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1 INTRODUCTION 

1.1 Background 

The Midwest Roadside Safety Facility (MwRSF) was contracted to develop a non-

proprietary, high-tension, cable median barrier. This barrier was to be developed for use at any 

location within a median with up to a 4:1 sloped V-ditch. Cable-to-post attachments desired for 

low-tension cable barriers were disadvantageous because they were designed for impacts from 

only one direction. It is necessary for cable median barrier attachment hardware to develop the 

full moment capacity when loaded laterally while releasing vertically at much lower loads to 

avoid pulling the cable toward the ground with the deformed posts. In addition, the low vertical 

release load is also necessary to prevent the cable from locking down on the A-pillar of the 

vehicle of small passenger cars, which could cause the cable to penetrate the occupant 

compartment. Since cable median barrier crashes may occur from either direction of traffic, the 

attachment hardware must develop similar strength and release with similar behavior when 

loaded from either side of the barrier. Therefore, a new connection design was needed to ensure 

the safety and functionality of the high-tension cable median barrier. 

MwRSF designed and tested a keyway bolt connection that was engineered to perform 

satisfactorily in conjunction with the high-tension cable median barrier. Dynamic tests were 

performed on cable attachment hardware at various orientations to simulate different stages of 

the deformed post during a crash [1].  

MwRSF previously conducted three full-scale crash tests on the four cable high-tension 

cable median barrier that utilized a curved keyway bracket cable clip to attach the cables to the 

posts of the barrier (test nos. 4CMB-1 through 4CMB-3) [2]. The full-scale crash test no. 4CMB-

3 consisted of an 1100C vehicle impacting the cable barrier at a speed of approximately 62.0 

mph (99.8 km/h) and at an impact angle of 26.7 degrees. This crash test was considered 
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unacceptable according to the Manual for Assessing Safety Hardware (MASH) standards 

because the cable caused deformations and intrusion into the occupant compartment that could 

have caused serious injuries. The cause of the failed test was that the cable snagged on the cable-

to-post attachments, which caused the cables to be pulled down on the A-pillar of the vehicle. 

1.2 Objective 

The project had three main objectives: (1) meet/maintain the cable release behavior from 

the curved keyway bracket design that was previously crash tested by MwRSF, (2) prevent the 

cable snagging problems that were present in test no. 4CMB-3 as the cables moved up the posts, 

and (3) simplify and minimize the number of connecting parts in the cable-to-post connection. 

The attachment needed to satisfy the targeted strength and cable release behavior for lateral and 

vertical loads. Initially, a minimum lateral pullout load of 6.00 kips (26.69 kN) was required, 

with a maximum vertical pullout load of 1.00 kips (4.45 kN). However, upon further 

investigation, it was decided that the lateral load capacity needed to be increased to 8.00 kips 

(35.59 kN). 

Other factors included in the design were affordability and constructability. The newly 

developed cable attachment needed to be designed without infringing on current cable-to-post 

connection patents. 

1.3 Scope 

Because of the unacceptable behavior of the cable bracket attachments used in test no. 

4CMB-3, a new cable-to-post attachment needed to be developed that would release the cable 

vertically to prevent the cable from being pulled down over the A-pillar of the vehicle. A series 

of component level tests were conducted to evaluate and fine tune the cable-to-post attachment 

design. The initial design had several variations that were tested and modified in the field tests. 

The different variations were tested with lateral, vertical, and angled dynamic loads. After the 
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cable-to-post attachment were determined to exhibit the correct release requirements, a series of 

dynamic bogie tests were conducted to evaluate the performance of the attachment in the actual 

cable barrier system. 
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2 LITERATURE REVIEW 

MwRSF investigated high-tension cable barrier connection design patents in previous 

research [1]. The current patents include: the Cable Safety System (CASS) produced by Trinity 

Highway Systems, the Gibraltar Cable Barrier System, the U.S. High Tension Cable Barrier 

System produced by Nucor Marion Steel, Inc., the Safence Barrier developed by Blue Systems 

AB, and the Wire Rope Safety Fence (WRSF) produced by Brifen USA, Inc. Detailed 

descriptions of these high-tension cable median barrier attachments can be found in MwRSF 

report no. TRP-03-200-08, Design and Evaluation of High-Tension Cable Median Barrier 

Hardware. 

Component level tests were conducted on the curved keyway brackets that were used in 

the high-tension cable barrier for test nos. 4CMB-1 through 4CMB-3. The bracket failed at a 

lateral load of 5.72 kips (25.44 kN). The bracket test with shoulder bolts allowed the cable to 

release near the target load of 1.00 kips (4.45 kN) [1]. 

The full scale crash test no. 4CMB-3 consisted of an 1100C vehicle impacting the cable 

barrier at a speed of approximately 62.0 mph (99.8 km/h) and at an impact angle of 26.7 degrees. 

This test failed the MASH 3-10 test criteria because the cables were pulled down on the A-pillar 

of the vehicle which caused deformations and intrusion into the occupant compartment that 

could have caused serious injuries [2]. In this test, the cables snagged on the shoulder bolts that 

attached the curved keyway brackets to the posts. Therefore, the cables were not released 

vertically and locked down on the A-pillar of the vehicle. 
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3 CABLE ATTACHMENT DESIGN DETAILS 

3.1 Introduction 

In previous research, MwRSF conducted numerous dynamic bogie tests on cable 

attachments for the high-tension cable median barrier. Those tests included curved keyway 

brackets and keyway bolt attachments [1]. The cable attachments were initially required to 

develop a minimum of 6.00 kips (26.69 kN) of load laterally and a maximum of 1.00 kips (4.45 

kN) vertically to fully develop the lateral resistance of the line posts and to prevent the cable 

from being pulled down by the deformed posts, respectively.  

MwRSF conducted component level tests in a load cell jig on a keyway bolt with a button 

end to improve the design of the cable attachment. The keyway bolt cable-to-post attachment 

tests were conducted with three main goals: (1) maintain the vertical and horizontal release loads 

as the curved keyway bracket used in test nos. 4CMB-1 through 4CMB-3, (2) prevent the cable 

from snagging on the attachment, and (3) simplify the attachment design. After satisfactory test 

results were obtained, bogie tests with the keyway bolt attachment mounted in the actual high-

tension cable barrier system were conducted to verify the dynamic performance of the bolts. 

3.2 S3x5.7 Post Jigs 

The standard post used in the high-tension cable median barrier was an S3x5.7 (S76x8.5) 

section. The post was manufactured from ASTM A36 steel and has a cross section in accordance 

with A6M standards. The post primarily consisted of three major components: two flanges and 

the connecting web. The flanges were 2.33 in. (59 mm) wide and 0.26 in. (7 mm) thick, while the 

web was 0.17 in. (4 mm) thick. All testing described herein used S3x5.7 (S76x8.5) posts or 

sections of S3x5.7 (S76x8.5) posts for mounting the cable attachments. 
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3.3 Test Configuration 

The keyway bolt attachments were tested at different angles to determine the connection 

strength at different stages of the deformed post. The angle of the test was measured as the angle 

from the face of the flange of the post to the direction of the force. A 90 degree test was 

analogous to a lateral load while a 0 degree test was analogous to a vertical load. Any test with 

an angle between 0 and 90 degrees simulated the loading condition of a partially deformed post. 

A summary of the tests and conditions are shown in Tables 1 through 3. 

Two different keyway designs were used in the tests. The first design, denoted slot and 

keyway design type 1, consisted of a slot to hold the threaded end of the keyway bolt and a 

keyway to hold the button end as shown in the top of Figure 1. This design was modified for 

several tests by grinding off some of the steel around the slot. The “elongated” remark in Tables 

1 through 3 indicates that the slot was modified in the field to slightly enlarge the slot. The 

second design, denoted slot and keyway design type 2, consisted of a hole slightly larger than the 

diameter of the keyway bolt to hold the threaded end and a keyway to hold the button end as 

shown in the bottom of Figure 1. Detailed drawings of both keyway designs are shown in 

Appendix A.  

The tests included several variations of nut connections that ranged from using single or 

double nuts with loose or tight configurations. Tests conducted with the nuts in the “loose” 

condition were configured with a small gap between the nut(s) and the flange. Tests conducted 

with the nuts in the “tight” condition were configured with the nut(s) tightened to the flange with 

a wrench. All other tests were conducted with the nut(s) tightened by hand. The following test 

configurations were used: 1 single grade 2 nut, 2 grade 2 nuts, 1 grade 5 nut, and 1 grade 8 high-

topped nut. 
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Figure 1. Slot and Keyway Designs (Top=Type 1, Bottom=Type 2) 

3.4 Keyway Bolt Attachments 

The basic design of the cable-to-post connection tested consisted of a U-shaped bolt with 

a button on one end and a shoulder and threaded stud on the other end. The threaded end of the 

keyway bolt was inserted into a slot below the button and fastened to the flange with a nut. The 

button head was inserted into a keyway that allowed the keyway bolt to straighten and release the 

cable when subjected to vertical pullout loads. Detailed drawings of the keyway bolt designs are 

shown in Appendix A. Material specifications for the hardware used in the bogie tests are shown 

in Appendix B. There were three basic keyway bolt designs that were tested: (1) the C1018 

keyway bolt, (2) the modified C1018 keyway bolt, and (3) the A449 keyway bolt. 

3.4.1 C1018 Keyway Bolt 

For test nos. HTCUB-1 through HTCUB-26, the keyway bolt was made from C1018 

galvanized steel. The shaft of the keyway bolt had a diameter of ¼ in. (6 mm). The C1018 

keyway bolt is shown in Figure 2. The test matrix for the C1018 keyway bolt is shown in Table 

1. 
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Figure 2. C1018 Keyway Bolt 

Table 1. C1018 Keyway Bolt Test Summary 
 

Test  Angle  Nuts 
Keyway 
Bolt 

Remarks 

HTCUB‐1  90°  Grade 2 ‐ Single ‐ Hand  C1018  Position in Slot=Center 

HTCUB‐2  90°  Grade 2 ‐ Single ‐ Hand  C1018  Position in Slot=Center 

HTCUB‐3  90°  Grade 2 ‐ Double ‐ Hand  C1018  Position in Slot=Center 

HTCUB‐4  90°  Grade 2 ‐ Double ‐ Hand  C1018  Position in Slot=Center 

HTCUB‐5  0°  Grade 2 ‐ Double ‐ Hand  C1018  Position in Slot=Bottom 

HTCUB‐6  0°  Grade 2 ‐ Double ‐ Hand  C1018  Position in Slot=Upper‐Center 

HTCUB‐7  0°  Grade 2 ‐ Double ‐ Loose  C1018  Position in Slot=Lower‐Center 

HTCUB‐8  0°  Grade 2 ‐ Double ‐ Loose  C1018  Position in Slot=Lower‐Center 

HTCUB‐9  0°  Grade 2 ‐ Double ‐ Loose  C1018  Position in Slot =Lower‐Center 

HTCUB‐10  0°  Grade 2 ‐ Double ‐ Loose  C1018  Position in Slot=Bottom, Slot Elongated 

HTCUB‐11  0°  Grade 2 ‐ Double ‐ Hand  C1018 
Position in Slot=Center, No Shoulder on 

Keyway Bolt 
HTCUB‐12  0°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 

HTCUB‐13  0°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Bottom, Slot Elongated 

HTCUB‐14  0°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Bottom, Slot Elongated 

HTCUB‐15  0°  Grade 2 ‐ Double ‐ Tight  C1018 
Position in Slot=Bottom, Slot Elongated, 

Reduced Button 

HTCUB‐16  0°  Grade 2 ‐ Double ‐ Tight  C1018 
Position in Slot=Bottom, Slot Elongated, 

Reduced Button 
HTCUB‐17  90°  Grade 5 ‐ Single ‐ Loose  C1018  Position in Slot=Top, Slot Elongated 

HTCUB‐18  15°  Grade 5 ‐ Single ‐ Loose  C1018 
Position in Slot=Lower‐Center, Slot 

Elongated 
HTCUB‐19  30°  Grade 5 ‐ Single ‐ Loose  C1018  Position in Slot=Center, Slot Elongated 

HTCUB‐20  45°  Grade 5 ‐ Single ‐ Loose  C1018  Position in Slot=Bottom, Slot Elongated 

HTCUB‐21  0°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 
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Table 1. C1018 Keyway Bolt Test Summary (Continued) 

Test  Angle  Nuts 
Keyway 
Bolt 

Remarks 

HTCUB‐22  0°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 

HTCUB‐23  90°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 

HTCUB‐24  45°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 

HTCUB‐25  60°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 

HTCUB‐26  60°  Grade 2 ‐ Double ‐ Tight  C1018  Position in Slot=Top, Slot Elongated 

*All tests utilized the type 1 slot and keyway design 

3.4.2 Modified C1018 Keyway Bolt 

For test nos. HTCUB-27 through HTCUB-30, the keyway bolt was made from C1018 

galvanized steel, but the shape of the bolt was modified from the design used in test nos. 

