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performed according to TTI Proving Ground quality procedures and according to the ASTM 

F3016 guidelines and standards.
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1. INTRODUCTION

1.1 BACKGROUND

The test reported herein was performed and evaluated in accordance with ATSM F3016-

19, Standard Test Method for Surrogate Testing of Vehicle Impact Protective Devices at Low 

Speeds (1).

1.3 OBJECTIVES/SCOPE OF RESEARCH

The objective of the ASTM F3016-19 test reported herein was to determine if the 

SlowStop® Bollard manufactured by Impact Recovery Systems, Inc.® is capable of arresting a 

5000-lb surrogate test vehicle according to Condition Designations/Penetration Ratings of ASTM 

F3016-19. This report presents the construction details of the SlowStop® Bollard, and respective 

foundation, details of the surrogate test vehicle used in the test, details of the test performed, and 

the assessment of each of the test results.
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2. TEST CONDITIONS AND EVALUATION CRITERIA

2.1 TEST FACILITY

The full-scale crash test reported herein was performed at Texas A&M Transportation 

Institute (TTI) Proving Ground. TTI Proving Ground is an International Standards Organization 

(ISO) / International Electromechanical Commission (IEC) 17025 accredited laboratory with 

American Association for Laboratory Accreditation (A2LA) Mechanical Testing certificate 

2821.01. The full-scale crash test was performed according to TTI Proving Ground quality 

procedures developed for ISO/IEC 17025 accreditation and according to the ASTM F3016-19 

guidelines and standards. 

The test facilities at the Texas A&M Transportation Institute’s Proving Ground consist of 

a 2000-acre complex of research and training facilities situated 10 miles northwest of the main 

campus of Texas A&M University. The site, formerly an Army Air Corps base, has large 

expanses of concrete runways and parking aprons well suited for experimental research and 

testing in the areas of vehicle performance and handling, vehicle-roadway interaction, durability 

and efficacy of highway pavements, and evaluation of roadside safety hardware and perimeter 

protective devices. The site selected for installation of the SlowStop® Bollard was between two 

sections of an out-of-service apron. The apron consists of an unreinforced jointed concrete 

pavement in 12.5 ft × 15 ft blocks nominally 6-8 inches deep. The aprons were built in 1942, and 

the joints have some displacement, but are otherwise flat and level.

2.1 TEST PROCEDURES 

The test reported herein was performed in accordance with ASTM F3016-19. Appendix A 

presents a brief description of the procedures followed for each test.

2.2 TEST CONDITIONS

According to ASTM F3016-19, SlowStop® Bollard can be rated according to one of three 

impact condition designations when tested with a surrogate test vehicle, as shown in Table 2.1. 

The test conditions establish a range for penetration performance ratings, which may be used to 

identify appropriate penetration performance for specific needs of the end user. Actual vehicle 

weight and speed must be within a permissible range to receive the specific impact condition 

designation. The impact speed ratings are shown in the last column of Table 2.1, as taken from 

ASTM F3016-19. 
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Table 2.1. Impact Condition Designations According to ASTM F3016-19.

Surrogate Test 
Vehicle Weight, lb

Nominal 
Minimum 

Test Velocity 
mi/h

Permissible
Speed Range,

mi/h

Impact 
Speed 
Rating

5000 ±110 10

20

30

9.0-18.9

19.0-27.4

27.5-32.5

S10

S20

S30

2.5 SURROGATE TEST VEHICLE

The surrogate test vehicle, or bogie, is modeled after an American Association of State 

Highway and Transportation Officials (AASHTO) MASH 2270P pickup truck. This vehicle 

represents the 90th percentile in terms of vehicle weight for all passenger vehicles sold in 2002. 

The surrogate test vehicle shown in Figures 2.1 was used for each crash test. Gross static weight 

of the vehicle was 4980 lb. The height to the lower edge of the vehicle front bumper was 

17.25 inches, and the height to the upper edge of the front bumper was 29.25 inches. The height 

of the center of gravity was 28.0 inches. Appendix B gives additional dimensions and 

information on the vehicle. The vehicle was directed into each installation using a reverse-pull 

cable system and guidance cable. The vehicle was released and was unrestrained and free-

wheeling 10 ft prior to impact.

Figure 2.1. Test Vehicle prior to Testing.

