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Chapter 1. BACKGROUND AND OBJECTIVE 

1.1. BACKGROUND 

The American Associate of State Highway and Transportation Officials (AASHTO)  
Manual for Assessing Safety Hardware (MASH) 2016 edition is the latest in a series of 
documents that provide guidance on testing and evaluation of roadside safety features (1). The 
original MASH document was published in 2009 and represents a comprehensive update to crash 
test and evaluation procedures to reflect changes in the vehicle fleet, operating conditions, and 
roadside safety knowledge and technology. The MASH documents supersede the National 
Cooperative Highway Research Program (NCHRP) Report 350, Recommended Procedures for 
the Safety Performance Evaluation of Highway Features, standards (2).  

The Federal Highway Administration (FHWA) issued a January 7, 2016, memo 
mandating the AASHTO/FHWA Joint Implementation Agreement for MASH with compliance 
dates for installing MASH hardware that differ by hardware category. After December 31, 2019, 
all roadside safety devices must be successfully tested and evaluated according to the MASH 
2016 standard edition. FHWA will no longer issue eligibility letters for highway safety hardware 
that has not been successfully crash tested according to the MASH 2016 edition evaluation 
criteria. At a minimum, all barriers on high-speed roadways on the National Highway System are 
required to meet Test Level 3 (TL-3) requirements.  

A flared strong-post W-beam guardrail system allows for the potential to reduce guardrail 
installation lengths, which in turn would result in decreased guardrail construction and 
maintenance costs, as well as reduced impact frequency. Stolle et al. (3) conducted a research 
and test study to investigate the potential to increase flare rates for the Midwest Guardrail 
System (MGS) according to NCHRP Report 350 criteria. The researchers conducted computer 
simulations and full-scale crash testing that showed that the MGS could meet NCHRP Report 
350 impact criteria when installed at a 5:1 flare rate. Impact severities during testing were found 
to be greater than intended, yet the MGS passed all NCHRP 350 requirements. The researchers 
recommended that whenever a guardrail is outside of the shy line for adjacent traffic, and the 
roadside terrain is sufficiently flat, flare rates should be increased to as high as 5:1 when using 
the MGS guardrail. 

The structural adequacy MASH 2016 test for TL-3 conditions consists of a 5,000-lb 
pickup truck (denoted 2270P) impacting a barrier at 62 mi/h and 25 degrees with respect to the 
roadway. The severity MASH 2016 test consists of a 2,420-lb passenger car (denoted 1100C) 
impacting the barrier at 62 mi/h and 25 degrees with respect to the roadway.  

MASH was developed to incorporate significant changes and additions to procedures for 
safety-performance evaluation, as well as updates reflecting the changing character of the 
highway network and the vehicles using it. For example, MASH increased the weight of the 
pickup truck design test vehicle from 4,409 lb to 5,000 lb, changed the body style from a ¾-ton 
standard cab to a ½-ton four-door, and imposed a minimum height for the vertical center of 
gravity (CG) of 28 inches. The increase in vehicle mass represents an increase in impact severity 
of approximately 13 percent for Test 3-11 with the pickup truck design test vehicle with respect 
to the impact conditions of NCHRP Report 350. The increased impact severity may, therefore, 



 

TR No. 609971-01 2 2023-06-01 

result in increased impact forces and larger lateral barrier deflections compared to NCHRP 
Report 350.  

The impact conditions for the small car test have also changed. The weight of the small 
passenger design test vehicle increased from 1,800 lb to 2,420 lb, and impact angle increased 
from 20 degrees to 25 degrees with respect to the roadway. These changes represent an increase 
in impact severity of 105 percent for Test 3-10 with the small car design test vehicle compared to 
the impact conditions of NCHRP Report 350. This increase in impact severity might result in 
increased vehicle deformation and could possibly aggravate vehicle stability. Specifically, when 
a flare rate is included in the guardrail design, there is an increment of the effective impact angle 
between the vehicle and the guardrail, which results in a considerably higher impact severity and 
requires an increasing level of demand on the structural capacity of a barrier system. For 
example, under MASH conditions, a 5:1 flare rate would increase the impact severity 196 percent 
for Test 3-10. 

MASH also adopted more quantitative and stringent evaluation criteria for occupant 
compartment deformation than NCHRP Report 350. An increase in impact severity might result 
in increased vehicle deformation and could possibly result in failure to meet the latest MASH 
evaluation criteria. For example, NCHRP Report 350 established a 6-inch threshold for occupant 
compartment deformation or intrusion. MASH, by comparison, limited the extent of roof crush to 
no more than 3.9 inches. In addition, MASH requires that the vehicle windshield not sustain a 
deformation greater than 3 inches and have no holes or tears in the safety lining as a result of the 
test impact. Although these evaluation criteria are applicable to all roadside safety device testing, 
they are most relevant for sign support design and testing. In addition, little evaluation of sign 
supports has been performed with larger vehicles such as the pickup. Systems that have been 
demonstrated to be crashworthy for passenger cars may not be geometrically compatible with 
pickup trucks.  

1.2. OBJECTIVE 

The purpose of the tests reported herein was to assess the performance of the MGS when 
implemented with flare conditions according to the safety-performance evaluation guidelines 
included in MASH (1). The crash tests were performed in accordance with MASH TL-3, which 
requires two crash tests (as discussed in Chapter 3 of this report). 

After the full-scale crash tests were complete, an effort was initiated through finite 
element modeling and simulations to investigate the crashworthiness of the MGS at smaller flare 
rates and when considering prioritized MGS retrofit options, still for high-speed impact 
conditions. In all, three full-scale crash tests were performed, and five finite element analysis 
scenarios were evaluated.
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Chapter 2. SYSTEM DETAILS 

2.1. TEST ARTICLE AND INSTALLATION DETAILS 

For the first test (609971-01-1), the test installation measured 181 ft 3 inches long, and 
the distance from the ground surface to the top of the W-beam was 31 inches for the entire length 
of the rail. There was a Texas Department of Transportation (TxDOT) downstream anchor 
terminal (DAT) on each end, and the remainder of the installation was a 12-gauge 4-space 
W-beam guardrail supported by 72-inch-long wide-flange guardrail posts. These posts were 
spaced at 75 inches and embedded 40 inches deep in drilled holes. Timber blockouts were used 
as spacers between the guardrail and the posts. The post holes were backfilled with crushed 
limestone base, which was compacted to MASH standards. Rail splices were midway between 
the posts. A 131-ft 3-inch long section was flared back from the other 50-ft section at a 7:1 flare, 
such that the end post was 18 ft 4 inches toward the field side relative to the 50-ft section. 
Figure 2.1 through Figure 2.5 show the general assembly drawing and photographs of the 
installation. 

Appendix A provides further details on the MGS guardrail with flare. Drawings were 
provided by the Texas A&M Transportation Institute (TTI) Proving Ground, and construction 
was performed by DMA Construction Inc. and supervised by TTI Proving Ground personnel. 

2.2. DESIGN MODIFICATIONS DURING TESTS 

For the second test (609971-03-1), a 131-ft 3-inch long section was flared back from the 
other 50-ft section at an 11:1 flare, such that the end post of the DAT was 11 ft 10½ inches 
toward the field side relative to the 50-ft section. Figure 2.6 through Figure 2.10 display the 
general assembly drawing and photographs of the installation. 

For the third test (609971-03-2), a 100-ft long 11:1 flare was located between two 
50-ft 9½-inch long SoftStop® terminals. The total length of the installation was 201 ft 7 inches. 
Figure 2.11 through Figure 2.15 contain the general assembly drawing and photographs of the 
installation. 
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Figure 2.1. Details of MGS Guardrail with 7:1 Flare. 
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Figure 2.2. MGS Guardrail with 7:1 Flare prior to Testing. 

 
Figure 2.3. Upstream Terminal of the MGS Guardrail with 7:1 Flare prior to Testing. 
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Figure 2.4. MGS Guardrail with 7:1 Flare at Impact prior to Testing. 

 
Figure 2.5. In-line View of the MGS Guardrail with 7:1 Flare prior to Testing. 
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Figure 2.6. Details of MGS Guardrail with 11:1 Flare. 
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Figure 2.7. MGS Guardrail with 11:1 Flare prior to Testing. 

 
Figure 2.8. Upstream Terminal of the MGS Guardrail with 11:1 Flare prior to Testing. 
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Figure 2.9. MGS Guardrail with 11:1 Flare at Impact prior to Testing. 

 
Figure 2.10. In-line View of the MGS Guardrail with 11:1 Flare prior to Testing. 
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Figure 2.11. Details of MGS Guardrail with Reduced-Length 11:1 Flare. 
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Figure 2.12. MGS Guardrail with Shortened 11:1 Flare prior to Testing. 

 
Figure 2.13. Upstream Terminal of the MGS Guardrail with Shortened 11:1 Flare prior to 

Testing. 
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Figure 2.14. MGS Guardrail with Shortened 11:1 Flare at Impact prior to Testing. 

 
Figure 2.15. Downstream View of MGS Guardrail with Shortened 11:1 Flare  

prior to Testing. 
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2.3. MATERIAL SPECIFICATIONS  

Appendix B provides material certification documents for the materials used to 
install/construct the MGS guardrail with flare.  

2.4. SOIL CONDITIONS  

The test installation was installed in standard soil meeting Grade B crushed limestone of 
AASHTO standard specification M147-17 “Materials for Aggregate and Soil-Aggregate 
Subbase, Base, and Surface Courses” for Crash Test 609971-01-1. For Crash Tests 609971-03-1 
and 609971-03-2, AASHTO M147-17 Type A Grade 2 Crushed Limestone was used. 

In accordance with Appendix B of MASH, soil strength was measured the day of each 
crash test. During installation of the MGS guardrail with flare for full-scale crash testing, two 
6-ft-long W6×16 posts were installed in the immediate vicinity of the MGS guardrail with flare 
using the same fill materials and installation procedures used in the test installation and the 
standard dynamic test. Table B.1 in Appendix B presents minimum soil strength properties 
established through the dynamic testing performed in accordance with MASH Appendix B. 

As determined by the tests summarized in Appendix B, Table B.1, the minimum post 
loads are shown in Table 2.1 for Test 609971-01-1, Table 2.2 for Test 609971-03-1, and 
Table 2.3 for Test 609971-03-2.  

On the day of Test 609971-01-1, loads on the post at deflections were as follows: the 
backfill material in which the MGS guardrail with flare was installed met the minimum MASH 
requirements for soil strength. 

Table 2.1. Soil Strength for Test 609971-01-1. 

Displacement (in.) Minimum Load (lb) Actual Load (lb) 
5 3,940 10,300 

10 5,500 11,300 
15 6,540 11,600 

On the day of Test 609971-03-1, loads on the post at deflections were as follows: the 
backfill material in which the MGS guardrail with flare was installed met the minimum MASH 
requirements for soil strength. 

Table 2.2. Soil Strength for Test 609971-03-1. 

Displacement (in.) Minimum Load (lb) Actual Load (lb) 
5 3,940 9,122 

10 5,500 9,913 
15 6,540 10,154 
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On the day of Test 609971-03-2, loads on the post at deflections were as follows: the 
backfill material in which the MGS guardrail with flare was installed met the minimum MASH 
requirements for soil strength. 

Table 2.3. Soil Strength for Test 609971-03-2. 

Displacement (in.) Minimum Load (lb) Actual Load (lb) 
5 3,940 10,000 

10 5,500 10,757 
15 6,540 10,656 
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Chapter 3. TEST REQUIREMENTS AND EVALUATION CRITERIA  

3.1. CRASH TEST PERFORMED/MATRIX 

Table 3.1 shows the test conditions and evaluation criteria for the MASH tests performed 
on the guardrails. The target critical impact points (CIPs) for each test were determined using the 
information provided in MASH Section 2.2.1 and Section 2.3.2. Figure 3.1, Figure 3.2, and 
Figure 3.3 show the target CIPs for each MASH test on the MGS guardrail with flare. 

Table 3.1. Test Conditions and Evaluation Criteria Specified for MASH TL-3 Guardrails. 

Test 
Designation 

Test 
Vehicle 

Impact 
Speed 

Impact 
Angle Evaluation Criteria 

3-10 1100C 62 mi/h 25º A, D, F, H, I 
3-11 2270P 62 mi/h 25º A, D, F, H, I 

 
Figure 3.1. Target CIP for Test 609971-01-1 on MGS Guardrail with 7:1 Flare. 

 
Figure 3.2. Target CIP for Test 609971-03-1 on MGS Guardrail with 11:1 Flare. 

