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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 hazard 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 W-beam guardrail systems. However, low-fill culverts 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 depth. 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, low-fill culverts require specialized guardrail systems to safely treat the 

hazard.  

Currently, two different types of guardrail systems are being used to treat cross-drainage, 

box culverts: 1) guardrail systems anchored to the top slab of the culvert and 2) long-span 

guardrail systems. Top-mounted guardrail systems typically consist of steel posts welded to base 

plates which are bolted to the top slab of the culvert. Anchoring the guardrail posts to the 

culvertôs top slab ensures that the post will 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 (W152x13.4) steel posts spaced 37½ in. 

(953 mm) on center, a 27¾-in. (705-mm) top rail height, a deformable ½-in. (13-mm) base plate, 

and four 1-in. (25-mm) diameter threaded anchors [2-4], as shown in Figure 1. The system was 

successfully tested to the safety performance criteria of National Cooperative Highway Research 

Program (NCHRP) Report No. 350 [5]. 
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A similar system developed by the Texas Transportation Institute (TTI) was configured 

to satisfy the more demanding safety performance criteria from the American Association of 

State Highway and Transportation Officials (AASHTO) Manual for Assessing Safety Hardware 

(MASH) [6]. The system utilized W6x9 (W152x13.4) steel posts spaced 75 in. (1,905 mm) on 

center, a thicker, Ȫ-in. (22-mm) base plate, and a 31-in. (787-mm) top rail height [7], as shown 

in Figure 2. Both top-mounted guardrail systems described herein were designed for use with a 

minimum fill depth of 9 in. (229 mm) on the culverts. 

Although top-mounted guardrail designs provide a crashworthy treatment for culvert 

openings, they have disadvantages. Both of the crashworthy systems were crash tested with an 

18-in. (457-mm) lateral offset between the back of the post and the inside of the culvert 

headwall. MwRSF later recommended a 10-in. (254-mm) minimum offset following an analysis 

of the crash testôs high-speed video. This offset is necessary 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 can become snag points or climbing ramps and may result in vehicle 

instabilities [2]. However, this 10-in. (254-mm) lateral offset, coupled with the footprint of the 

system itself, results in the loss of over 4.5 ft (1.4 m) of traversable roadway width. Extending 

the culvert length another 4.5 ft (1.4 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 guardrail installations. 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 systems contain unsupported lengths of W-beam 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 



 

 

3
 

F
e

b
ru

a
ry

 1
2, 2

0
14

  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-2
7

7-1
4
 

 
Figure 1. W-beam System Attached to Low-Fill Culverts Developed at MwRSF [2-4] 
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Figure 2. W-beam System Attached to Low-Fill Culverts Developed at TTI [7] 
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100 ft (30.5 m) of nested, 12-gauge (2.66-mm thick) W-beam guardrail centered over a 25-ft 

(7.6-m) unsupported span length [8-10], as shown in Figure 3. A 27¾-in. (705-mm) top rail 

height was utilized for the entire system. Three wooden 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 No. Report 350 safety 

performance criteria.  

 
Figure 3. NCHRP Report No. 350-Compliant Long-Span Guardrail System [8-10] 

The Midwest Guardrail System (MGS) long-span system is an updated version of the 

original system and was designed to satisfy MASH safety standards. The MGS long-span  

system maintained the 25-ft (7.6-m) unsupported span length and the use of six CRT posts, as 

shown in Figure 4. However, only a single layer of 12-gauge (2.66-mm thick) W-beam was 

utilized, the rail height was increased to 31 in. (787 mm), and the rail splices were moved to post 

mid-spans [11-12]. 

 
Figure 4. MASH-Compliant, MGS Long-Span Guardrail System [11-12] 
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Long-span guardrail systems do not require additional components for attachment to the 

culvert and provide a cost-effective method for shielding culverts. Further, long-span systems do 

not require an offset from the culvert and 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 as top-mounted systems. However, the NCHRP Report No. 350 long-span system 

utilizes double blockouts for a 16-in. (406-mm) total depth, while the MGS long-span system 

utilizes 12-in. (305-mm) deep blockouts. These blockout depths, in addition to the 8-in. (203-

mm) deep post, still result in a loss of nearly 4 ft (1.2 m) of traversable roadway width. Finally, 

long-span systems are limited to a maximum unsupported span length of 25 ft (7.6 m). Thus, box 

culverts with a width, or roadway length, greater than 25 ft (7.6 m) cannot be treated with current 

long-span W-beam systems. 

