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1 INTRODUCTION
1.1 Background

Concrete box culverts are routinely installed under roadways in order to allow water
drainage without affecting the motoring public. Unfortunately, these box culverts can also
represent a hamh on the roadside when they do not extend outside of the clear zone and often
require safety treatments in the form of roadside barriers. The most common safety barriers utilized
to shield these areas are#am guardrail systems. However, Hbilvculverts with less than 40
in. (1,016 mm) of soil fill prevent the proper installation of standard guardrail posts due to a lack
of available embedment depitiumerous box culverts across the country utilizefitvgoil above
the top slab, typically in the rge of 1 to 3 ftQ.3to 0.9 m). Previous crash testing has shown that
W-beam installations with shallow post embedment do not perform adequately and are prone to
vehicle override 1]. Therefore, lowfill culverts require specialized guardrail systems to safely
treat the hazard.

Currently, hreedifferent types of guardrail systems are being usecktd crossirainage
box culverts(1) guardrail systems anchortxdthe top slab of the culve®) longspan guedralil
systemsand(3) guardrail systems mounted to theerface of the culvert headwallop-mounted
guardrail systems typically consist of steel posts welded to base plhtels are bolted to the top
slab of the culvert. Anchoring the guardrailgstt o t he cul vertoés top sl a
provide the lateral stiffness necessary for the barrier to contain and safely redirect errant vehicles.
One such system developed at the Midwest Roadside Safety Facility (MwRSF) incorporated W6x9
(W15213.4) steel posts spaced 37z in. (953 mm) on center, a2 {#5mm) top rail height,
a deformable ¥%n. (13mm) base plate, and fourid. (25mm) diameter threaded anchos4],
as shown irFigure 1. The system wasriginally designed and successfutbsted to the safety
performance criteria of National Cooperative Highway Research Program (NCHRP) Report No.
350 [B], but was also successfully tested té&\merican Association of State Highway and
Transportation Officials (AASHTO)Manual for Assessing Safety Hardwa(®IASH) [6]
standard with a top rail height of 31 in. (787 mm) and flestoffset12 in. (305 mm)from the
headwall [].

A similar system developed by the Texas Transportation Institute (TTI) was configured to
satisfy MASH safety performance crii@. The system utilized W6x9 (W152x13.4) steel posts
spaced 75 in. (1, 90 5-in.fi@22inm) dase plate,nandeardl (78&mm)h i c k er
top rail height 8], as shown irFigure 2. Both topmounted guardrail systems described herein
were designed for use with a minimum fill depth of 9 in. (229 mm) on the culndots, he
evaluation criteria did not change foest Level TL-3) guardrail systems in th2016edition of
MASH. Thus,TL-3 guardrailsystens developed to satisfy MASH 200@%uld be crashworthy
according to MASH 20169 as well.
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# PART NUMBER QTY. ARTBA
1 Box Culvert Post 17

2 12' 6" W-Beam, 4- space 12 gange 9 RWMO02a
3 Blockout, 8-inch W-beam Routered 17 PDBO1b
4 Bolt, Button-head 10 inch 17 FBB03
5 MNut, Recessed Guardrail 89 FBB

6 Bolt, Button-head 1-1/4" 72 FBB01
7 Hild Anchor (see note 2a) 68

GROUND LINE

Texas Transportation Institute

2a. HAS-E &7/8 (cut off to 8-1/2" long) with washer and nut. Installed with Hilt

The Texas A8M Uraversity Systemn
College Station, Texas 77843

RES500 epoxy according to label directions with minimum 6" embedment. Project  405160-23 Eox Culvert

Drawn By GES | Scale 1:10 | Sheet 20f4  Box Culvert Length of

Figure2. W-beam System Attached to Leiill Culverts Developed at TTH]
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Although topmounted guardrail designs provide a crashworthy treatment for culvert
openings, they have disadvantaglse systemslescribed above were MASH cragsted with
lateral offse$ between the back of the post and the inside of the culvert headeadluring 12
in. (305mm) andl&-in. (457#mm), respectivelyThesepostoffses arenecessary to allow the post
to rotate back freely without contacting the headwall. If rotation is restricted by placing the post
too close to the headwall, the posts carobge snag points or climbing ramps and may result in
vehicle instabilities 2]. However,theselateral offse$, coupled with the footprint of the system
itsdf, resultin the loss o6 ft (15 m) or moreof traversable roadway width. Extending the culvert
length anotheb ft (1.5 m)to gain back this loss in roadway width can drastically increase costs.
Additionally, when these systems are impacted, the damaged posts must be replaced, similar to
standard guardrainstallations. However, the fill soil must be removed around damaged top
mounted posts to gain access to the anchor bolts. This soil removal and replacement after the new
post is installed adds to repair time and labor costs.

Long-span guardrail systent®ntain unsupported lengths of-Béam rail that span over
the top of culverts. These barrier systems do not require attachment to the culvert, thus allowing
the culvert and the barrier system to operate independently. One crashworthy system consists of
1001t (30.5 m) of nested, 18auge (2.66nm thick) W-beam guardrail centered over af2%7.6-
m) unsupported span length0f12], as shown irFigure3. A 27%in. (705mm) top rail height
was utilized for the entire system. Three woo@entrolled Releasing Termin@CRT) posts were
placed adjacent to and on both sides of the unsupported span length in order to prevent vehicle
pocketing and snagging. This system was designed and successfully crash tested to NCHRP Report
No. 350 safety performance criteria.

_12—gauge _ - 12—gauge __
W—beam Nested 12—gauge W—beam W—bearn
37.5 ft f 25 ft i 37.5 ft

2 | —
il
T !
27 3/4"
l—ES—ft W6x9 steel posts I—G—ft Wood CRT posts LES—ft W6x9 steel posts

Figure3. NCHRP Report No. 35Compliant LongSpan Guardrail Systefd0-12]

The Midwest Guardrail System (MGS) losgan system is an updated version of the
original system and was designed to satisfy MASH safety standards. The MGspéongystem
maintained the 2ft (7.6-m) unsupported span length and the use of six CRT posts, as shown in
Figure4. However, only a single layer of -dauge (2.66nm thick) W-beam was utilized, the rail
height was increased to 31 in. (787 and the rail splices were moved to post4spans 13-

14).