 
Figure 3.3. Target CIP for Test 609971-03-2 on MGS Guardrail with Shortened 11:1 Flare. 

The crash tests and data analysis procedures were in accordance with guidelines 
presented in MASH. Chapter 4 presents brief descriptions of these procedures. 
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3.2. EVALUATION CRITERIA 

The appropriate safety evaluation criteria from Tables 2.2 and 5.1 of MASH were used to 
evaluate the crash tests reported herein. Table 3.2 provides detailed information on the 
evaluation criteria. 

Table 3.2. Evaluation Criteria Required for MASH Testing. 

Evaluation 
Factors Evaluation Criteria MASH Level 3 Test 

A. Test article should contain and redirect the vehicle or bring the 
vehicle to a controlled stop; the vehicle should not penetrate, 
underride, or override the installation although controlled 
lateral deflection of the test article is acceptable. 

10, 11 

D. Detached elements, fragments, or other debris from the test 
article should not penetrate or show potential for penetrating 
the occupant compartment, or present undue hazard to other 
traffic, pedestrians, or personnel in a work zone. Deformations 
of, or intrusions into, the occupant compartment should not 
exceed limits set forth in Section 5.2.2 and Appendix E of 
MASH. 

10, 11 

F. The vehicle should remain upright during and after collision. 
The maximum roll and pitch angles are not to exceed 
75 degrees. 

10, 11 

H. Occupant impact velocities (OIV) should satisfy the following 
limits: Preferred value of 30 ft/s, or maximum allowable value 
of 40 ft/s. 
Occupant impact velocities (OIV) should satisfy the following 
limits: Preferred value of 10 ft/s, or maximum allowable value 
of 16 ft/s. 

10, 11 

I. The occupant ridedown accelerations should satisfy the 
following: Preferred value of 15.0 g, or maximum allowable 
value of 20.49 g. 

10, 11 
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Chapter 4. TEST CONDITIONS 

4.1. TEST FACILITY 

The full-scale crash tests reported herein were performed at the TTI Proving Ground, an 
International Standards Organization (ISO)/International Electrotechnical Commission (IEC) 
17025-accredited laboratory with American Association for Laboratory Accreditation (A2LA) 
Mechanical Testing Certificate 2821.01. The full-scale crash tests were performed according to 
TTI Proving Ground quality procedures, as well as MASH guidelines and standards. 

The test facilities of the TTI Proving Ground are located on The Texas A&M University 
System RELLIS Campus, which consists of a 2000-acre complex of research and training 
facilities situated 10 miles northwest of the flagship campus of Texas A&M University. The site, 
formerly a United States 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, highway pavement durability and 
efficacy, and roadside safety hardware and perimeter protective device evaluation. The sites 
selected for construction and testing are along the edge of an out-of-service apron/runway. The 
apron/runway consists of an unreinforced jointed-concrete pavement in 12.5-ft × 15-ft blocks 
nominally 6 inches deep. The aprons were built in 1942, and the joints have some displacement 
but are otherwise flat and level. 

4.2. VEHICLE TOW AND GUIDANCE SYSTEM 

For the testing utilizing the 1100C and 2270P vehicles, each 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 through a pulley on the tow vehicle, and then 
anchored to the ground such that the tow vehicle moved away from the test site. A 2:1 speed 
ratio between the test and tow vehicle existed with this system. Just prior to impact with the 
installation, the test vehicle was released and ran unrestrained. The vehicle remained 
freewheeling (i.e., no steering or braking inputs) until it cleared the immediate area of the test 
site. 

4.3. DATA ACQUISITION SYSTEMS 

4.3.1. Vehicle Instrumentation and Data Processing 

Each test vehicle was instrumented with a self-contained onboard data acquisition 
system. The signal conditioning and acquisition system is a multi-channel data acquisition 
system (DAS) 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 data acquisition 
hardware and software conform to the latest SAE J211, Instrumentation for Impact Test. Each of 
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the 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 samples per second with a resolution of one part in 65,536. Once data 
are recorded, internal batteries back these up inside the unit in case the primary battery 
cable is severed. Initial contact of the pressure switch on the vehicle bumper provides a time zero 
mark and initiates the recording process. After each test, the data are downloaded from the DAS 
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 DAS is returned to the factory annually for complete recalibration and to ensure 
that all instrumentation used in the vehicle conforms to the 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 calibration via a Genisco Rate-of-Turn 
table. 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 anytime data are suspect. Acceleration 
data are measured with an expanded uncertainty of ±1.7 percent at a confidence factor of 
95 percent (k = 2).  

TRAP uses the DAS-captured data to compute the occupant/compartment impact 
velocities, time of occupant/compartment impact after vehicle impact, and highest 
10˗millisecond (ms) average ridedown acceleration. TRAP calculates change in vehicle velocity 
at the end of a given impulse period. 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 an SAE Class 180-Hz low-pass digital filter, 
and acceleration versus time curves for the longitudinal, lateral, and vertical directions are 
plotted using TRAP.  

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular 
displacement in degrees at 0.0001-s intervals, and then plots yaw, pitch, and roll versus 
time. These displacements are in reference to the vehicle-fixed coordinate system with the initial 
position and orientation being initial impact. Rate of rotation data is measured with an expanded 
uncertainty of ±0.7 percent at a confidence factor of 95 percent (k = 2).  

4.3.2. Anthropomorphic Dummy Instrumentation 

An Alderson Research Laboratories Hybrid II, 50th percentile male anthropomorphic 
dummy, restrained with lap and shoulder belts, was placed in the front seat on the impact side of 
impact of the 1100C vehicle. The dummy was not instrumented.  

According to MASH, use of a dummy in the 2270P vehicle is optional, and no dummy 
was used in the related tests.  
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4.3.3. Photographic Instrumentation Data Processing 

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

• One located overhead with a field of view perpendicular to the ground and directly 
over the impact point.  

• One placed upstream from the installation at an angle to have a field of view of the 
interaction of the rear of the vehicle with the installation.  

• A third placed with a field of view parallel to and aligned with the installation at the 
downstream end.  

A flashbulb on the impacting vehicle was activated by a pressure-sensitive tape switch to 
indicate the instant of contact with the MGS guardrail with critical flare. 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. 
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Chapter 5. MASH TEST 3-10 (CRASH TEST NO. 609971-01-1) 

5.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS 

See Table 5.1 for details on MASH impact conditions and Table 5.2 for the exit 
parameters for Test 609971-01-1. Figure 5.1 and Figure 5.2 depict the target impact setup. 

Table 5.1. Impact Conditions for MASH Test 3-10, Crash Test No. 609971-01-1. 

Test Parameter Specification Tolerance Measured 
Impact Speed (mi/h) 62  ±2.5  61.8 
Impact Angle (deg) 25 ±1.5 24.8 (32.8 to the flare) 
Vehicle Inertial Weight (lb) 2,420  ±55  2,440 
Impact Severity (kip-ft) 51  ≥51  54.8 (91.4 to the flare) 

Impact Location  65 inches upstream of 
centerline of post 12 ±1 ft (12 inches) 63.7 inches upstream of 

centerline of post 12 

Table 5.2. Exit Parameters for MASH Test 3-10, Crash Test No. 609971-01-1. 

Exit Parameter Measured 
Speed (mi/h) N/A 
Trajectory (deg) N/A 
Heading (deg) N/A 
Brakes applied post impact (s) Brakes not applied 

Vehicle at rest position 
93 ft downstream of impact point 
25 ft to the field side 
95 degrees left 

Comments:  Vehicle rolled once and came to rest on its tires 
Vehicle did not cross exit boxa  
Vehicle penetrated through the guardrail 

Note: N/A = not applicable. 
a Not less than 32.8 ft downstream from loss of contact for cars and pickups is optimal. 
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Figure 5.1. MGS Guardrail with Flare/Test Vehicle Geometrics for Test 609971-01-1. 

 
Figure 5.2. MGS Guardrail with Flare/Test Vehicle Impact Location for Test 609971-01-1. 
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5.2. WEATHER CONDITIONS 

Table 5.3 provides the weather conditions for Test 609971-01-1. 

Table 5.3. Weather Conditions for Test 609971-01-1. 

Date of Test 04-22-2019 AM 

Wind Speed (mi/h) 8 

Wind Direction (deg) 120 

Temperature (°F) 72 

Relative Humidity (%) 82 

Vehicle Traveling (deg) 195 

5.3. TEST VEHICLE  

Figure 5.3 and Figure 5.4 show the 2008 Kia Rio used for the crash test. Table 5.4 shows 
the vehicle measurements. Figure C.1 in Appendix C.1 gives additional dimensions and 
information on the vehicle. 

 
Figure 5.3. Impact Side of Test Vehicle before Test 609971-01-1. 
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Figure 5.4. Opposite Impact Side of Test Vehicle before Test 609971-01-1. 

Table 5.4. Vehicle Measurements for Test 609971-01-1. 

Test Parameter MASH Allowed 
Tolerance Measured 

Dummy (if applicable)a (lb) 165 N/A 165 
Gross Statica (lb) 2,585 ±25 2,605 
Wheelbase (inches) 98 ±5 98.8 
Front Overhang (inches) 35 ±4 33 
Overall Length (inches) 169 ±8 165.8 
Overall Width (inches) 65 ±3 66.4 
Hood Height (inches) 28 ±4 27 
Track Widthb (inches) 59 ±2 57.7 
CG aft of Front Axlec (inches) 39 ±4 35.6 
CG above Groundc,d (inches) N/A N/A N/A 

a If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy. 
b Average of front and rear axles. 
c For test inertial mass. 
d 2270P vehicle must meet minimum CG height requirement. 
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5.4. TEST DESCRIPTION 

Table 5.5 lists events that occurred during Test 609971-01-1. Figures C.3 through C.5 in 
Appendix C.2 present sequential photographs during the test. 

Table 5.5. Events during Test 609971-01-1. 

Time (s) Events 
0.0000 Vehicle contacted the barrier 
0.0130 Posts 11 and 12 began to deflect toward field side 
0.0360 Vehicle began to redirect 
0.0450 Posts 10 and 13 began to rotate toward the impact point 
0.0600 Rail disconnected from blockout on post 12 
0.0860 Guardrail at Post 12 bolt hole began to rupture 
0.1000 Guardrail completely ruptured 
0.2860 Entire vehicle was on the field side of the test article 

5.5. DAMAGE TO TEST INSTALLATION 

The W-beam guardrail ruptured at post 12 and released from post 11 through post 17. 
The soil was disturbed at posts 1 and 2, post 11 was leaning toward the field side at 2 degrees 
from vertical, and posts 12 and 13 were leaning toward the field side at 75 degrees from vertical 
and downstream at 5 degrees from vertical. Post 14 was leaning downstream at 17 degrees from 
vertical and toward the field side at 2 degrees from vertical. Table 5.6 describes the damage to 
the MGS guardrail with flare. Figure 5.5 and Figure 5.6 show the damage to the MGS guardrail 
with flare. 

Table 5.6. Damage to MGS Guardrail with Flare for Test 609971-01-1. 

Test Parameter Measured 
Permanent Deflection/Location N/A (vehicle broke through guardrail) 
Dynamic Deflection N/A (vehicle broke through guardrail) 
Working Widtha and Height N/A (vehicle broke through guardrail) 

a Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or 
vehicle. These measurements are all relative to the pre-impact traffic face of the test article.” In other words, 
working width is the total barrier width plus the maximum dynamic intrusion of any portion of the barrier or test 
vehicle past the field side edge of the barrier. 
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Figure 5.5. MGS Guardrail with Flare after Test at Impact Location for Test 609971-01-1. 

 
Figure 5.6. MGS Guardrail with Flare after Impact for Test 609971-01-1. 

5.6. DAMAGE TO TEST VEHICLE 

Figure 5.7 and Figure 5.8 show the damage sustained by the vehicle. Figure 5.9 and 
Figure 5.10 show the interior of the test vehicle. Table 5.7 and Table 5.8 provide details on the 
occupant compartment deformation and exterior vehicle damage. Figure C.2 in Appendix C.1 
provides exterior crush measurements. 
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Figure 5.7. Impact Side of Test Vehicle after Test 609971-01-1. 

 
Figure 5.8. Front View of the Test Vehicle after Test 609971-01-1. 
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Figure 5.9. Overall Interior of Test Vehicle after Test 609971-01-1. 

 
Figure 5.10. Interior of Test Vehicle on Impact Side after Test 609971-01-1. 
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Table 5.7. Occupant Compartment Deformation for Test 609971-01-1. 