Although the weak-post, MGS bridge rail was not designed for use on culverts, it has 

some similarities to culvert-mounted barrier systems. The weak-post, MGS bridge rail 

incorporates 31-in. (787-mm) 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 this system unique. The posts are installed into 

HSS4x4xȨ (HSS 102 mm x 102 mm x 10 mm) steel sockets placed along the outside edge of the 

bridge deck. Each socket is attached to the bridge deck with a 1-in. (25-mm) diameter ASTM 

A307 vertical through-bolt and a bottom steel angle, as shown in Figure 5. The placement of the 

posts and sockets off the edge of the bridge deck, coupled with the use of 6-in. (152-mm) long, 

W-beam backup plates instead of blockouts, allows for minimal intrusion into the roadway and 

maximizes the traversable width [13-14].  

The use of weak S3x5.7 (S76x8.5) posts limits the load transferred to the bridge deck and 

prevents deck damage. During the successful MASH test level 3 (TL-3) crash testing program, 
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the posts were bent over while only minor cracking was observed in the bridge deck. Without 

significant damage to the deck or attachment sockets, repairs to an impacted system require only 

the removal of the damaged posts and rail segments, insertion of new posts, and attachment of 

new W-beam segments. Thus, repair to the system should be relatively quick and easy. Finally, 

the posts were spaced at half-post spacing, or 37½ in. (953 mm) on center. The combination of a 

weaker post and reduced post spacing makes the lateral stiffness and dynamic deflection of the 

weak-post, MGS 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. 

   
 

Figure 5. Weak-Post, MGS Bridge Rail attached to Concrete Deck [13-14]. 

1.2 Objective 

The objective of this research effort was to develop a new W-beam guardrail system for 

use on low-fill culverts that satisfied the safety performance criteria of MASH TL-3. The new 
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guardrail system was to address the disadvantages of current culvert treatments by maximizing 

the traversable roadway width, providing an unrestricted system length, minimizing repair time 

and effort, and maintaining the ability to be utilized without a stiffness transition between 

upstream and downstream guardrails. Since the weak-post, MGS bridge rail provides these 

characteristics for concrete bridge decks, this study was focused on adapting the weak-post, 

MGS bridge rail for attachment to the outside face of culvert headwalls. 

1.3 Scope 

The first step in the research effort was to conduct a survey of the standard culvert 

headwall designs used throughout the states participating in the Midwest States Regional Pooled 

Fund Research Program in order to identify the critical culvert design based on structural 

capacity. A simulated critical culvert was then constructed at the MwRSF testing grounds. Next, 

the MGS bridge rail post-to-deck attachment was redesigned in order to accommodate anchorage 

to the exterior face of existing culvert headwalls. Four design options were fabricated, installed 

on the simulated culvert, and subjected to dynamic component testing. Testing was conducted in 

both the lateral 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 appropriate recommendations for future use. 
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2 SIMULATED CULVERT DESIGN  

In order to design a barrier attachment that would be applicable to a wide range of 

culverts, a critical culvert configuration needed to be identified. Thus, a survey was conducted to 

gather the current culvert standards and system drawings from the state departments of 

transportation (DOTs) within the Midwest States Regional Pooled Fund Program. The survey 

sought to obtain design details such as top slab thickness, headwall width, headwall height, and 

steel reinforcement configurations for both the top slab of the culvert and the headwall. Only the 

critical configurations (identified as the structurally weakest) were recorded from each state. The 

survey results are shown in Table 1. 

The critical dimensions and reinforcement configurations vary depending on the height 

and width of the culvert as well as the fill depth on top of the culvert. However, only box culvert 

details with a cell width greater than 9 ft (2.7 m) and fill depths less than 2 ft (0.6 m) were 

considered. The minimum cell width was based on culverts that would exceed the 25 ft (7.6 m) 

maximum unsupported guardrail length of the MGS long-span system [11] and would, therefore, 

require an anchored post system. For the common triple box style culvert installation, an 8 ft (2.4 

m) cell width results in a total length of only 24 ft (7.3 m). Thus, 9 ft (2.7 m) was set as the 

minimum cell width. The fill depth limitation was necessary to prevent large elevation 

differentials between the roadway and the top of the headwall, where the system was to be 

mounted. Thus, only minimal fill depths were desired, and most state DOTs list a minimum fill 

depth as less than 2 ft (0.6 m).  