12—gauge
W—beam
| 25 ft |

i1} 11 I 1 H i1 %) i+ i1 [+

T
3"

’-G—ft W6x9 steel posts L6—ft Wood CRT posts [-S—ft W6x9 steel posts

Figure4. MASH-Compliant, MGS LongSpan Guardrail Systefi3-14]
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Long-span guardrail systems do not require additional components for attachment to the
culvert and provide a cosffective method for shielding culverts. Further, l@epgan sygms can
be installed with the back of the post even with the interior face of the culvert headwall. Thus,
long-span systems do not intrude into the roadway width as much asotoped systems.
However, the NCHRP Report No. 350 lesigan system utilizes dble blockouts for a 6.
(406-mm) total depth, while the MGS lorgpan system utilizes 1. (305mm) deep blockouts.
These blockout depths, in addition to thgn8(203mm) deep post, still result in a loss of nearly
4 ft (1.2 m) of traversable roa@wy width. Finally, longspan systems are limited to a maximum
unsupported span length of 25 ft (7.6, m)d it is recommended to place the adjacent guardralil
posts no closer than 1 ft (0.3 m) from the edge of the culVkus, box culverts with a widthr o
roadway length, greater thar3 & (7.0 m) cannot be treated with current lesigan Wbeam
systems.

Although the weadpost, MGS bridge rail was notiginally designed for use on culverts,
it had some similarities to culvernounted barrier systems. Theeakpost, MGS bridge rail
incorporates 31n. (787mm) tall W-beam guardrail and attaches to concrete bridge decks (similar
to concrete box culverts). The use of weak, S3x5.7 (S76x8.5) posts and the method of post
attachment to the bridge deck make thistesm unique. The posts areserted intoHS S 4 x 4 x E
steel sockets placed along the outside edge of the bridge deck. Each socket is attached to the bridge
deck with a 1in. (25mm) diameter ASTM A307 vertical througdiolt and a bottom steel angle,
as shown irFigure5. The placement of the posts and sockets off the edge of the bridge deck,
coupled with the use of Weam backup plates instead of blockouts, allows for minimal intrusion
into the roadway and maximizes the traversable witiLp)].

Figure5. WeakPost, MGS Bridge RaAttached to Concrete De¢k5-16]

The use of weak S3x5.7 (S76x8.5) posts limits the load transferred to the bridge deck and
prevents deck damage. During the successful MASH3)ldrash testing program, the posts were
bent over while only minor cracking was obseruethe bridge deck. Without significant damage
to the deck or attachment sockets, repairs to an impacted system require only the removal of the

5
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damaged posts and rail segments, insertion of new posts, and attachment of-lmeamW
segments. Thus, repair tiee system should be relatively quick and easy. Finally, the posts were
spaced at hafpost spacing, or 37%2 in. (953 mm) on center. The combination of a weaker post and
reduced post spacing makes the lateral stiffness and dynamic deflection of theogeMGS

bridge rail very similar to that observed for the standard MGS. Therefore, a stiffness transition is
not required between the bridge rail and the adjacent MGS installations.

Recognizing the potential benefits of adapting the MGS bridge rail for ases MWRSF
developed aidemounted socket system for wepkist MG Sattachedo the outside face of culvert
headwalls[17]. The posts were inserted insgidemounted,steel sockets that would remain
undamagediuring impacts. Thus, damaged postsild be replaced without any soil removal or
the need for a post driveFive attachment conceptsncluding a topmounted, singanchor
concept, a toounteddoubleanchor concept, a wreground concept, a sidaourtedthrough
balt concept, and a sidmountedepoxyanchored conceptere developed and evaluated through
dynamic component testing. Although all designs prevented damage to the socket assembly and
culvert headwall, the temounted, singlanchor design anthe sidemounted epoxyanchored
designwere recommended for use based on ease of fabrication and instaR&tsographs and
design details ofitesesystemsareshown inFiguresé and7, respectivelySimilar to the original
MGS bridge rail, he system utilizeé top rail height of 31 in(787 mm)supported by53x5.7
(S76x8.5) posts, spaced 37%2 in. (953 mm) on center and positioned v8tl8rdHx 4teeEsocket
tubesattachedo the outside face of the culvert headwaAlthough the system was basexthe
weakpost MGS bridge railhe socket assembly and attachment hardwadeto banodified for
the system to be mounted to theside face of culvert headwallasshownin Figure?7.

Top-Mounted Side Mounted
Figure6. Top- and SideMountedConfigurationgor Guardrail on CulverHeadwals
6
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There are many installations where the culvert or roadway geometry is not compatible with
the aforementionesidemounted system. For example, the culvert headwall may be farther from
the roadway than the adgt guardrail system. Additionally, there may be a fill slope between
the edge of the roadway and the culvert headwall, and thewideted guardrail system was only
designedor level terrain applicationg.herefore, a need ex&tto develop a topnouned socket
to attach the weagost W-beam guardrail system to the top slab of-fdilbox culverts.

1.2 Objective

The objective of this research effort was to develop antopnted, socketed guardrail
system for use on lowll culverts thatwould satisfythe TL-3 safety performance criteria of
MASH 2016 Thenew system needdad accommodatsoil fill heights between 1 and 3(f2.3 to
0.9 m) It was anticipated that the wepkst, socketed, guardrail systeine.(the MGS bridgeail
and thewveakpostguardral system mounted to culvert headwpalisuld be modified tattachthe
steel support sockets to the top sddbulvers. The steel sockethould remain undamagedring
impact events. The new guardrail systemuld address the disadvantages of currenvert
treatments by providing an unrestricted system length, minimizing repair time andaefbating
fill slopes adjacent to culvert headwallmd maintaining the ability to be utilized without a
stiffness transition between upstream and downstreamugils.