2.6 EVALUATION CRITERIA

According to ASTM F3016-19, up to two tests are recommended to evaluate a protective 

device. For the first test, the protective device is to be embedded in washed sand. This 

installation represents the situation where the protective device would be installed in a weak soil 

condition. This installation represents any situation where the protective device would be 
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installed in a strong soil condition or embedded within a pavement material such as asphalt or 

concrete. ASTM F3016-19 provides guidelines that define a stiff concrete slab for testing. A 

second test is only required if the foundation’s horizontal displacement at grade is greater than 

1 inch when the protective device is tested in the washed sand. Alternatively, the protective 

device may be tested under a specific set of installation conditions whereby the Condition 

Designation/Penetration Rating are only valid if these conditions are met when installed in the 

field.

Dynamic penetration during the crash event includes the greater of the maximum 

dynamic displacement of any portion of the protective device into the protected area or the 

maximum dynamic penetration of any part of the surrogate test vehicle into the protected area 

referenced to the inside, protected side of the barrier. Penetration ratings according to ASTM 

F3016-19 are shown in Table 2.2.

Table 2.2. Penetration Ratings According to ASTM F3016-19.

Penetration Designation Dynamic Penetration Rating

P1 ≤ 1.0 ft

P2 1 ft - 4 ft

Failure >4 ft
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3 TEST ARTICLE DESIGN

3.1 TEST ARTICLE – DESIGN AND CONSTRUCTION

The installation consisted of a single 5-inch, schedule 40, brushed stainless steel, 

SlowStop® Bollard set into an elastomer base, which was secured with 6 anchor bolts to a steel 

reinforced concrete slab measuring 15 ft long, 12.5 ft wide, and 6 inches thick. The top of the 

bollard measured 42 inches above grade, and the bollard was not filled with concrete. This area 

slab was cast on top of native soil.  Impact Recovery Systems, Inc.® provided the materials and 

the drawings of the bollard, and TTI Proving Ground provided the drawings for the foundation 

and installed the bollards for testing.

Figure 3.1 provides a general overview of the installation, and Figure 3.2 shows the 

completed installation. Further details on the installation may be found in Appendix C and 

Appendix D.

3.2 MATERIAL SPECIFICATIONS

Concrete compressive strength was 4760 psi for the foundation (4000 psi design 

strength), which was aged 31 days as of October 26, 2020. Concrete information is provided in 

Appendix E. 

For further information on material specifications, certification documents are provided 

in Appendix E.
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Figure 3.2. SlowStop® Bollard prior to Testing.





TR No. 690900-IRS B1&B2 11 2020-12-23

4 ASTM F3016-19 TEST S10 ON SLOWSTOP® BOLLARD (TEST NO. 

690900-IRS B2)

4.1 TARGET TEST CONDITIONS

ASTM F3016-19 Test S10 was performed on the SlowStop® Bollard. Target speed was 

between 9.0 and 18.9 mi/h at an impact angle of 90 degrees, and target impact height of 28 

inches. Actual impact speed was 10.4 mi/h and actual impact angle was 90.5 degrees, and impact 

height was 28.2 inches. Target and actual impact point was the centerline of the bogie aligned 

with the centerline of the bollard.

Figure 4.1. Bogie and Installation Geometrics for Test No. 690900-IRS B2.

4.2 WEATHER CONDITIONS

The crash test was performed the morning of October 26, 2020. Weather conditions at the 

time of testing were: Wind Speed: 5 mi/h; Wind Direction: 167 degrees (vehicle travelling at a 

heading of 170 degrees); Temperature: 74°F; Relative Humidity: 90 percent.

4.3 IMPACT DESCRIPTION

The surrogate vehicle was traveling at an impact speed of 10.4 mi/h when it impacted the 

bollard at an impact angle of 90.5 degrees. Table 4.1 lists events that occurred during Test No. 

690900-IRS B2. Figure F.1 and F.2 in Appendix F.1 shows sequential photographs of the test 

period.
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Table 4.1. Events during Test No. 690900-IRS B2.

TIME EVENTS

0.0000 Bogie impacts the bollard

0.2250 Bogie reaches maximum compression on honeycomb and maximum intrusion

0.2250 Bollard at maximum deflection

0.2460 Bogie begins to rebound

0.4688 Bogie loses contact with the bollard while traveling at 2.7 mi/h backwards

4.4 DAMAGE TO TEST ARTICLE

Figure 4.2 shows the damage to the bollard. The lean angle of the bollard was initially 

89.5 degrees from horizontal to the protected side, and after the test, the bollard was 88.7 degrees 

from horizontal. Maximum dynamic deflection of the bollard during the test was 12.6 inches 

toward the protected side measured at the top of the bollard. The base of the bollard at grade 

showed only slight movement toward the protected side. The foundation around the base of the 

bollard was not cracked or spalled.

