
 

 

 

TESTING AND EVALUATION  OF MASH 

TL -3 TRANSITION BETW EEN 

GUARDRAIL AND PORTAB LE 

CONCRETE BARRIERS 
 

Submitted by 

 

Robert W. Bielenberg, M.S.M.E., E.I.T. 

Research Associate Engineer 

 

Justine E. Kohtz, B.S.M.E. 

CAD Technician 

 

 

Jessica L. Lingenfelter 

Undergraduate Research Assistant 

 

Ronald K. Faller, Ph.D., P.E. 

Research Associate Professor 

MwRSF Director 

 

John D. Reid, Ph.D. 

Professor 

 

MIDWEST ROADSIDE SAFETY FACILITY  
Nebraska Transportation Center 

University of Nebraska-Lincoln 

130 Whittier Research Center 

2200 Vine Street 

Lincoln, Nebraska 68583-0853 

(402) 472-0965 

 

Submitted to 

 
NEBRASKA DEPARTMENT OF ROADS  

1500 Nebraska Highway 2 

Lincoln, Nebraska  68502 

 

SMART WORK ZONE DE PLOYMENT INITIATIVE  

Iowa State University 

2711 S. Loop Drive, Suite 4700 

Ames, Iowa  50010-8664 

Sponsored by 
 

 

NEBRASKA DEPARTMENT OF ROADS  

Research Project No. TPF-5(193) Supplement #76 

 

 

SMART WORK ZONE DE PLOYMENT INITIATIVE  

(TPF-5(295) Contract No. 16347)   

 

MwRSF Research Report No.  TRP-03-335-17 

 

May 2, 2017 



i 

TECHNICAL REPORT DOCUMENTATION PAGE  

1. Report No. 2. 3. Recipientôs Accession No. 

TRP-03-335-17   

4. Title and Subtitle  5. Report Date 

Testing and Evaluation of MASH TL-3 Transition 

Between Guardrail and Portable Concrete Barriers 
May 2, 2017 

6. 

 

7. Author(s) 8. Performing Organization Report No. 

Bielenberg, R.W., Lingenfelter, J.L., Kohtz, J.E., Faller, 

R.K., and Reid, J.D. 

TRP-03-335-17 

9. Performing Organization Name and Address 10. Project/Task/Work Unit No. 

Midwest Roadside Safety Facility (MwRSF) 

Nebraska Transportation Center 

University of Nebraska-Lincoln 

130 Whittier Research Center 

2200 Vine Street 

Lincoln, Nebraska 68583-0853 

 

11. Contract © or Grant (G) No. 

NDOR: TPF-5(193) Supplement #76 

SWZDI: TPF-5(295) Contract No. 16347 

 

12. Sponsoring Organization Name and Address 13. Type of Report and Period Covered 

Nebraska Department of Roads 

1500 Nebraska Highway 2 

Lincoln, Nebraska 68502 

 

Federal Highway Administration 

U.S. Department of Transportation 

1200 New Jersey Avenue SE 

Washington, DC 20590 

Smart Work Zone Deployment 

Initiative 

Iowa Department of Transportation 

800 Lincoln Way 

Ames, Iowa 50010 

Final Report: 2014 ï 2017 

14. Sponsoring Agency Code 

  

15. Supplementary Notes 

Prepared in cooperation with U.S. Department of Transportation, Federal Highway Administration. 

16. Abstract 

     Three full-scale vehicle crash tests were conducted according to the Manual for Assessing Safety Hardware (MASH) Test Level 3 (TL-

3) safety performance criteria on a transition between the Midwest Guardrail System (MGS) and a portable concrete barrier (PCB) system. 

The transition system utilized for test nos. MGSPCB-1 through MGSPCB-3 consisted of a standard MGS that overlapped a series of F-

shape PCB segments that approached the MGS at a 15H:1V flare. In the overlapped portion of the barrier systems, uniquely-designed 

blockout holders and a specialized W-beam end shoe mounting bracket were used to connect the systems. 

     In test no. MGSPCB-1, a 5,079-lb (2,304-kg) pickup truck impacted the barrier at 63.2 mph (101.8 km/h) and 25.3 degrees. The barrier 

captured and redirected the 2270P vehicle, and the vehicle decelerations were within the recommended occupant risk limits. In test no. 

MGSPCB-2, a 2,601-lb (1,180-kg) car impacted the barrier at 65.1 mph (104.8 km/h) and 24.0 degrees. The barrier captured and redirected 

the 1100C vehicle, and the vehicle decelerations were within the recommended occupant risk limits. In test no. MGSPCB-3, a 5,177-lb 

(2,348-kg) pickup truck impacted the barrier at 63.1 mph (101.5 km/h) and 24.6 degrees. For this test, the system was impacted in the 

reverse direction. The barrier captured and redirected the 2270P vehicle, and the vehicle decelerations were within the recommended 

occupant risk limits. 

     Based on the results of these successful crash tests, it is believed that the transition design detailed herein represents the first MASH TL-

3 crashworthy transition between the MGS and PCBs. 

17. Document Analysis/Descriptors 18. Availability Statement 

Highway Safety, Crash Test, Roadside Appurtenances, 

Compliance Test, MASH, Guardrail, MGS, PCB, 

Stiffness Transition, Concrete Barrier 

No restrictions. Document available from: 

National Technical Information Services, 

Springfield, Virginia 22161 

19. Security Class (this report) 20. Security Class (this page) 21. No. of Pages 22. Price 

Unclassified Unclassified 282  



May 2, 2017 

MwRSF Report No. TRP-03-335-17 

ii  

DISCLAIMER STATEMENT  

This report was completed with funding from the Federal Highway Administration, U.S. 

Department of Transportation, Midwest States Smart Work-Zone Deployment Initiative (SWZDI), 

and the Nebraska Department of Roads. The contents of this report reflect the views and opinions 

of the authors who are responsible for the facts and the accuracy of the data presented herein. The 

contents do not necessarily reflect the official views or policies of the Nebraska Department of 

Roads, SWZDI, the Federal Highway Administration, or the U.S. Department of Transportation. 

This report does not constitute a standard, specification, regulation, product endorsement, or an 

endorsement of manufacturers. 

