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Figure 4, and photographs of the completed installation are shown in Figure 5. 

The total length of the installation was 116 ft (35.4 m).  This installation consisted of four

major structural components: (1) simulated concrete bridge deck; (2) 6 in. (152 mm) high concrete

curb; (3) 20 in. (508 mm) high concrete parapet; and (4) a TS 6  x 3  x ¼ in. (structural tube) steel

rail mounted on 10¼ in. (260 mm) high TS 6 x 6 x ¼ in. steel posts.  The simulated concrete bridge

deck was anchored to the existing concrete apron as shown in Figure 6.

The concrete specified for use in the bridge deck parapet required a minimum 28-day

compressive strength of 4,300 psi (29.7 MPa). The 35-day concrete compressive strength for the

simulated bridge deck was approximately 4,580 psi (31.6 MPa), and the 7-day concrete compressive

strength for the  parapet was approximately 4,300 psi (29.7 MPa).
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1  INTRODUCTION

1.1  Problem Statement

A concrete parapet with brush curb and metal rail was constructed by the Minnesota

Department of Transportation (Mn/DOT) on the Lake Street Bridge in Minneapolis.  As a result of

favorable field performance and pleasing aesthetics, Mn/DOT wished to evaluate the feasibility of

using this combination rail on higher service level roadways. Consequently, this research project

was undertaken to evaluate the current design according to Test Level 4 as described in the National

Cooperative Highway Research Program (NCHRP) Report No. 350, Recommended Procedures for

the Safety Performance Evaluation of Highway Features (1).  Researchers at the Midwest Roadside

Safety Facility were to evaluate the performance of the bridge rail after each of the full-scale crash

tests and recommend any design changes which would  enhance the safety of the bridge rail.

1.2  Objective

The objective of this research project was to evaluate the Minnesota Combination Bridge

Rail by full-scale crash testing according to Test Level 4 of NCHRP Report 350 (1).  Prior to the

crash testing, MwRSF engineers were to perform a structural analysis of the system, and recommend

necessary design changes and incorporate them in the construction of the railing with the approval

of Mn/DOT. 

1.3  Scope

The scope of this project included a structural analysis to evaluate the integrity of the

Minnesota Combination Bridge Rail, as well as the evaluation of the system according to the crash

test criteria specified in Test Level 4 of NCHRP 350 (1).  This evaluation included impacting the

rail with an 8000-kg straight truck at 80 km/h and 15 degrees, a 2000-kg pickup at 100 km/h and 25
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degrees, and an 820-kg small car at 100 km/h and 20 degrees.

2 DESIGN DETAILS

Throughout the evaluation of the Minnesota Combination Bridge Rail, a number of design

changes were made to improve its safety performance, as well as to accommodate the design for the

availability of the required structural steel.  In order to follow the design changes more easily, the

three designs referred to throughout this report are described below.  The reasons for some of the

changes are further discussed in Section 5.2.

2.1 Design No. 1

The structural integrity of the original combination bridge rail used by Mn/DOT on low

service level roadways was evaluated and it was determined that, with only a few modifications, the

design was adequate to withstand forces imparted into it during Test Level 4 vehicular impacts.

These modifications included increasing the size of the weld at the base of the post to a three pass

d in. fillet weld, and revising the method for embedding the anchor bolts in the concrete parapet.

The material specification for the anchor bolts was also changed from ASTM A307 to ASTM A325.

However, due to the unavailability of this type and size of bolt, it was decided to build the

installation with ASTM A193 grade B7 threaded rod.  This material has  strength properties similar

to ASTM A325, is readily available, and the continuous threads aid in the attachment of the fixture

embedded in the concrete.

Detailed drawings of the Minnesota Combination Bridge Rail as it was installed for tests

MN-1 and MN-2 are shown in Figures 1 and 2.  The overall layout of the tested system is shown in

Figure 3.  Photographs taken during the construction of the deck and concrete parapet are shown in
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2.2  Design No. 2

Results from the second full-scale vehicle crash test indicated that it was necessary to modify

Design No. 1 in order to reduce the degree of snagging which was occurring on the posts supporting

the steel rail.  Based on the analysis of the high-speed film and gouge marks resulting from Test

MN-2, it was determined that extending both the tubular rail and concrete parapet 4 in. (102 mm)

toward the roadway would considerably reduce the snagging potential.  This would also reduce the

effective width of the exposed curb, thereby virtually eliminating any tendencies for the vehicle tire

to climb up the curb.

These modifications were made as a retrofit to the existing system as shown in Figure 7.

Reinforcing steel was doweled and epoxied into the existing concrete parapet and connected to steel

mesh (Type 66 66) in order to extend it 4 in. (102 mm) toward the roadway.  This left enough of the

brush curb exposed that it could still serve the intended purpose of preventing snowplow blades from

contacting the parapet during snow removal operations.