  

  

Figure 4.2. Installation after Test No. 690900-IRS B2.
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4.5 VEHICLE DAMAGE

Damage to the vehicle is shown in Figure 4.3. Table 4.2 provides the honeycomb 

compression on the bogie. The initial overall length of the bogie’s nose was 59.75 inches, and 

after impact it was 42.5 inches. Total crush of the honeycomb nose of the surrogate test vehicle 

was 17.25 inches. The maximum penetration of the vehicle was 9.8 inches, and it rebounded to 

31.5 ft in front of the bollard.  No debris from either the surrogate test vehicle or the test 

installation penetrated into the protected area. 

Figure 4.3. Vehicle after Test No. 690900-IRS B2.

Table 4.2. Deformation of Honeycomb Nose after Test No. 690900-IRS B2.

Honeycomb 

Position

Thickness 

Before (inches)

Thickness After 

(inches)

1 3.25
3.00 top – 

0.75 bottom

2 2.50 0.13

3 2.25 0.13

4 2.25 0.25

5 2.38 0.38

6 3.25 0.50

7 3.13 1.00

8 3.13 1.50

9 3.25 1.50

10 3.00 3.00

11 3.00 3.00

12 3.00 3.00

13 3.13 3.13

14 3.13 3.13

15 3.00 3.00

16 3.00 3.00
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4.6 OCCUPANT RISK FACTORS

Data from the accelerometer, located near the vehicle center of gravity, were digitized for 

informational purposes only. These data and other pertinent information from the test are 

summarized in Figure 4.4. Figures F.3 in Appendix F show vehicle acceleration versus time 

traces.
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0.000 s 0.100 s 0.200 s 0.400 s

Near maximum deflection of bollard

General Information
Test Agency......................
Test Standard Test No. ....
Test No. ...........................
Date ..................................

Test Article
Type..................................
Name ................................
Material or Key Elements .

Soil/Foundation Type ........

Texas A&M Transportation Institute (TTI)
ASTM F3016-19 S10
690900-IRS B2
2020-10-26

Low Speed Bollard
SlowStop® Bollard
42-inch tall 5-inch schedule 40 brushed 
stainless steel bollard

Steel reinforced 15-ft long, 12.5-ft wide, 6-
inch thick concrete slab on native soil

Test Vehicle
Type................................
Designation.....................
Model ..............................
Test Inertial Mass ...........

Impact Conditions
Speed .............................
Angle...............................

Occupant Risk Values
Longitudinal OIV .............
Lateral OIV......................
Longitudinal RDA............
Lateral RDA ....................

Max. 0.050-s Average 
Longitudinal ....................
Lateral.............................
Vertical............................

Low-Speed Bogie
Surrogate (S)
ASTM F3016-19 Bogie
4980 lb

10.4 mi/h
90.45 degrees

17.7 ft/s
0.7 ft/s
0.8 g
0.2 g

−3.4 g
−0.2 g
0.4 g

Debris Field ....................................

Final Rest of Bogie ........................

Dynamic Bogie Nose Crush..........

Rotation/Translation of Bollard 
(static after impact).....................

Horizontal Movement of 
Foundation .................................

Uplift of Foundation ......................

Dynamic Penetration of Bollard ...
Dynamic Penetration of Bogie......
Penetration Rating .........................

No debris

31.5 ft twd impact side

17.25 inches

1 degree
(bollard 88.7° fr Horiz)

None
None

12.6 inches
9.8 inches
S10-P2

Figure 4.4. Summary of Results for ASTM F3016-19 Test S10 on SlowStop® Bollard.
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5 SUMMARY AND CONCLUSIONS

5.1 ASSESSMENT OF TEST RESULTS

ASTM F3016-19 Test S10 on SlowStop® Bollard (Test No. 690900-IRS B2)

The 4980-lb (5000-lb nominal) surrogate test vehicle impacted the bollard at 90.5 degrees 

with the centerline of the vehicle aligned with the centerline of the bollard. The acceptable range 

for impact speed for this S10 test was 9.0-18.9 mi/h, and the actual impact speed was 10.4 mi/h. 