UNCERTAINTY OF MEASUREMENT STATEMENT  

The Midwest Roadside Safety Facility (MwRSF) has determined the uncertainty of 

measurements for several parameters involved in standard full-scale crash testing and non-standard 

testing of roadside safety features. Information regarding the uncertainty of measurements for 

critical parameters is available upon request by the sponsor and the Federal Highway 

Administration.  

ABOUT SWZDI  

Iowa, Kansas, Missouri, and Nebraska created the Midwest States Smart Work-Zone 

Deployment Initiative in 1999, and Wisconsin joined in 2001. Through this pooled-fund study, 

researchers investigate better ways of controlling traffic through work zones. Their goal is to 

improve the safety and efficiency of traffic operations and highway work. The project is now 

administered by Iowa State Universityôs Institute for Transportation. 

INDEPENDENT APPROVING AUTHORITY  

The Independent Approving Authority (IAA) for the data contained herein was Ms. Karla 

Lechtenberg, Research Associate Engineer. 



May 2, 2017 

MwRSF Report No. TRP-03-335-17 

iii  

ACKNO WLEDGEMENTS  

The authors wish to acknowledge several sources that made a contribution to this project: 

(1) the Nebraska Department of Roads for sponsoring this project and (2) MwRSF personnel for 

constructing the barriers and conducting the crash tests. 

This research was also conducted under the Smart Work-Zone Deployment Initiative 

(SWZDI) and Federal Highway Administration (FHWA) Pooled Fund Study TPF-5(193), 

involving the following state departments of transportation: 

¶ Iowa (lead state) 

¶ Kansas 

¶ Missouri 

¶ Nebraska 

¶ Wisconsin 

The authors would like to thank the FHWA, the Iowa Department of Transportation (DOT), 

and the other SWZDI pooled fund state partners for their financial support and technical assistance. 

Acknowledgement is also given to the following individuals who made a contribution to the 

completion of this research project. 

Midwest Roadside Safety Facility 
 

J.C. Holloway, M.S.C.E., E.I.T., Test Site Manager 

K.A. Lechtenberg, M.S.M.E., E.I.T., Research Associate Engineer 

S.K. Rosenbaugh, M.S.C.E., E.I.T., Research Associate Engineer 

J.D. Schmidt, Ph.D., P.E., Research Assistant Professor 

C.S. Stolle, Ph.D., Research Assistant Professor 

A.T. Russell, B.S.B.A., Shop Manager 

S.M. Tighe, Laboratory Mechanic 

D.S. Charroin, Laboratory Mechanic 

M.A. Rasmussen, Laboratory Mechanic 

E.W. Krier, Laboratory Mechanic 

Undergraduate and Graduate Research Assistants 

 

Nebraska Department of Roads 
 

Phil TenHulzen, P.E., Design Standards Engineer 

Jim Knott, P.E., State Roadway Design Engineer 

Jodi Gibson, Research Coordinator 

Anna Neben, Quality Management Project Coordinator 

 

Federal Highway Administration 
 

John Perry, P.E., Nebraska Division Office 

Danny Briggs, Nebraska Division Office 



May 2, 2017 

MwRSF Report No. TRP-03-335-17 

iv 

Iowa State University 

 

Keith Knapp, Iowa LTAP Director, Smart Work-Zone Deployment Initiative (SWZDI) 

  



May 2, 2017 

MwRSF Report No. TRP-03-335-17 

v 

EXECUTIVE SUMMARY  

Often, road construction causes the need to create a work zone. In these scenarios, portable 

concrete barriers (PCBs) are typically installed to shield workers and equipment from errant 

vehicles as well as prevent motorists from striking other roadside hazards. For an existing W-beam 

guardrail system installed adjacent to the roadway and near the work zone, guardrail sections are 

removed in order to place the PCB system. The focus of this research study was to evaluate a 

previously-developed transition between W-beam guardrail and PCB to Manual for Assessing 

Safety Hardware (MASH) Test Level 3 (TL-3). A previous phase of this research program 

included the development of a guardrail and free-standing PCB transition using extensive LS-

DYNA simulation as well as refinement of potential concepts. Concept refinement led to a 

transition system comprised of a tangent, nested- Midwest Guardrail System (MGS) that 

overlapped an adjacent, flared PCB system. LS-DYNA simulation was also used to identify critical 

impact points for use in full -scale vehicle crash testing. 

Three full-scale vehicle crash tests were conducted according to the MASH TL-3 safety 

performance criteria on a MGS to PCB transition. These tests evaluated structural integrity, vehicle 

snag, vehicle instability, and vehicle capture. The transition system that was used in test nos. 

MGSPCB-1 through MGSPCB-3 consisted of a standard MGS that overlapped a series of F-shape, 

PCB segments that approached the MGS at a 15H:1V flare. In the overlapped portion of the barrier 

systems, uniquely-designed blockout holders and a specialized W-beam end shoe mounting 

bracket were used to connect the systems. 

Test no. MGSPCB-1, which followed MASH test designation no. 3-21 criteria, involved a 

5,079-lb (2,304-kg) pickup truck impacting the barrier at 63.2 mph (101.8 km/h) and 25.3 degrees. 

The barrier captured and redirected the 2270P vehicle, and the vehicle decelerations were within 

the recommended occupant risk limits. Test no. MGSPCB-2, which followed MASH test 

designation no. 3-20 criteria, involved a 2,601-lb (1,180-kg) car impacting the barrier at 65.1 mph 

(104.8 km/h) and 24.0 degrees. The barrier captured and redirected the 1100C vehicle, and the 

vehicle decelerations were within the recommended occupant risk limits. Test no. MGSPCB-3 was 

another MASH test designation no. 3-21 test, with a reverse-direction impact. A 5,177-lb (2,348-

kg) pickup truck impacted the barrier at 63.1 mph (101.5 km/h) and 24.6 degrees. The barrier 

captured and redirected the 2270P vehicle, and the vehicle decelerations were within the 

recommended occupant risk limits. 