The rail was extended by welding a TS 4 x 3 x ¼ in. steel tube to the existing TS 6 x 3 x ¼

in. railing.  Upon successful completion of the crash testing of this version of the system, it was

planned to specify a TS 10 x 3 x ¼ in. rail in the final design.

2.3  Design No. 3

After completion of this crash test program, and as the final design was being implemented

by Mn/DOT, it was determined that the TS 10 x 3 x ¼ in. rail was not readily available from steel

suppliers.  Therefore, at the request of Mn/DOT, the final design was evaluated and modified to

utilize a readily available TS 10 x 4 x ¼ in. rail on TS 7 x 5 x 5/16 in. posts as shown in Figures 8

and 9.  During this design revision, the critical clearance between the front face of the rail and posts
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was maintained, as this dimension has the potential for greatly affecting the degree of snagging on

the posts.  An analysis of this alternate design showed that its strength was greater than that of

Design No. 2, with basically the same geometry.  Therefore, it is the judgement of the authors that

these changes will not affect the results obtained from the testing of Design No. 2 of the Minnesota

Combination Bridge Rail. 
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3 TEST CONDITIONS

3.1  Test Facility

3.1.1  Test Site

The Midwest Roadside Safety Facility’s outdoor test site is located at the Lincoln Air-Park

on the northwest end of the Lincoln Municipal Airport.  The test facility is approximately 5 miles

(8 km) northwest of the University of Nebraska-Lincoln.  The site is surrounded and protected by

an 8-ft (2.4 m) high chain-link security fence.

3.1.2  Vehicle Guidance System

A reverse 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 are one-half that of the test vehicle.

The test vehicle was released from the tow cable before impact with the appurtenance.  A fifth

wheel, built by the Nucleus Corporation, was used in conjunction with a digital speedometer to

increase the accuracy of the test vehicle impact speed.

A vehicle guidance system developed by Hinch (2) was used to steer the test vehicle.  The

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

3/8-in. (95 mm) diameter guide cable was tensioned to approximately 3,000 lbs (13.3 kN), and

supported laterally and vertically every 100 ft (30.5 m) by hinged stanchions.  The vehicle guidance

system was 2,000 ft (610 m) long for the first test, and 1,500 ft (460 m) long for all subsequent tests.

3.2  Test Vehicles

A summary of the test vehicles used in this project is presented in Table 1.  Photographs and

dimensions of all test vehicles are presented in Appendix A.
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Table 1.  Test Vehicle Summary

Test No. Vehicle Test Inertial Weight 

(lbs) (kg)

MN-1 1987 Ford F600 Single Unit Truck 18,000 8,172

MN-2 1986 Ford F250 Pickup 4,420 2,007

MN-3 1986 Ford F250 Pickup 4,442 2,017

MN-4 1988 Ford Festiva 1,800 817

A number of square, black and white-checkered targets were placed on each test vehicle.

These targets were used in the high-speed film analysis. Two targets were located on the center of

gravity, one on the top and one on the driver's side of the test vehicle. The remaining targets were

strategically located such that they could be used in the film analysis of the tests.

The front wheels of the test vehicle were aligned for camber, caster, and toe-in values of zero

so that the vehicle would track properly along the guide cable. Two 5B flash bulbs were mounted

on the roof of the vehicle to pinpoint the time of impact with the bridge rail on the high-speed film.

The flash bulbs were fired by a pressure tape switch mounted on the front face of the bumper.

3.3  Data Acquisition Systems

3.3.1  Accelerometers

A triaxial piezoresistive accelerometer system with a range of ±200 G's was used to measure

the acceleration in the longitudinal, lateral, and vertical directions at a sample rate of 3,200 Hz. The

environmental shock and vibration sensor/recorder system, Model EDR-3, was configured with 256

Kb of RAM  and a 1,120 Hz filter. Computer software, "DynaMax 1 (DM-1)" and "DADiSP" were

used to digitize, analyze, and plot the accelerometer data.  
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This system was used in conjunction with a backup system, which consisted of two triaxial

piezoresistive accelerometer systems with a range of ±200 g's (Endevco Model 7264).  The

accelerometers were rigidly attached to an aluminum block mounted near the vehicle's center of

gravity.  Accelerometer signals were received and conditioned by an onboard Series 300

Multiplexed FM Data System built by Metraplex Corporation.  The multiplexed signal was then

transmitted to a Honeywell 101 Analog Tape Recorder.  In the event of a failure in the EDR-3

system, computer software “EGAA” and “DADiSP” would be used to digitize, analyze, and plot the

accelerometer data.