Test Parameter Specification Measureda 

Roof ≤4.0 inches N/A 
Windshield ≤3.0 inches N/A 
A and B Pillars ≤5.0 overall/≤3.0 inches lateral N/A 
Foot Well/Toe Pan ≤9.0 inches N/A 
Floor Pan/Transmission Tunnel ≤12.0 inches N/A 
Side Front Panel  ≤12.0 inches N/A 
Front Door (above Seat) ≤9.0 inches N/A 
Front Door (below Seat) ≤12.0 inches N/A 

a Due to the test failure from the vehicle rollover, no measurements were taken of the occupant compartment. 

Table 5.8. Exterior Vehicle Damage for Test 609971-01-1. 

Side Windows Shattered due to vehicle roll 
Maximum Exterior Deformation 9 inches at front bumper 
VDS 1RFQ5  
CDC 01FRES3  
Fuel Tank Damage None 
Description of Damage to 
Vehicle:  

The front bumper, hood, grill, radiator and support, right fender, 
right tire and rim, right front door and glass, right A pillar, right rear 
door, right rear tire and rim, and left front fender were damaged. 
Damage to the windshield was caused by the flexing of the vehicle 
body during impact, not from contact with the test article. 
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5.7. OCCUPANT RISK FACTORS 

Data from the accelerometers were digitized for evaluation of occupant risk, and the 
results are shown in Table 5.9. Figure C.6 in Appendix C.3 shows the vehicle angular 
displacements, and Figures C.7 through C.9 in Appendix C.4 show acceleration versus time 
traces.  

Table 5.9. Occupant Risk Factors for Test 609971-01-1. 

Test Parameter MASH Measured Time 

OIV, Longitudinal (ft/s) ≤40.0 
30.0a 21.8 at 0.1296 s on right side of interior 

OIV, Lateral (ft/s) ≤40.0 
30.0 12.8 at 0.1296 s on right side of interior 

Ridedown, Longitudinal (g) ≤20.49 
15.0 8.3 2.1006–2.1106 s 

Ridedown, Lateral (g) ≤20.49 
15.0 9.4 2.0955–2.1055 s 

Theoretical Head Impact 
Velocity (THIV) (m/s) N/A 7.0 at 0.1234 s on right side of interior 

Acceleration Severity Index 
(ASI) N/A 1.0 0.0570–0.1070 s 

50-ms Moving Avg. 
Accelerations (MA) 
Longitudinal (g) 

N/A 8.5 0.0422–0.0922 s 

50-ms MA Lateral (g) N/A 5.6 0.0426–0.0926 s 
50-ms MA Vertical (g) N/A 4.7 0.0770–0.1270 s 
Roll (deg) ≤75 393 2.9564 s 
Pitch (deg) ≤75 26 2.2072 s 
Yaw (deg) N/A 91 2.9733 s 

a Values in italics are the preferred MASH values. 
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0.000 s 

Test Agency Texas A&M Transportation Institute (TTI) 
Test Standard/Test No. MASH 2016, Test 3-10  

TTI Project No. 609971-01-1 
Test Date 2019-04-22 

TEST ARTICLE 
Type Longitudinal Guardrail 

Name MGS Guardrail with Flare 
Length 181 ft 3 inches 

Key Materials Steel, wood, crushed concrete 

0.200 s 

Soil Type and Condition AASHTO M147-17 Grade B Crushed Limestone 

TEST VEHICLE 
Type/Designation 1100C 

Year, Make and Model 2008 Kia Rio 
Inertial Weight (lb) 2,440 

Dummy (lb) 165 
Gross Static (lb) 2,605 

IMPACT CONDITIONS 

0.400 s 

Impact Speed (mi/h) 61.8 
Impact Angle (deg) 24.8 (32.8 to the flare) 

Impact Location 63.7 inches upstream of centerline of post 12 
Impact Severity (kip-ft) 54.8  (91.4 to the flare) 

EXIT CONDITIONS 
Exit Speed (mi/h) N/A  

Trajectory/Heading Angle (deg) N/A  
Exit Box Criteria Vehicle did not cross the line 

Stopping Distance  93 ft downstream  
25 ft to the field side 

TEST ARTICLE DEFLECTIONS  

0.600 s 

Dynamic (inches)  N/A 
Permanent (inches) N/A 

Working Width/Height (inches) N/A 
VEHICLE DAMAGE 

VDS 1RFQ5 
CDC 01FRES3 

Max. Ext. Deformation 9 inches at front bumper 
Max Occupant Compartment 

Deformation 0 inches 

OCCUPANT RISK VALUES 
Long. OIV (ft/s) 21.8 Long. Ridedown (g) 8.3 Max 50-ms Long. (g) 8.5 Max Roll (deg) 393 
Lat. OIV (ft/s) 12.8 Lat. Ridedown (g) 9.4 Max 50-ms Lat. (g) 5.6 Max Pitch (deg) 26 
THIV (m/s) 7.0 ASI 1.0 Max 50-ms Vert. (g) 4.7 Max Yaw (deg) 91 

  

Figure 5.11. Summary of Results for MASH Test 3-10 on MGS Guardrail with Flare.
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Chapter 6. MASH TEST 3-11 (CRASH TEST NO. 609971-03-1) 

6.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS 

See Table 6.1 for details on MASH impact conditions and Table 6.2 for the exit 
parameters for Test 609971-03-1. Figure 6.1 and Figure 6.2 depict the target impact setup. 

Table 6.1. Impact Conditions for MASH Test 3-11, Crash Test No. 609971-03-1. 

Test Parameter Specification Tolerance Measured 
Impact Speed (mi/h) 62  ±2.5  62.6 
Impact Angle (deg) 25 ±1.5 25.7 (30.9 to the flare) 
Vehicle Inertial Weight (lb) 5,000  ±110  5,047 
Impact Severity (kip-ft) 106  ≥106  124.3 (174.4 to the flare) 

Impact Location  
45.5 inches 
upstream of the 
centerline of post 12 

±1 ft (12 inches) 44.8 inches upstream of the 
centerline of post 12 

Table 6.2. Exit Parameters for MASH Test 3-11, Crash Test No. 609971-03-1. 

Exit Parameter Measured 
Speed (mi/h) N/A 
Trajectory (deg) N/A 
Heading (deg) N/A 
Brakes applied post impact (s) Brakes not applied 

Vehicle at rest position 
39 ft downstream of impact point 
17 ft to the field side 
15 degrees left 

Comments:  Vehicle rolled onto the passenger side and then back onto the tires 
Vehicle did not cross exit boxa  
Vehicle penetrated through the guardrail 

a Not less than 32.8 ft downstream from loss of contact for cars and pickups is optimal. 
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Figure 6.1. MGS Guardrail with Flare/Test Vehicle Geometrics for Test 609971-03-1. 

 
Figure 6.2. MGS Guardrail with Flare/Test Vehicle Impact Location for Test 609971-03-1. 
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6.2. WEATHER CONDITIONS 

Table 6.3 provides the weather conditions for Test 609971-03-1. 

Table 6.3. Weather Conditions for Test 609971-03-1. 

Date of Test 7-22-2019 AM 

Wind Speed (mi/h) 2 

Wind Direction (deg) 252 

Temperature (°F) 87 

Relative Humidity (%) 80 

Vehicle Traveling (deg) 195 

6.3. TEST VEHICLE  

Figure 6.3 and Figure 6.4 show the 2013 RAM 1500 used for the crash test. Table 6.4 
shows the vehicle measurements. Figure D.1 in Appendix D.1 gives additional dimensions and 
information on the vehicle. 

 
Figure 6.3. Impact Side of Test Vehicle before Test 609971-03-1. 



 

TR No. 619971-01 36 2023-06-01 

 
Figure 6.4. Opposite Impact Side of Test Vehicle before Test 609971-03-1. 

Table 6.4. Vehicle Measurements for Test 609971-03-1. 

Test Parameter MASH Allowed 
Tolerance Measured 

Dummy (if applicable)a (lb) 165 N/A N/A 
Gross Statica (lb) 5,000 ±110 5,047 
Wheelbase (inches) 148 ±12 140.5 
Front Overhang (inches) 39 ±3 40 
Overall Length (inches) 237 ±13 227.5 
Overall Width (inches) 78 ±2 78.5 
Hood Height (inches) 43 ±4 46 
Track Widthb (inches) 67 ±1.5 68.3 
CG aft of Front Axlec (inches) 63 ±4 59.6 
CG above Groundc,d (inches) 28 ≥28 28.3 

a If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy. 
b Average of front and rear axles. 
c For test inertial mass. 
d 2270P vehicle must meet minimum CG height requirement. 
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6.4. TEST DESCRIPTION 

Table 6.5 lists events that occurred during Test 609971-03-1. Figures D.4 through D.6 in 
Appendix D.2 present sequential photographs during the test. 

Table 6.5. Events during Test 609971-03-1. 

Time (s) Events 
0.0000 Vehicle contacted barrier 
0.0170 Post 12 began to lean toward field side 
0.0220 Post 11 began to lean toward field side 
0.0290 Post 13 began to lean toward field side 
0.0340 Vehicle began to redirect 
0.0550 Post 14 began to lean toward field side 
0.0620 Post 11 began to twist clockwise 
0.0860 Rail released from upstream posts  
0.2450 Front left tire lifted off ground 
0.3180 Rail released from downstream posts  
0.3860 Vehicle was parallel with barrier 

6.5. DAMAGE TO TEST INSTALLATION 

The W-beam guardrail released from all posts. The sleeve at post 1 was deformed and 
pulled downstream 1.25 inches at ground level. Posts 1 and 2 fractured at the top of the sleeves. 
Post 11 was pushed back 1.5 inches at grade and rotated 45 degrees clockwise. Posts 12 to 14 
were bent to the field side approximately 70 degrees and downstream 45 degrees, and the 
blockouts were detached. Posts 15 to 17 were leaning downstream from 17 degrees to 
72 degrees. The downstream DAT post 30 failed at the top of the sleeve.  

Table 6.6 describes the damage to the MGS guardrail with flare. Figure 6.5 and 
Figure 6.6 show the damage to the MGS guardrail with flare. 

Table 6.6. Damage to MGS Guardrail with Flare for Test 609971-03-1. 

Test Parameter Measured 
Permanent Deflection/Location N/A (vehicle broke through guardrail) 
Dynamic Deflection N/A (vehicle broke through guardrail) 
Working Widtha and Height N/A (vehicle broke through guardrail) 

a Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or 
vehicle. These measurements are all relative to the pre-impact traffic face of the test article.” In other words, 
working width is the total barrier width plus the maximum dynamic intrusion of any portion of the barrier or test 
vehicle past the field side edge of the barrier. 
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Figure 6.5. MGS Guardrail with Flare after Test at Impact Location for Test 609971-03-1. 

 
Figure 6.6. MGS Guardrail with Flare after Test 609971-03-1. 
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6.6. DAMAGE TO TEST VEHICLE 

Figure 6.7 and Figure 6.8 show the damage sustained by the vehicle. Figure 6.9 and 
Figure 6.10 show the interior of the test vehicle. Table 6.7 and Table 6.8 provide details on the 
occupant compartment deformation and exterior vehicle damage. Figures D.2 and D.3 in 
Appendix D.1 provide exterior crush and occupant compartment measurements. 

 
Figure 6.7. Impact Side of Test Vehicle after Test 609971-03-1. 

 
Figure 6.8. Rear Impact Side of Test Vehicle after Test 609971-03-1. 
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Figure 6.9. Overall Interior of Test Vehicle after Test 609971-03-1. 

 
Figure 6.10. Interior of Test Vehicle on Impact Side after Test 609971-03-1. 
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Table 6.7. Occupant Compartment Deformation for Test 609971-03-1. 

Test Parameter Specification Measured 
Roof ≤4.0 inches 0 inches 
Windshield ≤3.0 inches 0 inches 
A and B Pillars ≤5.0 overall/≤3.0 inches lateral 0 inches 
Foot Well/Toe Pan ≤9.0 inches 0 inches 
Floor Pan/Transmission Tunnel ≤12.0 inches 0 inches 
Side Front Panel  ≤12.0 inches 0 inches 
Front Door (above Seat) ≤9.0 inches 0 inches 
Front Door (below Seat) ≤12.0 inches 0 inches 

Table 6.8. Exterior Vehicle Damage for Test 609971-03-1. 