HTCUB-1 through HTCUB-26. The modified C1018 keyway bolt only contained two bends and 

had a longer shaft attached to the button end. The modified C1018 keyway bolt is shown in 

Figure 3. The test matrix for the modified C1018 keyway bolt is shown in Table 2 

  

Figure 3. Modified C1018 Keyway Bolt 
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Table 2. Modified C1018 Keyway Bolt Test Summary 
 

Test  Angle  Nuts 
Keyway 
Bolt 

Remarks 

HTCUB‐27  45°  Grade 2 ‐ Double ‐ Tight  C1018 
Type 2 Slot and Keyway, Modified Keyway 

Bolt 

HTCUB‐28  90°  Grade 2 ‐ Double ‐ Tight  C1018 
Type 2 Slot and Keyway, Modified Keyway 

Bolt 

HTCUB‐29  60°  Grade 2 ‐ Double ‐ Tight  C1018 
Type 2 Slot and Keyway, Modified Keyway 

Bolt 

HTCUB‐30  0°  Grade 2 ‐ Double ‐ Tight  C1018 
Type 2 Slot and Keyway, Modified Keyway 

Bolt 

 
3.4.3 A449 Keyway Bolt 

For test nos. HTCUB-31 through HTCUB-37, the keyway bolt was made from ASTM 

A449 galvanized steel and had a similar shape as the C1018 keyway bolt design. However, the 

threads were terminated 3/32 in. (2.38 mm) from the shoulder of the keyway bolt. The A449 

keyway bolt is shown in Figure 4. The test matrix for the A449 keyway bolt is shown in Table 3 

  

Figure 4. A449 Keyway Bolt 
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Table 3. A449 Keyway Bolt Test Summary 

Test  Angle  Nuts 
Keyway 
Bolt 

Remarks 

HTCUB‐31  0°  Grade 8 ‐ Single ‐ Tight  A449  Type 2 Slot and Keyway, High‐Topped Nut 

HTCUB‐32  0°  Grade 8 ‐ Single ‐ Tight  A449  Type 2 Slot and Keyway, High‐Topped Nut 

HTCUB‐33  90°  Grade 8 ‐ Single ‐ Tight  A449  Type 2 Slot and Keyway, High‐Topped Nut 

HTCUB‐34  90°  Grade 8 ‐ Single ‐ Tight  A449  Type 2 Slot and Keyway, High‐Topped Nut 

HTCUB‐35  0°  Grade 8 ‐ Single ‐ Tight  A449  Type 2 Slot and Keyway, High‐Topped Nut 

HTCUB‐36  0°  Grade 8 ‐ Single ‐ Tight  A449  Type 2 Slot and Keyway, High‐Topped Nut 

HTCUB‐37  0°  Grade 8 ‐ Single ‐ Tight   A449   Type 2 Slot and Keyway, High‐Topped Nut 
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4 CABLE ATTACHMENT DYNAMIC COMPONENT TESTING 

4.1 Purpose 

Dynamic performance of the keyway bolts was evaluated with bogie tests before 

implementation in a full-scale test. These tests were designed to demonstrate the performance of 

the keyway bolt design when subjected to cable loads at dynamic speeds and to measure the 

fracture and release loads of the attachment. In addition, the behavior of the keyway bolt 

connection was observed when loaded at angles that simulated different stages of the deformed 

post. It should be noted that cable size used in the dynamic bogie tests was ¾”-6x19, and the 

actual cable size utilized in the high-tension cable barrier system was ¾”-3x7, which is much 

stiffer in bending. 

4.2 Scope 

A series of 37 bogie tests were conducted on the keyway bolt connection. These tests 

consisted of attaching one end of a cable to a bogie and the other end to the keyway bolt which 

was mounted to the post section and attached to an adjustable plate. The bogie was then set in 

motion, away from the bracket, placing a dynamic load on the connection until fracture or 

release of the attachment through the keyway occurred. The target cable speed was 5.0 mph (8.0 

km/h) and the cables were loaded at a range of angles between 0 and 90 degrees (0 degrees = 

parallel to the post flange, 90 degrees = perpendicular to the post flange). 

4.3 Test Facility 

Physical testing of the keyway bolt attachment was conducted at the MwRSF testing 

facility which is located at the Lincoln Air Park on the northwest side of the Lincoln Municipal 

Airport. The facility is approximately 5 miles (8 km) from the University of Nebraska-Lincoln’s 

city campus. 
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4.4 Equipment and Instrumentation 

A variety of equipment and instrumentation was utilized to collect and record data during 

the dynamic bogie tests including: 

• Bogie 

• Load Cell 

• Accelerometers 

• Photography Cameras 

• Test Jig 

4.4.1 Bogie 

A rigid frame bogie was used to pull a cable attached to the keyway bolt attachment as 

shown in Figure 5. The weight of the bogie was 1,831 lb (831 kg) for test nos. HTCUB-1 

through HTCUB-6, 1,827 lb (829 kg) for test nos. HTCUB-7 through HTCUB-10, 1,819 lb (825 

kg) for tests nos. HTCUB-11 through HTCUB-20, 1,727 lb (783 kg) for test nos. HTCUB-21 

through HTCUB-30, and 1,816 lb (824 kg) for test nos. HTCUB-31 through HTCUB-37.  

The bogie guidance track used in test nos. HTCUB-1 through HTCUB-37 consisted of a 

corrugated steel beam railing to guide the right-side tires of the bogie. A pickup truck was 

attached to the bogie by a cable and was used to pull the bogie to a target speed of approximately 

5.0 mph (8.0 km/h). When the bogie approached the end of the guidance system, the pickup 

truck braked allowing the bogie to be free rolling when it applied the load to the keyway bolt. 
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Figure 5. Rigid Frame Bogie on Guidance Track 

4.4.2 Accelerometer 

An accelerometer system was mounted on the bogie vehicle near its center of gravity to 

measure the acceleration in the longitudinal, lateral, and vertical directions for test nos. HTCUB-

1 through HTCUB-20 and test nos. HTCUB-31 through HTCUB-35. The accelerometer data 

used only as a backup if the force history could not be determined from the load cell transducer. 

The accelerometer was not utilized in test nos. HTCUB-21 through HTCUB-30 and HTCUB-36 

through HTCUB-37.  

The accelerometer, Model EDR-3, was a triaxial piezoresistive accelerometer system 

developed by Instrumented Sensor Technology (IST) of Okemos, Michigan. The EDR-3 was 

configured with 256 kB of RAM memory, a range of ±200 g’s, a sample rate of 3,200 Hz, and a 

1,120 Hz low-pass filter. The “DynaMax 1 (DM-1)” computer software program and a 

customized Microsoft Excel worksheet were used to analyze and plot the accelerometer data. 
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4.4.3 Load Cell 

A load cell was placed within the testing apparatus to measure the force exerted on the 

keyway bolt until failure. This load cell was placed in tension between the attachment and the 

stationary barrier and had a maximum capacity of 50 kips (222 kN). 

4.4.4 High-Speed Digital Photography 

Two high-speed AOS VITcam digital video cameras with operating speeds of 500 

frames/sec were used to record video imagery of the dynamic testing. One camera was placed 

above the attachment, facing downward, while the other camera was placed at the same height as 

the attachment, perpendicular to the test jig. 

4.4.5 Digital Photography 

Two JVC digital video cameras were used to film the dynamic tests. There cameras 

operated at a speed of 29.97 frames/sec. One camera was placed above the attachment, facing 

downward, while the other camera was placed at the same height as the attachment, 

perpendicular to the test jig.  

A Nikon D50 digital still camera was also used to record pre- and post-test images of the 

dynamic tests. 

4.4.6 Test Jig 

The test jig consisted of a small section of an S3x5.7 (S76x8.5) post that was connected 

to an adjustable plate and had a slot and keyway cut into the flange. The adjustable plate was 

connected through a steel tube to a stationary barrier. The steel tube was attached to the 

mounting plate by a cylindrical joint which allowed a tension load cell to be used to measure the 

loads. The keyway bolt was attached to the post section with either 1 or 2 nuts. A cable was then 

looped through the keyway bolt and tied to a bogie that was set in motion, away from the 
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attachment, at a speed of approximately 5 mph (8 km/h). Drawings of the test setup are shown in 

Figure 6 and detailed drawings of the test jig are shown in Appendix A. 
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Figure 6. Setup for Test Nos. HTCUB-1 through HTCUB-37
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5 COMPONENT DYNAMIC TESTING RESULTS AND DISCUSSION 

5.1 Results 

A series of 37 dynamic tests were performed on the keyway bolt connection. Vertical, 

lateral, and inclined loads were applied by varying the angle of the applied load to test its load 

capacity under different load orientations. The type 1 slot and keyway design was used for the 

first 26 tests while the type 2 slot and keyway design was used for the last 11. The summary of 

all test results are shown in Table 4. 

Table 4. Dynamic Testing Results Summary 

Test  Angle  Nuts 
Keyway 
Bolt 

Peak Load  Results 

HTCUB‐1  90°  Grade 2 ‐ Single ‐ Hand  C1018  5.34 kips (23.75 kN)  Bolt Threads Stripped 

HTCUB‐2  90°  Grade 2 ‐ Single ‐ Hand  C1018  4.87 kips (21.66 kN)  Bolt Threads Stripped 

HTCUB‐3  90°  Grade 2 ‐ Double ‐ Hand  C1018  6.71 kips (29.85 kN)  Bolt Fracture Through Threads 

HTCUB‐4  90°  Grade 2 ‐ Double ‐ Hand  C1018  5.74 kips (25.53 kN)  Bolt Fracture Through Threads 

HTCUB‐5  0°  Grade 2 ‐ Double ‐ Hand  C1018  2.25 kips (10.01 kN)  Released ‐ Button Through Keyway 

HTCUB‐6  0°  Grade 2 ‐ Double ‐ Hand  C1018  1.71 kips (7.61 kN)  Released ‐ Button Through Keyway 

HTCUB‐7  0°  Grade 2 ‐ Double ‐ Loose  C1018  N/A  Released ‐ Button Through Keyway 

HTCUB‐8  0°  Grade 2 ‐ Double ‐ Loose  C1018  1.04 kips (4.63 kN)  Released ‐ Button Through Keyway 

HTCUB‐9  0°  Grade 2 ‐ Double ‐ Loose  C1018  1.02 kips (4.54 kN)  Released ‐ Button Through Keyway 

HTCUB‐10  0°  Grade 2 ‐ Double ‐ Loose  C1018  0.49 kips (2.18 kN)  Released ‐ Button Through Keyway 