For each of the component characteristics listed in the columns of Table 1, a weak 

configuration was selected for the final design. All of the selected dimensions and reinforcement 

patterns were common to at least three different states and were often the weakest of all the 

survey results. However, a few of the component characteristics contained a single weakest 
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configuration. In these instances, the outlier was ignored, and the next weakest of the 

configurations was selected for use in the final simulated culvert design.  

A simulated culvert was built at the MwRSF testing facility as per the selected critical 

design characteristics. The simulated culvert was configured with three adjacent cells, each with 

a width (or span) of 9 ft (2.7 m) and a total installation length of 28 ft (8.5 m). The simulated 

culvert was positioned such that the top of the headwall was level with the top of the existing 

tarmac. A 9-in. (229-mm) deep soil fill was used to create a level ground surface for testing. To 

anchor the system, the lateral steel reinforcement in the top slab of the simulated culverts was 

extended and epoxied into the tarmac, as shown in Figure 6. 

The top slab was 9 in. (229 mm) thick, and both a top and bottom layer of steel 

reinforcement was used. The longitudinal reinforcement (relative to the roadway) consisted of #5 

bars spaced 12 in. (305 mm) on center, while the lateral reinforcement consisted of #4 bars 

spaced 18 in. (457 mm) on center. The culvert headwall was 12 in. (305 mm) wide and extended 

9 in. (229 mm) above the slab for a total height of 18 in. (457 mm). The headwall contained four 

#4 longitudinal reinforcing bars and #4 transverse stirrups spaced on 12 in. (305 mm) centers. 

Detailed drawings and installation photographs of the simulated critical culvert are shown in 

Figures 6 through 10, and Figure 11, respectively. 
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Table 1. Survey Results of State DOT Standard Culvert Plans 

STATE 

CULVERT TOP SLAB CULVERT HEADWALL 

Thickness 
Longitudinal 

Reinforcement 

Transverse 

Reinforcement 
Height Width 

Longitudinal     

Reinforcement 

Transverse 

Reinforcement 

Wyoming 9" 
Top Mat:  #4 @ 6" 

Bot. Mat: #4 @ 6" 

Top Mat:  #4 @ 12" 

Bot. Mat: #4 @ 18" 
9" + slab 12" 4 # 6 bars #4 stirrup @ 6" 

South Dakota NA NA 
Top Mat: #4 @12" 

Bot. Mat: #4 @12ò 
9" + slab 12" 4 # 5 bars #4 stirrup @ 12" 

Nebraska 12" 
Top Mat:  #5 @ 10.5" 

Bot. Mat: #5 @ 10.5" 

Top Mat: #4 @18" 

Bot. Mat: #4 @12" 
9" + slab 12" 4 #4 bars #4 stirrup @ 18" 

Kansas 9" 
Top Mat: #5 @ 6" 

Bot. Mat: #7 @ 6" 

Top Mat: #5 @6" 

Bot. Mat: #4 @6" 
18ò 

 
4 # 5 bars #4 stirrup @12" 

Missouri 11" 
Top Mat: #5 @ 14.5" 

Bot. Mat: #5 @ 6" 

Top Mat: #4 @24" 

Bot. Mat: #4 @24" 
9" + slab 20" 4 #8 bars #5 stirrup @12" 

Iowa 9" 
Top Mat: #5 @ 12" 

Bot. Mat: #5 @ 12" 

Top: #4 @18" 

Bot. Mat: #5 @12" 
24ò 12" 4 #7 bars #4 stirrup @6" 

Minnesota 9" 
Top Mat: #4 @ 10" 

Bot. Mat: #5 @ 6" 

Top Mat:  #4 @ 12" 

Bot. Mat: #4 @ 12" 
12" + slab 12" 4 #4 bars #4 stirrup @12" 

Wisconsin 
Varies 

>7" 

Top Mat: #4 @ 12" 

Bot. Mat: #4 @ 12" 

Top Mat:  #4 @ 18" 

Bot. Mat: #4 @18" 
6" + slab 15" 4 #4 bars #3 stirrup @9" 

Illinois 9" 
Top Mat: #5 @ 18" 