Side Windows No damage 

Maximum Exterior Deformation 11 inches in the horizontal plane at the right front corner at bumper 
height 

VDS 1RFQ4 
CDC 01FRES3 
Fuel Tank Damage None 
Description of Damage to 
Vehicle:  

The front bumper, hood, grill, right front fender, right front tire and 
rim, right upper and lower A arms and ball joints, right front door, 
right A post, right C post, right rear cab corner, right rear exterior 
bed, and rear bumper were damaged. 
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6.7. OCCUPANT RISK FACTORS 

Data from the accelerometers were digitized for evaluation of occupant risk, and the 
results are shown in Table 6.9. Figure D.7 in Appendix D.3 shows the vehicle angular 
displacements, and Figures D.8 through D.10 in Appendix D.4 show acceleration versus time 
traces.  

Table 6.9. Occupant Risk Factors for Test 609971-03-1. 

Test Parameter MASH Measured Time 
OIV, Longitudinal (ft/s) ≤40.0 

30.0a 
18.5 0.1458 s on left side of interior 

OIV, Lateral (ft/s) ≤40.0 
30.0 

13.8 0.1458 s on left side of interior 

Ridedown, Longitudinal (g) ≤20.49 
15.0 

11.7 0.2761–0.2861 s 

Ridedown, Lateral (g) ≤20.49 
15.0 

5.4 0.1544–0.1644 s 

THIV (m/s) N/A 6.6 0.1385 s on left right of interior 
ASI N/A 0.8 0.0772–0.1272 s 
50-ms MA Longitudinal (g) N/A −7.9 0.2758–0.3258 s 
50-ms MA Lateral (g) N/A −5.4 0.0482–0.0982 s 
50-ms MA Vertical (g) N/A 2.3 1.6721–1.7221 s 
Roll (deg) ≤75 103 2.0000 s 
Pitch (deg) ≤75 12 1.4035 s 
Yaw (deg) N/A 145 2.0000 s 

a Values in italics are the preferred MASH values. 
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0.000 s 

Test Agency Texas A&M Transportation Institute (TTI) 
Test Standard/Test No. MASH 2016, Test 3-11  

TTI Project No. 609971-03-1 
Test Date 7-22-2019 

TEST ARTICLE 
Type Longitudinal Guardrail 

Name MGS Guardrail with Flare 
Length 181 ft 3 inches 

Key Materials Steel, wood, crushed concrete 

0.200 s 

Soil Type and Condition AASHTO M147-17 Type A Grade 2 Crushed 
Limestone 

TEST VEHICLE 
Type/Designation 2270P 

Year, Make and Model 2013 RAM 1500 
Inertial Weight (lb) 5,047 

Dummy (lb) N/A 
Gross Static (lb) 5,047 

IMPACT CONDITIONS 

0.400 s 

Impact Speed (mi/h) 62.6 
Impact Angle (deg) 25.7 (30.9 to the flare) 

Impact Location 44.8 inches upstream of the centerline of post 12 
Impact Severity (kip-ft) 124.3 (174.4 to the flare) 

EXIT CONDITIONS 
Exit Speed (mi/h) N/A 

Trajectory/Heading Angle (deg) N/A 
Exit Box Criteria Did not cross 

Stopping Distance  39 ft downstream  
17 ft to the field side 

TEST ARTICLE DEFLECTIONS  

0.600 s 

Dynamic (inches)  N/A 
Permanent (inches) N/A 

Working Width/Height (inches) N/A 
VEHICLE DAMAGE 

VDS 1RFQ4 
CDC 01FRES2 

Max. Ext. Deformation 11 inches at the front bumper 
Max Occupant Compartment 

Deformation 0 inches 

OCCUPANT RISK VALUES 
Long. OIV (ft/s) 18.5 Long. Ridedown (g) 11.7 Max 50-ms Long. (g) −7.9 Max Roll (deg) 103 
Lat. OIV (ft/s) 13.8 Lat. Ridedown (g) 5.4 Max 50-ms Lat. (g) −5.4 Max Pitch (deg) 12 
THIV (m/s) 6.6 ASI 0.8 Max 50-ms Vert. (g) 2.3 Max Yaw (deg) 145 

  

Figure 6.11. Summary of Results for MASH Test 3-11 on MGS Guardrail with Flare.  
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Chapter 7. MASH TEST 3-11 (CRASH TEST NO. 609971-03-2) 

7.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS 

See Table 7.1 for details on MASH impact conditions and Table 7.2 for the exit 
parameters for Test 609971-03-2. Figure 7.1 and Figure 7.2 depict the target impact setup. 

Table 7.1. Impact Conditions for MASH Test 3-11, Crash Test No. 609971-03-2. 

Test Parameter Specification Tolerance Measured 
Impact Speed (mi/h) 62  ±2.5  60.3 
Impact Angle (deg) 25 ±1.5 24.5 (29.7 to the flare) 
Vehicle Inertial Weight (lb) 5,000  ±110  5,019 
Impact Severity (kip-ft) 106  ≥106  104.9 (149.8 to the flare) 

Impact Location  
45.5 inches 
upstream of the 
centerline of post 14 

±1 ft (12 inches) 41.5 inches upstream of the 
centerline of post 14 

Table 7.2. Exit Parameters for MASH Test 3-11, Crash Test No. 609971-03-2. 

Exit Parameter Measured 
Speed (mi/h) N/A  
Trajectory (deg) N/A 
Heading (deg) N/A 
Brakes applied post impact (s) 4.1 s  

Vehicle at rest position 
86 ft downstream of impact point 
15 ft to the field side 
45 degrees right 

Comments:  Vehicle remained upright 
Vehicle penetrated through the guardrail 
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Figure 7.1. MGS Guardrail with Flare/Test Vehicle Geometrics for Test 609971-03-2. 

 
Figure 7.2. MGS Guardrail with Flare/Test Vehicle Impact Location for Test 609971-03-2. 
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7.2. WEATHER CONDITIONS 

Table 7.3 provides the weather conditions for Test 609971-03-2. 

Table 7.3. Weather Conditions for Test 609971-03-2. 

Date of Test 03-18-2020 PM 

Wind Speed (mi/h) 10 

Wind Direction (deg) 142 

Temperature (°F) 80 

Relative Humidity (%) 78 

Vehicle Traveling (deg) 195 

7.3. TEST VEHICLE  

Figure 7.3 and Figure 7.4 show the 2014 RAM 1500 used for the crash test. Table 7.4 
shows the vehicle measurements. Figure E.1 in Appendix E.1 gives additional dimensions and 
information on the vehicle. 

 
Figure 7.3. Impact Side of Test Vehicle before Test 609971-03-2. 
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Figure 7.4. Opposite Impact Side of Test Vehicle before Test 609971-03-2. 

Table 7.4. Vehicle Measurements for Test 609971-03-2. 

Test Parameter MASH Allowed 
Tolerance Measured 

Dummy (if applicable)a (lb) 165 N/A N/A 
Gross Statica (lb) 5,000 ±110 5,019 
Wheelbase (inches) 148 ±12 140.5 
Front Overhang (inches) 39 ±3 40 
Overall Length (inches) 237 ±13 227.5 
Overall Width (inches) 78 ±2 78.5 
Hood Height (inches) 43 ±4 46 
Track Widthb (inches) 67 ±1.5 68.3 
CG aft of Front Axlec (inches) 63 ±4 59.5 
CG above Groundc,d (inches) 28 ≥28 29 

a If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy. 
b Average of front and rear axles. 
c For test inertial mass. 
d 2270P vehicle must meet minimum CG height requirement. 
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7.4. TEST DESCRIPTION 

Table 7.5 lists events that occurred during Test 609971-03-2. Figures E.4 and E.5 in 
Appendix E.2 present sequential photographs during the test. 

Table 7.5. Events during Test 609971-03-2. 

Time (s) Events 
0.0000 Vehicle contacted barrier 
0.0030 Post 13 and 14 began to lean toward field side 
0.0310 Post 15 began to lean toward field side 
0.0320 Vehicle began to redirect 
0.0350 Post 12 began to rotate clockwise 
0.2440 Rail next to front right quarter panel of truck began to rupture 
0.2630 Rail next to front right quarter panel of truck completely ruptured 
0.2680 Vehicle was parallel with barrier 

7.5. DAMAGE TO TEST INSTALLATION 

The right anchor post pulled downstream 1 inch, and the soil was disturbed at post 1. The 
rail element released at post 8 until the end of the installation. Post 13 was pushed back 
1½ inches at grade. Posts 14–18 were leaning downstream at approximately 60 degrees from 
vertical, with the blockouts missing. Posts 19–23 were also leaning downstream at approximately 
60 degrees from vertical, but the blockouts remained intact. Posts 18–21 showed impact damage 
on the field-side flange, and post 19 had a tear on the field-side flange as well. The rail and head 
released from and pushed the anchor posts downstream 7 ft. Post 31 was leaning 10 degrees 
downstream from vertical. The rail ruptured 20 inches upstream of the joint between posts 16 
and 17. 

 Table 7.6 describes the damage to the MGS guardrail with flare. Figure 7.5 and 
Figure 7.6 show the damage to the MGS guardrail with flare. 

Table 7.6. Damage to MGS Guardrail with Flare for Test 609971-03-2. 

Test Parameter Measured 
Permanent Deflection/Location N/A (vehicle broke through guardrail) 
Dynamic Deflection N/A (vehicle broke through guardrail) 
Working Widtha and Height N/A (vehicle broke through guardrail) 

a Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or 
vehicle. These measurements are all relative to the pre-impact traffic face of the test article.” In other words, 
working width is the total barrier width plus the maximum dynamic intrusion of any portion of the barrier or test 
vehicle past the field side edge of the barrier. 
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Figure 7.5. MGS Guardrail with Flare after Test at Impact Location for Test 609971-03-2. 

 
Figure 7.6. MGS Guardrail with Flare after Test 609971-03-2. 
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7.6. DAMAGE TO TEST VEHICLE 

Figure 7.7 and Figure 7.8 show the damage sustained by the vehicle. Figure 7.9 and 
Figure 7.10 show the interior of the test vehicle. Table 7.7 and Table 7.8 provide details on the 
occupant compartment deformation and exterior vehicle damage. Figures E.2 and E.3 in 
Appendix E.1 provide exterior crush and occupant compartment measurements. 

 
Figure 7.7. Impact Side of Test Vehicle after Test 609971-03-2. 

 
Figure 7.8. Rear Impact Side of Test Vehicle after Test 609971-03-2. 
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Figure 7.9. Overall Interior of Test Vehicle after Test 609971-03-2. 

 
Figure 7.10. Interior of Test Vehicle on Impact Side after Test 609971-03-2. 
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Table 7.7. Occupant Compartment Deformation for Test 609971-03-2. 

Test Parameter Specification Measured 
Roof ≤4.0 inches 0 inches 
Windshield ≤3.0 inches 0 inches 
A and B Pillars ≤5.0 overall/≤3.0 inches lateral 0 inches 
Foot Well/Toe Pan ≤9.0 inches 0 inches 
Floor Pan/Transmission Tunnel ≤12.0 inches 0 inches 
Side Front Panel  ≤12.0 inches 0 inches 
Front Door (above Seat) ≤9.0 inches 0 inches 
Front Door (below Seat) ≤12.0 inches 0 inches 

Table 7.8. Exterior Vehicle Damage for Test 609971-03-2. 

Side Windows No damage 

Maximum Exterior Deformation 10 inches in the horizontal plane at the right front corner at bumper 
height 

VDS 1RFQ4 
CDC 01FRES3 
Fuel Tank Damage None 
Description of Damage to 
Vehicle:  

The front bumper, hood, grill, radiator and support, right front 
fender, right front tire and rim, and right front and rear doors were 
damaged. 
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7.7. OCCUPANT RISK FACTORS 

Data from the accelerometers were digitized for evaluation of occupant risk, and the 
results are shown in Table 7.9. Figure E.6 in Appendix E.3 shows the vehicle angular 
displacements, and Figures E.7 through E.9 in Appendix E.4 show acceleration versus time 
traces.  

Table 7.9. Occupant Risk Factors for Test 609971-03-2. 

Test Parameter MASH Measured Time 
OIV, Longitudinal (ft/s) ≤40.0 

30.0a 
18.7 0.1555 s on right side of interior 

OIV, Lateral (ft/s) ≤40.0 
30.0 

13.9 0.1555 s on right side of interior 

Ridedown, Longitudinal (g) ≤20.49 
15.0 

4.8 0.1901–0.2001 s 

Ridedown, Lateral (g) ≤20.49 
15.0 

5.0 0.2219–0.2319 s 

THIV (m/s) N/A 6.7 0.1474 s on right side of interior 
ASI N/A 0.6 0.0805–0.1305 s 
50-ms MA Longitudinal (g) N/A −5.3 0.0640–0.1140 s 
50-ms MA Lateral (g) N/A −4.1 0.1823–0.2323 s 
50-ms MA Vertical (g) N/A −1.9 0.4240–0.4740 s 
Roll (deg) ≤75 9 1.2582 s 
Pitch (deg) ≤75 6 1.9605 s 
Yaw (deg) N/A 194 2.0000 s 

a Values in italics are the preferred MASH values. 



