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SI* (MODERN METRIC) CONVERSION FACTORS |

APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 254 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?
yd? 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 m3
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1,000 L shall be showmin
MASS
0z ounces 28.35 grams o]
Ib pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagrams (or fi Mg(or't
TEMPERATURE (exact degrees)
° . 5(F32)/9 . R
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
mn? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? squaremeters 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 cubicyards yd®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds Ib
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 rourslingld be made to comply with Section 4 of ASTM E380.

\Y
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1 INTRODUCTION
1.1 Background

Approach guardrail transitions (AG)are utilized to attach deformable-éam guardralil
to various rigid barriers, including bridge rails and reinforced concrete parapets. To smoothly
transition betweerbarriers withdifferent stiffness and prevent vehicle snag, AGTs typically
incorporate hicker and/omested guardrail segmenlsrger guardraikectiors (i.e., thrie beam),
increased post sizdaacreased post embedment dep#mg] decreased post spacings. Additionally,
the upstream end of the riglwhrriers where the guardrails aattache are often modifiedto
includevarious tapers, chamfers, and/or flaresettucevehicle snag. Curbs have also been placed
below the guardrail and adjacent to the rigid barrier to further reduce the likelihood of tire snag.
AGTs require a specific combitian of these components and roadside features in order to
perform safely.

Over the lasseveraldecades, multiple AGTs have been developed to satisfy the safety
performance criteria ahe National Cooperative Highway Research Prog(&f6HRP) Report
350[1], the American Association of State Highway and Transportation Officials (AASHTO)
2009 Manual for Assessing Safety HardwdMASH) [2], or MASH 2016 B]. However, fult
scale crash testing has illustrated the sensitive nature ofrgilatdfness transitions. Changing
only a singleAGT component or feature can significantly alter its safety performance. For
example, the additioar removal of a curb, altering the geometry of the rigid parapet, or altering
the embedmendepthof the transition posts can be the difference betwetsstdailure or a
successfully crastested AGT 4-12]. Due to the sensitivity of stiffness transitions, AGT
components and features (e.g., curb usage and rigid barrier geometry) arecessarily
interchangeable betwe&GT systems.

The majority of failures observedidng crash testing have been the result of excessive
vehicle contact with the rigid parapet, especially for AGTs that did not utilize a curb beneath the
guardrail. These tests indicated that the geometry of the rigid parapet was more critical than
previowsly believed. Thus, the development of a concpetiegpetend geometry was desired to
minimize the risk of vehicle snag and to be crashworthy in combination with varioudéane
AGTSs.

1.2 Objective

The objective of this research projecsuwo develop and evaluate a standardized buttress
geometry for use with thribeam AGTs. The transition buttregas desiredo be compatible with
all of the previouslhydevelopedthrie-beam AGT systems that were successfully crash tested to
the Test Levie3 (TL-3) safetyperformance criteria of either MASH or NCHRP Report 350.
Additionally, the buttress needed to safely transition from stiffened thrie beam to a variety of
concrete parapgtind bridge rail shapes. Finally, AGTs incorporating the standatdnttress
needed to be crashworthy in both curbed andawhed configurations.
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1.3 Research Plan

Development of the standardized concrete parapet end séetiam with areview of
existing thriebeam transitions to concrete parapets that were testethéo SCHRP Report 350
or MASH standardsPotential buttress geometsiwere reviewedanda critical transition design
was identifiedfor use in the evaluation of the buttre$te newbuttressgeometrywasbased on
the observed performance of thgrevious AGTcrash test resultand additional design and
analysis. The proposed parapeinfigurationwas then fullscale crashested with a selected
critical AGT that providd the greatest risk of vehicle snag. Testivegs conducted in accordance
with MASH 2016 TL-3 safety performance criteria.
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2 BARRIER DESIGN
2.1 Preliminary Buttress Design

Development of the standardized transition buttress began with a review of previous full
scale crash testing on AGTennected to concrete parapets. Since a limited number of AGTs had
been evaluated to MASH standards, the review included both MASH and NCHRP Report 350
tested systemdg-orty-two crash tests, which were conductedaindifferent transition systems,
were re&iewed in order to identify tendencies between the crashworthy systems and those that
failed to meet the safeperformancecriteria 4-33]. Of these reviewed testsightwere MASH
tests and 34 were NCHRP Report 350 tests. Twewiytests were successful, whilete8tsfailed
to satisfy thesafetyperformance criteria. near 50 percengass/fairatewasthought to provide
valuable insightnto the performance of various transition design characteristics,ranwdddge
gathered from this review was utilized to guide the design of the standardized buttress.