Based on the results of these successful crash tests, it is believed that the transition design 

detailed herein represents the first MASH TL-3 crashworthy transition between the MGS and 

PCBs. 
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1 INTRODUCTION  

1.1 Background 

Work zones often require the use of portable concrete barriers (PCBs) within a limited area 

to provide protection for construction workers. In situations where an existing guardrail is 

immediately adjacent to the construction hazards that need to be shielded, highway designers must 

either connect the guardrail to the temporary barrier or replace it with PCB. Although 

interconnecting the two barrier systems represents the more convenient option, at present no 

suitable solutions have been made available. While a transition from guardrail to temporary 

barriers may not need to be nearly as stiff as a conventional approach transitions, it must provide 

sufficient stiffness and strength to prevent pocketing as well as to shield the end of the concrete 

barrier to prevent serious wheel snag. In addition, considerations must be made for attachment of 

the guardrail to the PCBs. 

Nebraska Department of Roads (NDOR) and the Smart Work-Zone Deployment Initiative 

(SWZDI) have previously funded a project to develop a guardrail to PCB transition design capable 

of meeting the Manual for Assessing Safety Hardware (MASH) [1] Test Level 3 (TL-3) safety 

requirements. This research effort resulted in the development of a flared PCB to guardrail 

transition that utilized a tangent, nested Midwest Guardrail System (MGS) that overlapped a series 

of F-shape, PCB segments installed at a 15H:1V flare. Both the MGS and the F-shape PCB had 

previously been evaluated to MASH TL-3 [2-6]. During that research, computer simulation 

indicated a high likelihood that the proposed transition would meet MASH TL-3 and determined 

critical impact points for use in full -scale crash testing. In order to implement the proposed design, 

the transition details must be fully developed, fabricated, and then subjected to full-scale crash 

testing according to the MASH TL-3 safety requirements. 

The new transition would eliminate the use of unproven connections between guardrail and 

PCBs. Further, limiting the use of PCBs strictly to the work zone area will also minimize the traffic 

disruption that these barriers can create to motorists passing in work zones. 

1.2 Objective/Scope 

The objective of this research study was to evaluate the safety performance of the MGS to 

PCB transition. The system was to be evaluated according to the TL-3 criteria of MASH. Two 

full -scale crash tests were conducted according to MASH test designation no. 3-21, and one full-

scale crash test was conducted according to MASH test designation no. 3-20. Data obtained from 

these crash tests was analyzed, and the results were utilized to guide the project conclusions and 

recommendations. Additionally, implementation guidance for the new transition system was 

provided. 
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2 REFINEMENT OF TRANSITION CONCEPT 

The Phase I research effort led to a basic design layout for the transition system based on 

extensive LS-DYNA simulations. This simulation effort provided general system behavior 

geometry for the transition design, but other design details were still needed prior to full-scale 

crash testing. These needs included final design of the connection hardware between the guardrail 

and the PCB and specification of the foundation system to support the PCBs. This chapter will 

review the preferred design concept and assumptions identified in Phase I and discuss the 

development of the connection hardware and foundation specification.  

2.1 Phase I Preferred Transition Concept with Considerations 

The Phase I research effort led to the development of a transition system comprised of a 

tangent, nested-MGS that overlapped an adjacent, flared PCB system, as shown in Figure 1. This 

schematic shows the configuration for the MGS to PCB transition based on the initial computer 

simulation analysis. It was found that: 

1. The transition should consist of at least 137.5-ft (41.91-m) long MGS and an eleven 

segment PCB system installed at a 15H:1V flare. A minimum of eight PCBs should be 

placed downstream from the point where the MGS attaches to the PCBs. The portable 

barriers are 12.5-ft (3.81-m) long, F-shape PCBs, those previously developed through the 

Midwest States Pooled Fund Program [6]. The simulation analysis found that these system 

lengths were appropriate for development of both the guardrail and PCB systems. If shorter 

system lengths were desired for either barrier type, further full-scale crash testing would 

be required.  

2. The transition required a minimum of three PCB segments extending behind the nested 

MGS at the 15H:1V flare. This finding pertained to guardrail attachment on the  upstream 

end of the fourth PCB segment. Additional length of flared PCBs behind the MGS would 

not be an issue as the potential for vehicle and barrier interaction with the PCBs is 

maximized for the minimum overlap condition. Additional flared PCBs behind the MGS 

is likely given that field installations will not match up exactly with the minimum guardrail-

to-PCB overlap. 

3. Installation of standard MGS posts and blockouts was not recommended within the first 

two sections of guardrail upstream from the W-beam end shoe connection as the PCB 

would interfere with installation of those posts and prevent proper post rotation. 

Connection between the guardrail and the PCB on the first two PCB segments upstream 

from the end shoe was accomplished with specially-designed blockout holders, which are 

discussed later in this chapter. 

4. A minimum of five 12-ft 6-in. (3,810-mm) long, nested W-beam sections must be utilized 

upstream from the end-shoe connection to the PCBs. For the minimum PCB overlap noted 

above, this corresponds to one complete 12.5-ft (3.81-m) long section of nested rail 

upstream from the end of the PCBs. 
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Figure 1. Phase I Nested MGS to Flared PCB Transition Concept 
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The system tested herein was developed based on these design assumptions. Further 

recommendations on system implementation are provided following the results of the full-scale 

crash testing and evaluation of the barrier system. 

2.2 PCB Foundation 

In the past, F-shape PCBs have been recommended for installation on paved road surfaces. 

This recommendation was made for several reasons. First, a paved surface provides a consistent 

pad for development of the sliding friction, which provides resistance to barrier motions and 

develops longitudinal tension in the barrier system. Second, there has been concern that placement 

of the barriers on a soil foundation may allow the barriers to gouge into the soil when displaced 

laterally. This gouging could allow the barrier to rotate backward and increases the vehicle climb 

of the sloped barrier face and vehicle instability. Neither of these behaviors are desirable. For this 

study, placement of the PCB segments outside of the paved road surface would likely be 

unavoidable due to the flaring of the PCB behind the guardrail system, which is typically installed 

in a soil foundation.  

In order to alleviate these concerns, a recommended foundation specification was 

developed for the PCBs located within the transition system evaluated in this research. Thus, a 

well-compacted, crushed limestone base was required beneath the PCBs. The compacted, crushed 

limestone material must meet American Association of State Highway and Transportation 

Officials (AASHTO) Grade B soil specifications and should be installed to a depth of 6 in. (152 

mm). The compacted base should be placed underneath all PCB segments installed on a paved 

road surface, and its dimensions should extend 1 ft (305 mm) in front of the barrier segments, 

underneath the barrier segments, and a minimum lateral width of 4 ft (1,219 mm) behind the barrier 

segments, which is nearly 6 ft (1,829 mm) wide. The compacted base should have a 10H:1V or 

flatter cross slope.  