 

TR No. 619971-01 55 2023-06-01 

0.000 s 

Test Agency Texas A&M Transportation Institute (TTI) 
Test Standard/Test No. MASH 2016, Test 3-11  

TTI Project No. 609971-03-2 
Test Date 03-18-2020 

TEST ARTICLE 
Type Longitudinal Guardrail 

Name MGS Guardrail with Flare 
Length 201 ft 7 inches 

Key Materials Steel, wood, crushed concrete 

0.200 s 

Soil Type and Condition AASHTO M147-17 Type A Grade 2 
Crushed Limestone 

TEST VEHICLE 
Type/Designation 2270P 

Year, Make and Model 2014 RAM 1500 
Inertial Weight (lb) 5019 

Gross Weight (lb) 5019 
IMPACT CONDITIONS 

0.400 s 

Impact Speed (mi/h) 60.3 
Impact Angle (deg) 24.5 (29.7 to the flare) 

Impact Location 41.5 inches upstream of the centerline of 
post 14 

Impact Severity (kip-ft) 104.9 (149.8 to the flare) 
EXIT CONDITIONS 

Exit Speed (mi/h) N/A 
Trajectory/Heading Angle (deg) N/A 

Exit Box Criteria Did not cross 

Stopping Distance  86 ft downstream  
15 ft to the field side 

TEST ARTICLE DEFLECTIONS  

0.600 s 

Dynamic (inches)  N/A 
Permanent (inches) N/A 

Working Width/Height (inches) N/A 
VEHICLE DAMAGE 

VDS 1RFQ4 
CDC 01FRES3 

Max. Ext. Deformation 10 inches at the front bumper 

Max Occupant Compartment Deformation 0 inches 

OCCUPANT RISK VALUES 
Long. OIV (ft/s) 18.7 Long. Ridedown (g) 4.8 Max 50-ms Long. (g) −5.3 Max Roll (deg) 9 
Lat. OIV (ft/s) 13.9 Lat. Ridedown (g) 5.0 Max 50-ms Lat. (g) −4.1 Max Pitch (deg) 6 
THIV (m/s) 6.7 ASI 0.6 Max 50-ms Vert. (g) −1.9 Max Yaw (deg) 194 

  

Figure 7.11. Summary of Results for MASH Test 3-11 on MGS Guardrail with Flare.  
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Chapter 8. FINITE ELEMENT ANALYSIS 

After the completion of the testing program, and considering the testing results, the 
research team decided to utilize finite element (FE) computer modeling and simulations to 
investigate the predictability of the MGS’s crashworthiness when implemented at different flare 
rates and impacted at TL-3 impact conditions. 

Researchers investigated two general situations in parallel: (a) the MGS implemented at 
shallower flare rates than those already failed under the testing program, and (b) the MGS 
modified/retrofitted and implemented at different flare rates. For both general cases, a predictive 
analysis was conducted for impacts at MASH TL-3 conditions.  

In the full-scale testing, MGS rail rupture under the higher impact severity and vehicle 
interaction during impact was the leading cause for system crashworthiness failure. The biggest 
challenge when evaluating the FE computer simulation impact results was to develop an 
alternate method for predicting MGS W-beam rail rupture. While utilization of element erosion 
was an option, this method was not prioritized due to lack of robustness under multiple 
predictive modeling and impact condition changes. Conclusions were ultimately made with 
consideration of the recorded vehicle interaction with the system, lateral deflection of the system 
during impact, predicted rail stresses/strains, and recorded occupant risk values and vehicle 
stability. Specifically, the lateral deflection of the system was considered an indication of 
potential pocketing of the vehicle, which in turn could cause excessive loading on the W-beam 
railing and ultimate failure.  

8.1. FINITE ELEMENT MODELING AND ANALYSIS 

This section presents the finite element analysis results. FE models for a vehicle and 
system were developed and/or modified for a detailed crashworthiness analysis using LS-DYNA 
to the considered TL-3 impact conditions. 

8.1.1. Finite Element Model Validation 

To validate the FE model, an FE dynamic impact simulation was conducted and 
compared to a full-scale crash test (Test No. 609971-03-2). Based on the details of the tests as 
described in Chapter 7, the FE model was developed and set up with the same conditions as the 
test. As described previously, the W-beam ruptured during the crash test, but the FE model did 
not include failure of the W-beam to maintain numerical stability. Therefore, in order to properly 
compare and validate the FE model, the simulation results were compared with the test only 
before the rail rupture. 

An FE model of a 2018 RAM pickup truck was used to represent a MASH 2270P vehicle. 
Figure 8.1 shows the FE RAM model developed by the Center for Collision Safety and Analysis 
(CCSA) at George Mason University (4). The model was designed to have suspension failure 
and tire deflation to represent actual damage on the vehicle. 
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(a) Front View  

  
(b) Isometric View  

Figure 8.1. RAM Model Used for FE Simulation.  

The actual test parameters were used for the FE analysis. The actual impact speed and 
angle were 60.3 mi/h and 24.5 degrees (to the roadway), resulting in a 29.7-degree orientation 
angle to the MGS flare, and these values were used to set up the impact simulation. Figure 8.2 
shows the impact simulation setup with the 11:1 flared MGS. 

 
Figure 8.2. Simulation Setup under TL-3 Conditions. 

Figure 8.3 shows the sequential photos taken from the full-scale test and simulation to 
compare vehicular behavior. In the test, the W-beam rail ruptured at 0.2440 s after the vehicle 
impacted the flared MGS. Figure 8.4 shows the detailed view right before and after the rail 
rupture. Table 8.1 compares the vehicular behavior by showing the main event and the time of 
event. Compared to the full-scale test, the FE model shows good agreement before the rail 
ruptured. 
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(a) Test 

 
(b) Simulation 

Figure 8.3. Sequential Overhead Frames of Pickup Truck under TL-3 Conditions. 

 
(a) Overhead View 

 
(b) Rear View 

Figure 8.4. Sequential Frames to Compare FE Simulation (Top) to Crash Testing (Bottom) 
Immediately Leading to Rail Rupture Event. 

Since the FE model was developed without W-beam rail failure, potential rail rupture was 
investigated based on the rail strain. Figure 8.5 shows the ruptured rail after the test and the rail 
strain after the impact simulation. Strain larger than 25 percent is shown in red, so the red 
regions indicate potential rupture locations. In the impact simulation, the maximum strain was 
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observed at the location similar to where the rail ruptured in the test. This result indicates that 
although the FE model was not developed with a rail failure mode, the simulation result is 
promising and may be assumed to be reliable to use for further investigation.  

Table 8.1. Descriptive Comparison for Timestep. 

Event Time of Event (s) 
Test Simulation 

Impacted the rail 0.0000 0.0000 
First post deflection started 0.0030 0.0200 

Vehicle redirected 0.0320 0.0550 
Rail started to separate  0.2440 N/A 

Rail separated completely 0.2630 N/A 
Vehicle traveled parallel with barrier 0.2680 0.3050 

 

 
Figure 8.5. Rail Rupture Experienced in Full-Scale Testing (Top) and Rail Strains 

Recorded in FE Simulation (Bottom). 

Table 8.2 lists the occupant risk factors for both the test and the simulation. The table 
shows that the maximum occupant impact velocity was observed before rail rupture, while the 
maximum ridedown acceleration was observed right after the rail started rupturing in the test and 
the rail deflected most for both the test and the simulation. 
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Table 8.2. Comparison of the Occupant Risk Factors (Test 609971-03-2 vs. FE Simulation). 

 Test 609971-03-2 Simulation 

Occupant Impact Velocity (ft/s) 
X 18.7 (0.1555 s) 7.4 (0.1630 s) 
Y 13.9 (0.1555 s) 4.7 (0.1630 s) 

Ridedown Acceleration (g) 
X 4.8 (0.19–0.2 s) 8.5 (0.18–0.19 s) 
Y 5.0 (0.22–0.23 s) 9.0 (0.27–0.28 s) 

Max. Angle (degrees) 

Roll 8.9 4.76 

Pitch 5.6 1.06 
Yaw 194.4 18.13 

Maximum Dynamic Lateral Rail Deflection (in.) 52.9 
(before rupture) 52.4 

To investigate the behavior after 0.2440 s, the simulation result was also compared to 
NCHRP 350 Test No. 2214MG-2 (5) conducted on the MGS (not flared) (see Figure 8.6). 
Overall vehicle and system behavior followed the trend shown in the test. The maximum 
dynamic deflection was 1,114 mm (43.9 inches) and 1,330 mm (52.4 inches), respectively, in the 
test and the impact simulation. The maximum permanent deflection was 803 mm (31.6 inches) 
and 955 mm (37.6 inches) in the test and the simulation, respectively. These results were 
interpreted to indicate that the maximum dynamic rail deflection parameter to consider 
appropriate for vehicle containment and redirection during the impact event were 52 inches and 
close to 44 inches. 

 
Figure 8.6. Sequential Frames Comparing FE Simulation on Flared MGS (Top) to  

NCHRP 350 Test No. 2214MG-2 (Bottom) (5). 

Based on the comparison, the FE model was considered and calibrated to a level that can 
provide reliability for further flare rate investigation. 

8.1.2. Design Options 

This section provides the results recorded from FE simulations predicting impacts against 
the MGS at various flare rates (shallower than 11:1, as implemented in the crash testing), as well 
as against proposed retrofit MGS designs. 
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8.2.1.1. Different Flare Rate Conditions 

The following MGS flares shallower than the 11:1 rate were investigated without 
retrofitting the existing MGS: 15:1, 18:1, and 21:1. Figure 8.7 shows the impact condition setup 
for a pickup truck (2270P) model at each considered flare rate. The impact angle and speed were 
set as 25 degrees and 62 mi/h, respectively. With different flare rates, the effective angles were 
different. 
 

 
(a) 15:1 flare rates (28.8 degrees) 

 
(b) 18:1 flare rates (28.2 degrees) 

 
(c) 21:1 flare rates (27.7 degrees) 

Figure 8.7. Impact Conditions for Different MGS Flare Rates (Effective Angles). 

Table 8.3 lists the occupant risk factors and the maximum lateral rail deflection results 
from the simulated cases compared to the full-scale test results from the 11:1 flare rate case. 
Specifically, the simulation impact against the MGS at a 15:1 flare rate shows a similar lateral 
deflection behavior as the one recorded in the 11:1 full-scale test, when the rail rupture occurred 
(52.8 inches for the 15:1 FE case vs. 52.9 inches in the 11:1 test case). When considering 
shallower MGS flare rates, the maximum lateral rail deflections observed from FE simulations 
were reduced to 49.2 inches and 48.4 inches for the 18:1 and 21:1 flare rates, respectively. 
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Table 8.3. Simulation Results from FE Models of MGS with Different Flare Rates. 

Flare Rate (Effective Angle) 11:1 (30.2°) 15:1 (28.8°) 18:1 (28.4°) 21:1 (27.7°) 

Vehicle Model  
Test 

 
Pickup Truck 

 
Pickup Truck 

 
Pickup Truck 

 
Pickup Truck 

 
Small Car 

Occupant 
Risk 

Factors 

Occupant 
Impact 

Velocity (ft/s) 

X 18.7  23.4 23.6 24.0 20.7 42.0 

Y 13.9  15.4 14.8 13.1 14.8 14.4 

Ridedown 
Acceleration 

(g) 

X 4.8  8.5  13.8 14.3 10.7 21.1 

Y 5.0  9.0  13.8 7.0 9.1 18.0 

Max. Angle 
(degrees) 

Roll 8.9 4.76 8.8 3.1 10.2 19.5 

Pitch 5.6 1.06 9.2 5.9 3.1 5.9 

Yaw 194.4 18.13 56.2 54.1 57.9 85.7 
Maximum Dynamic Lateral 

Rail Deflection (in.) 
52.9 (before rail 

rupture) 52.4 52.8 49.3 48.4 34.6 
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The system with a 21:1 flare rate was also investigated with the small passenger car 
(1100C) FE model. The maximum ridedown acceleration recorded from the simulated case of 
the small passenger car impacting the MGS at a 21:1 flare rate exceeded the MASH limit of 
20.49 g. While there have been indications that the available small passenger car FE model 
might overpredict occupant risk during an impact in other conducted research studies, it is 
concerning to have such a high value. It is also important to note that suspension failure was not 
applied for the investigation through this simulation. Application of suspension failure is 
recommended for further investigation, although a validated suspension failure model is not yet 
available and such investigation was beyond the scope of this research.  