During the lterature review, it was noted that nearly all AGTs were designed with the thrie
beam end connector mounted verticatiythe face of theconcrete parapet. If the parapet had a
sloped face (e.g., New Jerseyslape, or single slope barriers), a wedge shaped connection plate
was typically utilized between the thHiiam end connector and the parapet, which allowed the
rail to remain verticahs opposed to being twisted to match the slope of the pafdpie¢ time of
time R&D for the buttress,ndy two testshad beerconducted on thrikveam AGTs with the rail
twisted to match the sloped face of the parapet, and both of those NCHRP Repests3&sulted
in vehicle rolloverd6, 17]. Thus, it was desired teekp the rail element vertical throughout the
AGT. To keep the AGT design simple and avoidddéditionalcomponents and costs associated
with requiring a connection plate, the standardized buttress was designed with a vertical front face
geometry. The veidal shape could then be transitioned into different parapet shapes downstream
from the rail end connector.

Multiple AGTs hal been designed with a rub rail placed below the rail to mitigate tire snag.
However,six out of theninetests conducted on AGTscorporating rub rails were failureand
five of those failed tests involvedehicle rollovers 21-28]. These results indicate that tire
interactions with rub rails may lead to vehicle instabilities during redirection. Therefore, a rub ralil
was not incorporated into the design of the standardized buttress.

Without a rub rail, tb front upstream corner of the buttress needed to be tapered back to
reduce snag on the buttress. Previous crash testing has shown that tapering the front corner 4 to 5
in. backward was sufficient tbmit snag and often resulted in crashworthy desidri&s1f].
Therefore, the lateral extent of the taper on the front cornee stéimdardized buttress was desired
to bea minimum of4 in.

The slope of the taper and the associated longitudinal extent of the taper affect the
performance of the standardized buttress in opposing ways. A shallow slope over a long distance
was desiredaminimizevehicle and tire snag on the buttress. However, increasing the longitudinal
length of the taper also increases the unsupported length of thédhre between the buttress
and the adjacent transition post. Increasing the unsupported length of the rail would result in a
reduction in stiffness, an increase in deflection, and increased potentitfopocketing and
vehicle snag. Thus, a steeperaiapver a shorter longitudinal distance was desired to maintain rail
stiffness and prevent excessharierdeflections.

2
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To balance these two effects, a dual taper design was selected, as skhauneh. The
lower portion of the buttress below the thrie beam utilized a shallow taper to minimize tire snag,
while the upper portion of the buttress behind the rail utilized a steep taper to limit the unsupported
span lendt of the railwhile still reduaeng vehicle snag. Previous MASH crash testing has
demonstrated that a slope rate of 3:1 can prevent tire snag during vehicle impacts int83GTs [
Thus, thepreliminary buttress design incorporateldwer tapemith a 3:1 sloperesultingin a 12
in. long by 4in. deep taper. Thieeight of thdower tapeion the preliminary design was 11 in. and
extended to the bottom of the thrieam The upper tapeon the preliminary desighad a 1:1
slope, resulting in a-th. by 4in. taper behind the rail.

Figurel. General Shape of Standardized Buttress Incorporating Dual Tapered Front Edge

To prevent vehicle snaghahe buttress above the thrie beam, the upstream face of the
standardized buttress was set at 32 in. tall, wvighld bel in. above the top & 3%in. tall thrie
beam. However, many concrete barriers and bridge rails are instéhealtaller heighto contain
heavy trucks. For examplagid barriers are typically designed with a minimum height of 36 in.
to contain the 10000S single unit truck asatisfy MASH 2016 TL-4 criteria Thus,a height
transition was necessaty match the height of adjaceht-4 and TL-5 bridge rails Previous
research and crash testing indicated that vertical slopes as steep as 5:1 may be cra8djvorthy [
Being slightly conservative, the standardized buttress was designed with a 6:1 vertical slope
beginning at the upstream end of the buttress. The system was tested with a buttress 3ight of
in., so the 6:1 vertical slope was ugedransition the 3z2n. tall front face to the 3. nominal
heightover the first 2 ft of barrier length.

To be compatible with adjacent #_bridge rails and concrete parapets, the capacity of the
buttress waslesigned to withstand a T4 impact load of 80 kipE35]. The standardized buttress
was tested with a-it length to limit the length of the AGT system while ghitbvidingsufficient
barrier length to resist impact loads. However, actual installsgiggtts may vary depending on

3
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strength requirements and the length requicesafelytransition to various bridge rail or rigid
barrier shapetsee Chapted for details) The selectedestconfiguration was 12 in. wide and was
reinforced with no. 4 longitudinal rebar placed altwaghthe front and back faces of the buttress
andno. 4verticalrebar stirrupsCompletedetailsfor the preliminary buttress designe shown in
Section2.3

2.2 Selection of Critical Transition Configuration

The standardized buttress needed to be compatible with a wide variety -ticiumeAGT
systems, both with and without a curb. Therefore, the buttress had to be connected to a critical
AGT creating a worst case scenario in order to properly evaluatestersand allow for other
AGTs to be used without further crash testidgeview of existing AGTs successfully tested to
TL-3 of MASH or NCHRP Report 350 was conducted to find thetbegm AGTwith the lowest
lateral stiffnesgi.e., the mosflexible system). This criticaAGT would pose the greatest risk of
vehicle snag on the rigid buttress. The system with the highest dynamic deflection was an AGT
originally developed for the lowBepartment of Transportatio®QT) [4-5, 7]. This transition
utilized the smallest transition pos{g terms of crossection strengthland the shortest
embedment depths of the reviewed systems. Thus, the lowa AGT was identifiedcatctie
AGT of those reviewed.