HTCUB‐11  0°  Grade 2 ‐ Double ‐ Hand  C1018  2.12 kips (9.43 kN)  Released ‐ Button Through Keyway 

HTCUB‐12  0°  Grade 2 ‐ Double ‐ Tight  C1018  0.56 kips (2.49 kN) 
Released ‐ Button Through Keyway 

Button Snag Load of 0.58 kips (2.58 kN) 

HTCUB‐13  0°  Grade 2 ‐ Double ‐ Tight  C1018  0.85 kips (3.78 kN) 
Released ‐ Button Through Keyway 

Button Snag Load of 1.56 kips (6.94 kN) 

HTCUB‐14  0°  Grade 2 ‐ Double ‐ Tight  C1018  1.42 kips (6.32 kN)  Released ‐ Button Through Keyway 

HTCUB‐15  0°  Grade 2 ‐ Double ‐ Tight  C1018  0.88 kips (3.91kN) 
Released ‐ Button Through Keyway 

Button Snag Load of 1.00 kips (4.45 kN) 

HTCUB‐16  0°  Grade 2 ‐ Double ‐ Tight  C1018  1.14 kips (5.07 kN)  Released ‐ Button Through Keyway 

HTCUB‐17  90°  Grade 5 ‐ Single ‐ Loose  C1018  6.22 kips (27.67 kN)  Bolt Fracture Through Threads 

HTCUB‐18  15°  Grade 5 ‐ Single ‐ Loose  C1018  0.93 kips (4.14 kN)  Released ‐ Button Through Keyway 
Button Snag Load of 1.27 kips (5.65 kN) 

HTCUB‐19  30°  Grade 5 ‐ Single ‐ Loose  C1018  0.67 kips (2.98 kN)  Released ‐ Button Through Keyway 
Button Snag Load of 1.35 kips (6.01 kN) 

HTCUB‐20  45°  Grade 5 ‐ Single ‐ Loose  C1018  0.66 kips (2.94 kN)  Released ‐ Button Through Keyway 
Button Snag Load of 0.68 kips (3.02 kN) 

HTCUB‐21  0°  Grade 2 ‐ Double ‐ Tight  C1018  0.94 kips (4.18 kN)  Released ‐ Button Through Keyway 
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Table 4. Dynamic Testing Results Summary (Continued) 

Test  Angle  Nuts 
Keyway 
Bolt 

Peak Load  Results 

HTCUB‐22  0°  Grade 2 ‐ Double ‐ Tight  C1018  0.90 kips (4.00 kN)  Released ‐ Button Through Keyway 

HTCUB‐23  90°  Grade 2 ‐ Double ‐ Tight  C1018  6.19 kips (27.53 kN)  Bolt Fracture Through Threads 

HTCUB‐24  45°  Grade 2 ‐ Double ‐ Tight  C1018  0.74 kips (3.29 kN)  Released ‐ Button Through Keyway 
Button Snag Load of 1.61 kips (7.16 kN) 

HTCUB‐25  60°  Grade 2 ‐ Double ‐ Tight  C1018  3.99 kips (17.75 kN)  Bolt Fracture Through Threads 

HTCUB‐26  60°  Grade 2 ‐ Double ‐ Tight  C1018  3.90 kips (17.35 kN)  Bolt Fracture Through Threads 

HTCUB‐27  45°  Grade 2 ‐ Double ‐ Tight  C1018  0.47 kips (2.09 kN)  Released ‐ Button Through Keyway 
Button Snag Load of 0.49 kips (2.18 kN) 

HTCUB‐28  90°  Grade 2 ‐ Double ‐ Tight  C1018  6.75 kips (30.03 kN)  Bolt Fracture Through Threads 

HTCUB‐29  60°  Grade 2 ‐ Double ‐ Tight  C1018  0.53 kips (2.36 kN)  Released ‐ Button Through Keyway 

HTCUB‐30  0°  Grade 2 ‐ Double ‐ Tight  C1018  0.58 kips (2.58 kN)  Released ‐ Button Through Keyway 
Button Snag Load of 0.68 kips (3.02 kN) 

HTCUB‐31  0°  Grade 8 ‐ Single ‐ Tight  A449  N/A  Released ‐ Button Through Keyway 

HTCUB‐32  0°  Grade 8 ‐ Single ‐ Tight  A449  1.11 kips (4.94 kN)  Released ‐ Button Through Keyway 

HTCUB‐33  90°  Grade 8 ‐ Single ‐ Tight  A449  8.04 kips (35.76 kN)  Bolt Fracture Through Threads 

HTCUB‐34  90°  Grade 8 ‐ Single ‐ Tight  A449  8.80 kips (39.14 kN)  Bolt Fracture Through Threads 

HTCUB‐35  0°  Grade 8 ‐ Single ‐ Tight  A449  1.41 kips (6.27 kN)  Released ‐ Button Through Keyway 

HTCUB‐36  0°  Grade 8 ‐ Single ‐ Tight  A449  1.27 kips (5.65 kN)  Released ‐ Button Through Keyway 

HTCUB‐37  0°   Grade 8 ‐ Single ‐ Tight  A449  0.92 kips (4.09 kN)  Released ‐ Button Through Keyway 
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5.1.1 Test No. HTCUB-1 

For test no. HTCUB-1, the cable applied a load to the keyway bolt at an angle of 90 

degrees from the face of the flange. The keyway bolt was attached with one grade 2 nut 

positioned at the center of the slot. Force data was measured with the load cell transducer and the 

data was processed with the Channel Frequency Class (CFC) 60 filter in accordance with the 

Society of Automotive Engineers (SAE) J211. The start of the test was determined as the first 

data point opposite in sign from the polarity of the main acceleration signal. The cable released 

at a load of 5.34 kips (23.75 kN). The nut stripped off the threads and the keyway bolt 

straightened out. The force versus time plot is shown in Figure 7. Pre- and post-test photographs 

are shown in Figure 8. Sequential photographs are shown in Figure 9.  

 

Figure 7. Force-Time Data, Test No. HTCUB-1
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 Pre-Test Post-Test 

Figure 8. Pre-Test and Post-Test Photographs, Test No. HTCUB-1 

    
 Time = 0 ms Time = 194 ms 

   
 Time = 196 ms Time = 200 ms 

Figure 9. Sequential Photographs, Test No. HTCUB-1
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5.1.2 Test No. HTCUB-2 

For test no. HTCUB-2, the cable applied a load the keyway bolt at an angle of 90 degrees 

from the face of the flange. The keyway bolt was attached with one grade 2 nut positioned at the 

center of the slot. The cable released at a load of 4.87 kips (21.66 kN). The nut stripped off the 

threads and the keyway bolt straightened out. The force versus time plot is shown in Figure 10. 

Pre- and post-test photographs are shown in Figure 11. Sequential photographs are shown in 

Figure 12. 

 

Figure 10. Force-Time Data, Test No. HTCUB-2 
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 Pre-Test Post-Test 

Figure 11. Pre-Test and Post-Test Photographs, Test No. HTCUB-2 

   
 Time = 0 ms Time = 190 ms 

   
 Time = 192 ms Time = 196 ms 

Figure 12. Sequential Photographs, Test No. HTCUB-2 
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5.1.3 Test No. HTCUB-3 

For test no. HTCUB-3, the cable applied a load to the keyway bolt at an angle of 90 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

positioned at the center of the slot. The cable released at a load of 6.71 kips (29.85 kN). The 

keyway bolt fractured through the threads and straightened out. The force versus time plot is 

shown in Figure 13. Pre- and post-test photographs are shown in Figure 14. Sequential 

photographs are shown in Figure 15. 

 

Figure 13. Force-Time Data, Test No. HTCUB-3 
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 Pre-Test Post-Test 

Figure 14. Pre-Test and Post-Test Photographs, Test No. HTCUB-3 

   
 Time = 0 ms Time = 192 ms 

   
 Time = 196 ms Time = 198 ms 

Figure 15. Sequential Photographs, Test No. HTCUB-3 
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5.1.4 Test No. HTCUB-4 

For test no. HTCUB-4, the cable applied a load to the keyway bolt at an angle of 90 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

positioned at the center of the slot. The cable released at a load of 5.74 kips (25.53 kN). The 

keyway bolt fractured through the threads and straightened out. The force versus time plot is 

shown in Figure 16. Pre- and post-test photographs are shown in Figure 17. Sequential 

photographs are shown in Figure 18. 

 

Figure 16. Force-Time Data, Test No. HTCUB-4 
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5.1.5 Test No. HTCUB-5 

For test no. HTCUB-5, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

positioned at the bottom of the slot and the button head of the bolt was at the lowest position in 

the keyway. The cable released at a load of 2.25 kips (10.01 kN). The button slipped out of the 

keyway while the threaded end remained attached to the flange and the keyway bolt straightened 

out. The force versus time plot is shown in Figure 19. Pre- and post-test photographs are shown 

in Figure 20. Sequential photographs are shown in Figure 21. 

 

Figure 19. Force-Time Data, Test No. HTCUB-5 
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 Pre-Test Post-Test 

Figure 20. Pre-Test and Post-Test Photographs, Test No. HTCUB-5 

   
 Time = 0 ms Time = 146 ms 

   
 Time = 186 ms Time = 188 ms 

Figure 21. Sequential Photographs, Test No. HTCUB-5 
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5.1.6 Test No. HTCUB-6 

For test no. HTCUB-6, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

positioned at the upper-center of the slot. The cable released at a load of 1.71 kips (7.61 kN). The 

button slipped out of the keyway while the threaded end remained attached to the flange and the 

keyway bolt straightened out. The force versus time plot is shown in Figure 22. Pre- and post-test 

photographs are shown in Figure 23. Sequential photographs are shown in Figure 24. 

 

Figure 22. Force-Time Data, Test No. HTCUB-6 
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 Pre-Test Post-Test 

Figure 23. Pre-Test and Post-Test Photographs, Test No. HTCUB-6 

   
 Time = 0 ms Time = 54 ms 

   
 Time = 100 ms Time = 102 ms 

Figure 24. Sequential Photographs, Test No. HTCUB-6 
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5.1.7 Test No. HTCUB-7 

For test no. HTCUB-7, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with a small gap 

between the two grade 2 nuts and the flange. The threaded end was positioned at the lower-

center of the slot. Due to technical difficulties, the load cell did not collect load data. The button 

slipped out of the keyway while the threaded end remained attached to the flange and the keyway 

bolt straightened out. Pre- and post-test photographs are shown in Figure 25. Sequential 

photographs are shown in Figure 26. 
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 Pre-Test Post-Test 

Figure 25. Pre-Test and Post-Test Photographs, Test No. HTCUB-7 

   
 Time = 0 ms Time = 126 ms 

   
 Time = 130 ms Time = 134 ms 

Figure 26. Sequential Photographs, Test No. HTCUB-7
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5.1.8 Test No. HTCUB-8 

For test no. HTCUB-8, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with a small gap 

between the two grade 2 nuts and the flange. The threaded end was positioned at the lower-

center of the slot. The cable released at a load of 1.04 kips (4.63 kN). The button slipped out of 

the keyway while the threaded end remained attached to the flange and the keyway bolt 

straightened out. The force versus time plot is shown in Figure 27. Pre- and post-test 

photographs are shown in Figure 28. Sequential photographs are shown in Figure 29. 