Bot. Mat: #8 @ 6" 

Top Mat: #4 @12" 

Bot. Mat: #6 @12" 
9" + slab 12" 4 #6 bars #4 stirrup @6" 

Ohio 12" NA NA 9" + slab 12" 4 #6 bars #5 stirrup @12" 
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Figure 6. Simulated Culvert, System Layout 
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Figure 7. Simulated Culvert, Elevation View 
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Figure 8. Simulated Culvert, Headwall Reinforcement Details 
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Figure 9. Simulated Culvert, Rebar Details 
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Figure 10. Simulated Culvert, Bill of Materials 
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Figure 11. Simulated Culvert Photographs 
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3 BARRIER ATTACHMENT DESIGNS  

3.1 Design Criteria 

In order to avoid confusion between similar systems and allow State DOTs to stock a 

single component instead of two, the same post assembly from the weak-post, MGS bridge rail 

was to be used for the new guardrail-to-culvert attachment system. Thus, the same 44-in. (1,118-

mm) long S3x5.7 (S76x8.5) steel post equipped with ¼-in. (6-mm) thick standoff shim plates 

was utilized. Since all post dimensions remained the same, the same 4-in. x 4-in. x Ȩ-in. (102-

mm x 102-mm x 10-mm) steel tube was utilized as the post socket, and the same ȩ-in. (16-mm) 

diameter bolt was utilized to hold the post in the socket. 

Due to the location of the bolt hole and shims on the post, the top of the socket had to 

remain at a distance of 30 in. (762 mm) from the top of the post. Thus, the top of the socket 

needed to extend 2 in. (51 mm) above the top of the culvert headwall just as the original socket 

design extended 2 in. (51 mm) above the bridge deck. Keeping the original socket height ensured 

the post would bend at the same point during impacts, thus providing the same resistance forces 

demonstrated during the successful MASH testing of the MGS bridge rail system. 

Recognizing that the barrier (i.e., post) resistance forces would be identical to the original 

system, the performance criteria for the new attachment design was very straightforward: 

transfer the plastic bending loads of the post to the culvert headwall without sustaining 

significant damage to the attachment hardware or the culvert. Significant damage would include 

large deformations in the socket assembly, steel tearing, weld failure, anchor pullout, and/or 

concrete cracking. This performance specification applied to impact loads in both the lateral 

(strong-axis bending) and longitudinal (weak-axis bending) directions.  

As stated in the objectives of this study, it was desired to maximize the traversable 

roadway width over the culvert. Thus, similar to the original bridge rail system, the sockets were 
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to be placed along the outside face of the culvert headwall. The attachment hardware could 

utilize the top, bottom, or inside surfaces of the headwall, but the socket and post had to remain 

adjacent to the outside face. Additionally, it was desired to have an attachment design that could 

be applied to both new and existing culverts. Thus, components could not be designed as cast 

into the culvert slab or headwall. Subsequently, all anchors had to be epoxied into the culvert, 

threaded into the culvert, or through bolted. 

3.2 Design Concepts 

Through brainstorming and preliminary design calculations, four socket-to-culvert 

attachment concepts were developed and subjected to dynamic testing and evaluation. These 

concepts were: 1) a top-mounted, single-anchor concept; 2) a top-mounted, double-anchor 

concept; 3) a wrap-around concept; and 4) two versions of a side-mounted concept. Each concept 

had a unique way of transferring impact loads to the culvert headwall in hopes of minimizing 

attachment and culvert damage. The design concepts are described in the following sections. 

3.2.1 Concept A: Top-Mounted, Single-Anchor 

Design Concept A was developed to be as similar as possible to the original MGS bridge 

rail attachment by utilizing a top mounting plate, gusset, and a single vertical anchor, as shown 

in Figures 12 through 18. Impact loads would be transferred into the culvert as a tensile force 

through the top mounting plate (or shear force through the vertical anchor) and a compression 

force at the bottom of the socket as it bears against the face of the headwall. However, small 

changes were implemented to minimize the risk of damaging the culvert or socket assembly. The 

top mounting plate was extended 2 in. (51 mm) to a length of 9½ in. (241 mm) in order reduce 

potential concrete cracking by moving the threaded anchor farther away from the edge of the 

headwall. Additionally, the plate thickness was increased from 
7
/16 in. (11 mm) to ½ in. (13 mm) 

to prevent plate tearing, and the anchor rod diameter was increased to 1ȧ in. (29 mm) to reduce 
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concerns for bearing failure. Finally, the length of the socket tube was extended 2 in. (51 mm) to 

16½ in. (419 mm) in order to increase the moment arm distance from the top mounting plate to 

the bottom attachment plate, thus resulting in reduced tension and compression forces under a 

constant bending moment. 