Based on overall simulation results, the MGS behavior did not seem to show much 
difference in terms of dynamic lateral deflection and vehicle interaction when impacted at 
different flare rates (between the 11:1 and 21:1 flare rates). It is especially concerning that the 
lateral deflection was not further contained significantly when shallower flares were considered, 
at least based on the FE results. This finding could indicate the potential for vehicle pocketing 
and eventually rail rupture, as happened in the failed crash test.  

While validating these results through full-scale testing is suggested to allow researchers 
to have more data points to work with, particularly given the very limited flared MGS testing 
conducted under MASH conditions, the researchers decided to investigate MGS retrofit options 
to pair with the flare condition implementation. 

8.2.1.2. Retrofitting Options 

Figure 8.5 in the previous section illustrated a photo of the W-beam rail rupture 
experienced during the full-scale testing of the 11:1 flared MGS. In the same figure, a frame 
from the FE simulation shows the W-beam rail strains recorded during the simulated impact 
event with the same impact conditions. The FE simulation indicated the presence of localized 
higher strains, which seemed to be located at the bottom edge of the rail. This result could be an 
indication of increased stress/strain due to blockout contact, although it is not clear whether that 
could have created the rail rupture during the full-scale test.  

Therefore, the first considered retrofit flared MGS option was to include “short” 
blockouts to prevent rail high concentration stresses and potential tearing due to direct 
contact/interaction between the blockout and the rail. Use of short blockouts that were 10 inches 
high and 8 inches deep was successful in previous MGS design/testing, such as in the MGS with 
half-post spacing (6). Therefore, it was decided to utilize the short blockout and pair it with half-
post spacing (37½-inch post spacing) to investigate the crashworthiness of the flared MGS. This 
combination of system design changes was chosen to limit the lateral deflection of the system 
during impact and limit rail stress concentrations due to blockout interaction, with the ultimate 
goal of reducing the probability of vehicle pocketing and rail rupture during the event. 

Figure 8.8 presents the details of the short blockout system. The figure shows the post 
spacing, blockout geometry, and rail connections used for Test No. 610211-6 (6), and the same 
geometrical characteristics were adopted for the MGS flared system. 
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(a) Details of half-post spacing and short blockout used for MASH Test No. 610211-6 (6) 

 
(b) Half-post spacing and short blockout in FE model 

Figure 8.8. Details of Half-Post Spacing and Short Blockout. 

Simulations were conducted to predict the retrofit flared MGS behavior under impacts at 
MASH TL-3 conditions. Table 8.4 summarizes the results from the simulations, reporting 
occupant risk factors and maximum rail deflection for each simulated case. For the half-post 
spacing system, a flare rate of 11:1 was adopted. As expected, the rail lateral deflection was 
significantly reduced when compared to the one recorded with the system with regular post 
spacing. Also as expected, however, occupant risks, maximum occupant impact velocity, and 
ridedown acceleration were higher than those recorded with the regular post spacing due to the 
increased system stiffness from the added posts.  

The same system design was also investigated with a 15:1 flare rate, showing anticipated 
improvement in terms of both rail deflection and occupant risks given the shallower flare rate. In 
the 15:1 flare rate retrofit system with the small passenger car, however, the recorded ridedown 
acceleration result was higher than the allowable MASH limit. Therefore, additional investigation 
was conducted with a flare rate of 18:1 for the same system. Under passenger car impact, while 
the occupant risk improved, the ridedown acceleration peaked to 20.3 g, which was still too close 
to the MASH allowed limit of 20.49 g.  
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Table 8.4. Simulation Results for Flared Half-Post Spacing MGS with Short Blockout. 
Flare Rate 11:1 (30.2°) 15:1 (28.8°) 18:1 (28.4°) 

Vehicle Model Pickup Truck Pickup Truck Small Car Small Car 

Occupant 
Risk 

Factors 

Occupant Impact 
Velocity (ft/s) 

X 29.9 22.3 47.2 39.4 
Y 17.7 16.4 18.0 14.1 

Ridedown 
Acceleration (g) 

X 17.1 11.0 23.8 20.3 
Y 12.4 10.3 11.3 16.1 

Max. Angle 
(degrees) 

Roll 15.8 6.8 14.0 10.9 
Pitch 7.4 2.3 6.2 6.1 
Yaw 58.0 40.7 33.6 41.3 

Maximum Rail Deflection (in.) 33.5 33.1 23.8 24.2 

As a next step to reduce the ridedown acceleration, a rubrail was added to a short 
blockout (10-inch height) MGS with regular post spacing of 75 inches. A typical C6×8 steel 
channel was used as a rubrail and installed to have a 12-inch distance from the top of the channel 
to the ground. Figure 8.9 illustrates the elevation view of the short blockout MGS with a channel 
rubrail. 

 
Figure 8.9. Short Blockout Flared MGS Retrofitted with Channel Rubrail. 

Based on the previous simulations, the flared MGS at 15:1 and 18:1 flares improved 
vehicular behavior and structural behavior, as well as reduced the maximum rail deflection 
compared to the 11:1 flared MGS. Therefore, the flare rates of 15:1 and 18:1 were adopted for 
the retrofitted MGS. Once the simulation results indicated that a flared MGS retrofitted with a 
rubrail was able to stably redirect the pickup truck model, small car simulations were performed. 

Table 8.5 lists the occupant risk factors and the maximum dynamic W-beam rail 
deflection. Overall, the flared MGS retrofitted with a channel rubrail was able to improve the 
structural behavior. The maximum rail deflection was reduced, and occupant risk factors met 
MASH evaluation criteria. However, a clear trend was not found when comparing the systems 
with 15:1 and 18:1 flares. Therefore, performing parametric simulations to find the most critical 
flare rates and impact point was needed. 
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Table 8.5. Simulation Results for Short Blockout Flared MGS with Channel Rubrail. 
Flare Rate 15:1 (28.8°) 18:1 (28.4°) 

Vehicle Model Pickup Truck Small Car Pickup Truck Small Car 

Occupant 
Risk 

Factors 

Occupant Impact 
Velocity (ft/s) 

X 18.4 38.7 20.3 36.7 
Y 16.1 22.3 16.1 23.0 

Ridedown 
Acceleration (g) 

X 10.4 13.1 12.8 12.2 
Y 11.2 9.8 9.7 11.7 

Max. Angle 
(degrees) 

Roll 15.8 9.5 4.4 6.2 
Pitch 11.5 8.5 8.4 4.9 
Yaw 37.7 48.2 34.7 50.9 

Maximum Dynamic Lateral Rail Deflection (in.) 45.3 24.6 48.0 25.5 

To investigate the CIP, the vehicular and structural behaviors of the system were 
evaluated after impacting three different points: (a) 2 ft upstream from a post; (b) at the middle 
of the W-beam (mid-span); and (c) at a post. Table 8.6 lists the occupant risk factors and 
maximum dynamic rail deflection for the pickup truck impacting at each CIP. For the flared 
MGS at a 15:1 rate, impacting 2 ft upstream from a post was most critical based on the overall 
behavior of the system. For the system flared at an 18:1 rate, impacting a post was most critical 
based on the overall behavior of the system. Figure 8.10 shows the CIP for the flared MGS 
retrofitted with a channel rubrail. Figure 8.11 and Figure 8.12 show the sequential frames for the 
most critical impact simulation for the pickup truck on the system at 15:1 and 18:1 flare rates, 
respectively. 

Table 8.6. CIP Investigation for the Pickup Truck (2270P). 

Flare Rate 15:1 (28.8°) 18:1 (28.4°) 

CIP 2 ft upstream 
from post 

Mid-
span At post 2 ft upstream 

from post At post Mid-span 

Occupant 
Risk 

Factors 

Occupant Impact 
Velocity (ft/s) 

X 22.3 18.4 21.3 24.9 20.3 19.4 
Y 14.4 16.1 15.4 14.8 16.1 14.8 

Ridedown 
Acceleration (g) 

X 11.7 10.4 10.0 11.9 12.8 11.6 
Y 10.4 11.2 8.9 7.9 9.7 8.8 

Max. Angle 
(degrees) 

Roll 17.4 15.8 10.0 6.7 4.4 18.6 
Pitch 4.5 11.5 10.4 9.6 8.4 11.3 
Yaw 37.1 37.7 51.8 33.4 34.7 30.6 

Maximum Lateral Rail Deflection (in.) 49.1 45.3 49.6 44.1 48.0 47.4 

 
(a) CIP for 15:1 flared MGS 

 
(b) CIP for 18:1 flared MGS 

Figure 8.10. CIPs for Pickup Truck Impacting Flared MGS Retrofitted with 
Channel Rubrail. 
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Figure 8.11. Sequential Frames for Pickup Truck Impact at CIP on 15:1 Flared MGS 
Retrofitted with Channel Rubrail. 
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Figure 8.12. Sequential Frames for Pickup Truck Impact at CIP on 18:1 Flared MGS 
Retrofitted with Channel Rubrail. 
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Table 8.7 shows the occupant risk factors and maximum dynamic rail deflection for the 
small passenger car impacting at each CIP. For the MGS flared at both 15:1 and 18:1 rates, 
impacting at the middle of the W-beam (mid-span) was found to be the most critical case based 
on the overall behavior of the system. For the system flared at the 18:1 rate, impacting a post also 
resulted in high ridedown acceleration but produced less maximum W-beam rail deflection 
compared to the case impacting at mid-span. Figure 8.13 shows the CIP for the flared MGS 
retrofitted with a channel rubrail. Figure 8.14 and Figure 8.15 show the sequential frames for the 
most critical impact simulation for the small passenger car on the flared MGS at the 15:1 and 
18:1 rates, respectively. 

Table 8.7. CIP Investigation for Small Car (1100C). 
Flare Rate 15:1 (28.8°) 18:1 (28.4°) 

CIP At post 
2 ft 

downstream 
from post 

Mid-span 
2 ft 

upstream 
from post 

At post Mid-span 

Occupant 
Risk 

Factors 

Occupant Impact 
Velocity (ft/s) 

X 38.7 26.9 32.8 36.7 24.6 31.5 
Y 22.3 27.6 25.9 23.0 24.0 25.6 

Ridedown 
Acceleration (g) 

X 13.1 12.4 19.6 12.2 19.5 19.6 
Y 9.8 12.2 7.2 11.7 12.3 7.3 

Max. Angle 
(degrees) 

Roll 9.5 11.5 8.3 6.2 8.9 8.1 
Pitch 8.5 5.1 5.6 4.9 7.6 5.5 
Yaw 48.2 53.4 50.1 50.9 49.3 50.1 

Maximum Rail Deflection (in.) 24.6 25.6 25.6 25.5 21.6 26.8 
 
 

 
(a) CIP for 15:1 flared MGS 

 
(b) CIP for 18:1 flared MGS 

Figure 8.13. CIPs for Small Car Impacting Flared MGS with Channel Rubrail.  
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Figure 8.14. Sequential Frames for Small Passenger Car Impact at CIP on 15:1 Flared 
MGS Retrofitted with Channel Rubrail.   
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Figure 8.15. Sequential Frames for Small Passenger Car Impact at CIP on 18:1 Flared 
MGS Retrofitted with Channel Rubrail. 

For the pickup truck FE simulations on the flared MGS retrofitted with a channel rubrail, 
the passenger-side front tire rode on the rubrail, and when the vehicle was exiting, the tire went 
beyond the rubrail, as shown in Figure 8.16. During this event, a numerical issue was also found, 
showing a part of the tire element tangled with an edge of the channel rubrail element. However, 
since the issue was detected after maximum occupant risk factors (e.g., occupant impact velocity 
and ridedown acceleration) and rail deflection were observed, the numerical issue may not affect 
the simulation results. 



 

TR No. 619971-01 73 2023-06-01 

   
(a) Tire Overriding Channel Rubrail 

 
(b) Tire Tangling 

Figure 8.16. FE Pickup Truck Tire Model Behavior. 

