4?2 fti 4 in. downstreamAdditionally, minor contact marks were
observed on the front face of the bartieginning44 ft 1 3 in. downstreanirom impactand
continuing tothe downstream end of tlsgstem

Significant gougingn the front faceof the bridge railoccurred 3 fi' 8 in. downstream
from the impact point andontinued® ft downstreamAdditionally,the top front edge of the railing
experiencedignificant gougingvhere the cargo box leaned on the barrier beginnirfgi48 in.
downstreanirom the impact point and extdimg 10 fti 10 in. downstream.

The bridge deck and overlay remained undamaged during th&vest after the overlay
was removed from the deck surface, aniporcrackswere observedHowever, these cracks were
likely just shrinkage cracksndnone wee thought to be structurally significant

The maximum lateral dynamic barrier deflectimeluding flexurein the deckwas1.0in.,
which occurred?2 fti 11 in. downstreanfrom the impact pointas determined from higspeed
digital video analysisAfterthe impact eventhedeck overhang anharrierbothreturned taheir
original positiors resulting in a permanent set of 0.0 The working width of the systemas
53.7in., also determined from higépeed digital video analysi8. schematic of the permanent
set dynamic deflection, and working width is showrFigure51.
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Figure47. OverallSystem Damage, Test NdCBR-1
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