Maximum dynamic penetration of the bollard during the test was 12.6 inches toward the 

protected side measured at the top of the bollard, and the maximum penetration of the vehicle 

was 9.8 inches. After impact, the bollard was leaning 89 degrees from horizontal toward the 

protected side. No movement of the base or foundation was observed, and there was no debris 

from the vehicle or bollard. 

5.2 CONCLUSIONS

ASTM F3016-19 provides a range of Condition Designations and Penetration Ratings that 

allow agencies to select protective devices that satisfy their specific facility needs. The amount 

of dynamic penetration of the protective device or surrogate test vehicle at the required impact 

velocity determines the dynamic Penetration Rating for each Condition Designation. 

During the S10 test, the maximum penetration of the vehicle was 9.8 inches, and the 

maximum dynamic penetration of the bollard was 12.6 inches. According to ASTM F3016-19, 

the bollard design met the Condition Designation/Penetration Rating of S10-P2, which allows 

penetration of 1-4 ft when impacted by the surrogate test vehicle at an impact speed of 

9.0-18.9 mi/h.
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APPENDIX A. CRASH TEST PROCEDURES AND DATA ANALYSIS

The crash test and data analysis procedures were in accordance with guidelines presented 

in ASTM F3016-19. Brief descriptions of these procedures are presented as follows.

A.1 ELECTRONIC INSTRUMENTATION AND DATA PROCESSING

The surrogate test vehicle was instrumented with a self-contained, on-board data 

acquisition system. The signal conditioning and acquisition system is a 16-channel, Tiny Data 

Acquisition System (TDAS) Pro produced by Diversified Technical Systems, Inc. The 

accelerometers, which measure the x, y, and z axis of vehicle acceleration, are strain gauge type 

with linear millivolt output proportional to acceleration. Angular rate sensors, measuring vehicle 

roll, pitch, and yaw rates, are ultra-small, solid state units designed for crash test service. The 

TDAS Pro hardware and software conform to the latest SAE J211, Instrumentation for Impact 

Test. Each of the 16 channels is capable of providing precision amplification, scaling, and 

filtering based on transducer specifications and calibrations. During the test, data are recorded 

from each channel at a rate of 10,000 values per second with a resolution of one part in 65,536. 

Once data are recorded, internal batteries back these up inside the unit should the primary battery 

cable be severed. Initial contact of the pressure switch on the vehicle provides a time zero mark 

and initiates the recording process. After each test, the data are downloaded from the TDAS Pro 

unit into a laptop computer at the test site. The Test Risk Assessment Program (TRAP) software 

then processes the raw data to produce detailed reports of the test results. 

Each of the TDAS Pro units is returned to the factory annually for complete recalibration 

and all instrumentation used in the vehicle conforms to all specifications outlined by SAE J211. 

All accelerometers are calibrated annually by means of an ENDEVCO 2901, precision primary 

vibration standard. This standard and its support instruments are checked annually and receive a 

National Institute of Standards Technology (NIST) traceable calibration. The rate transducers 

used in the data acquisition system receive a calibration via a Genesco Rate-of-Turn table with 

strobe. The subsystems of each data channel are also evaluated annually, using instruments with 

current NIST traceability, and the results are factored into the accuracy of the total data channel, 

per SAE J211. Calibrations and evaluations are also made any time data are suspect. 

Acceleration data is measured with an expanded uncertainty of ±1.7 percent at a confidence 

factor of 95 percent (k=2).

TRAP uses the data to compute occupant/compartment impact velocities, time of 

occupant/compartment impact after vehicle impact, and the highest 10-millisecond (ms) average 

ridedown acceleration. In addition, maximum average accelerations over 50-ms intervals in each 

of the three directions are computed. For reporting purposes, the data from the vehicle-mounted 

accelerometers are filtered with a 60-Hz low-pass digital filter, and acceleration versus time 

curves for the longitudinal, lateral, and vertical directions are plotted using TRAP. 
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A.2 PHOTOGRAPHIC INSTRUMENTATION AND DATA PROCESSING

Photographic coverage of each test included three digital high-speed cameras: 

 One overhead with a field of view perpendicular to the ground and directly 

over the impact point; 

 One placed to have a field of view parallel to and aligned with the installation 

at the downstream end; and 

 A third placed to have a field of view perpendicular to impact path and 

aligned with the P1 distance line. 