 

Figure 27. Force-Time Data, Test No. HTCUB-8 
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5.1.9 Test No. HTCUB-9 

For test no. HTCUB-9, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel the face of the flange. The keyway bolt was attached with a small gap between 

the two grade 2 nuts and the flange. The threaded end was positioned at the lower-center of the 

slot. The cable released at a load of 1.02 kips (4.54 kN). The button slipped out of the keyway 

while the threaded end remained attached to the flange and the keyway bolt straightened out. The 

force versus time plot is shown in Figure 30. Pre- and post-test photographs are shown in Figure 

31. Sequential photographs are shown in Figure 32. 

 

Figure 30. Force-Time Data, Test No. HTCUB-9 
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5.1.10 Test No. HTCUB-10 

For test no. HTCUB-10, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with a small gap 

between the two grade 2 nuts and the flange. The threaded end was positioned at the bottom of 

the lower slot in the post, which was slightly elongated towards the keyway. The elongation of 

the slot was done to allow for the button to release more easily. The cable released at a load of 

0.49 kips (2.18 kN). The button slipped out of the keyway while the threaded end remained 

attached to the flange and the keyway bolt straightened out. The force versus time plot is shown 

in Figure 33. Pre- and post-test photographs are shown in Figure 34. Sequential photographs are 

shown in Figure 35. 

 

Figure 33. Force-Time Data, Test No. HTCUB-10 
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5.1.11 Test No. HTCUB-11 

For test no. HTCUB-11, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

positioned at the center of the lower slot. The shoulder of the keyway bolt was ground off. The 

cable released at a load of 2.12 kips (9.43 kN). The button slipped out of the keyway while the 

threaded end remained attached to the flange and the keyway bolt straightened out. The force 

versus time plot is shown in Figure 36. Pre- and post-test photographs are shown in Figure 37. 

Sequential photographs are shown in Figure 38. 

 

Figure 36. Force-Time Data, Test No. HTCUB-11 
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 Pre-Test Post-Test 

Figure 37. Pre-Test and Post-Test Photographs, Test No. HTCUB-11 

   
 Time = 0 ms Time = 160 ms 

   
 Time = 164 ms Time = 168 ms 

Figure 38. Sequential Photographs, Test No. HTCUB-11 
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5.1.12 Test No. HTCUB-12 

For test no. HTCUB-12, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the elongated, lower slot. The slot that 

held the threaded end of the keyway bolt was slightly elongated. The cable released at a load of 

0.56 kips (2.49 kN), but the cable snagged on the button and released at a load of 0.58 kips (2.58 

kN). The button slipped out of the keyway while the threaded end remained attached to the 

flange and the keyway bolt straightened out. The force versus time plot is shown in Figure 39. 

Pre- and post-test photographs are shown in Figure 40. Sequential photographs are shown in 

Figure 41. 

 

Figure 39. Force-Time Data, Test No. HTCUB-12 
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 Pre-Test Post-Test 

Figure 40. Pre-Test and Post-Test Photographs, Test No. HTCUB-12 
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Figure 41. Sequential Photographs, Test No. HTCUB-12
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5.1.13 Test No. HTCUB-13 

For test no. HTCUB-13, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the bottom of the slot. The slot that held the 

threaded end of the keyway bolt was slightly elongated. The cable released at a load of 0.85 kips 

(3.78 kN), but the cable snagged on the button and released at a load of 1.56 kips (6.94 kN). The 

button slipped out of the keyway while the threaded end remained attached to the flange and the 

keyway bolt straightened out. The force versus time plot is shown in Figure 42. Pre- and post-test 

photographs are shown in Figure 43. Sequential photographs are shown in Figure 44. 

 

Figure 42. Force-Time Data, Test No. HTCUB-13 
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 Pre-Test Post-Test 

Figure 43. Pre-Test and Post-Test Photographs, Test No. HTCUB-13 

   
 Time = 0 ms Time = 52 ms 

   
 Time = 56 ms Time = 60 ms 

Figure 44. Sequential Photographs, Test No. HTCUB-13
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5.1.14 Test No. HTCUB-14 

For test no. HTCUB-14, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the bottom of the slot. The slot that held the 

threaded end of the keyway bolt was slightly elongated. The cable released at a load of 1.42 kips 

(6.32 kN). The button of the keyway bolt slipped out of the keyway while the threaded end 

remained attached to the flange and the keyway bolt straightened out. The force versus time plot 

is shown in Figure 45. Pre- and post-test photographs are shown in Figure 46. Sequential 

photographs are shown in Figure 47. 

 

Figure 45. Force-Time Data, Test No. HTCUB-14 
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 Pre-Test Post-Test 

Figure 46. Pre-Test and Post-Test Photographs, Test No. HTCUB-14 

   
 Time = 0 ms Time = 88 ms 

   
 Time = 126 ms Time = 130 ms 

Figure 47. Sequential Photographs, Test No. HTCUB-14
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5.1.15 Test No. HTCUB-15 

For test no. HTCUB-15, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the bottom of the slot. The slot that held the 

threaded end of the keyway bolt was slightly elongated and the size of the button was slightly 

reduced. The cable released at a load of 0.88 kips (3.91 kN), but the cable snagged on the button 

an released at a load of of 1.00 kips (4.45 kN). The button slipped out of the keyway while the 

threaded end remained attached to the flange and the keyway bolt straightened out. The force 

versus time plot is shown in Figure 48. Pre- and post-test photographs are shown in Figure 49. 

Sequential photographs are shown in Figure 50. 

 

Figure 48. Force-Time Data, Test No. HTCUB-15 
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5.1.16 Test No. HTCUB-16 

For test no. HTCUB-16, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the bottom of the slot. The slot that held the 

threaded end of the keyway bolt was slightly elongated and the size of the button was slightly 

reduced. The cable released at a load of 1.14 kips (5.07 kN). The button slipped out of the 

keyway while the threaded end remained attached to the flange and the keyway bolt straightened 

out. The force versus time plot is shown in Figure 51. Pre- and post-test photographs are shown 

in Figure 52. Sequential photographs are shown in Figure 53. 

 

Figure 51. Force-Time Data, Test No. HTCUB-16 
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5.1.17 Test No. HTCUB-17 

For test no. HTCUB-17, the cable applied a load to the keyway bolt at an angle of 90 

degrees from the face of the flange. The keyway bolt was attached with a small gap between one 

grade 5 nut and the flange. The threaded end was positioned at the top of the slot, which was 

slightly elongated. The cable released at a load of 6.22 kips (27.67 kN). The bolt fractured 

through the threads and straightened out. The force versus time plot is shown in Figure 54. Pre- 

and post-test photographs are shown in Figure 55. Sequential photographs are shown in Figure 

56. 

 

Figure 54. Force-Time Data, Test No. HTCUB-17 
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5.1.18 Test No. HTCUB-18 

For test no. HTCUB-18, the cable applied a load to the keyway bolt at an angle of 15 

degrees from the face of the flange. The keyway bolt was attached with a small gap between one 

grade 5 nut and the flange. The threaded end was positioned at the lower-center of the slot, 

which was slightly elongated. The cable released at a load of 0.93 kips (4.14 kN), but the cable 

snagged on the button and released at a load of 1.27 kips (5.65 kN). The button slipped out of the 

keyway while the threaded end remained attached to the flange and the keyway bolt straightened 

out. The force versus time plot is shown in Figure 57. Pre- and post-test photographs are shown 

in Figure 58. Sequential photographs are shown in Figure 59. 

 

Figure 57. Force-Time Data, Test No. HTCUB-18 
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5.1.19 Test No. HTCUB-19 

For test no. HTCUB-19, the cable applied a load to the keyway bolt at an angle of 30 

degrees from the face of the flange. The keyway bolt was attached with a small gap between one 

grade 5 nut and the flange. The threaded end was positioned at the center of the slot, which was 

slightly elongated. The cable released at a load of 0.67 kips (2.98 kN), but the cable snagged on 

the button and released at a load of 1.35 kips (6.01 kN). The button slipped out of the keyway 

while the threaded end remained attached to the flange and the keyway bolt straightened out. The 

force versus time plot is shown in Figure 60. Pre- and post-test photographs are shown in Figure 

61. Sequential photographs are shown in Figure 62. 

 

Figure 60. Force-Time Data, Test No. HTCUB-19 
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 Pre-Test Post-Test 

Figure 61. Pre-Test and Post-Test Photographs, Test No. HTCUB-19 
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Figure 62. Sequential Photographs, Test No. HTCUB-19
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5.1.20 Test No. HTCUB-20 

For test no. HTCUB-20, the cable applied a load to the keyway bolt at an angle of 45 

degrees from the face of the flange. The keyway bolt was attached with a small gap between one 

grade 5 nut and the flange. The threaded end was positioned at the bottom of the slot, which was 

slightly elongated. The cable released at a load of 0.66 kips (2.94 kN), but the cable snagged on 

the button and released at a load of 0.68 kips (3.02 kN). The button slipped out of the keyway 

while the threaded end remained attached to the flange and the keyway bolt straightened out. The 

force versus time plot is shown in Figure 63. Pre- and post-test photographs are shown in Figure 

64. Sequential photographs are shown in Figure 65. 

 

Figure 63. Force-Time Data, Test No. HTCUB-20 
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5.1.21 Test No. HTCUB-21 

For test no. HTCUB-21, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the slot. The slot that held the threaded 

end of the keyway bolt was slightly elongated. The cable released at a load of 0.94 kips (4.18 

kN). The button slipped out of the keyway while the threaded end remained attached to the 

flange and the keyway bolt straightened out. The force versus time plot is shown in Figure 66. 

Pre- and post-test photographs are shown in Figure 67. Sequential photographs are shown in 

Figure 68. 

 

Figure 66. Force-Time Data, Test No. HTCUB-21 
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5.1.22 Test No. HTCUB-22 

For test no. HTCUB-22, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the slot. The slot that held the threaded 

end of the keyway bolt was slightly elongated. The cable released at a load of 0.90 kips (4.00 

kN). The button slipped out of the keyway while the threaded end remained attached to the 

flange and the keyway bolt straightened out. The force versus time plot is shown in Figure 69. 

Pre- and post-test photographs are shown in Figure 70. Sequential photographs are shown in 

Figure 71. 

 

Figure 69. Force-Time Data, Test No. HTCUB-22 
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5.1.23 Test No. HTCUB-23 

For test no. HTCUB-23, the cable applied a load to the keyway bolt at an angle of 90 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the slot. The slot that held the threaded 

end of the keyway bolt was slightly elongated. The cable released at a load of 6.19 kips (27.53 

kN). The keyway bolt fractured through the threads and straightened out. The force versus time 

plot is shown in Figure 72. Pre- and post-test photographs are shown in Figure 73. Sequential 

photographs are shown in Figure 74. 

 

Figure 72. Force-Time Data, Test No. HTCUB-23 
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5.1.24 Test No. HTCUB-24 

For test no. HTCUB-24, the cable applied a load to the keyway bolt at an angle of 45 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the slot. The slot that held the threaded 

end of the keyway bolt was slightly elongated. The cable released at a load of 0.74 kips (3.29 

kN), but the cable snagged on the button and released at a load of 1.61 kips (7.16 kN). The 

button slipped out of the keyway while the threaded end remained attached to the flange and the 

keyway bolt straightened out. The force versus time plot is shown in Figure 75. Pre- and post-test 

photographs are shown in Figure 76. Sequential photographs are shown in Figure 77. 

 

Figure 75. Force-Time Data, Test No. HTCUB-24 
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5.1.25 Test No. HTCUB-25 

For test no. HTCUB-25, the cable applied a load to the keyway bolt at an angle of 60 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the slot. The slot that held the threaded 

end of the keyway bolt was slightly elongated. The cable released at a load of 3.99 kips (17.75 

kN). The keyway bolt fractured through the threads and straightened out very slightly. The force 

versus time plot is shown in Figure 78. Pre- and post-test photographs are shown in Figure 79. 

Sequential photographs are shown in Figure 80. 