1.3 Scope

The research began with a literature review of previous guardrail systems designed for use
on lowill culverts as well as theveakpostMGS bridge ail. A number oftop-mounted socket
systemswere investigated through brainstorming andaapt developmenA simulated critical
culvert was then constructed at the MwRSF testing grounds. Nhegedesign options were
fabricated, installed on the simulated culvert, and subjected to dynamic component testing. Testing
was conducted in both thateral and longitudinal directions to evaluate the performance of each
design option under both critical loading scenarios. Finally, the results from the component tests
were utilized to guide the selection of the final designs and make appropriatenecdations
for future use.
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2 BARRIER ATTACHMENT DESIGNS
2.1 Design Criteria

The objective of this project was develop a topnounted, socketed, guardrail system for
low-fill culverts that satisfied the safety performance criteria of MASBL6 TL-3. More
spedfically, it was desired to modify the previously developed wpakt, sidemounted, socketed,
guardrail system@.e.,the MGS bridgeail and theveakpostguardrailsystem mounted to culvert
headwall} for use as a tomounted system. Thu#f)e new baier was to be a 3. (787#mm)
tall W-beam system that incorporatetany of the barrier component®in these twoexisting
systems.

For consistency amonthesebarrier systems, it was desired to utilize the same post
assemblyas the previous wegbost,socketed,guardrail system Thus, 44in. (1,118mm) long
S3x5.7 (S76x8.5postswhich had¥+in. (6-mm) thick standoff plates at the base of the post, as
shown inFigure8, were incorporated into the desigihe postavere spacedte87.5 in. (953 mm),
similar to the existing weagost, TL-3 systemslt was also desired to utlizeh e s ame HSS 4 x
steel tube socketo maintain installation tolerances and limit the motion of the post within the
socket. Similar to previous systems, the socket was required to extend 2 in. (51 mm) above the
ground line to encompass the upper stainplates on the post and émsure the posts would bend
at the same location during impacts. Thus, the newrtopnted guardrail system would provide
the same stiffness and performance as the previously developed systems.
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Recognizing that the barrier (i.e., the post) resistance forces would be identical to the
previously developed systems, the performance criteria for theooted sockets was simply to
trander the impact loads, which were limited to the plastic bending forces of the posts, to the top
slab of the culvert without sustaining significant damage. Minor damage to the socket in the form
of steel deformations or concrete cracking would be allowdohgsas the socket assembly could
be reused without requiring repairs. Additionally, socket displacements during impacts had to be
limited to ensure damaged posts could be replaced without resetting of the socket. Previous studies
on socketed foundation®r cable barrier posts have specified @nl(25mm) maximum
displacement of sockets thie ground line to ensure reusabilityd19]. The same restriction was
adopted for the topmountd socket®n culverts developederein. The culvert and all attachment
hardware were to remain undamaged.

The topmounted sockets were desired for use on both new and existing culvert structures.
Thus, neither the sockets nor any attachment hardware could benttashe culvert slab.
Subsequently, the sockets had to be attached to the culvert utilizing either epoxy anchors or through
bolts.

Sinceculvert depths vary site location, theop-mountedsockets needed to be compatible
for a variety of soil fill depth. Preliminary discussions with the project sponsors established a
desire for the topnounted socketed design to accommodate sobdillveen 1 f{0.3 m) and 3 ft
(0.9m). However, the post assembly (i.e., the location of the standoff plates neardine diathe
post) required the post to extend 12 in. (305 mm) béth@ground line. It was assumed that any
socket design would require some kind of base plate, which would require the socket assembly to
extend beyond 12 in. (305 mm). Thus, the minimurhfgbheight was increased slightly to 12.5
in. (318 mm). Note, MGS posts utilize a-#0 (1,016mm) embedment deptlsp a socketed
guardrail installation would not be necessary for culverts soihfill depths equal to or greater
than 40 in. (1,016 mjras standard MGS may be installed at these locations

2.2 Design Concepts

Three separate design concepts to support thentamted, steel sockets were evaluated
as part of this studyl) a cylindrical concrete foundatiof2) an alisteel socket assemblynd(3)
a concrete slab. These design concepts are discussed in the following sections.

2.2.1Cylindrical Concrete Foundations

Socketed foundations tgreviously been developed to anchor and supperptsts of
cable median barrisr In fact, MWRSF had previolysdeveloped a series of socketed foundation
to support S3x5.7 (S76x8.5) posts as part of the development of a nepvopoietary cable
barrier system 18]. These reinforced concrete foundations were cylindrical in shape and
incorporated &-in. x 4-in. (1022mm x 102mm) steel tube socket, which wasibedded down the
center of the foundation, as showrFigure9. Each foundation was reinforced witth vertical
rebar and transverse hoops.

10
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Figure9. Cylindrical Concrete Foundations for S3x5.7 (S76x8.5) Cable Barrier A@ts [

These socketed foundations were designedafat evaluated witl§3x5.7 (S76x8.5) posts
and showed only minor damagedé&r movement when subjected to impact loading. Thus,
adapting these concrete foundations for attachment to the top of culvert slabs was selected as a
potential design for the temounted, socketed guardrail system for culverts designed herein.
However, dew design changes were necessary. First, the steel socket had to be extended 2 in. (51
mm) above the top of the concrete foundation in order to accommodate the post assembly and
maintain strength, as described previously in Se&@i@nSecond, the vertical rebar was extended
out of the bottom of the foundation so that it could be anchored to the top slab of a culvert utilizing
drilled holes and epoxylthough the socket deptind cylinder diametexould remain constant,
the heidnt of the cylindrical foundation would vary to match the soil fill depth of the culvert.
Sketches of the cylindrical concrete foundation mounted to the top slab of a culvert are shown in
Figurel10. Further details on theylindrical concrete foundatiodesign are shown in Chapter

Figurel10. Concrete Foundatiobesign Concept fot-ft (0.3-m) and 3ft (0.9-m) Soil Fill
Depths

11
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2.2.2Steel Tube Socket Assembly

The second design condegelected for evaluation was a steel soassembly onsisting
of t he HsE8 tudexsatket, a base plate, and any additional reinforcements necessary to
prevent deformations during loading. The steel tube was placed in the centefirof @ 34nm)
thick base plate, which would be anchored to the top slab of the culvert utilizing either epoxy or
through bolting. Gusset plates would be used to strengthen the attachment of the tube to the base
plate and prevent rotation during impacts. The heighhefsteel tube would vary based on the
soil fill depth to ensure that the top of the socket extended 2 in. (51 mm) above the ground line, as
shown inFigurell. A bolt was to be placed through the tybeventing gostfrom being nserted
more tharl2 in. (305 mn) belowtheground line.