2.3 Guardrail to PCB Connection Hardware 

After the first phase of the research project, where the overall layout of the transition system 

was developed, two attachment details between the guardrail and the PCB segments remained to 

be designed. These connections included the attachment of the end of the W-beam guardrail to the 

PCB segments as well as attachment of the W-beam rail and blockouts to the overlapped PCBs. 

These connections were needed to fasten the overlapped barrier systems to one another while 

remaining safe, being relatively easy to install, and remaining largely reusable.  

2.3.1 W-Beam End Shoe to PCB Connection Hardware 

The attachment of the end of the W-beam guardrail to the PCBs was designed using a steel 

mounting bracket, horizontal bolts, and a W-beam end shoe, as shown in Figure 2. The basic design 

was similar to previously-developed hardware that connects thrie beam approach guardrail 

transitions to sloped concrete end buttresses or parapets. 

For this system, the mounting bracket needed to accommodate both the vertical taper of 

the barrier and the 15H:1V flare of the PCB segments. In addition, the interference caused by steel 

loop bars at the exterior ends of the PCB required separate attachment of the bracket to the PCB 

and the W-beam end shoe to the bracket. Thus, the mounting bracket attached to the PCB with 
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four 1-in. (25-mm) diameter through-bolts, while the W-beam end shoe only bolted to the steel 

mounting bracket using nuts welded to the inside of the bracket for the five Ȫ-in. (22-mm) diameter 

bolts. The bracket was sloped on its backside to allow the W-beam to meet the vertical taper of the 

PCB and the flare of the PCB segments. The downstream end of the bracket was tapered down to 

be flush with the PCB to prevent snag during reverse-direction impacts. The designers did weigh 

options to mount the guardrail end shoe directly to the barrier, but the through-bolt interference 

noted above and the difficultly of twisting the rail to meet the horizontal and vertical tapers seemed 

unacceptable. Full details on the connection design can be found in Chapter 5. 

 
Figure 2. W-beam End Shoe Connection for MGS to PCB Transition 

2.3.2 W-Beam Guardrail  to PCB Connection Hardware 

Installation of the guardrail on standard support posts in the overlapped barrier region was 

restricted due to interference with the PCB segments and concerns for limiting rotation of the 
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support posts. Attachment of the remaining overlapped W-beam guardrail to the PCBs was critical 

in order to properly support the guardrail element and allow the two barrier systems to move and 

deflect simultaneously during vehicle impact. Thus, a guardrail blockout holder was developed to 

allow for attachment of the guardrail to the PCB segments using standard guardrail post bolts. 

Several options were investigated for the blockout to PCB attachment. Issues with rebar 

interference and matching the vertical and horizontal tapers of the system were again a major 

consideration for the blockout attachment. It was also necessary to consider the attachment of the 

guardrail bolt from the blockout to the guardrail. Three basic options were developed to address 

these design considerations. All three options consisted of a steel mounting bracket that attached 

to the PCB using wedge-bolt mechanical anchors. Four mounting holes were included, but only 

two anchors were required. The additional holes allow for inadequate installation of the anchor or 

rebar interference. The brackets were designed to allow for bolting the blockout to both the 

guardrail and blockout holder using a guardrail bolt. Design variations were developed to provide 

options for matching the vertical and horizontal angles between the PCB and the guardrail as well 

as promote ease of fabrication and assembly. 

The first concept considered was a double-taper blockout attachment, as shown in Figure 

3. The double-taper blockout attachment consisted of welded steel plates that would be cut and 

assembled to transition between the vertical and horizontal angles of the PCB relative to the 

guardrail, which inherently made the geometry of the mounting bracket somewhat complex. The 

benefit of this configuration was that the attachment allowed for variable-depth, rectangular 

blockouts to be attached without flaring or angling the blockout to match the guardrail or PCB 

segments. The first blockout adjacent to the end shoe would consist only of the steel mount, while 

the other mounts would all require variable-depth blockouts. Drawbacks of this concept included 

its complex welded geometry and the fact that a mirrored design would be required for placement 

on the left- or right-hand side of the roadway.  

The second option was based on a steel tube and base plate configuration, as shown in 

Figure 4. The steel tube and base plate attachment simplified the design of the mounting bracket 

by only accounting for the vertical flare of the PCB. The timber blockout was then cut on one face 

to match the 15H:1V flare of the PCB segments as shown below. This selection allowed for a 

simpler construction using a steel tube that is cut and welded to the face of a mounting plate. This 

design also allowed use on both sides of the roadway without the need for separate, mirrored 

components. However, blockouts would need to be cut to match the correct depth and 15H:1V 

angle. In addition, modified timber blocks were required at all four blockout mounts. 

A final concept was considered that was similar to the steel tube and base plate concept but 

simplified to a single bent plate, as shown in Figure 5. The bent plate blockout attachment had all 

of the same advantages as the steel tube and base plate concept, but it was easier to construct from 

a single piece of steel and required no welding.  

All of the blockout mounting bracket designs were presented to the project sponsor to seek 

feedback on their preferred design. The sponsor selected the bent plate blockout attachment based 

on its simpler construction. Full details on the bent plate blockout attachment are located in Chapter 

5. 
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Figure 3. Double-Taper Blockout Attachment 
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Figure 4. Steel Tube and Base Plate Blockout Attachment 
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Figure 5. Bent Plate Blockout Attachment 
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA  

3.1 Test Requirements 

Longitudinal barrier transitions, such as transitions between W-beam guardrails and stiffer 

barriers, must satisfy impact safety standards in order to be declared eligible for federal 

reimbursement by the Federal Highway Administration (FHWA) for use on the National Highway 

System (NHS). For new hardware, these safety standards consist of the guidelines and procedures 

published in MASH [1]. According to TL-3 of MASH, transitions must be subjected to two full-

scale vehicle crash tests, as summarized in Table 1. 

Table 1. MASH TL-3 Crash Test Conditions for Longitudinal Barriers - Transitions 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight, 

lb 

(kg) 

Impact Conditions 

Evaluation 

Criteria 1 
Speed, 

mph 

(km/h) 

Angle, 

deg. 