 

Figure 78. Force-Time Data, Test No. HTCUB-25 
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 Pre-Test Post-Test 

Figure 79. Pre-Test and Post-Test Photographs, Test No. HTCUB-25 
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Figure 80. Sequential Photographs, Test No. HTCUB-25
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5.1.26 Test No. HTCUB-26 

For test no. HTCUB-26, the cable applied a load to the keyway bolt at an angle of 60 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench that were positioned at the top of the slot. The slot that held the threaded 

end of the keyway bolt was slightly elongated. The cable released at a load of 3.90 kips (17.35 

kN). The keyway bolt fractured through the threads and straightened out very slightly. The force 

versus time plot is shown in Figure 81. Pre- and post-test photographs are shown in Figure 82. 

Sequential photographs are shown in Figure 83. 

 

Figure 81. Force-Time Data, Test No. HTCUB-26 
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 Pre-Test Post-Test 

Figure 82. Pre-Test and Post-Test Photographs, Test No. HTCUB-26 
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Figure 83. Sequential Photographs, Test No. HTCUB-26
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5.1.27 Test No. HTCUB-27 

For test no. HTCUB-27, the cable applied a load to the keyway bolt at an angle of 45 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench and the slot and keyway design type 2 was used. The cable released at a 

load of 0.47 kips (2.09 kN), but the cable snagged on the button and released at a load of 0.49 

kips (2.18 kN). The button slipped out of the keyway while the threaded end stayed attached and 

the keyway bolt straightened out. The force versus time plot is shown in Figure 84. Pre- and 

post-test photographs are shown in Figure 85. Sequential photographs are shown in Figure 86. 

 

Figure 84. Force-Time Data, Test No. HTCUB-27 
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 Pre-Test Post-Test 

Figure 85. Pre-Test and Post-Test Photographs, Test No. HTCUB-27 
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Figure 86. Sequential Photographs, Test No. HTCUB-27
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5.1.28 Test No. HTCUB-28 

For test no. HTCUB-28, the cable applied a load to the keyway bolt at an angle of 90 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench and the slot and keyway design type 2 was used. The cable released at a 

load of 6.75 kips (30.03 kN). The keyway bolt fractured through the threads and straightened 

out. The force versus time plot is shown in Figure 87. Pre- and post-test photographs are shown 

in Figure 88. Sequential photographs are shown in Figure 89. 

 

Figure 87. Force-Time Data, Test No. HTCUB-28 
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Figure 88. Pre-Test and Post-Test Photographs, Test No. HTCUB-28 
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Figure 89. Sequential Photographs, Test No. HTCUB-28
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5.1.29 Test No. HTCUB-29 

For test no. HTCUB-29, the cable applied a load to the keyway bolt at an angle of 60 

degrees from the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench and the slot and keyway design type 2 was used. The cable released at a 

load of 0.53 kips (2.36 kN). The button slipped out of the keyway while the threaded end 

remained attached to the flange and the keyway bolt straightened out. The force versus time plot 

is shown in Figure 90. Pre- and post-test photographs are shown in Figure 91. Sequential 

photographs are shown in Figure 92. 

 

Figure 90. Force-Time Data, Test No. HTCUB-29 
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 Pre-Test Post-Test 

Figure 91. Pre-Test and Post-Test Photographs, Test No. HTCUB-29 
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Figure 92. Sequential Photographs, Test No. HTCUB-29



 May 11, 2011  
MwRSF Report No. TRP-03-228-11  

 

78 

5.1.30 Test No. HTCUB-30 

For test no. HTCUB-30, the cable applied a load to the keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with two grade 2 nuts 

tightened with a wrench and the slot and keyway design type 2 was used. The cable released at a 

load of 0.58 kips (2.58 kN), but the cable snagged on the button and released at a load of 0.68 

kips (3.02 kN). The button slipped out of the keyway while the threaded end remained attached 

to the flange and the keyway bolt straightened out. The force versus time plot is shown in Figure 

93. Pre- and post-test photographs are shown in Figure 94. Sequential photographs are shown in 

Figure 95. 

 

Figure 93. Force-Time Data, Test No. HTCUB-30 
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 Pre-Test Post-Test 

Figure 94. Pre-Test and Post-Test Photographs, Test No. HTCUB-30 
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Figure 95. Sequential Photographs, Test No. HTCUB-30
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5.1.31 Test No. HTCUB-31 

For test no. HTCUB-31, the cable applied a load to the A449 keyway bolt at an angle of 0 

degrees, parallel the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. Due to 

technical difficulties, the load cell did not collect data. The button slipped out of the keyway 

while the threaded end remained attached to the flange and the keyway bolt straightened out. 

Pre- and post-test photographs are shown in Figure 96. Sequential photographs are shown in 

Figure 97. 
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 Pre-Test Post-Test 

Figure 96. Pre-Test and Post-Test Photographs, Test No. HTCUB-31 
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Figure 97. Sequential Photographs, Test No. HTCUB-31 



 May 11, 2011  
MwRSF Report No. TRP-03-228-11  

 

82 

5.1.32 Test No. HTCUB-32 

For test no. HTCUB-32, the cable applied a load to the A449 keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. The cable 

released at a load of 1.11 kips (4.94 kN). The button slipped out of the keyway while the 

threaded end remained attached to the flange and the keyway bolt straightened out. The force 

versus time plot is shown in Figure 98. Pre- and post-test photographs are shown in Figure 99. 

Sequential photographs are shown in Figure 100. 

 

Figure 98. Force-Time Data, Test No. HTCUB-32 
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 Pre-Test Post-Test 

Figure 99. Pre-Test and Post-Test Photographs, Test No. HTCUB-32 
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Figure 100. Sequential Photographs, Test No. HTCUB-32
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5.1.33 Test No. HTCUB-33 

For test no. HTCUB-33, the cable applied a load to the A449 keyway bolt at an angle of 

90 degrees from the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. The cable 

released at a load of 8.04 kips (35.76 kN). The keyway bolt fractured through the threads and 

straightened out. The force versus time plot is shown in Figure 101. Pre- and post-test 

photographs are shown in Figure 102. Sequential photographs are shown in Figure 103. 

 

Figure 101. Force-Time Data, Test No. HTCUB-33 
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 Pre-Test Post-Test 

Figure 102. Pre-Test and Post-Test Photographs, Test No. HTCUB-33 
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Figure 103. Sequential Photographs, Test No. HTCUB-33
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5.1.34 Test No. HTCUB-34 

For test no. HTCUB-34, the cable applied a load to the A449 keyway bolt at an angle of 

90 degrees from the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. The cable 

released at a load of 8.80 kips (39.14 kN). The keyway bolt fractured through the threads and 

straightened out. The force versus time plot is shown in Figure 104. Pre- and post-test 

photographs are shown in Figure 105. Sequential photographs are shown in Figure 106. 

 

Figure 104. Force-Time Data, Test No. HTCUB-34 
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 Pre-Test Post-Test 

Figure 105. Pre-Test and Post-Test Photographs, Test No. HTCUB-34 
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Figure 106. Sequential Photographs, Test No. HTCUB-34
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5.1.35 Test No. HTCUB-35 

For test no. HTCUB-35, the cable applied a load to the A449 keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. The cable 

released at a load of 1.41 kips (6.27 kN). The button slipped out of the keyway while the 

threaded end remained attached to the flange and the keyway bolt straightened out. The force 

versus time plot is shown in Figure 107. Pre- and post-test photographs are shown in Figure 108. 

Sequential photographs are shown in Figure 109. 

 

Figure 107. Force-Time Data, Test No. HTCUB-35 
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Figure 108. Pre-Test and Post-Test Photographs, Test No. HTCUB-35 
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Figure 109. Sequential Photographs, Test No. HTCUB-35
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5.1.36 Test No. HTCUB-36 

For test no. HTCUB-36, the cable applied a load to the A449 keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. The cable 

released at a load of 1.27 kips (5.65 kN). The button slipped out of the keyway while the 

threaded end remained attached to the flange and the keyway bolt straightened out. The force 

versus time plot is shown in Figure 110. Pre- and post- test photographs are shown in Figure 111. 

Sequential photographs are shown in Figure 112. 

 

Figure 110. Force-Time Data, Test No. HTCUB-36 
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5.1.37 Test No. HTCUB-37 

For test no. HTCUB-37, the cable applied a load to the A449 keyway bolt at an angle of 0 

degrees, parallel to the face of the flange. The keyway bolt was attached with one grade 8 high-

topped nut tightened with a wrench and the slot and keyway design type 2 was used. The cable 

released at a load of 0.92 kips (4.09 kN). The button slipped out of the keyway while the 

threaded end remained attached to the flange and the keyway bolt straightened out. The force 

versus time plot is shown in Figure 113. Pre- and post-test photographs are shown in Figure 114. 

Sequential photographs are shown in Figure 115. 

 

Figure 113. Force-Time Data, Test No. HTCUB-37 
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5.2 Discussion 

The 37 dynamic tests were used to evaluate the cable clip hardware and develop a design 

that could be utilized in the high-tension cable median barrier. The design objectives required the 

cable clip to maintain a minimum perpendicular tensile load of 8.00 kips (35.59 kN) while 

releasing vertically at a maximum pullout load of 1.00 kips (4.45 kN). Several different 

configurations were tested with different sizes and strengths of nuts, keyway bolts, and slot and 

keyway designs.  

The type 1 slot and keyway was designed for development only and was used to fine tune 

the bolt attachment. The testing of the type 1 slot and keyway design led to the type 2 design in 

terms of the depth and position of the keyway relative to the lower hole. The type 2 slot and 

keyway design showed more consistent behavior and an improvement over the type 1 design. 

Placement of the top arm of the bolt lower in the keyway led to the upper arm having higher 

release loads. This led to excessive loads in tests which utilized the type 1 design and the keyway 

bolt placed near the bottom of the slot. These failed tests included HTCUB-5, HTCUB-6, 

HTCUB-11, HTCUB-14, and HTCUB-16 because the observed loads were higher than the 

maximum acceptable vertical pullout load for the C1018 keyway bolt.  

Following test nos. HTCUB-1 through HTCUB-30, it was believed that the C1018 

keyway bolt with either a single grade 5 nut or double grade 2 nuts installed on the type 2 slot 

and keyway design would yield the desired behavior. However, after observing the first two 

cable barrier dynamic bogie tests described in Chapter 7 (HTCC-1 and HTCC-2), the design 

requirements were considered inadequate because the clips prematurely released the cables due 

to fracture of the bolt and did not develop the desired deformation of the S3x5.7 (S76x8.5) post. 

An A449 keyway bolt with a single grade 8 high-topped nut was proposed and tested in order to 
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increase the strength of the cable clip connection. The selection of the thicker grade 8 nut was to 

prevent the threads from stripping off of the bolts, as was observed in test nos. HTCUB-1 and 

HTCUB-2. Both of the 90 degree tests that utilized the A449 keyway bolt and the grade 8 high-

topped nut provided a resistance greater than 8.00 kips (35.59 kN) while releasing the cable at an 

average load of 1.18 kips (5.25 kN) for the 0 degree tests. The increase in vertical pullout loads, 

although undesirable, was accepted in exchange for greater tensile capacity. This design showed 

favorable results and was recommended for implementation in the high-tension cable barrier 

design after verifying its performance when installed on the S3x5.7 (S76x8.5) posts with 

dynamic bogie testing. 
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6 CABLE BARRIER DYNAMIC BOGIE TESTING 

6.1 Purpose 

Six dynamic bogie tests were performed to evaluate the high-tension cable barrier 

attachments when installed on a series of S3x5.7 (S76x8.5) posts with a high-tension cable and 

subjected to loads in a similar manner as a full-scale crash. It was desired that the keyway bolts 

develop the full strength of the post when the posts were in the vertical position, while allowing 

the cable to release from the posts as the posts deformed and rotated toward the ground. The 

clips were designed to develop the full moment capacity of the steel posts with specified yield 

strengths up to 50 ksi (345 MPa). The test was considered successful if the clips developed 

enough load to deform the post, but released the cable at a similar post rotation to the curved 

keyway bracket attachment used in full-scale crash test nos. 4CMB-1 through 4CMB-3. 