Figurell Steel Socket Assembly Design Concept fdtr (D.3-m) and 3ft (0.9-m) Soil Fill
Depths

After this concept was selected for further design and evaluétwas discovered thabe
HS S 4 stdekiube sockets were not strong enough to support the impact loads transferred from
the guardrail posts, especially for large soil fill depths. As such, the tubes were strengthened with
6-in. (152mm) wide by %in. (6-mm) thick plates onhie front and back sides of the tube. These
plates not only doubled the bending strength of the socket assembly, but also increased the soil
resistance to displacement by increasing the width of the socket assembly by 50 perdeer
details on the stésocketdesign are shown in Chapter

2.2.3Concrete Slab

The final design concept selected for evaluation was a steel socket embedded within a
concrete slab. MWRSF had previously developed west MGS systems for use in either aaph
or concrete mow strip{)]. For a 4ft (1.2 m) wide by 4in. (102mm) thick concrete mow strip,
the S3x5.7 (S76x8.5) posts were inserted into. 4102mm) square leave oukscated down the
middle of the mow strignd driven 36in. (914 mm)into the soil underneath the mow strip. When
subjected to impact loading, this configuration proved strong enough to prevent damage to the
concrete mow strip and forced the post to bend over abexground line. Thus, it was thought
that placing steel sockets within aid. (102mm) thick concrete slab, as shownHigure 12,
would result inasimilar performance. The advantage of this design is that neither the slab nor the

12
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steel sockets need to be anchored tocthigert. Thus, the culvert and the barrier system act
independently of each other. Additionally, the same slab and socket geometry could be utilized for
all culvert installations regardless of the soil fill depth. Further details on the concrete sigib desi
are shown in Chaptek

Figurel2 Concrete Slab Design Concept

13
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3 EVALUATION CRITERIA AND TEST CONDITIONS

3.1 Testing Criteria

New highway barrieraretypically evaluated througfull-scale crash testirig accordance
with MASH 2016 safety performance criteria in order to be deemed crashwaittwever, the
original weakpost, MGS bridge rail15-16] had already satisfied MASH TR criteria, and tHs
study focused only on adapting the original system forassatop-mounted barrier ofow-fill
box culvers. In fact, the Wbeam rail, raHto-post attachment hardware, mounting height, post
assembly, and socket tube all remained unchanged from theabiigidge rail. The only new
components in these concepts were the attachment hardware utilized to m@aauk#ieo the
top slabof the culvert. Further, the nesecket assemblies and attachment hardware designed
to withstand impact loads and ram undamaged, while the post and rail components deform and
absorb energy. If these new components were shown to withstand extreme loading conditions
without damage to the socket assembly or the culvert slab, the newpastauardrail attached
to concrée box culvert systems would perform similarly to the original weadt bridge rail.
Thus, fullscale testing was deemed unnecessary, and the evaluation of the new design concepts
was limited to dynamic component testidgsimilar design approach was sessfully utilized to
adapt the weakost, MGS bridge rail for attachment to the face of culvert headvidlls |

Each of the design concepts was subjected to dynamic impacts and evaluated based on
displacement and damage thepost was bent over during the impact evditte sockets were
required to displace less than 1 in. (25 mm), as measutieglgaburd line. Damage needed to be
limited such that repairs to the socket assemblies would not be necessary, and only posts and
guardrail segments would need to be replaaféer an impact event.

3.2 Critical Testing Conditions

Two critical impact conditions were identified for the evaluation of the design concepts
The first involved a lateral impact (2egree impact angle) ontheposat a hei ght of
mm). The impact height correspondstte height to the center of the-éam rail while the
impact angle results in strofaxis bending of the post, or the maximum lateral loading to a single
post and socket locatioif a sacket can withstand the full lateral capacity of the poishout
significant deformations or damaggewould be able to provide the anchorage support needed for
the guardrail system to perform as intend8amilar impact conditions are routinely used to
observe the performance of guardrail posts installed in soil. The second critical test condition
involved a longitudinal impact (@egree impact angle) where a post was subjected to-avesk
bending. The longitudinal impacts were conducted with a loachteig12 in. (305 mm) to
simulate a small car bumper impacting posts during a redirection. This second impact was deemed
critical because it induces high shear loads into the somkéth may result in socket
displacements and/or rotatiommsthe longitudnal direction

The configuration of the culvert and the location of the socket on the culvert were also
critical to the performance of the socket designceptsin general, the maximum soil fill depth
would be critical as it would induce the highest begdoads to the socket assembly. Thus, nearly
all of the dynamic component tests were conduoted smulated culvert with a-& (0.9-m) saill
fill depth. However, minimizing the soil fill depth would minimize the soil resistance against the
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socket assebly and may result in higher anchor loads. Since the cylindrical concrete foundations
only had one front anchor (in the tension assappposed to the two anchors on the front side of
the steel socket assempilge concrete foundation installed on a siated culvert with a 12:5.

(318 mm) soil fill depth was selected as the critical configuration to evaluate socket anchorage.

It was also recognized that the soil fill on top of culverts and beyond the roadway shoulder
is often sloped. Sloped terrain csignificantly affect the performance of a guardrail system by
reducing the soil fill behind the post, or in this gabe socket. The original wegdost MGS
bridge rail and all of its adaptations have been developed and evaluated solely on levehterrain i
front of the barrier. However, the terrain behind the barrier may vary from level terrain (mow
strips) to a vertical drop off (bridge rail and culvert headwall). Thus, thentmmted socket design
concepts were placed adjacent to the slope break pbmt2éi:1V slope during the dynamic
component testing and evaluation herein. The 2H:1V slope began at the simulated culvert headwall
and extended up to the desired soil fill depth before leveling off.