The original MGS bridge rail system utilized a through-bolt to anchor the top mounting 

plate to the bridge deck. In an effort to make the new system attachment applicable to existing 

structures, the bolt was replaced with a 1ȧ-in. (29-mm) diameter, ASTM A307 Grade C 

threaded rod embedded 10 in. (254 mm) into the top of the culvert headwall using an epoxy with 

a minimum bond strength of 1,300 psi (9.0 MPa). During installation, the socket assembly would 

be lowered into position over the threaded rod. 

A ½-in. (13-mm) thick bottom mounting plate was welded to the lower-front face of the 

socket. Two ½-in. (13-mm) diameter, ASTM A307 Grade C threaded rods, one on each side of 

the socket tube, were utilized to attach the bottom mounting plate to the outside face of the 

headwall. The rods were embedded 4½ in. (114 mm) into the headwall using 1,300 psi (9.0 MPa) 

minimum bond strength epoxy adhesive. Two ȩ-in. (16-mm) wide slots were cut into the bottom 

mounting plate so that the socket assembly could be lowered into place over the threaded rods. 

Washers and nuts were used on each threaded rod to attach the socket to the headwall. The 

socket, mounting plates, and gusset plate were all fabricated from 50-ksi (345-MPa) steel. 
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Figure 12. Design Concept A: Top-Mounted, Single-Anchor Attachment 
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Figure 13. Design Concept A, Socket Assembly Details 
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Figure 14. Design Concept A, Tube and Bottom Mounting Plate Details 
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Figure 15. Design Concept A, Top Mounting Plate Details 
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Figure 16. Design Concept A, Post Assembly 
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Figure 17. Design Concept A, Bill of Materials 
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Figure 18. Design Concept A, Installation Photographs 
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3.2.2 Concept B: Top-Mounted, Double-Anchor 

Due to the design similarities with the original weak-post, MGS bridge rail, concerns 

arose that a single-anchor design would result in the same concrete cracking that occurred during 

full -scale crash testing of the MGS bridge rail. Therefore, the top-mounted, double-anchor 

concept was developed to better distribute the tensile force from the top mounting plate to the 

headwall and prevent shear concrete cracking. 

The only differences between the top-mounted, double-anchor design and the top-

mounted, single-anchor design are the top mounting plate dimensions and the use of a second top 

anchor rod, as shown in Figures 19 through 25. Two ¾-in. (19-mm) diameter, ASTM A307 

Grade C threaded rods spaced 6 in. (152 mm) apart were used to anchor the top mounting plate 

to the headwall. The top anchor rods were embedded 4½ in. (114 mm) into the headwall using an 

epoxy adhesive with a minimum bond strength of 1,300 psi (9.0 MPa), similar to the bottom 

anchor rods. Thus, both the diameter and the embedment depth of the top anchors were reduced 

by more than 50 percent from the single anchor attachment of Design Concept A. To 

accommodate the double anchors, the top mounting plate was flared from a 3 in. (76 mm) width 

adjacent to the socket to a 9 in. (229 mm) width around the anchors.  

Similar to Design Concept A, the top-mounted, double-anchor concept was installed by 

lowering the socket assembly over the epoxy-embedded, threaded rods. Washers and nuts were 

used on all four threaded rods to attach the socket to the headwall. The socket, mounting plates, 

and gusset plate were all fabricated with 50-ksi (345-MPa) steel. 
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Figure 19. Design Concept B: Top-Mounted, Double-Anchor Attachment  
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Figure 20. Design Concept B, Socket Assembly Details 
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Figure 21. Design Concept B, Tube and Bottom Mounting Plate Details 
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Figure 22. Design Concept B, Top Mounting Plate Details 
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Figure 23. Design Concept B, Post Assembly 
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Figure 24. Design Concept B, Bill of Materials 
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Figure 25. Design Concept B, Installation Photographs 














































































































































































































































