Since resolving the numerical issue became a concern due to project resource (time and 
budget) constraints, another simulation for each vehicle type impacting at CIP was performed on 
the 18:1 flared MGS retrofitted with a channel rubrail. In addition to modifying a contact 
command between the rubrail and the tire to resolve the numerical issue, the channel rubrail was 
raised by 3 inches to have a 12-inch distance from the center of the channel to the ground. By 
raising the rubrail, the gap between the W-beam and channel was decreased, which should 
reduce the possibility of tire tangling. 

Figure 8.17 describes the difference between the initial retrofitted MGS model and the 
modified retrofitted model. As aforementioned, the vertical location of the channel increased by 
3 inches. Figure 8.18 and Figure 8.19 show the close-up view and sequential frames, 
respectively, for the modified FE pickup truck simulation results to illustrate the improvements. 
As seen in the figures, the tire overrode the channel less, and it did not tangle with any MGS FE 
model element. Without tire FE element tangling, the vehicle exited and redirected more 
smoothly. 
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Figure 8.17. Modified Channel Rubrail Location. 

   
(a) Tire Overriding Channel Rubrail 

 
(b) Vehicle Exiting 

Figure 8.18. Modified FE Simulation with 18:1 Flared MGS Retrofitted with Channel 
Rubrail. 
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Figure 8.19. Sequential Frames for Pickup Truck Impact at CIP on Modified 18:1 Flared 
MGS Retrofitted with Channel Rubrail. 

To evaluate the modified retrofitted MGS model, a small car impact simulation was also 
performed under the same TL-3 conditions. Figure 8.20 shows the sequential frames with the 
small car behavior after impacting the CIP of the modified retrofitted MGS.  
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Figure 8.20. Sequential Frames for Small Car Impact at CIP on Modified 18:1 Flared MGS 
Retrofitted with Channel Rubrail. 
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Table 8.8 lists the occupant risk factors and maximum lateral dynamic W-beam rail 
deflection to compare the simulation results of the different channel rubrail heights. For both the 
pickup truck and small car, the retrofitted MGS with the channel rubrail located higher improved 
the overall system behavior.  

Table 8.8. Comparison of Simulation Results for 18:1 Flared MGS Retrofitted 
with Channel Rubrail with 12-inch Center-to-Ground Distance. 

Vehicle Model Pickup Truck Small Car 
Rubrail Height (Channel Top to Ground) 12 in. 15 in. 12 in. 15 in. 

Occupant Risk 
Factors 

Occupant Impact 
Velocity (ft/s) 

X 20.3 19.7 32.8 21.7 
Y 16.1 16.7 25.9 24.9 

Ridedown 
Acceleration (g) 

X 12.8 9.6 19.6 13.1 
Y 9.7 8.4 7.2 12.0 

Max. Angle 
(degrees) 

Roll 4.4 8.4 8.3 8.0 
Pitch 8.4 9.8 5.6 2.4 

Yaw 34.7 34.4 50.1 49.2 
Maximum Dynamic Lateral Rail Deflection (in.) 48.0 42.7 26.8 26.2 

 
To investigate performance of the system in steeper flare rate, another simulation for each 

vehicle type impacting at CIP was performed on the 15:1 flared MGS retrofitted with a channel 
rubrail. Figure 8.21 shows sequential frames, for the modified FE pickup truck. As seen in the 
figures, without tire FE element issue, the vehicle exited and redirected more smoothly. 

With better performance with a pickup truck, a small car impact simulation was also 
performed under the same TL-3 conditions. Figure 8.22 shows the sequential frames with the 
small car behavior after impacting the CIP of the modified retrofitted MGS. 
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Figure 8.21. Sequential Frames for Pickup Truck Impact at CIP on Modified 15:1 Flared 
MGS Retrofitted with Channel Rubrail.  
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Figure 8.22. Sequential Frames for Small Car Impact at CIP on Modified 15:1 Flared MGS 
Retrofitted with Channel Rubrail. 
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Table 8.10 lists the occupant risk factors and maximum lateral dynamic W-beam rail 
deflection to compare the simulation results of the different channel rubrail heights. For both the 
pickup truck and small car, the retrofitted MGS with the channel rubrail located higher improved 
the overall system behavior.  

Table 8.9. Comparison of Simulation Results for 15:1 Flared MGS Retrofitted 
with Channel Rubrail with 12-inch Center-to-Ground Distance. 

Vehicle Model Pickup Truck Small Car 
Rubrail Height (Channel Top to Ground) 12 in. 15 in. 12 in. 15 in. 

Occupant Risk 
Factors 

Occupant Impact 
Velocity (ft/s) 

X 22.3 19.0 32.8 32.5 
Y 14.4 15.7 25.9 17.4 

Ridedown 
Acceleration (g) 

X 11.7 8.1 19.6 11.4 
Y 10.4 9.7 7.2 13.5 

Max. Angle 
(degrees) 

Roll 17.4 12.5 8.3 5.7 
Pitch 4.5 11.1 5.6 5.9 

Yaw 37.1 46.7 50.1 55.0 
Maximum Dynamic Lateral Rail Deflection (in.) 49.1 45.5 25.6 24.1 

 

8.2. SUMMARY OF FINITE ELEMENT ANALYSIS  

In this chapter, finite element computer modeling and simulations were conducted to 
investigate predictability of the MGS system crashworthiness when implemented at different 
flare rates and impacted at TL-3 impact conditions. Two general situations were investigated in 
parallel: (a) the MGS implemented at shallower flare rates than those already failed under the 
testing program, and (b) the MGS modified/retrofitted and implemented at different flare rates. 
For both general cases, a predictive analysis was conducted for impacts at MASH TL-3 
conditions. Summaries of the performed FE simulation results are included in Table 8.10 and 
Table 8.11. 

The impact behavior of MGS flares with shallower rates than 11:1, including 15:1, 18:1, 
and 21:1, were investigated and found to not significantly reduce lateral deflection or vehicle 
interaction compared to an 11:1 flare rate. This could indicate a potential for vehicle pocketing 
and rail rupture, as seen in a failed crash test. 

To address the potential for vehicle pocketing and rail rupture, retrofit options for the 
MGS system were considered. The first option was to use short blockouts with half-post spacing 
(37½ inches) to prevent rail high concentration stresses and tearing due to direct contact between 
the blockout and rail. This retrofit design aimed to reduce lateral deflection and rail stress 
concentrations during impact to lower the likelihood of vehicle pocketing and rail rupture. 

The half-post spacing system with short blockouts was evaluated with flare rates of 11:1 
and 15:1 using a pickup truck, but the 11:1 system had increased occupant risks and ridedown 
acceleration. The 15:1 system showed improvement in both rail deflection and occupant risks. 
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The system was also evaluated with a small passenger car, but the recorded ridedown 
acceleration was too high, so a flare rate of 18:1 was evaluated, which showed improved 
occupant risks but still had a peak ridedown acceleration close to the MASH limit..  

The study added a rubrail to a short blockout MGS with regular post spacing of 75 inches 
to reduce the ridedown acceleration. The rubrail was a typical C6×8 steel channel installed 12 
inches from the ground. Flare rates of 15:1 and 18:1 were investigated, and results showed that 
the retrofitted MGS with a rubrail was able to stably redirect the impacting pickup truck model, 
but there were numerical issues with the passenger car. Simulations were performed on the 18:1 
flare rate retrofitted MGS with raising the rubrail height by 3 inches to reduce the gap between 
the W-beam and the rubrail. The increased rubrail height prevented the vehicle's tire from 
overriding the rubrail, which helped to contain and redirect the vehicle. This indicates that the 
retrofit was successful in reducing ridedown acceleration and improving crashworthiness. 

The simulation was conducted on the retrofitted flared MGS system with 15:1 flare rate 
using a rubrail centered at 12 inches from the ground. The overall system behavior was 
improved, with maximum rail deflection for the pickup truck simulation being reduced to 45.5 
inches, close to the recorded value in the pickup truck full-scale test of the non-flared MGS. 
Additionally, the ridedown acceleration for the small car simulation was reduced to 11.4 g. 

Recommendations for future research include validating the obtained FE analysis results 
through full-scale testing to verify the crashworthiness of the 15:1 flared, regular post-spacing 
MGS with inclusion of shorter blockouts and a C6×8 steel channel centered at 12 inches from the 
ground. 
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Table 8.10. Summary of FE Analysis for Pickup Truck. 

Flare Rate (Effective Angle) 11:1 (30.2°) 15:1 (28.8°) 18:1 (28.4°) 21:1 
(27.7°) 

Design Option Test MGS Half-Post 
Spacing  MGS Half-Post 

Spacing  

Channel Rubrail 
MGS 

Channel Rubrail 
MGS 

12 in. 15 in. 12 in. 15 in. 

Occupant 
Risk 

Factors 

Occupant 
Impact 

Velocity (ft/s) 

X 18.7 23.4 29.9 23.6 22.3 22.3 19.0 24.0 20.3 19.7 20.7 

Y 13.9 15.4 17.7 14.8 16.4 14.4 15.7 13.1 16.1 16.7 14.8 

Ridedown 
Acceleration 

(g) 

X 4.8 8.5 17.1 13.8 11.0 11.7 8.1 14.3 12.8 9.6 10.7 

Y 5.0 9.0 12.4 13.8 10.3 10.4 9.7 7.0 9.7 8.4 9.1 

Max. Angle 
(degrees) 

Roll 8.9 4.76 15.8 8.8 6.8 17.4 12.5 3.1 4.4 8.4 10.2 

Pitch 5.6 1.06 7.4 9.2 2.3 4.5 11.1 5.9 8.4 9.8 3.1 

Yaw 194.4 18.13 58.0 56.2 40.7 37.1 46.7 54.1 34.7 34.4 57.9 
Maximum Dynamic Lateral Rail 

Deflection (in.) 52.9a 52.4 33.5 52.8 33.1 49.1 45.5 49.3 45.5 42.7 48.4 
a Before rail rupture. 
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Table 8.11. Summary of FE Analysis for Small Car. 

Flare Rate (Effective Angle) 15:1 (28.8°) 18:1 (28.4°) 21:1 
(27.7°) 

Design Option Half-Post 
Spacing  

Channel Rubrail Half-Post 
Spacing  

Channel Rubrail MGS 
12 in. 15 in. 12 in. 15 in. 

Occupant 
Risk 

Factors 

Occupant 
Impact 

Velocity (ft/s) 

X 47.2 32.8 32.5 39.4 31.5 21.7 42.0 

Y 18.0 25.9 17.4 14.1 25.6 24.9 14.4 

Ridedown 
Acceleration 

(g) 

X 23.8 19.6 11.4 20.3 19.6 13.1 21.1 

Y 11.3 7.2 13.5 16.1 7.3 12.0 18.0 

Max. Angle 
(degrees) 

Roll 14.0 8.3 5.7 10.9 8.1 8.0 19.5 

Pitch 6.2 5.6 5.9 6.1 5.5 2.4 5.9 

Yaw 33.6 50.1 55.0 41.3 50.1 49.2 85.7 

Maximum Dynamic Lateral 
Rail Deflection (in.) 23.8 25.6 24.1 24.2 24.1 26.2 34.6 
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Chapter 9. SUMMARY AND CONCLUSIONS 

9.1. ASSESSMENT OF TEST RESULTS 

A flared strong-post W-beam guardrail system allows for the potential to reduce guardrail 
installation lengths, which, in turn, would result in decreased guardrail construction and 
maintenance costs, as well as reduced impact frequency. Stolle et al. (3) conducted a research 
and test study to investigate the potential to increase flare rates for an MGS according to NCHRP 
Report 350 criteria. The researchers conducted computer simulations and full-scale crash testing 
that showed that the MGS could meet NCHRP Report 350 impact criteria when installed at a 5:1 
flare rate. Impact severities during testing were found to be greater than intended, yet the MGS 
passed all NCHRP 350 requirements. The researchers recommended that whenever a guardrail is 
outside of the shy line for adjacent traffic, and the roadside terrain is sufficiently flat, flare rates 
should be increased to as high as 5:1 when using the MGS guardrail. 

NCHRP Report 350 testing and evaluation criteria were superseded by MASH, which was 
developed to incorporate significant changes and additions to procedures for safety-performance 
evaluation as well as updates reflecting the changing character of the highway network and the 
vehicles using it. For example, MASH increased the weight of the pickup truck design test 
vehicle from 4,409 lb to 5,000 lb, changed the body style from a ¾-ton standard cab to a ½-ton 
four-door, and imposed a minimum height for the vertical CG of 28 inches. The increase in 
vehicle mass represents an increase in impact severity of approximately 13 percent for Test 3-11 
with the pickup truck design test vehicle compared to the impact conditions of NCHRP Report 
350. The increased impact severity may therefore result in increased impact forces and larger 
lateral barrier deflections compared to NCHRP Report 350.  