3.3Scope

A total of five dynamic component tests wa@ndwctedon critical configurations of the
variousdesign conceptsasdescribed irSection3.2 Each design concept was impacted laterally
(causing strongg¢ x i s bending) with an 1 mpendingsudcessfiuj ht of
lateral tests, the design concepts were then subjectddngitudinal impact (weakaxis) with an
impact height of 12 in. (305 mm). The target impact velocity was 20 mph (32 km/h) for all five
tests. The bogie testing matrix, which describes details &brtest, is shown ifiablel. Material
specifications for all construction materials used in the culvert myder components are
containedn Appendix A

During the evaluation and tasg of weakposts in pavement mow strips, different failure
patterns were observed depending on the number of posts impacted. During single post component
tests, only localizé damage was observed directly behind the post. However, if two posts were
impaded simultaneously, the stress distributions from adjacent posts would overlap and cause the
mow strip to fail and split down the middle. This behavior was observed in dual post component
testing as well as in the fedlcale crash tes®()]. Therefore, the lateral component test on the
concrete slab design concept was conducted as a dual post impact with the posts spaced 37.5 in.
(953 mm) on center.

Placement of a fill slope adjacent to the socket assemintielsl adversely affedhe path
and stability of the bogie vehicle during longitudinal impadtstead of constructing separate
culverts to conduct the longitudinal tests, the test articles installed for longitudinal impacts were
rotated 90 degrees. Thus, the bogie tow patiGiwtan laterally with respect to the culvert, could
remain on level terrain prior to impact, but the impact loads would be through the longitudinal, or
weak axis, of the post and socket assembly. This resulted in a reduced, and unrealistic, amount of
soilfill behind the longitudinally impacted test articles. However, if damage and displacement was
limited under these conditions, tkecket assembly wadi certainly also perform acceptably in
more favorable and realistic conditions with the additionalsghind the test article
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Tablel. Bogie Testing Matrix

— Impact Angle
Test No. Design Concept S[())'el lf[;:l (Relative to m‘?aﬁ: Ta\r/geta;ééri?pact

P Post & Socket) 9 y

T™S-1 Cylindrical Conaete | 12.5in. 90° 240 i 20 mph
Foundation (318 mm) (lateral) (632 mm) (32 km/h)

TMs.2 | Steel Tube Socket| 36 in. 90° 240 i 20mph
Assembly (914 mm) (lateral) (632 mm) (32 km/h)

T™S-3 Steel Tube Socket| 36 in. 0° 12 in. 20 mph
Assembly (914 mm) | (longitudinal) | (305 mm) (32 km/h)

T™MS-4 Cylindrical Concrete| 36 in. 0° 12 in. 20 mph
Foundation (914 mm) | (longitudinal) | (305 mm) (32 km/h)

36 in. 90° 240 i| 20mph
TMS5 | Concrete Slab | 914 mm) | (ateral) | (632mm)| (32 km/h)

3.4 Test Facility

Physical testing of theost and socket assemblies mounted to the taimhulated culvert
was conducted at the MwRSPutdoor Test Be, which is located at the Lincoln Air Park on the
northwest side othe Lincoln Municipal Airport. The facility is approximately 5 miles (8 km)
northwest from the University of Nebraskas ncol nés city campus.

3.5Equipment and Instrumentation

Equipment and instrumentation utilized to collect and record data during the dynamic
component tests included a bogie vehicle, accelerometers, a retroreflective optical speed-rap, high
speed and standasgpeed digital video, and still cameras.

3.5.1Bogie

A rigid-frame bogie vehicle was used to impact the post and socket assemblies. Two
different impact heads were used in the testing. For the lateral impacts, the bogie head was
constructed o&n 8-in. (203mm) diameter, %n. (13mm) thick steel pipe, with 3. (19mm)
neoprene belting wrapped around the pipe. For the longitudinal impadiediechead consisted
of a 2%in. x 2%in. x °/16-in. (64mm x 64mm x 8mm) square tube mounted on the outside flange
of a W6x25 (W152x37.2) stebeam with reinforcing gussefghe impact heaiwerebolted to
the bogie vehicle, creating a rigid framewiitnpact heiglgof2 4 O i n. a(ddBir2 (30Bm)
mm), respectivelyPhotographs of the bogie with both impact heads are showigure13. The
weight of the bogie with the addition of the mountable impactheadedslightly between tests,
but was approximately 2,000 Ib (907 k@he bogie vehicle weight for each test is shown on the
individual test summaries providedAppendix B
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Lateral Impact Head Longitudinal Impact Head

Figurel13. Rigid-Frame Bogie Equipped with Lateral and Longitudinal Impact Heads

The tests were conducted using a steel, corrugaach guardrail to guide the tire of the
bogie vehtle, as shown irFigure13. A pickup truck was used to push the bogie vehicle to the
targeted impact velocity of 20 mph (32 km/h). After reaching the target velocity, the push vehicle
braked, allowing the bogie tze free rolling as it came off the track. A remote braking system was
installed on the bogie, allowing it to be brought safely to rest after the test.

3.5.2Accelerometers

A combination of three differenénvironmental shock and vibration sensor/recorder
systens were used to measure the accelerations along the longitudinal axis of the bogie vehicle.
The accelerometer systems utilized for each test are shoWabla2. The accelerometers were
mounted near the center of gravityg.) of thebogievehicle.

Two first two systems, the SLICE and SLICE2 units, were modular data acquisition
systems manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, California.
The acceleration sensors were mounted inside the bodiestoht built SLICE 6DX event data
recorders and recorded data at 10,000 Hz to the onboard microprocessor. Each SLICE 6DX was
configured with 7 GBofnowo | at i |l e fl ash memory, a range of
Hz,anda 1,650 Hz (CFC 1000)adtii asi ng filter. The ASLI CEWar e
and a customized Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

The third accelerometer system was a-bmm piezoresistive accelerometgystem
manufactured by Ervco of San Juan Capistrano, California. Three accelerometers were used to
measure each of the longitudinal, lateral, and vertical accelerations indepeatlarggmple rate
of 10,000 Hz. The accelerometers were configured and controlled using a sgstdopdd and
manufactured by DTS of Seal Beach, California. More specifically, data was collected using a
DTS Sensor Input Module (SIM), Model TDASEM-16M. The SIM was configured with 16
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MB SRAM and 8 sensor input channels with 250 kB SRAM/channel. TMen@as mounted on a
TDAS3R4 module rack. The module rack was configured with isolated
power/event/communications, 10BaseT Ethernet and RS232 communication, and an internal
backup battery. Both the SIM and modulled rack
computer software program and a customized Microsoft Excel worksheet were used to analyze
and plot the accelerometer data.