Further, the lowa AGT was succes$fuiested to both MASH and NCHRP Report 350
TL-3 criteria when used in combination with4an., triangularcurb. However, similar AGTs
evaluated without a curb failed to s&tiL-3 criteria ineither testing standar@,[8]. These crash
test results not only reinfordéhe notion that this systewas susceptible to vehicle ag, but also
indicatal that testing without a cunlvas more criticalsthe vehicle tiregould extend under the
rail and snag on the buttress. Therefore, the AGT originally developed for the lowa DOT, but
without a curb, was selected as the critical AGdnfiguration for the evaluation of the
standardized buttress.

To prevent altering the stiffness of the selected AGT, the rail segments and posts needed
to beproperlypositioned relative to the buttress. The origiA@T design had an 1ih. offset
between the upstream face of the buttress and the centerline of the first transition pest. A 1
chamfer was present on the corners of the buttress creatirgashan length in which the rail
was unsupported in the lateral direction. Since the new stdinddrbuttress incorporated ar
x 4-in. chamfer on the front corner behind the rail, the centerline of the first transition post was
placed 8 in. upstrearitom the buttress to maintain the -if2 unsupported span length. These
dimensions are shown kigure2.

Finally, the upstream end of the original AGT design, which was untested and connected
to 27in. tall guardrail, was altered to incorporate the MASH3 trashvorthy MGS stiffness
transition B6-37]. Both the original lowa AGT ahthe critical configuration utilized to test the
standardized buttress are showirigure3.
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2.3 Preliminary Design Details, Test NOAGTB-1

The barrier system installation for test MGTB-1 was approximately Bft long and
consisted of four main componen$) aconcretetransition buttresq2) a thriebeamAGT, (3)
standard MGS, an(¥) a guardrail anchorage system. Design details for test no. AG&E
shown in Figured through26. To test avorsecase scenariand increase the risk of wheel spag
a curb was not installed. Photographs of the test installations are sh&iguia27. Material
specificatiors, mill certifications, and certificates of conformity for the system materials are shown
in Appendix A

The downstream end of the installatiomsisted of the concrete buttress. The buttness
7 ft long and 36 in. tall, corresponding to a typical height for MASH4Tdoncrete barrierg.o
prevent vehicle snag above the thrie beam rail, the upstream end of the buttress was 32 in. tall and
incorpaated a 4in. tall by 24in. long slope to bring the barrier height up to 36Tihe buttress
utilized a duatapered, or duathamfer design along its front edge, as detailetigurel?. The
lower tapermeasured 4n. deep by 12n. long by 11in. tall and was designed to reduce wheel
snag on the parapet. The upfssermeasured 4n. x 4 in. and extended from the lower tape
the top of the buttress. The uppegerwas designed to limit vehicle snag on the buttress, to prevent
a rail from bending around a rigid corner, and to limit the unsupported span length of the rail
upstream from the buttress.

The AGT and adjacent @IS consisted of 12.5 ft of nestd@-gaugethrie beam®6.25 ft of
singleply, 12-gauge thrie beajma 6.25ft long 10gauge asymmetric Wb-thrie transition rail
segmentand 50 ft of 12gauge Wbheam. All rail segments were mounted with a top height of 31
in. The first six postadjacent to the buttress were-&.5%ng W6x8.5 posts spaced at34&. on
center and embedded 49 in. into the soil. Note, the thrie beam rail extended above the tops of these
transition posts with the use of chamfered blockostshawn in Figure6 and13. The remaining
steel posts were-f long W6x8.5 posts embedded 40 in. into the soil, utilizeihl2eep wood
blockouts, and were spaced at various intervals, as shown in FHgimeasigh6. All postswere
placed within a compactedrushed limestone soil which satisfied MASH soil standards.

Finally, a guardrail anchorage system typically utilized as a tradimdy terminal was
utilized to anchor the upstream end of the test installation. The guardrail anchorage system was
originally designed to simulate the strength of other crashworthy end terminals. The anchorage
system consisted of timber posts, foundatidretsy anchor cables, bearing plates, rail brackets,
and channel struts, which closely resembled the hardware used in the MBdifa@way Cable
Terminal BCT) system. The guardrail anchorage system has been MASHcFash tested as a
downstreamtrailing-end termina[38-41].

It should be noted that the thitieeam terminatonnector (part C1) obtained and used for
test no. AGTBL1 had yield and tensile strengths below the minimums specified in AASHTO M
180 for beams and transition sections (50 ksi yield strength and 70 ksi tensile strength). Although
the reduced strength mponent did not appear to negatively affect the performance of the AGT,
it is recommended to use higher grade steel for all guardrail terminal connectors since they need
to carry structural loads (both tensile and bending loads) in order for the systenction
properly. The thridbeam terminal connector used for test no. A& Batisied the minimum
strengths described above.
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