6.2 Scope 

The basic test setup consisted of four S3x5.7 (S76x8.5) posts at 16 ft (1.88 m) spacing 

with a tensioned cable mounted along all four posts, as shown in Figure 116. A bogie was 

directed toward the cable barrier and at the midpoint between post nos. 4 and 5. The target 

conditions were 17.0 mph (27.4 km/h) at an angle of 90 degrees to the cable. The cable was set at 

a height of 34-1/2 in. (876 mm) above the ground surface. A summary of all the cable barrier 

dynamic bogie tests is shown in Table 5. All of the posts were placed in a compacted coarse, 

crushed limestone material meeting Grading B of AASHTO M 147-65 as found in MASH. 

For test no. HTCC-1, two different types of attachments were used. The two posts 

adjacent to the impact location utilized C1018 galvanized steel keyway bolts with the type 2 slot 

and keyway and one grade 5 nut. The test setup drawings used for test no. HTCC-1 are shown in 

Figures 116 through 119. Post no. 4 was oriented so that the cable was on the non-impact side of 

the post and post no. 5 was oriented so that the cable was on the impact side of the post. This 
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allowed for evaluating the performance of the attachment when the cable was pulled away and 

pushed into the post. Post nos. 3 and 6 utilized a curved keyway bracket with shoulder bolts on 

the non-impact side of the posts. MwRSF previously performed static and dynamic testing on 

this clip design [1]. Material specifications for all hardware used in the bogie tests are shown in 

Appendix B. 

Test no. HTCC-2 was set up with a similar configuration as test no. HTCC-1. The test 

setup for test no. HTCC-2 is shown in Appendix A. Both post nos. 4 and 5 had the cable 

connected to the non-impact side of the post with C1018 galvanized steel keyway bolts. Post no. 

4 had one grade 5 nut attached to the keyway bolt while post no. 5 had two grade 2 nuts attached 

to the keyway bolt. Post nos. 3 and 6 utilized curved keyway brackets with shoulder bolts 

installed on the non-impact side of the posts.  

Test nos. HTCC-3 and HTCC-4 were set up with a similar configuration as test no. 

HTCC-1. The test setup used in test nos. HTCC-3 and HTCC-4 is shown in Appendix A. Test 

no. HTCC-3 utilized C1018 galvanized steel keyway bolts with grade 8 high-topped nuts on post 

nos. 4 and 5. Test no. HTCC-4 utilized A449 galvanized steel keyway bolts with grade 8 high-

topped nuts on post nos. 4 and 5. For both test nos. HTCC-3 and HTCC-4, post nos. 3 and 6 

utilized curved keyway brackets with shoulder bolts installed on the non-impact side of the posts. 

Test no. HTCC-5 was a repeat test of test no. HTCC-4. The keyway bolts used in test nos. 

HTCC-3, HTCC-4, and HTCC-5 had the threads terminated 3/32 in. (2.38 mm) from the 

shoulder of the keyway bolt. 

Test no. HTCC-6 was set up with a similar configuration to the previous tests except that 

the curved keyway brackets with shoulder bolts were utilized at every post connection. The test 

setup drawings for test no. HTCC-6 are shown in Appendix A. Post nos. 3, 4, and 6 had the 
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curved keyway brackets installed on the non-impact side of the post while post no. 5 had the 

curved keyway bracket installed in the impact side of the post. 
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Figure 116. Test No. HTCC-1 Setup
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Figure 117. Detail D, Test No. HTCC-1
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Figure 118. Post Assembly A, Test No. HTCC-1
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Figure 119. Post Assembly B, Test No. HTCC-1
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6.3 Test Facility 

Physical testing of the high-tension cable barrier was conducted at the MwRSF testing 

facility which is located at the Lincoln Air Park on the northwest side of the Lincoln Municipal 

Airport. The facility is approximately 5 miles (8 km) from the University of Nebraska-Lincoln’s 

city campus. 

Table 5. Summary of Bogie Crash Test Setups 

Test No.  Post No. 3  Post No. 4  Post No. 5  Post No. 6  Bogie Speed  Cable Tension 

HTCC‐1 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

C1018 
Keyway Bolt 
with Grade 5 
Nut on Non‐
Impact Side 

C1018 
Keyway Bolt 
with Grade 5 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

19.6 mph 
(31.5 km/h) 

4.12 kips 
(18.33 kN) 

HTCC‐2 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

C1018 
Keyway Bolt 
with Grade 5 
Nut on Non‐
Impact Side 

C1018 
Keyway Bolt 
with Two 
Grade 2 Nuts 
on Non‐
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

18.5 mph 
(29.8 km/h) 

3.98 kips 
(17.70 kN) 

HTCC‐3 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

C1018 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on Non‐
Impact Side 

C1018 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

20.1 mph 
(32.3 km/h) 

4.14 kips 
(18.42 kN) 

HTCC‐4 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on Non‐
Impact Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

21.4 mph 
(34.4 km/h) 

4.10 kips 
(18.24 kN) 

HTCC‐5 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on Non‐
Impact Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

20.8 mph 
(33.5 km/h) 

4.10 kips 
(18.24 kN) 

HTCC‐6 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Curved 
Keyway 
Bracket on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

19.8 mph 
(31.9 km/h) 

4.10 kips 
(18.24 kN) 
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6.4 Equipment and Instrumentation 

A variety of equipment and instrumentation was utilized to collect and record data during 

the dynamic bogie tests that included: 

• Bogie 

• Accelerometers 

• Pressure Tape Switches 

• Photography Cameras 

6.4.1 Bogie 

A rigid frame bogie with a variable height, detachable head was used to impact the cable 

barrier. The bogie impact head was attached to the front of the bogie, with the horizontal tube 

oriented above the cable. A photograph of the bogie with the head in position relative to the 

height of the cable is shown in Figure 120. 

The tests were conducted using a steel corrugated beam guardrail to guide the left-side 

tires of the bogie vehicle. A pickup truck was used to accelerate the bogie vehicle to the required 

impact velocity. After reaching the target velocity, the push vehicle braked allowing the bogie to 

be free rolling as it came off the track. 

6.4.2 Accelerometers 

An accelerometer system was mounted on the bogie vehicle near its center of gravity to 

measure the acceleration in the longitudinal, lateral, and vertical directions. The accelerometer, 

Model EDR-3, was a triaxial piezoresistive accelerometer system developed by Instrumented 

Sensor Technology (IST) of Okemos, Michigan. The EDR-3 was configured with 256 kB of 

RAM memory, a range of ±200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz low-pass filter. 

The “DynaMax 1 (DM-1)” computer software program and a customized Microsoft Excel 

worksheet were used to analyze and plot the accelerometer data. 
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Figure 120. Rigid Frame Bogie with Head Attachment and Cable Height 

An additional accelerometer system was used to measure the acceleration in the 

longitudinal and lateral directions at a sample rate of 10,000 Hz. The environmental shock and 

vibration sensor/recorder system, a two-Arm piezoresistive accelerometer, was developed by 

Endevco of San Juan Capistrano, California. Two accelerometers were used to measure the 

longitudinal and lateral accelerations independently. Data was collected using a Sensor Input 

Module (SIM), Model TDAS3-SIM-16M, which was developed by Diversified Technical 

Systems, Inc (DTS) of Seal Beach, California. The SIM was configured with 16 MB SRAM 

memory and 8 sensor input channels with 250 kB SRAM/channel. The SIM was mounted on a 

TDAS3-R4 module rack. The module rack is configured with isolated 
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power/event/communications, 10BaseT Ethernet and RS232 communication, and an internal 

back-up battery. Both the SIM and module rack were crashworthy. The “DTS TDAS Control” 

and “DADiSP” computer software programs and a customized Microsoft Excel worksheet were 

used to analyze and plot the accelerometer data. 

6.4.3 Pressure Tape Switches 

Three pressure tape switches, spaced at approximately 18-in. (457-mm) intervals and 

placed near the end of the bogie track, were used to determine the speed of the bogie before the 

impact. As the right-front tire of the bogie passed over each tape switch, a strobe light was fired 

sending an electronic timing signal to the data acquisition system. The system recorded the 

signals and the time each occurred. The speed was then calculated using the spacing between the 

sensors and the time between the signals. Strobe lights and high-speed video analysis are used 

only as a backup in the event that vehicle speeds cannot be determined from the electronic data. 

6.4.4 Photography Cameras 

High-speed AOS VITcam digital video cameras and JVC digital video cameras were 

used to document each test. All high-speed AOS VITcam digital video cameras had a frame rate 

of 500 frames per second and all JVC digital video cameras had a frame rate of 29.97 frames per 

second. A Nikon D50 digital still camera was also used to document pre- and post-test conditions 

for all tests. 

For test nos. HTCC-1 and HTCC-2, two AOS VITcam high-speed digital video cameras 

were positioned along the cable barrier, with one located downstream of the impact location and 

the other located upstream of the impact location. Two JVC digital video cameras were also 

positioned along the cable barrier, with one located downstream of the impact location and the 

other located upstream of the impact location. Test no. HTCC-2 utilized an additional AOS 



 May 11, 2011  
MwRSF Report No. TRP-03-228-11  

107 

VITcam high-speed digital video camera positioned offset of the cable barrier on the non-impact 

side.  

For test nos. HTCC-3, HTCC-4, HTCC-5, and HTCC-6, three AOS VITcam high speed 

digital video cameras were used with one positioned downstream and offset to the impact side of 

the impact location, one positioned upstream and offset to the non-impact side of the impact 

location, and one positioned along the cable barrier on the upstream end. Three JVC digital video 

cameras were also used and were positioned in the same locations as the AOS VITcam high 

speed digital cameras. 
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7 CABLE BARRIER TESTING RESULTS AND DISCUSSION 

7.1 Results 

Six dynamic bogie tests were performed to evaluate the dynamic performance of the 

keyway bolt attachment in the vicinity of impact. The tested keyway bolts with the type 2 slot 

and keyway design and/or the curved keyway bracket with shoulder bolts were installed on posts 

on both sides of impact. A summary of the test results is shown in Table 6. For each test, a 

measurement of the maximum strong axis post bend angle was taken from either post no. 4 or 5. 

The reported bend angle was taken from the post that experienced the least rotation of the two. 

7.1.1 Test No. HTCC-1 

For test no. HTCC-1, a tensile pre-load of 4.12 kips (18.33 kN) was applied to the cable. 

The 4,913 lb (2,228 kg) bogie impacted the cable barrier at a speed of 19.6 mph (31.5 km/h) at 

the midspan between post nos. 4 and 5 at an angle of 90 degrees from the cable. The C1018 

keyway bolt that was installed on post no. 4 fractured in tension through the threads at the base 

of the shoulder while the keyway bolt that was installed on post no. 5 released the cable when the 

button slipped out of the keyway. All of the posts yielded near the ground line and experienced 

some slight twisting deformation. Pre- and post-test photographs of the bogie and system are 

shown in Figure 121. Pre- and post-test photographs of the attachments are shown in Figures 122 

and 123, and sequential photographs are shown in Figure 124. There was significant scraping 

damage to the keyway on post no. 5, as shown in Figure 123. The cable also scraped the edge of 

the flange from the keyway location to the top of the post. There was no significant damage to 

the keyway on post no. 4. The maximum angle of rotation of the posts was 18 degrees, as shown 

in Figure 125. 
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Table 6. Summary of Bogie Crash Tests 

Test No.  Post No. 3  Post No. 4  Post No. 5  Post No. 6  Result 
Post 

Rotation 
Angle 

HTCC‐1 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

C1018 
Keyway Bolt 
with Grade 5 
Nut on Non‐
Impact Side 

C1018 
Keyway Bolt 
with Grade 5 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Keyway Bolt on Post No. 
4 Fractured, Keyway 
Bolt on Post No. 5 
Released and Remained 
Attached, Posts Yielded 
and Experienced Slight 
Twisting Deformation. 