Table2. Accelerometers Used for Each Component Test

Test No. Accelerometers

SLICE-1 SLICE-2 TDAS
T™MS-1 X X
TMS-2 X X
TMS-3 X X
TMS-4 X X
TMS-5 X X

3.5.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the bogie vehicle
before impact. Three retroreflective targets, spaced at approximately (8&7-mm) intervals,
were applied to the side of the bogie vehicle, and a light beam Emitter/Receiver was placed
perpendicular to the path of bogie vehicle. When the emitted beam of light was reflected by the
targets and returned to the Emitter/Receiveigaal was sent to the Optic Control Box, which in
turn sent a signal to the daequisitioncomputer as well as activated the External LED box. The
computer recorded the signals and the time each occurred. The speed was then calculated using
the spacindgetween the retroreflective targets and the time between the signals. LED lights and
high-speed digital video analysis are only used as a backup in the event that vehicle speeds cannot
be determined from the electronic data.

3.5.4Digital Photography

OneAOS high-speed digal video camerand twoGoProdigital video cameras were used
to document each test. TA®S highspeed cameraad a frame rate of 500 frames per second and
the GoProdigital video cameras each had a frame rate26fframes per second@he hgh-speed
cameravasp | aced with a view perpendiwiethaplacementt he b
of the other digital cameras varied by t&stNikon digital still camera was also used to document
pre- and postest conditions for all tests.

3.6 End of Test Determination

When the impact head initially contacts the test article, the force exerted by the surrogate
test vehicle is directly perpendicul ar. Howe v
orientation and path moves further frgmarpendicular. This introduces two sources of error: (1)
the contact force between the impact head and the post has a vertical component and (2) the impact
head slides upward along the test article. Therefore, only the initial portion of the accelerometer
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trace may be used since variations in the data become significant as the system rotates and the
surrogate test vehicle overrides the system. Additionally, guidelines were established to define the
end of test time using the higipeed video of the impacthe first occurrence of either of the
following events was used to determine the end of the test: (1) the test article fractures or (2) the
surrogate vehicle overrides/loses contact with the test article.

3.7 Data Processing

The electronic accelerometer datatained in dynamic testing was filtered using the SAE
Class 60 Butterworth filter conforming to the SAE J211/1 specificati@ds The pertinent
acceleration signal was extracted from the bulk of the datalsigrhe processed acceleration data
was then multiplied by the mass of the bogie
Next, the acceleration trace was integrated to find the change in velocity versus time. Initial
velocity of the bogie, caldated from the speed trajfata was then used to determine the bogie
velocity, and the calculated velocity trace w
is also the displacement of the post. Combining the previous results, a force tiometierve
was plotted for each test. Finally, integration of the force vs. deflection curve provided the energy
vs. deflection curve for each test.
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4 DESIGN DETAILS
4.1 Simulated Culvert Design

As discussed in Sectiobh.1, a versio of this socketed, weghkost MGS system was
previously adapted for use on culvert headwdlld.[That prevous study included a review of
state DOT culvert standards to identify a critical culvert configuration based olaloihgkness,
headwall height, headwall width, and steel reinforcement in both the top slab and the headwall. A
simulated culverincorporating the critical configuratiomas constructednd utilized during the
physical testing and evaluation of the heatiwnounted sockets. The same critical culvert
configuration was selected for use in the evaluation of thentmmted sockets. Since physical
testing during the previous project resulted in no damage to the culvert due to flexure or shear
loads, only anobr pullout was anticipated as a possible mode of failure for the testing described
herein. Thus, the culvert installations utilized to evaluate thentmpnted sockets consisted only
of a simulated top slab and headwall that were placed directly on thersog soil (i.e., vertical
support walls were not included in the test article).

Since the topnmounted sockets needed to be evaluated at different soil fill depths, two
simulated culverts were constructed at the MWRSF test site. One culvert was cedstiititta
12.5in. (318 mm) soil fill depth, while the second culvert was configured with-ex3@14mm)
soll fill depth. A 2H:1V soil grade was utilized adjacent to both culvert headwalls to achieve the
necessary soil fill depths. Detailed drawings tfoe simulated culvert with a 12iB. (318mm)
soll fill depth are shown in Figurdslthrough18, while details of the simulated culvert with a 36
in. (914mm) soil fill depth are shown in Figwe9 through 23. Material specifications for
construction materials used in the culvert@etainedn Appendix A

4.2 Top-Mounted Sockets for WeakPosts

Three different design concepts were evaluated for use awdopted sockets fahe
weakpost MGS:(1) cylindrical concrete foundation&) steel tube socket assemblies, &3)da
concrete slabDesign details for each concept are provided in the foligvsiectionsDetailed
drawings and installation photographs for all fofethe dynamic componemgsts conductedn
these design conceptre shown in Figure24 through 50. Material specifications for all
construction materials used in the culvert badiercomponents areontainedn Appendix A

All of the test articles were evaluated in combination with the sagadcpost assemblies,
which consisted of 44h. (1,118 mm) long S3x5.7 (S76x8.5) posts with fouinl (25mm) tall
post standoffs welded between the flanges near the bottom of the post. The posts were ASTM
A992 steel, while the post standoffs were fabaddrom ASTM A36 steel.

4.2.1Cylindrical Concrete Foundations

The cylindrical concrete foundations measured 12 in. (305 mm) in diameteveand
reinforced by a combination of vertical rebar and transverse hoops, both of which were #4 rebar.
The concrete hadrmainimum compressive strength of 3,500 psi (24 MPa) andladir weréASTM
A615 grade 60. The vertical rebar extended 7 in. (178 mm) from the bottom of the concrete
foundation and were epoxied into the top slab of the simulated culvert. The epoxy antlagrage
a bond strength of 1,305 psi (9.0 MPa)YL4-in. (356mm) longH S S 4 stdekiube socketas
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embedded 12 in. (305 mm) down the centezaxfhfoundation and extended 2 in. (51 mm) from

the topsurface The sockets were fabricated from ASTM A500 Gl steel.The concrete
foundations were positioned on the culvert such that the back edgefaifitidation was adjacent

with the slope break point of the soil filAdditionally, the height of each concrete foundation
matched the soil fill depth of theud v er t . Thus, the foundationods
level soil fill, while the top of the socket extended 2 in. (51 mm) abiowvground line.