Longitudinal 

Barrier - 

Transition 

3-20 1100C 
2,425 

(1,100) 

62 

(100) 
25 A,D,F,H,I 

3-21 2270P 
5,000 

(2,270) 

62 

(100) 
25 A,D,F,H,I 

1 Evaluation criteria explained in Table 2. 

A review of the required MASH testing led to the recommendation for three crash tests to 

fully evaluate the transition. These tests would include MASH test designation nos. 3-20 and 3-21 

which are tests to evaluate the transition with the 1100C small car and 2270P pickup truck vehicles. 

In addition, it was anticipated that a reverse-direction impact of test designation no. 3-21 with the 

2270P vehicle would be required to evaluate the transition for installations that require two-way 

traffic adjacent to the barrier. MASH also requires that transitions be evaluated adjacent to their 

connection to rigid barriers and in the stiffness transition region. However, it was believed that the 

three tests noted above would be sufficient to evaluate the transition between two semi-rigid barrier 

systems where no significant stiffening exists.  

Critical Impact Points (CIPs) were determined for each of the three full-scale vehicle crash 

tests. The Phase I research study contained a simulation effort that identified the CIPs for the 2270P 

tests in the full-scale crash testing program. Simulations were conducted throughout the length of 

the MGS to PCB transition in both the oncoming and reverse traffic directions. Critical parameters 

were monitored, including occupant risk measures, pocketing, vehicle snag, and vehicle stability. 

Full details of that analysis are provided in the Phase I report [2]. Based on the simulation results, 

the CIP for test no. 3-21 was determined to be the centerline of the fifth guardrail post upstream 

from the end-shoe attachment. For the reverse-direction test no. 3-21, the CIP was on the PCB 

system and 12 ft ï 6 in. (3.81 m) upstream from the end-shoe attachment. 

The Phase I effort did not consider the 1100C vehicle in the simulation of the MGS to PCB 

transition design. Additionally, the CIP selection charts in MASH are geared toward selection of 

CIP locations for beam and post systems (i.e., approach guardrail transitions) and were not 

relevant. However, engineering analysis and review of previous MASH testing with the 1100C 
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vehicle was used to select a CIP for test no. 3-20. Potential transition CIPs for the 1100C vehicle 

should consider maximizing vehicle extension under the guardrail and simultaneous interactions 

with the PCB in order to promote wedging of the corner of the small car under the guardrail and 

between the two overlapped barrier systems. This type of behavior would tend to promote 

increased vehicle decelerations and instabilities as well as increased loading to the guardrail 

element. Previous testing of an MGS approach guardrail transition with a 4-in. (102-mm) tall, 

wedge-shaped curb has demonstrated rail rupture under combined loading when the front corner 

of the vehicle was wedged vertically between the curb and the guardrail [7]. Review of this 

approach guardrail transition and other full-scale crash tests indicated that an impact point 93¾ in. 

(2,381 mm) upstream from a splice tended to be critical. As such, the CIP selected for test no. 3-

20 was located 93¾ in. (2,381 mm) upstream from the second guardrail splice away from the end 

shoe connection. The first guardrail splice in the system pertained to the connection of the W-beam 

end shoe to the nested W-beam guardrail. Location of the CIP at this point in the system would 

ensure that the vehicle critically loaded a splice while being engaged with both the W-beam 

guardrail and the PCB. Additionally, this CIP would allow for evaluation of the potential for 

vehicle interaction with the W-beam end shoe mounting bracket, if any existed. 

It should be noted that the test matrix detailed herein represents the researchersô best 

engineering judgement with respect to the MASH safety requirements and their internal evaluation 

of critical tests necessary to evaluate the crashworthiness of the barrier system. However, the recent 

switch to new vehicle types as part of the implementation of the MASH criteria and the lack of 

experience and knowledge with certain barriers could result in unanticipated barrier performance. 

Thus, any tests within the evaluation matrix deemed non-critical may eventually need to be 

evaluated based on additional knowledge gained over time or revisions to the MASH criteria. 

3.2 Evaluation Criteria  

Evaluation criteria for full-scale vehicle crash testing are based on three appraisal areas: 

(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for 

structural adequacy are intended to evaluate the ability of the W-beam guardrail to concrete barrier 

transition system to contain and redirect impacting vehicles. In addition, controlled lateral 

deflection of the test article is acceptable. Occupant risk evaluates the degree of hazard to 

occupants in the impacting vehicle. Post-impact vehicle trajectory is a measure of the potential of 

the vehicle to result in a secondary collision with other vehicles and/or fixed objects, thereby 

increasing the risk of injury to the occupants of the impacting vehicle and/or other vehicles. These 

evaluation criteria are summarized in Table 2 and defined in greater detail in MASH [1]. The full-

scale vehicle crash tests documented herein were conducted and reported in accordance with the 

procedures provided in MASH. 

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration 

(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI) 

were determined and reported. Additional discussion on PHD, THIV, and ASI is provided in 

MASH. 
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Table 2. MASH Evaluation Criteria for Longitudinal Barrier 

Structural 

Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle 

to a controlled stop; the vehicle should not penetrate, underride, or 

override the installation although controlled lateral deflection of the 

test article is acceptable. 

Occupant 

Risk 

D. Detached elements, fragments or other debris from the test article 

should not penetrate or show potential for penetrating the occupant 

compartment, or present an undue hazard to other traffic, pedestrians, 

or personnel in a work zone. Deformations of, or intrusions into, the 

occupant compartment should not exceed limits set forth in Section 

5.3 and Appendix E of MASH. 

F. The vehicle should remain upright during and after collision. The 

maximum roll and pitch angles are not to exceed 75 degrees. 