18° 

HTCC‐2 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

C1018 
Keyway Bolt 
with Grade 5 
Nut on Non‐
Impact Side 

C1018 
Keyway Bolt 
with Two 
Grade 2 Nuts 
on Non‐
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Keyway Bolts on Post 
Nos. 4 and 5 Fractured, 
Posts Yielded and 
Experienced Slight 
Twisting Deformation. 

N/A 

HTCC‐3 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

C1018 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on Non‐
Impact Side 

C1018 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Keyway Bolt on Post No. 
4 Fractured, Keyway 
Bolt on Post No. 5 
Released and Remained 
Attached, Posts Yielded 
and Experienced Slight 
Twisting Deformation. 

23° 

HTCC‐4 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on Non‐
Impact Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Keyway Bolt on Post No. 
4 Fractured, Keyway 
Bolt on Post No. 5 
Released and Remained 
Attached, Posts Yielded 
and Experienced 
Twisting Deformation, 
Post No. 5 Experienced 
Minor Scraping and a 
Larger Angle of 
Bending. 

34° 

HTCC‐5 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on Non‐
Impact Side 

A449 
Keyway Bolt 
with Grade 8 
High‐Topped 
Nut on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Keyway Bolt on Post No. 
4 Fractured, Keyway 
Bolt on Post No. 5 
Released and Remained 
Attached, Posts Yielded 
and Experienced 
Twisting Deformation. 

24° 

HTCC‐6 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Curved 
Keyway 
Bracket on 
Impact Side 

Curved 
Keyway 
Bracket on 
Non‐Impact 
Side 

Cable Clips on Post Nos. 
4 and 5 Straightened 
Out and Released Cable, 
Cable Snagged on 
Shoulder Bolt on Post 
No. 5, Posts Yielded and 
Experienced Twisting 
Deformation. 

33° 
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 Pre-Test 

 
 Post-Test 

Figure 121. Pre-Test and Post Test Photographs, Test No. HTCC-1
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 Pre-Test 

  
 Post-Test 

Figure 122. Pre-Test and Post-Test Photographs of Post No. 4, Test No. HTCC-1 
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 Pre-Test 

  
 Post-Test 

Figure 123. Pre-Test and Post-Test Photographs of Post No. 5, Test No. HTCC-1
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Figure 124. Sequential Photographs, Test No. HTCC-1
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Figure 125. Post Deflection Angle, Test No. HTCC-1 
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7.1.2 Test No. HTCC-2 

For test no. HTCC-2, a tensile pre-load of 3.98 kips (17.70 kN) was applied to the cable. 

The 4,926 lb (2,234 kg) bogie impacted the cable barrier at a speed of 18.5 mph (29.8 km/h) at 

the midspan between post nos. 4 and 5 at an angle of 90 degrees from the cable. Both of the 

C1018 keyway bolts on post nos. 4 and 5 fractured in tension through the threads at the base of 

the shoulder. All of the posts yielded near the ground line and experienced some slight twisting 

deformation. There were slight contact marks around the edges of the slots and keyways that 

were caused by the impact with the keyway bolt. The angle of post rotation was not able to be 

determined for this test because there was not a camera aligned along the line of the posts. 

However, the post behavior was very similar to the post deformation observed in test no. HTCC-

1. Pre- and post-test photographs of the bogie and system are shown in Figure 126. Pre- and 

post-test photographs of the attachments are shown in Figures 127 and 128. Sequential 

photographs are shown in Figure 129.  
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 Post-Test 

Figure 126. Pre-Test and Post-Test Photographs, Test No. HTCC-2
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 Pre-Test 

   
 Post-Test 

Figure 127. Pre-Test and Post-Test Photographs of Post No. 4, Test No. HTCC-2 
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 Post-Test 

Figure 128. Pre-Test and Post-Test Photographs of Post No. 5, Test No. HTCC-2
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Figure 129. Sequential Photographs, Test No. HTCC-2 
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7.1.3 Test No. HTCC-3 

For test no. HTCC-3, a tensile pre-load of 4.14 kips (18.42 kN) was applied to the cable. 

The 4,937 lb (2,239 kg) bogie impacted the cable barrier at a speed of 20.1 mph (32.3 km/h) at 

the midspan between post nos. 4 and 5 at an angle of 90 degrees from the cable. The C1018 

keyway bolt that was installed on post no. 4 fractured in tension through the threads while the 

keyway bolt that was installed on post no. 5 released the cable when the button slipped out of the 

keyway. All of the posts yielded near the ground line and experienced some slight twisting 

deformation. Post no. 4 had slight contact marks from the impact with the keyway bolt and post 

no. 5 had scrape marks from the impact with the cable. The maximum angle of rotation of the 

posts was 23 degrees, as shown in Figure 130. Pre- and post-test photographs of the bogie and 

system are shown in Figure 131. Pre- and post-test photographs of the attachments are shown in 

Figures 132 and 133. Sequential photographs are shown in Figure 134.  

 
Figure 130.  Post Deflection Angle, Test No. HTCC-3
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Pre-Test 

 
Post-Test 

Figure 131. Pre-Test and Post-Test Photographs, Test No. HTCC-3 
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 Post-Test 

Figure 132. Pre-Test and Post-Test Photographs of Post No. 4, Test No. HTCC-3 
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 Post-Test 

Figure 133. Pre-Test and Post-Test Photographs of Post No. 5, Test No. HTCC-3 
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Figure 134. Sequential Photographs, Test No. HTCC-3 
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7.1.4 Test No. HTCC-4 

For test no. HTCC-4, a tensile pre-load of 4.10 kips (18.24 kN) was applied to the cable. 

The 4,937 lb (2,239 kg) bogie impacted the cable at a speed of 21.4 mph (34.4 km/h) at the 

midspan between post nos. 4 and 5 at an angle of 90 degrees from the cable. The A449 keyway 

bolt that was installed on post no. 4 fractured in tension through the threads while the A449 

keyway bolt that was installed on post no. 5 released the cable when the button slipped out of the 

keyway. All of the posts yielded near the ground line and experienced some twisting 

deformation. However, post no. 5 experienced a larger angle of bending that post no. 4. Post no. 

4 had slight contact marks from the impact with the keyway bolt and post no. 5 had scrape marks 

from the impact with the cable. The maximum angle of rotation of the posts was 34 degrees, as 

shown in Figure 135. Pre- and post-test photographs of the bogie and system are shown in Figure 

136. Pre- and post-test photographs of the attachments are shown in Figures 137 and 138. 

Sequential photographs are shown in Figure 139.  

 

Figure 135. Post Deflection Angle, Test No. HTCC-4
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Figure 136. Pre-Test and Post-Test Photographs, Test No. HTCC-4 
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Figure 137. Pre-Test and Post-Test Photographs of Post No. 4, Test No. HTCC-4 



 May 11, 2011  
MwRSF Report No. TRP-03-228-11  

128 

  
 Pre-Test 

  
 Post-Test 

Figure 138. Pre-Test and Post-Test Photographs of Post No. 5, Test No. HTCC-4 
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7.1.5 Test No. HTCC-5 

Test no. HTCC-5 was set up the same as test no. HTCC-4 and experienced similar 

results. A tensile pre-load of 4.10 kips (18.24 kN) was applied to the cable. The 4,937 lb (2,239 

kg) bogie impacted the cable at a speed of 20.8 mph (33.5 km/h) at the midspan between post 

nos. 4 and 5 at an angle of 90 degrees from the cable. The keyway bolt that was installed on post 

no. 4 fractured in tension through the threads while the keyway bolt that was installed on post no. 

5 released the cable when the button slipped out of the keyway. All of the posts yielded near the 

ground line and experienced some twisting deformation. Post no. 4 had slight contact marks from 

the impact with the keyway bolt and post no. 5 had scrape marks from the impact with the cable. 

A post-test photograph of the bogie and system is shown in Figure 140. Post-test photographs of 

the attachments are shown in Figures 141 and 142. Sequential photographs are shown in Figure 

143. The maximum angle of rotation of the posts was 24 degrees, as shown in Figure 144.  

  

Figure 140. Post-Test Photograph, Test No. HTCC-5 
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Figure 141. Post-Test Photograph of Post No. 4, Test No. HTCC-5 

  

Figure 142. Post-Test Photograph of Post No. 5, Test No. HTCC-5 
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Figure 144. Post Deflection Angle, Test No. HTCC-5
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7.1.6 Test No. HTCC-6 

For test no. HTCC-6, a tensile pre-load of 4.10 kips (18.24 kN) was applied to the cable. 

The 4,937 lb (2,239 kg) bogie impacted the cable at a speed of 19.8 mph (31.9 km/h) at the 

midspan between post nos. 4 and 5 at an angle of 90 degrees from the cable. The clip on post no. 

4 straightened out and released the cable as the shoulder bolt slipped through the keyway on the 

cable clip. The clip on post no. 5 also straightened out and released the clip from the shoulder 

bolts, but the cable snagged on the top shoulder bolt which fractured in shear and released the 

cable. All of the posts yielded near the ground line and experienced some twisting deformation. 

There were scrape marks on post no. 5 from the impact with the cable and the top shoulder bolt 

was fractured off. The maximum angle of rotation of the posts was 33 degrees, as shown in 

Figure 145. Pre- and post-test photographs of the system are shown in Figure 146. Pre- and post-

test photographs of the attachments are shown in Figures 147 and 148. Sequential photographs 

are shown in Figure 149. There was little damage around the connection area on post no. 4.  

 
Figure 145. Post Deflection Angle, Test No. HTCC-6
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Figure 146. Pre-Test and Post-Test Photographs, Test No. HTCC-6 
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Figure 147. Pre-Test and Post-Test Photographs of Post No. 4, Test No. HTCC-6 
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Figure 148. Pre-Test and Post-Test Photographs of Post No. 5, Test No. HTCC-6 
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7.2 Discussion 

Six dynamic bogie tests were conducted to evaluate the performance and behavior of the 

high-tension cable barrier with the clips developed. The tests were conducted with both C1018 

and A449 keyway bolts and the curved keyway bracket design used in the full-scale crash test 

nos. 4CMB-1 through 4CMB-3. Results from these tests were analyzed to ensure that the 

keyway bolt cable attachments could safely release the cables while still developing similar 

levels of post deformation and post energy absorption as the original curved keyway bracket.  

Test no. HTCC-6 utilized the curved keyway bracket at every post connection. This test 

was used as a baseline comparison for the keyway bolt attachments. It should be noted that a 

cable snag on the shoulder bolt installed on the impact side of the post was observed in this test. 

This behavior is not desired as it could lead to unacceptable behavior of the system if the cables 

slip over the hood of a vehicle. This behavior was documented in a previous test report [2].  

The results from test nos. HTCC-1 and HTCC-2 showed consistent release of the cable, 

but the cable released from the posts too quickly and insufficient post deformation and rotation 

was achieved. Test nos. HTCC-3, HTCC-4, and HTCC-5 utilized higher strength keyway bolts 

and/or nuts to increase the connection strength. In addition, the threads on the keyway bolt were 

moved away from the shoulder to remove a stress concentration in that area. The maximum post 

rotation achieved in test no. HTCC-3 was 23 degrees, which was less than the desired post 

rotation of 33 degrees that was achieved with the curved keyway bracket design utilized is test 

no. HTCC-6. This lower rotation angle was caused by the premature fracturing of the C1018 

keyway bolt on post no. 4. The maximum post rotation angles achieved in test nos. HTCC-4 and 

HTCC-5 were 34 and 24 degrees respectively. The use of higher strength hardware enabled the 

keyway bolts to remain attached to the cable longer and the full strength of the posts were 

developed. This allowed for the posts located near the impact location to absorb more energy. 
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The behavior of these tests proved to be satisfactory as the clips released the cables without 

dragging the posts to the ground or uprooting them, causing excessive twisting. Therefore, the 

A449 keyway bolt with the grade 8 high-topped nut configuration was considered to behave 

similar to the curved keyway bracket utilized in test no. HTCC-6 because similar maximum post 

rotation angles were achieved. 