Two different height concrete foundations were fabricated and tested. 123328 mm)
tall foundaton was evaluated in test no. TMS and a 36n. (914mm) tall foundation was
evaluated in test no. TM&. Design details and installation photographs for the-it2 818 mm)
tall concrete foundation are shown in FiguPdghrough29 andFigure 30, respectively. Design
details and instalteon photographs for the 36. (914-mm) tall concrete foundation are shown in
Figures41throughFigure48 andFigure49, respectively. Note, teab. TMS4 was conducted as
a Odegree impact test (longitudinal impact). Thus, the post assembly was rotated 90 degrees and
the bogie impacted through the weak axithe post. The concrete foundation did not need to be
rotated as it was rotationally symmetric.

4.2.2Steel Tube Socket Assembly

Each steel tube socketassemblp s f abri cated from an HSS 4x
steel tube, two ¥n. (6-mm) thick steel plates, and aitz (13mm) thick base plate. THESTM
A500 Grade B sockets extended frdne topmounted base plat® 2 in. (51 mm) abovéhe
ground linefor a otal length 0f37.5 in. (953 mm). The-t. wide by 29in. long by %ain. thick
(152mm x 737mm x 6mm) plates were welded to the front and back faces of the socket
beginning 8 in. (203 mm) from the top of the socket and extending to the basd piatgsset
plates located on the front and back side of the assembly were utilized to anchor the socket to the
base plate. The 4. (13mm) thick base plate was anchored to the top slab of the culvert with
four ¥#in. (19-mm) diameter threaded rods. The threaweld were embedded 7 in. (178 mm) into
the slab using an epoxy with a bond strength of 1,305 psi (9.0 MPa). All of the steel plates were
fabricated from ASTM A572 Grade 50 steel, while the threaded rods were ASTM A249nA
(16-mm) dia. bolt was plaal through the socket to support the post vertically and prevent it from
being inserted all the way into the sock2ésign details and installation photographs of the steel
tube socket assemblies are shown in Fig8idhroudh 39 andFigure40, respectively.

The test installations were installed on the simulated culvert withia. 814mm) soll
fill depth and positioned such that the back of the socket was adjacent2td:ihé slope break
point. Note, test no. TMS was conducted as a 0 degree impact test (longitudinal impact). Thus,
the steel tube socket assembly and post were rotated 90 degrees on the culvert such that the bogie
impacted through the weak axis of thelsgicand post. This was done only for testing purposes,
and the reinforcing plates should always be located on the front and baslofabhe socket in
actual installations

4.2.3Concrete Slab

A 36-in. (914mm) wide by 4in. (102mm) thickunreinforcedconcreteslab was installed
on the simulated culvert with a-36. (914mm) soil fill depth. The slab was placed with its back
edge at the sl ope break point of 2x0.5)steelkibesl V s o
measuring 14 in. (356 m) long were placed 24 in. (610 mm) from the back of the slab, or 12 in.
21
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(305 mm) fromthe front of the slablhe tops of the sockets extended 2 in. (51 mm) above the top

of the slab. The concrete had a compressive strength of 4,000 psi (27.6 MPa), and the socket was
fabricated from ASTM A500 Grade B ste@lesign details fothe concrete ab are shown in
Figure41land Figured2 and test installation photographs are showfigure50.

As discussed previously, the concrete slab concept was tested in a dual pgstatoori
to evaluate the potential for shear crack®to in the slab between the posts. Thus, two sockets
were placed within the concrete slab spaced 37.5 in. (953 mm) apart, and. {E8ISab was
conducted with the bogie vehicle impacting both pestsiltaneously.
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Midwest Roadside
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Culvert with 36—in. Soil
Fill

Culvert Rebar Details

DWG. NAME. [SCALE: 1:8

36FilCulvert_r9 UNITS: in.[mm

Figure21l. Simulaed Culvert with 3@n. (914mm) Soil Fill, Rebar Configuration
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110" ; 289" |
[2794] 2% i [7341] %
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1] L ]
( ¢ 4 (4
Part b3 Part bS
BILL OF BARS l(__:.L|J||V6r't with 36—in. Soil
ITEM NO.| QTY. | BAR SIZE | TOTAL LENGTH MATERIAL SPEC !
b2 25 #a [13] |68 1/4" [1,734]| ASTM A615 Grade 60
b3 34 44 [13] 110" [2,794] | ASTM A615 Grade 60 . 3 Rebar Details
b4 20 #5 [17] 289" [7,341] | ASTM A615 Grade 60 Midwest Roadside
’ aae Sofety FOCIllty DWG. NAME. SCALE: 1:8
b5 4 #a [13] 289" [7,341] | ASTM A615 Grade 60 36ICuvert_r9

REV.

. BY:
s o[ AR)

Figure22. Simulated Culvert with 3é1. (914mm) Soil Fill, Reinforcement Details
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Item No. QrY. Description Material Specifications
b1 - Reinforced Concrete Culvert Deck and Headwall Min. f'c = 4,000 psi [27.6 MPq]
b2 25 #4 Bent Rebar, Vertical Hoop, 68 1/4" [1,734] Total Length Unbent ASTM A615 Grade 60
b3 34 #4 Straight Rebar, 110" [2,794] Long ASTM A615 Grade 60
b4 20 #5 Straight Rebar, 289" [7,341] Long ASTM A615 Grade 60
b5 4 #4 Straight Rebar, 289" [7,341] Long ASTM A615 Grade 60

ce

Midwest Roadside
Safety Facility

Culvert with 36-in. Soil
1

Bill of Materials

DWG. NAME. SCALE: NONE
36FiiCulvert_r9 UNITS: in.[mm]

REV. BY:
SKR /TJD,

A

Figure23. Simulated Culvert with 3é1. (914mm) SoilFill, Bill of Materials
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Test No. Bogie No. gggigoxvi;g%tﬁt Impact Speed|Impact Height| Impact Axis
TMS-1 3 2,000 Ib 20 mph 24 7/8 in. Strong

Compacted Fill Soil

V\_f
%

1V:2H Fill Slope

Well-Compacted Native Soil

(2) Top of concrete cylinder mounted flush with soil fill.
(3) Top of socket extends 2” [51 mm] above the groundline.

strength of 1,305 psi [9.0 MPa].