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of 

MASH for calculation procedure) should satisfy the following limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 
30 ft/s 

(9.1 m/s) 

40 ft/s 

(12.2 m/s) 

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, 

Section A5.3 of MASH for calculation procedure) should satisfy the 

following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 gôs 20.49 gôs 

 

3.3 Soil Strength Requirements 

In accordance with Chapter 3 and Appendix B of MASH, foundation soil strength must be 

verified before any full-scale crash testing can occur. During the installation of a soil dependent 

system, additional W6x16 (W152x23.8) posts are installed near the impact region utilizing the 

same installation procedures as the system itself. Prior to full-scale testing, a dynamic impact test 

must be conducted to verify a minimum dynamic soil resistance of 7.5 kips (33.4 kN) at post 

deflections between 5 and 20 in. (127 and 508 mm) measured at a height of 25 in. (635 mm). If 

dynamic testing near the system is not desired, MASH permits a static test to be conducted instead 

and compared against the results of a previously established baseline test. In this situation, the soil 

must provide a resistance of at least 90% of the static baseline test at deflections of 5, 10, and 15 

in. (127, 254, and 381 mm). Further details can be found in Appendix B of MASH. 
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4 TEST CONDITIONS  

4.1 Test Facility 

The testing facility is located at the Lincoln Air Park on the northwest side of the Lincoln 

Municipal Airport and is approximately 5 miles (8.0 km) northwest of the University of Nebraska-

Lincoln. 

4.2 Vehicle Tow and Guidance System 

A reverse-direction, cable tow system with a 1:2 mechanical advantage was used to propel 

the test vehicle. The distance traveled and the speed of the tow vehicle were one-half that of the 

test vehicle. The test vehicle was released from the tow cable before impact with the barrier system. 

A digital speedometer on the tow vehicle increased the accuracy of the test vehicle impact speed. 

A vehicle guidance system developed by Hinch [8] was used to steer the test vehicle. A 

guide flag, attached to the left-front wheel and the guide cable, was sheared off before impact with 

the barrier system. The Ȩ-in. (9.5-mm) diameter guide cable was tensioned to approximately 3,500 

lb (15.6 kN) and supported both laterally and vertically every 100 ft (30.5 m) by hinged stanchions. 

The hinged stanchions stood upright while holding up the guide cable, but as the vehicle was towed 

down the line, the guide flag struck and knocked each stanchion to the ground. 

4.3 Test Vehicles 

For test no. MGSPCB-1, a 2008 Dodge Ram 1500 was used as the test vehicle. The curb, 

test inertial, and gross static vehicle weights were 4,977 lb (2,258 kg), 4,914 lb (2,229 kg), and 

5,079 lb (2,304 kg), respectively. The test vehicle is shown in Figure 6, and vehicle dimensions 

are shown in Figure 7. 

For test no. MGSPCB-2, a 2008 Kia Rio was used as the test vehicle. The curb, test inertial, 

and gross static vehicle weights were 2,434 lb (1,104 kg), 2,436 lb (1,105 kg), and 2,601 lb (1,180 

kg), respectively. The test vehicle is shown in Figure 8, and vehicle dimensions are shown in 

Figure 9. 

For test no. MGSPCB-3, a 2008 Dodge Ram 1500 was used as the test vehicle. The curb, 

test inertial, and gross static vehicle weights were 5,017 lb (2,276 kg), 5,012 lb (2,273 kg), and 

5,177 lb (2,348 kg), respectively. The test vehicle is shown in Figure 10, and vehicle dimensions 

are shown in Figure 11. 

The longitudinal component of the center of gravity (c.g.) was determined using the 

measured axle weights. The Suspension Method [9] was used to determine the vertical component 

of the c.g. for the 2270P vehicle. This method is based on the principle that the c.g. of any freely 

suspended body is in the vertical plane through the point of suspension. The vehicle was suspended 

successively in three positions, and the respective planes containing the c.g. were established. The 

intersection of these planes pinpointed the final c.g. location for the test inertial condition. The 

vertical component of the c.g. for the 1100C vehicle was determined utilizing a procedure 

published by SAE [10].  
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The location of the final c.g. for test no. MGSPCB-1 is shown in Figures 7 and 12. The 

location of the final c.g. for test no. MGSPCB-2 is shown in Figures 9 and 13. The location of the 

final c.g. for test no. MGSPCB-3 is shown in Figures 11 and 14. Data used to calculate the location 

of the c.g. and ballast information are shown in Appendix B. 

Square, black- and white-checkered targets were placed on the vehicles for reference to be 

viewed from the high-speed digital video cameras and aid in the video analysis, as shown in 

Figures 12 through 14. Round, checkered targets were placed on the c.g. on the left-side door, the 

right-side door, and the roof of the each vehicle. 

The front wheels of the each test vehicle were aligned to vehicle standards except the toe-

in value was adjusted to zero so that the vehicles would track properly along the guide cable. A 

5B flash bulb was mounted under the vehicleôs right-side windshield wiper and was fired by a 

pressure tape switch mounted at the impact corner of the bumper. The flash bulb was fired upon 

initial impact with the test article to create a visual indicator of the precise time of impact on the 

high-speed digital videos. A remote-controlled brake system was installed in each test vehicle so 

the vehicles could be brought safely to a stop after the test. 

4.4 Simulated Occupant 

For test nos. MGSPCB-1 through MGSPCB-3, A Hybrid II 50th-Percentile, Adult Male 

Dummy, equipped with clothing and footwear, was placed in the right-front seat of the test vehicle 

with the seat belt fastened. The dummy, which had a final weight of 165 lb (75 kg), was represented 

by model no. 572, serial no. 451, and was manufactured by Android Systems of Carson, California. 

As recommended by MASH, the dummy was not included in calculating the c.g. location. 
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Figure 6. Test Vehicle, Test No. MGSPCB-1 
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Figure 7. Vehicle Dimensions, Test No. MGSPCB-1 
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Figure 8. Test Vehicle, Test No. MGSPCB-2 
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Figure 9. Vehicle Dimensions, Test No. MGSPCB-2 



May 2, 2017 

MwRSF Report No. TRP-03-335-17 

19 

 
 

 
 

 
Figure 10. Test Vehicle, Test No. MGSPCB-3 
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Figure 11. Vehicle Dimensions, Test No. MGSPCB-3 
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Figure 12. Target Geometry, Test No. MGSPCB-1 
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Figure 13. Target Geometry, Test No. MGSPCB-2 
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Figure 14. Target Geometry, Test No. MGSPCB-3 
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4.5 Data Acquisition Systems 

4.5.1 Accelerometers 

Two environmental shock and vibration sensor/recorder systems were used to measure the 

accelerations in the longitudinal, lateral, and vertical directions for test nos. MGSPCB-1 through 

MGSPCB-3. All of the accelerometers were mounted near the center of gravity of the test vehicles. 

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE Class 

60 and the SAE Class 180 Butterworth filter conforming to the SAE J211/1 specifications [11]. 