Based on the results from the dynamic cable barrier bogie tests, the A449 keyway bolt 

with the grade 8 high-topped nut used in conjunction with the type 2 slot and keyway design was 

recommend for use in a full-scale crash test. Three criteria were used to support this design: (1) 

the keyway bolt attachment exhibited similar post deflection as the curved keyway bracket used 

in test no. HTCC-6 and test nos. 4CMB-1 through 4CMB-3, (2) there was no evidence that the 

keyway bolt would cause significant snagging of the cable that would restrict the cable from 

releasing, and (3) the keyway bolt attachment design was a simpler, less expensive design as 

compared to the curved keyway bracket attachment. 
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8 SUMMARY AND CONLUSIONS 

Cable-to-post attachment components for the high-tension cable median barrier were 

selected through a process of dynamic component tests and dynamic bogie tests of a section of 

the cable barrier system. These tests were designed to characterize the performance of the 

attachments and determine the optimal attachment design. 

 A wide range of component tests were conducted with different keyway bolt materials 

and shapes, nut configurations, and slot and keyway designs to optimize the performance of the 

cable-to-post attachment. The size and shape of the slot and keyway were developed and showed 

consisted release behavior for the keyway bolt. The keyway bolts were tested with C1018 and 

A449 steel. The A449 keyway bolt was selected as the optimum design which provided a lateral 

resistance above 8.00 kips (35.59 kN) while releasing the cable vertically at an average load of 

1.18 kips (5.25 kN). A grade 8 high-topped nut was selected for the final design to provide 

adequate thread stripping resistance of the keyway bolt. 

Cable barrier bogie tests were conducted to observe the behavior of the newly developed 

cable-to-post attachments relative to the curved keyway bracket connection design used in full-

scale crash test nos. 4CMB-1 through 4CMB-3. The C1018 keyway bolts did not provide enough 

lateral resistance to achieve the desired post rotation angle of 33 degrees, which was determined 

from test no. HTCC-6 that utilized the curved keyway brackets to attach the cable to the posts. 

Two tests that utilized the A449 keyway bolt and grade 8 high-topped nut, test nos. HTCC-4 and 

HTCC-5, showed maximum post rotation angles of 34 and 24 degrees, respectively, and the 

behavior of the posts were similar to test no. HTCC-6.  

Therefore, the A449 keyway bolt was considered an acceptable design replacement for 

the curved keyway bracket that performed well in test nos. 4CMB-1 and 4CMB-2. The keyway 

bolt cable-to-post attachments showed similar cable release behavior as the previous design and 
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the angle of the keyway bolt arm should preclude cable would snag on the keyway bolts. Further, 

the design of the keyway bolt should be much simpler and less expensive than the previously 

used curved keyway bracket design. Details and pictures of the recommended keyway bolt 

attachments are shown in Figure 150. 

 
Figure 150. Final A449 Keyway Bolt Connection Design 
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Appendix A. Additional Bogie Testing Details 
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Figure A-1. Test Setup, Test Nos. HTCUB-1 through HTCUB-26 
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Figure A-2. Test Jig, Test Nos. HTCUB-1 through HTUCB-26
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Figure A-3. Test Jig Setup, Test Nos. HTCUB-1 though HTCUB-26 
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Figure A-4. Test Jig Mounting Plate, Test Nos. HTCUB-1 through HTCUB-26 
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Figure A-5. S3x5.7 Reinforcement, Test Nos. HTCUB-1 through HTCUB-26 
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Figure A-6. S3x5.7 Reinforcement Parts and Type 1 Slot and Keyway Design, Test Nos. HTCUB-1 through HTCUB-26 
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Figure A-7. Keyway Bolt Detail, Test Nos. HTCUB-1 through HTCUB-26 
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Figure A-8. Cable Guide, Test Nos. HTCUB-1 through HTCUB-26 
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Figure A-9. Test Setup, Test Nos. HTCUB-27 through HTCUB-30 
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Figure A-10. Test Jig, Test Nos. HTCUB-27 through HTUCB-30



 

 

156 

 M
ay 11, 2011  

M
w

R
SF R

eport N
o. TR

P-03-228-11

 
Figure A-11. Test Jig Setup, Test Nos. HTCUB-27 though HTCUB-30 
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Figure A-12. Test Jig Mounting Plate, Test Nos. HTCUB-27 through HTCUB-30 
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Figure A-13. S3x5.7 Reinforcement, Test Nos. HTCUB-27 through HTCUB-30 
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Figure A-14. S3x5.7 Reinforcement Parts and Type 2 Slot and Keyway Design, Test Nos. HTCUB-27 through HTCUB-30 
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Figure A-15. Keyway Bolt Detail, Test Nos. HTCUB-27 through HTCUB-30 
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Figure A-16. Cable Guide, Test Nos. HTCUB-27 through HTCUB-30 
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Figure A-17. Test Setup, Test Nos. HTCUB-31 through HTCUB-37 
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Figure A-18. Test Jig, Test Nos. HTCUB-31 through HTUCB-37
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Figure A-19. Test Jig Setup, Test Nos. HTCUB-31 though HTCUB-37 
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Figure A-20. Test Jig Mounting Plate, Test Nos. HTCUB-31 through HTCUB-37 
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Figure A-21. S3x5.7 Reinforcement, Test Nos. HTCUB-31 through HTCUB-37 
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Figure A-22. S3x5.7 Reinforcement Parts and Type 2 Slot and Keyway Design, Test Nos. HTCUB-31 through HTCUB-37 
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Figure A-23. Keyway Bolt Detail, Test Nos. HTCUB-31 through HTCUB-37 
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Figure A-24. Cable Guide, Test Nos. HTCUB-31 through HTCUB-37 
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Figure A-25. Cable and Bogie Head Heights, Test No. HTCC-1
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Figure A-26. Test Setup, Test No. HTCC-1
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Figure A-27. Detail D, Test No. HTCC-1
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Figure A-28. Post Assembly A, Test No. HTCC-1
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Figure A-29. Keyway Detail, Post Assembly A, Test No. HTCC-1
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Figure A-30. Keyway Bolt Detail, Post Assembly A, Test No. HTCC-1
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Figure A-31. Post Assembly B, Test No. HTCC-1
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Figure A-32. Keyway Bracket and Bolt Detail, Post Assembly B, Test No. HTCC-1
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Figure A-33. Bill of Materials, Test No. HTCC-1
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Figure A-34. Cable and Bogie Head Heights, Test No. HTCC-2
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Figure A-35. Test Setup, Test No. HTCC-2
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Figure A-36. Detail A, Test No. HTCC-2
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Figure A-37. Post Assembly A, Test No. HTCC-2
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Figure A-38. Post Assembly B, Test No. HTCC-2
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Figure A-39. Keyway Detail, Post Assembly A and B, Test No. HTCC-2



 

 

185 

 M
ay 11, 2011  

M
w

R
SF R

eport N
o. TR

P-03-228-11

 
Figure A-40. Keyway Bolt Detail, Post Assembly A and B, Test No. HTCC-2
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Figure A-41. Post Assembly C, Test No. HTCC-2
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Figure A-42. Keyway Bracket and Bolt Detail, Test No. HTCC-2
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Figure A-43. Bill of Materials, Test No. HTCC-2 
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Figure A-44. Cable and Bogie Head Heights, Test Nos. HTCC-3, HTCC-4, and HTCC-5 
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Figure A-45. Test Setup, Test Nos. HTCC-3, HTCC-4, and HTCC-5 
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Figure A-46. Detail A, Test Nos. HTCC-3, HTCC-4, and HTCC-5 
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Figure A-47. Post Assembly A, Test No. HTCC-3 
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Figure A-48. Post Assembly A, Test Nos. HTCC-4 and HTCC-5 
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Figure A-49. Keyway Detail, Post Assembly A, Test Nos. HTCC-3, HTCC-4, and HTCC-5 



 

 

195 

 M
ay 11, 2011  

M
w

R
SF R

eport N
o. TR

P-03-228-11

 
Figure A-50. Keyway Bolt Detail, Post Assembly A, Test No. HTCC-3 
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Figure A-51. Keyway Bolt Detail, Post Assembly A, Test Nos. HTCC-4 and HTCC-5 
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Figure A-52. Post Assembly B, Test Nos. HTCC-3, HTCC-4, and HTCC-5 
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Figure A-53. Keyway Bracket and Bolt Detail, Test Nos. HTCC-3, HTCC-4, and HTCC-5 
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Figure A-54. Bill of Materials, Test Nos. HTCC-3, HTCC-4, and HTCC-5 
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Figure A-55. Cable and Bogie Head Heights, Test No. HTCC-6 
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Figure A-56. Test Setup, Test No. HTCC-6 
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Figure A-57. Detail A, Test No. HTCC-6 
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Figure A-58. Post Assembly, Test No. HTCC-6 



 

 

204 

 M
ay 11, 2011  

M
w

R
SF R

eport N
o. TR

P-03-228-11

 
Figure A-59. Keyway Bracket and Bolt Detail, Test No. HTCC-6 
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Figure A-60. Bill of Materials, Test No. HTCC-6 
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Figure B-1. Grade 2 Keyway Bolt Specifications, Test Nos. HTCUB-1 through HTCUB-30, 

HTCC-1, and HTCC-2 
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Figure B-2. Grade 2 Keyway Bolt Specifications, Test Nos. HTCUB-1 through HTCUB-30, 

HTCC-1, and HTCC-2 
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Figure B-3. Grade 2 Keyway Bolt Specifications, Test Nos. HTCUB-1 through HTCUB-30, 

HTCC-1, and HTCC-2 
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Figure B-4. Grade 2 Nut Specifications, Test Nos. HTCUB-1 through HTCUB-16, HTCUB-21 

through HTCUB-30, HTCC-1, and HTCC-2 
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Figure B-5. Grade 2 Nut Specifications, Test Nos. HTCUB-1 through HTCUB-16, HTCUB-21 

through HTCUB-30, HTCC-1, and HTCC-2 
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Figure B-6. Grade 2 Nut Specifications, Test Nos. HTCUB-1 through HTCUB-16, HTCUB-21 

through HTCUB-30, HTCC-1, and HTCC-2 
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Figure B-7. Grade 2 Keyway Bolt Specifications, Test No. HTCC-3 
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Figure B-8. Grade 2 Keyway Bolt Specifications, Test No. HTCC-3 
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Figure B-9. Grade 2 Keyway Bolt Specifications, Test No. HTCC-3 
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Figure B-10. A449 Keyway Bolt and Grade 8 Nut Specifications, Test Nos. HTCUB-31 through 

HTCUB-37, and HTCC-3 through HTCC-5  
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Figure B-11. A449 Keyway Bolt and Grade 8 Nut Specifications, Test Nos. HTCUB-31 through 

HTCUB-37, and HTCC-3 through HTCC-5  
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Figure B-12. A449 Keyway Bolt and Grade 8 Nut Specifications, Test Nos. HTCUB-31 through 

HTCUB-37, and HTCC-3 through HTCC-5  
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Figure B-13. A449 Keyway Bolt and Grade 8 Nut Specifications, Test Nos. HTCUB-31 through 

HTCUB-37, and HTCC-3 through HTCC-5  
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Figure B-14. A449 Keyway Bolt and Grade 8 Nut Specifications, Test Nos. HTCUB-31 through 

HTCUB-37, and HTCC-3 through HTCC-5  
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