ELEVATION VIEW

Notes: (1) See 12.5” Fill Culvert drawing set for culvert details (Part b1).

(4) Back edge of concrete cylinder is tangent to slope break point.
(5) Vertical a3 bars anchored to simulated culvert using Powers Fasteners
AC100+ Gold epoxy, or an equivalent epoxy with a minimum bond

(6) For test no. TMS—1, bogie should impact through the strong axis of
post and socket at an impact height of 24 7/8" [632 mm].

//
/
12 1/2" (a3 12" MIN.
[318] [305] Slope
shown as
Concrete Tarmac 1V:2H

Midwest Roadside

Top Mounted Socket with
12—1/2 in. Soil Fill

Elevation View

DWG. NAME.

Safety Facility

12—5TopSocket_R10

SCALE: 1:28
UNITS: in,[mm][SKR/KAL

Figure24. Cylindrical Concrete Foundation for 12i%. (318mm) Soil Fill, Test Layout,Test No. TMS1
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PLAN VIEW SCALE: 1:10

(1) Socketed foundation placed such that placement of vertical a3 bars
does not interfere with culvert rebar.

(2) Soil and tarmac not shown in this view.

(3) Concrete socket is symmetric. Orientation is not important.

Notes:

Top Mounted Socket with
12—1/2 in. Soil Fill

Plan View and Post/Socket
Details

Midwest Roadside

Safety Facility

DWG. NAME.
12—5TopSocket_R10

SCALE: 1:15
UNITS: in.[mm]|SKR/KAL

Figure25. Cylindrical Concrete Foundation for 12rn (318mm) Soil Fill, Design Layout, Test No. TM$
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ELEVATION VIEW PROFILE VIEW J—[:] Il
1
Post Assembly (251 7 ELEVATION VIEW ~ PROFILE VIEW
Part a7
Notes: (1) Bolt hole in post not necessary for this system. It is only shown
for consistency with previcus systems.
Midwest Roadside
Safety Facility

Post Details

SHEET:
3 of 6

DATE:

11/15/2016

12-5TopSocket_R10

DWG. NAME. [s_cu.z: 110

UNITS: in.[mm]|SKR/KAL

Figure26. Post Assembly Details, Test No. TMS
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SECTION B-B

SCALE

1: 4

Midwest Roadside
Safety Facility

Top Mounted Socket with
12—1/2 in. Soil Fill

Socket Details
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DATE:
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12-5TopSocket_R10
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Figure27. Cylindrical Concrete Foundation for 12rh (318mm) Soil Fill, Design Details, Test No. TMB
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/8"
359]

1/8" [3]

Socket Assembly

s/s"J

[10]

[102]
BE
[102]
f
14"
[356]
Part a5

18”
[457]
Part a3
Notes: (1) 3/8” [10 mm] gap from bottom socket plate to bottom of
concrete foundation.

(2) Vertical a3 bars anchored to simulated culvert using Powers
Fasteners AC100+ Gold epoxy, or an equivalent epoxy with minimum
bond strength of 1,305 psi [9.0 MPa].

(3) Lap splice for Part a2 is minimum of 6 in. [152 mm] long.

BILL OF BARS
ITEM NO. | QTY. | BAR SIZE| TOTAL LENGTH MATERIAL SPEC
a2 3 | #4 [13]) | 32 3/4” [832] | ASTM A615 Grade 60
a3 4 #4 [13] 18" [457] ASTM AB615 Grade 60

[3]
'
4
[102]
f
= [102] ™
Part a6
28"
[203]
Part a2

Midwest Roadside
Safety Facility

Top Mounted Socket with
12—1/2 in. Soil Fill

Reinforcement and Tube

DWG. NAME [SCALE: 18
12-5TopSocket_R10 UNITS: in.[mm]|SKR/KAL

Figure28. Cylindrical Concrete Foundation for 12irh (318mm) Soil Fill, Steel Component Details, Test No. HUS
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[tem No. QTY. Description Material Specification Golvonizat;oen Nsopiggificotions Hardware Guide
» Min 3,500 psi [24 MPa > =
al 1 |concrete Shaft, 12 1/2" [318] Long i Dsa pu (g4 pal
a2 3 #4 Circular Rebar, 8" [203] ID ASTM A615 Grade 60 Epoxy—Coated (See Note 2) -
a3 4 #4 Rebar, 18" [457] Long ASTM A615 Grade 60 Epoxy—Coated (See Note 2) -
" ASTM A572 Gr. 50, ASTM A992
a4 1 S3x5.7 [S76x8.5] Post, 44" [1245] Long ASTM %Ogobr. 50 5 AASHTO M111 (ASTM A123) PSFO1
SS 4"x4"x3/8”" [HSS 102x102x9.5], 14" .
a5 1 F406] o= /8" [ ] ASTM A500 Grade B ASHTO M111 (ASTM A123)
a7 4 2 3/4"x1"x1/4” [70x25x6] Post Standoff ASTM A36 AASHTO M111 (ASTM A123) PSFO1
b1 1 Simulated Culvert with 12.5" Soil Fill = — =
_ _ Epoxy Adhesive Min. bond s[tgr?(;]gp‘tﬂ:qﬁf 1,305 psi _ _
a6 1 4"x4"x1/4" [102x102x6] Steel Plate ASTM A36
Notes: (1) Steel post and socket components do not need to be galvanized 11-%'3_ 1M/02uni;edsgic|>c‘|§ie|r with
for testing purposes. :
(2) Rebar must be epoxy coated for testing.
. . Bill of Materials
Midwest Roadside
SOfety FQCIIlty DWG. NAME. SCALE: None
12-5TopSocket_R10 UNITS: in.[mm] |SKR/KAL

Figure29. Cylindrical Concrete Foundation for 12rn (318mm) Soil Fill, Bill of Materials, TesNo. TMS-1

6T-89E-C0-dHLON Loday 4SHMI

6102 ¥ 1990100



October 42019
MwRSF Report NoTRP-03-36819

Figure30. Installation Photographs, 12i/. (318 mm) Concrete Foundation, Test No. TMS
39
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Figure31 SteelTubeSocketAssemblyfor 36-in. (914mm) Soil Fill, Test Layout, Test No. TM3
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