The two systems used in all three tests, the SLICE-1 and SLICE-2 units, were modular data 

acquisition systems manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, 

California. The acceleration sensors were mounted inside the bodies of custom built SLICE 6DX 

event data recorders and recorded data at 10,000 Hz to the onboard microprocessor. Each SLICE 

6DX was configured with 7 GB of non-volatile flash memory, a range of Ñ500 gôs, a sample rate 

of 10,000 Hz, and a 1,650 Hz (CFC 1000) anti-aliasing filter. The ñSLICEWareò computer 

software programs and a customized Microsoft Excel worksheet were used to analyze and plot the 

accelerometer data. 

4.5.2 Rate Transducers 

Two identical angle rate sensor systems mounted inside the bodies of the SLICE-1 and 

SLICE-2 event data recorders were used to measure the rates of rotation of the test vehicles in test 

nos. MGSPCB-1 through MGSPCB-3. Each SLICE MICRO Triax ARS had a range of 1,500 

degrees/sec in each of the three directions (roll, pitch, and yaw) and recorded data at 10,000 Hz to 

the onboard microprocessors. The raw data measurements were then downloaded, converted to the 

proper Euler angles for analysis, and plotted. The ñSLICEWareò computer software program and 

a customized Microsoft Excel worksheet were used to analyze and plot the angular rate sensor 

data.  

4.5.3 Retroreflective Optic Speed Trap 

The retroreflective optic speed trap was used to determine the speed of the test vehicles 

before impact. Five retroreflective targets, spaced at approximately 18-in. (457-mm) intervals, 

were applied to the side of each vehicle. When the emitted beam of light was reflected by the 

targets and returned to the Emitter/Receiver, a signal was sent to the data acquisition computer, 

recording at 10,000 Hz, as well as the external LED box activating the LED flashes. The speed 

was then calculated using the spacing between 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. 

4.5.4 Load Cells and String Potentiometers 

Load cells were installed on the upstream anchor for test no. MGSPCB-1. The load cells 

were Transducer Techniques model no. TLL-50K with a load range up to 50 kips (222 kN). String 

potentiometers were also attached to the system at the upstream anchor. The string potentiometers 

were Unimeasure model no. PA-50-70124 with a displacement range up to 50 in. (127 cm). During 

testing, output voltage signals were sent from the transducers to a National Instruments PCI-6071E 
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data acquisition board, acquired with LabView software, and stored on a personal computer at a 

sample rate of 10,000 Hz. The positioning and set up of the transducers are shown in Figure 15. 

 
Figure 15. Location of Load Cells and String Potentiometers 

4.5.5 Digital Photography 

Six AOS high-speed digital video cameras, seven GoPro digital video cameras, and four 

JVC digital video cameras were utilized to film test no. MGSPCB-1. Five AOS high-speed digital 

video cameras, seven GoPro digital video cameras, and four JVC digital video cameras were 

utilized to film test no. MGSPCB-2. Five AOS high-speed digital video cameras, eight GoPro 

digital video cameras, and three JVC digital video cameras were utilized to film test no. MGSPCB-

3. Camera details, camera operating speeds, lens information, and a schematic of the camera 

locations relative to the system for each test are shown in Figures 16 through 18. 

The high-speed videos were analyzed using ImageExpress MotionPlus and RedLake 

MotionScope software programs. Actual camera speed and camera divergence factors were 

considered in the analysis of the high-speed videos. A Nikon D3200 digital still camera was also 

used to document pre- and post-test conditions for all tests. 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-2 AOS Vitcam CTM 500 Cosmicar 50 mm Fixed - 

AOS-5 AOS X-PRI Gigabit 500 Vivitar 135 mm Fixed - 

AOS-6 AOS X-PRI Gigabit 500 Sigma 28-70 DG 50 

AOS-7 AOS X-PRI Gigabit 500 Nikon 20 mm Fixed - 

AOS-8 AOS S-VIT 1531 500 Sigma 24-70 28 

AOS-9 AOS TRI-VIT 2236 1000 Kowa 12 mm Fixed - 

GP-3 GoPro Hero 3+ 120   

GP-4 GoPro Hero 3+ 120   

GP-5 GoPro Hero 3+ 120   

GP-6 GoPro Hero 3+ 120   

GP-7 GoPro Hero 4 240   

GP-8 GoPro Hero 4 240   

GP-10 GoPro Hero 4 240   

JVC-1 JVC ï GZ-MC500 (Everio) 29.97   

JVC-2 JVC ï GZ-MG27u (Everio) 29.97   

Figure 16. Camera Locations, Speeds, and Lens Settings, Test No. MGSPCB-1 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-5 AOS X-PRI Gigabit 500 Vivitar 135 mm Fixed - 

AOS-6 AOS X-PRI Gigabit 500 Sigma 24-70 DG 70 

AOS-7 AOS X-PRI Gigabit 500 Canon 17-102 50 

AOS-8 AOS S-VIT 1531 1000 Sigma 24-70 70 

AOS-9 AOS TRI-VIT 2236 500 Kowa 12 mm Fixed - 

GP-3 GoPro Hero 3+ 120   

GP-4 GoPro Hero 3+ 120   

GP-5 GoPro Hero 3+ 120   

GP-6 GoPro Hero 3+ 120   

GP-7 GoPro Hero 4 240   

GP-8 GoPro Hero 4 120   

GP-10 GoPro Hero 4 240   

JVC-1 JVC ï GZ-MC500 (Everio) 29.97   

JVC-4 JVC ï GZ-MG27u (Everio) 29.97   

Figure 17. Camera Locations, Speeds, and Lens Settings, Test No. MGSPCB-2 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-5 AOS X-PRI Gigabit 500 Vivitar 135 mm Fixed - 

AOS-6 AOS X-PRI Gigabit 500 Sigma 28-70 DG 28 

AOS-7 AOS X-PRI Gigabit 500 Fujinon 50 mm Fixed - 

AOS-8 AOS S-VIT 1531 500 Sigma 28-70 70 

AOS-9 AOS TRI-VIT 2236 500 Kowa 12 mm Fixed - 

GP-3 GoPro Hero 3+ 120   

GP-4 GoPro Hero 3+ 120   

GP-5 GoPro Hero 3+ 120   

GP-6 GoPro Hero 3+ 120   

GP-7 GoPro Hero 4 240   

GP-8 GoPro Hero 4 240   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 240   