A flashbulb on the impacting vehicle was activated by a pressure-sensitive tape switch to 

indicate the instant of contact with the bollard. The flashbulb was visible from each camera. The 

video files from these digital high-speed cameras were analyzed to observe phenomena occurring 

during the collision and to obtain time-event, displacement, and angular data. A digital camera 

recorded and documented conditions of each test vehicle and the installation before and after the 

test.

A.3 TEST VEHICLE PROPULSION AND GUIDANCE

The surrogate test vehicle was towed into the test installation using a steel cable guidance 

and reverse tow system. A steel cable for guiding the test vehicle was tensioned along the path, 

anchored at each end, and threaded through an attachment to the front wheel of the test vehicle. 

An additional steel cable was connected to the test vehicle, passed around a pulley near the 

impact point, and then anchored to the tow vehicle such that the tow vehicle moved away from 

the test site. A one-to-one speed ratio between the test and tow vehicle existed with this system. 

The test vehicle was released to be free-wheeling and unrestrained greater than 10 ft prior to 

impact. The vehicle remained free-wheeling, i.e., no steering or braking inputs.
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APPENDIX B. TEST VEHICLE PROPERTIES AND INFORMATION

Table B.1. Vehicle Properties for ASTM F3016-19 Surrogate Bogie Vehicle.

690900-IRS1 &22020-10-26





A
P

P
E

N
D

IX
 C

.
D

E
T

A
IL

S
 O

F
 S

U
R

R
O

U
N

D
IN

G
 C

O
N

C
R

E
T

E
 A

R
E

A
 S

L
A

B





A
P

P
E

N
D

IX
 D

.
D

E
T

A
L

S
 O

F
 S

L
O

W
S

T
O

P
®
 B

O
L

L
A

R
D





T
R

 N
o
. 6

9
0
9
0
0
-IR

S
 B

1
&

B
2
 

2
9

2
0
2
0
-1

2
-2

3

A
P

P
E

N
D

IX
 E

.
M

A
T

E
R

IA
L

 C
E

R
T

IF
IC

A
T

IO
N

 D
O

C
U

M
E

N
T

S



T
R

 N
o
. 6

9
0
9
0
0
-IR

S
 B

1
&

B
2
 

3
0

2
0
2
0
-1

2
-2

3



TR No. 690900-IRS B2 31 2020-12-23



TR No. 690900-IRS B2 32 2020-12-23



TR No. 690900-IRS B2 33 2020-12-23





TR No. 690900-IRS B2 35 2020-12-23

APPENDIX F. ASTM F3016-19 TEST S10 ON SLOWSTOP® BOLLARD

F.1 SEQUENTIAL PHOTOGRAPHS

0.000 s 0.400 s

0.100 s 0.500 s

0.200 s 0.600 s

0.300 s 0.700 s

Figure F.1. Sequential Photographs for Test No. 690900-IRS B2

(Perpendicular View).
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0.000 s

0.100 s

0.200 s

0.300 s

Figure F.2. Sequential Photographs for Test No. 690900-IRS B2

(Overhead and Frontal Views).
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0.400 s

0.500 s

0.600 s

0.700 s

Figure F.2. Sequential Photographs for Test No. 690900-IRS B2

(Overhead and Frontal Views) (Continued).
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Figure F.3. Vehicle Longitudinal Accelerometer Trace for Test No. 690900-IRS B2

(Accelerometer Located at Center of Gravity).

Test Number:  690900-IRS B2
Test Standard Test Number:  ASTM F3016-19 Test S10
Test Article:  SlowStop® Bollard
Test Vehicle:  4980 lb
Inertial Mass:  4980 lb
Impact Speed:  10.4 mi/h
Impact Angle:  90.5 degrees
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Figure F.4. Vehicle Lateral Accelerometer Trace for Test No. 690900-IRS B2

(Accelerometer Located near Center of Gravity).

Test Number:  690900-IRS B2
Test Standard Test Number:  ASTM F3016-19 Test S10
Test Article:  SlowStop® Bollard
Test Vehicle:  4980 lb
Inertial Mass:  4980 lb
Impact Speed:  10.4 mi/h
Impact Angle:  90.5 degrees
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Figure F.5. Vehicle Vertical Accelerometer Trace for Test No. 690900-IRS B2

(Accelerometer Located near Center of Gravity

Test Number:  690900-IRS B2
Test Standard Test Number:  ASTM F3016-19 Test S10
Test Article:  SlowStop® Bollard
Test Vehicle:  4980 lb
Inertial Mass:  4980 lb
Impact Speed:  10.4 mi/h
Impact Angle:  90.5 degrees
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