3.3.2  Rate Transducer

A Humphrey 3-axis rate transducer with a range of 250 deg/sec in each of the three

directions (pitch, roll, and yaw) was used to measure the rotational rates of the test vehicle.  This

data is not required by the current criteria, but is used to provide engineers with a better

understanding of the dynamics of vehicle impacts with barriers.  This information is also useful in

verifying computer simulation results.

3.3.3  High Speed Photography

Six high-speed 16-mm cameras operating at 500 frames/sec were used to film each crash test.

A Red Lake Locam with a 12.5-mm lens was placed above the test installation to provide a field of

view perpendicular to the ground.  A Photec IV, with an 80-mm lens, as well as a Locam with a 76

mm lens, was placed downstream from the impact point and had a field of view parallel to the

barrier.  A second Photec IV, with a 55-mm lens, was placed on the traffic side of the bridge rail and

had a field of view perpendicular to the barrier.  Two additional high speed Locam cameras were

placed behind the rail to aid in evaluation of the vehicle/rail interaction.  A white-colored 5-ft  by
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5-ft (1.52-m by 1.52-m) grid was painted on the concrete in front of the rail near the impact point.

This grid was in the view of the overhead camera, and provided a visible reference system to use in

the analysis of the overhead high-speed film. The film was analyzed using a Vanguard Motion

Analyzer.  Actual camera speed and camera divergence factors were considered in the analysis of

the high-speed film.

3.3.4  Speed Trap Switches

Seven pressure tape switches, spaced at 5-ft (1.52-m) intervals, were used to determine the

speed of the vehicle before impact.  Each tape switch fired a strobe light and sent an electronic

timing mark to the data acquisition system as the left-front tire of the test vehicle passed over it.

Test vehicle speeds were determined from electronic timing mark data recorded on "EGAA"

software.  Strobe lights and high-speed film analysis are used only as a backup in the event that

vehicle speeds cannot be determined from the electronic data.  
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4  PERFORMANCE EVALUATION CRITERIA

The safety performance objective of a bridge rail is to reduce injury to and eliminate deaths

of occupants of errant vehicles and to protect lives and property on, adjacent to, or below a

bridge (3). In order to prevent or reduce the severity of such accidents, special attention should be

given to four major design factors. These factors are: (1) strength of the railing to resist impact

forces; (2) effective railing height; (3) shape of the face of the railing; and (4) deflection

characteristics of the railing (4).

The performance criteria used to evaluate these four full-scale vehicle crash tests were taken

from NCHRP Report 350, Recommended Procedures for the Safety Performance Evaluation of

Highway Features (1). The test conditions for the required test matrix are shown in Table 2. The

specific evaluation criteria are shown in Table 3.

The safety performance of the bridge rail was evaluated according to three major factors: (1)

structural adequacy, (2) occupant risk, and (3) vehicle trajectory after collision. These three

evaluation criteria are defined and explained in NCHRP Report 350 (1). After each test, vehicle

damage was assessed by the traffic accident scale (TAD) (5) and the vehicle damage index

(VDI) (6).
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Table 2. NCHRP 350 Test Level 4 Crash Test Conditions

Test Designation
Test

Vehicle

Impact

Conditions
Evaluation Criteria1

Speed

(km/h)

Angle

(deg)

4-10 820C 100 20 A,D,F,H,I,(J),K,M

4-11 2000P 100 25 A,D,F,K,L,M

4-12 8000S 80 15 A,D,G,K,M

1 Evaluation criteria explained in Table 3, criteria in parenthesis are optional.
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Table 3. Relevant NCHRP 350 Evaluation Criteria

A. Test article should contain and redirect the vehicle; the vehicle should not penetrate,

underride, or override the installation although controlled lateral deflection of the test

article is acceptable.

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 that could cause serious injuries should not be permitted.

F. The vehicle should remain upright during and after collision although moderate roll,

pitching and yawing are acceptable.

G. It is preferable, although not essential, that the vehicle remain upright during and after

collision.

H. Longitudinal and lateral occupant impact velocities should fall below the preferred value

of 9 m/s (29.5 fps), or at least below the maximum allowable value of 12 m/s (39.4 fps).

I. Longitudinal and lateral occupant ridedown accelerations should fall below the preferred

value of 15 g’s, or at least below the maximum allowable value of 20 g’s.

J. (Optional) Hybrid III dummy.  Response should conform to evaluation criteria of Part

571.208, Title 49 of Code of Federal Regulation, Chapter V.

K. After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic

lanes.

L. The occupant impact velocity in the longitudinal direction should not exceed 12 m/s (39.4

fps) and the occupant ridedown acceleration in the longitudinal direction should not exceed

20 g’s.

M. The exit angle from the test article preferably should be less than 60 percent of test impact

angle, measured at time of vehicle loss of contact with test device.








































































































