JVC-2 JVC ï GZ-MG27u (Everio) 29.97   

JVC-3 JVC ï GZ-MG27u (Everio) 29.97   

JVC-4 JVC ï GZ-MG27u (Everio) 29.97   

Figure 18. Camera Locations, Speeds, and Lens Settings, Test No. MGSPCB-3 
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5 DESIGN DETAILS , TEST NO. MGSPCB-1 

The test installation was comprised of 138.5 ft (42.2 m) of MGS with an end anchorage, a 

stiffness transition, and 140.8 ft (42.9 m) of F-shaped PCB at a 15H:1V flare, as shown in Figures 

19 through 54. The guardrail transition began 10 in. (254 mm) downstream from the upstream end 

of the fourth PCB, with three full PCB behind the guardrail system. Photographs of the test 

installation are shown in Figures 55 through 58. Material specifications, mill certifications, and 

certificates of conformity for the system materials are shown in Appendix A. 

The system was constructed with sixteen steel posts spaced at 75 in. (1,905 mm) on center. 

Post nos. 3 through 18 were standard 72-in. (1,829-mm) steel posts with a soil embedment depth 

of 40 in. (1,016 mm). A 6-in. wide x 12-in. deep x 14¼-in. long (152-mm x 305-mm x 362-mm) 

blockout was used to block the rail away from the front face of each steel post. A 16D double head 

nail was also driven through a hole in the front flange of the post into the top of the blockout 

assembly to prevent rotation of the blockout.  

Post nos. 1 and 2 were breakaway cable terminal (BCT) timber posts measuring 5½ in. 

wide x 7½ in. deep x 46 in. long (140 mm x 191 mm x 1,168 mm) and were placed in 6-ft (1.8-m) 

long foundation tubes, as shown in Figure 23. The upstream and downstream ends of the guardrail 

installation were configured with a trailing-end anchorage system. The guardrail anchorage system 

was utilized to simulate the strength of other crashworthy end terminals. The anchorage system 

consisted of timber posts, foundation tubes, anchor cables, bearing plates, rail brackets, and 

channel struts, which closely resembled the hardware used in the Modified BCT system and is 

now part of a crashworthy, downstream trailing end terminal [12-15]. The 12-gauge (2.66-mm 

thick) W-beam was mounted at a height of 31 in. (787 mm) and nested from the midspan between 

post nos. 12 and 13 to the W-beam end shoe. 

Eleven 150-in. (3,810-mm) long F-shape PCBs with a target 5,000 psi (34.5 MPa) 28-day 

compressive strength were connected to the MGS. The concrete barriers were 22½ in. (572 mm) 

wide at the base and 8 in. (203 mm) wide at the top. PCB details are shown in Figures 46 and 47. 

Each of the barrier segments were connected by 1¼ in. (32 mm) diameter A36 steel connection 

pins and connector plates placed between ¾-in. (19-mm) diameter reinforcing bar loops extending 

from the end of the barrier sections. The connection loop bar material was A709 Grade 70 or A706 

Grade 60 steel. The connection pin details are shown in Figure 49. Mounting plates and blockouts 

were attached to concrete barriers no. 2 and 3. All PCB segments were set on top of 6-in. (152-

mm) deep compacted crushed limestone meeting AASHTO Grade B soil specifications or on the 

concrete tarmac at the MwRSF outdoor test facility. 

The overlapped portion of the transition from MGS to PCB incorporated four blockouts 

between the guardrail and concrete barriers. The blockouts varied in size depending on the distance 

between the guardrail and PCB and were mounted on blockout mounting plates. The mounting 

plates were 13 in. (330 mm) wide and 135/16 in. (338 mm) tall. The depth of the plate at the top 

was 4ı in. (107 mm) and 2Ȫ (73 mm) at the bottom. Although the mounting plate has four holes, 

it was secured to the PCB by two ¾-in. diameter x 6-in. long (M20x152) Power Wedge Bolts. On 

the downstream end of the mounting plate, the plate was secured by the upper hole, and on the 

upstream side by the lower hole. Transition blockout details are shown in Figure 42, and mounting 

plate details are shown in Figures 34 through 37. 
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The guardrail was connected and transitioned to the concrete barrier at an angle of 3.8 

degrees by a steel mounting bracket and W-beam end shoe. The W-beam end shoe mounting 

bracket was connected to the impact side of concrete barrier no. 4 with four 1-in. (25-mm) diameter 

A325 Grade A bolts through 1ȧ-in. (29-mm) diameter bolt holes, which were measured and drilled 

in the field. The W-beam end shoe mounting bracket was 139/16 in. (344 mm) tall and 233/16 in. 

(589 mm) wide along the bottom edge. The downstream end was angled 8.0 degrees to be flush 

against the concrete barrier. A W-beam end shoe was attached to the front side of the mounting 

bracket with five Ȫ-in. (22-mm) diameter A325 bolts secured by A563 nuts welded to the interior 

of the mounting bracket. 
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Figure 19. Test Installation Layout, Test No. MGSPCB-1 
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Figure 20. Soil Pit Detail, Test No. MGSPCB-1 
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Figure 21. Transition Detail, Test No. MGSPCB-1 
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Figure 22. Description of View, Test No. MGSPCB-1 
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Figure 23. End Section Detail, Test No. MGSPCB-1 
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Figure 24. Splice and Post Nos. 3-12 Detail, Test No. MGSPCB-1 



 

 

3
7 

M
a
y
 2, 2

0
1
7 

M
w

R
S

F
 R

e
p
o

rt N
o
. TR

P
-0

3-3
3
5-1

7
 

 
Figure 25. Splice and Post Nos. 13-18 Detail, Test No. MGSPCB-1 
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Figure 26. Transition Connection Detail, Test No. MGSPCB-1 
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Figure 27. BCT Anchor Detail, Test No. MGSPCB-1 
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Figure 28. Connector Plate Detail, Test No. MGSPCB-1 
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Figure 29. Connector Plate Weld Detail, Test No. MGSPCB-1 
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Figure 30. BCT Anchor Cable and Load Cell Detail, Test No. MGSPCB-1 
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Figure 31. Modified BCT Anchor Cable, Test No. MGSPCB-1 
































































































































































































































































































































































































































































