The impact conditions for the small car test have also changed. The weight of the small 
passenger design test vehicle increased from 1,800 lb to 2,420 lb, and impact angle increased 
from 20 degrees to 25 degrees with respect to the roadway. These changes represent an increase 
in impact severity of 105 percent for Test 3-10 with the small car design test vehicle compared to 
the impact conditions of NCHRP Report 350. This increase in impact severity might result in 
increased vehicle deformation and could possibly aggravate vehicle stability. Specifically, when 
a flare rate is included in the guardrail design, there is an increment of the effective impact angle 
between the vehicle and the guardrail, which results in a considerably higher impact severity and 
requires an increasing level of demand on the structural capacity of a barrier system. For 
example, under MASH conditions, a 5:1 flare rate would increase the impact severity 196 percent 
for Test 3-10. 

MASH also adopted more quantitative and stringent evaluation criteria for occupant 
compartment deformation than NCHRP Report 350. An increase in impact severity might result 
in increased vehicle deformation and could possibly result in failure to meet the latest MASH 
evaluation criteria. For example, NCHRP Report 350 established a 6-inch threshold for occupant 
compartment deformation or intrusion. MASH limited the extent of roof crush to no more than 
3.9 inches. In addition, MASH requires that the vehicle windshield not sustain a deformation 
greater than 3 inches and have no holes or tears in the safety lining as a result of the test impact. 
Although these evaluation criteria are applicable to all roadside safety device testing, they are 
most relevant for sign support design and testing. In addition, little evaluation of sign supports 
has been performed with larger vehicles such as the pickup. Systems that have been 
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demonstrated to be crashworthy for passenger cars may not be geometrically compatible with 
pickup trucks.  

The purpose of this project was to conduct a testing program to assess the performance of 
the MGS system when implemented with flare conditions according to the safety-performance 
evaluation guidelines included in MASH, Second Edition. The crash tests were performed in 
accordance with MASH TL-3. Two flare conditions were investigated: 7:1 with use of a 
passenger car, and 11:1 with use of a pickup truck.  

The MGS tested at the considered flare conditions did not meet the performance criteria 
for MASH TL-3 guardrails. In the full-scale testing, MGS rail rupture under the higher impact 
severity and vehicle interaction during impact was the leading reason for system crashworthiness 
failure. Also, the first test that was conducted with the pickup truck on the 11:1 MGS flare 
resulted in failure to contain the vehicle due to fracture of the wood-post DAT system used in the 
test installation. The MGS 11:1 flare was then reinstalled and tested at the same conditions but 
with the inclusion of a steel-post end terminal system (SoftStop®) to avoid rupture of the wood 
posts. Although the end terminal did not result in post fracture, the test failed due to MGS rail 
rupture during the vehicle impact event. 

See Table 9.1 for a summary of each test based on the applicable safety evaluation 
criteria.  

Table 9.1. Summary of MASH Tests on MGS Guardrail with Flare. 

Evaluation 
Criteriaa Brief Description Test No.  

609971-01-1 
Test No.  

609971-03-1 
Test No.  

609971-03-2 

A Contain, Redirect, or 
Controlled Stop Fail Fail Fail 

D No Penetration into 
Occupant Compartment S S S 

F Roll and Pitch Limit Fail Fail S 

H OIV Threshold S S S 

I Ridedown Threshold S S S 

Overall Fail Fail Fail 

Note: S = Satisfactory. 
a See Table 3.2 for details. 

9.2. SUMMARY OF FINITE ELEMENT ANALYSIS RESEARCH 

After the full-scale crash tests were completed and determined to be failed, an effort was 
initiated through finite element modeling and simulations to investigate the crashworthiness of 
the MGS system at shallower flare rates, and when considering prioritized MGS retrofit options, 
still under high-speed impact conditions.  
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The main challenge in evaluating the impact results of a computer simulation for a MGS 
W-beam rail system was to find a way to predict rail rupture. Element erosion was not 
considered due to its lack of robustness, so other factors were used, such as the vehicle's 
interaction with the system, the lateral deflection of the system during impact, predicted rail 
stresses/strains, and recorded occupant risk values and vehicle stability. The lateral deflection 
was especially important because it could indicate potential pocketing of the vehicle, which 
could cause excessive loading on the W-beam railing and ultimate failure. 

The impact behavior of MGS flares with shallower rates was investigated and found to 
not significantly reduce the lateral deflection during impact. Therefore, retrofit options were 
considered, including the use of short blockouts and half-post spacing and adding a rubrail to 
short blockout MGS with regular post spacing. The use of short blockouts and half-post spacing 
improved occupant risk but still had a peak ridedown acceleration that was too close to the 
MASH allowed limit. Adding a rubrail to a short blockout MGS with regular post spacing and a 
15:1 flare rate was found to improve the overall system behavior, reducing the maximum rail 
deflection and ridedown acceleration. 

9.3. CONCLUSIONS 

This research has conducted full scale tests and FE analysis on the flared MGS guardrail 
in accordance with MASH Test Level 3. Based on the research presented herein, the following 
conclusions are drawn: 

1. To prevent failure to contain the vehicle due to fracture of the wood-post DAT 
system, a steel-post end terminal system (SoftStop®) is recommended for future 
tests to avoid rupture of the wood posts. 

2. None of the three tests conducted on the MGS guardrail with a flare rate of 11:1 
met the MASH requirements for semi-rigid longitudinal barriers. 

3. Standard MGS guardrail with a flare rate of between 11:1 and 21:1 is not 
expected to meet MASH TL 3 requirements. 

4. The 15:1 flared regular post-spacing MGS with inclusion of shorter blockouts and 
a C6×8 steel channel centered at 12 inches from the ground is recommended for 
future research include validating the obtained FE analysis results through full-
scale testing to verify the crashworthiness. 
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APPENDIX A. DETAILS OF MGS GUARDRAIL WITH FLARE 

A.1. 6099971-01-1 DRAWINGS 
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A.2. 6099971-03-1 DRAWINGS 
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A.3. 6099971-03-2 DRAWINGS 
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APPENDIX B. SUPPORTING CERTIFICATION DOCUMENTS 
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Table B.1. Test Day Static Soil Strength Documentation for Test No. 609971-01-1. 

Date 4-22-2019 

Test Facility and Site Location 
TTI Proving Ground 
3100 SH 47 
Bryan, TX 77807 

In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines 

Fill Material Description (ASTM D2487) and sieve analysis AASHTO M147 Grade B Crushed 
Limestone Road Base 

Description of Fill Placement Procedure 6-inch lifts tamped with a 
pneumatic compactor for 40 s 

 
Figure B.1. Test Day Static Soil Strength Documentation for Test No. 609971-01-1. 
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Table B.2. Test Day Static Soil Strength Documentation for Test No. 609971-03-1. 

Date 7-22-2019 

Test Facility and Site Location 
TTI Proving Ground 
3100 SH 47 
Bryan, TX 77807 

In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines 

Fill Material Description (ASTM D2487) and sieve analysis AASHTO M147 Type A Grade 2 
Crushed Limestone Road Base 

Description of Fill Placement Procedure 6-inch lifts tamped with a 
pneumatic compactor for 40 s 

 
Figure B.2. Test Day Static Soil Strength Documentation for Test No. 609971-03-1. 
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Table B.3. Test Day Static Soil Strength Documentation for Test No. 609971-03-2. 

Date 3-18-2020 

Test Facility and Site Location 
TTI Proving Ground 
3100 SH 47 
Bryan, TX 77807 

In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines 

Fill Material Description (ASTM D2487) and sieve analysis AASHTO M147 Type A Grade 2 
Crushed Limestone Road Base 

Description of Fill Placement Procedure 6-inch lifts tamped with a 
pneumatic compactor for 40 s 

 
Figure B.3. Test Day Static Soil Strength Documentation for Test No. 609971-03-2. 
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APPENDIX C. MASH TEST 3-10 (CRASH TEST NO. 609971-01-1) 

C.1. VEHICLE PROPERTIES AND INFORMATION 

 
Figure C.1. Vehicle Properties for Test No. 609971-01-1. 
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Figure C.2. Exterior Crush Measurements for Test No. 609971-01-1. 
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C.2. SEQUENTIAL PHOTOGRAPHS 

 
(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure C.3. Sequential Photographs for Test No. 609971-01-1 (Overhead Views). 



 

TR No. 619971-01 132 2023-06-01 

 
(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure C.4. Sequential Photographs for Test No. 609971-01-1 (Frontal Views). 
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(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure C.5. Sequential Photographs for Test No. 609971-01-1 (Rear Views). 
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C.3. VEHICLE ANGULAR DISPLACEMENTS 

 

 
Figure C.6. Vehicle Angular Displacements for Test No. 609971-01-1. 
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Test Number: 609971-01-1 
Test Standard Test Number: MASH Test 3-10 
Test Article: MGS Guardrail with Flare 
Test Vehicle: 2008 Kia Rio 
Inertial Mass: 2440 lb 
Gross Mass: 2605 lb 
Impact Speed: 61.8 mph 
Impact Angle: 24.8 degrees 
 



 

TR No. 619971-01 135 2023-06-01 

C.4. VEHICLE ACCELERATIONS 

 
Figure C.7. Vehicle Longitudinal Accelerometer Trace for Test No. 609971-01-1 

(Accelerometer Located at Center of Gravity). 

 
Figure C.8. Vehicle Lateral Accelerometer Trace for Test No. 609971-01-1 

(Accelerometer Located at Center of Gravity). 
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Figure C.9. Vehicle Vertical Accelerometer Trace for Test No. 609971-01-1 

(Accelerometer Located at Center of Gravity).

Z Acceleration at CG

0 0.5 1.0 1.5 2.0
-15

-10

-5

0

5

10

15

Time (sec)

Ve
rti

ca
l A

cc
el

er
at

io
n 

(G
)

SAE Class 60 Filter 50-msec average



 

TR No. 619971-01 137 2023-06-01 

APPENDIX D. MASH TEST 3-11 (CRASH TEST NO. 609971-03-1) 

D.1. VEHICLE PROPERTIES AND INFORMATION 

 
Figure D.1. Vehicle Properties for Test No. 609971-03-1. 
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Figure D.2. Exterior Crush Measurements for Test No. 609971-03-1. 
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Figure D.3. Occupant Compartment Measurements for Test No. 609971-03-1. 
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D.2. SEQUENTIAL PHOTOGRAPHS 

 
(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure D.4. Sequential Photographs for Test No. 609971-03-1 (Overhead Views). 
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(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure D.5. Sequential Photographs for Test No. 609971-03-1 (Frontal Views). 
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(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure D.6. Sequential Photographs for Test No. 609971-03-1 (Rear Views). 
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D.3. VEHICLE ANGULAR DISPLACEMENTS 

 

 
Figure D.7. Vehicle Angular Displacements for Test No. 609971-03-1. 
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Test Number: 609971-03-1 
Test Standard Test Number: MASH Test 3-11 
Test Article: MGS Guardrail with Flare 
Test Vehicle: 2013 RAM 1500 
Inertial Mass: 5047 lb 
Gross Mass: 5047 lb  
Impact Speed: 62.6 mi/s 
Impact Angle: 25.7° 
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D.4. VEHICLE ACCELERATIONS 

 
Figure D.8. Vehicle Longitudinal Accelerometer Trace for Test No. 609971-03-1 

(Accelerometer Located at Center of Gravity). 

 
Figure D.9. Vehicle Lateral Accelerometer Trace for Test No. 609971-03-1 

(Accelerometer Located at Center of Gravity). 
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Figure D.10. Vehicle Vertical Accelerometer Trace for Test No. 609971-03-1 

(Accelerometer Located at Center of Gravity).
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APPENDIX E. MASH TEST 3-11 (CRASH TEST NO. 609971-03-2) 

E.1. VEHICLE PROPERTIES AND INFORMATION 

 
Figure E.1. Vehicle Properties for Test No. 609971-03-2. 
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Figure E.2. Exterior Crush Measurements for Test No. 609971-03-2. 
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Figure E.3. Occupant Compartment Measurements for Test No. 609971-03-2. 
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E.2. SEQUENTIAL PHOTOGRAPHS 

 
(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure E.4. Sequential Photographs for Test No. 609971-03-2 (Overhead Views). 
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(a) 0.000 s (b) 0.100 s 

 
(c) 0.200 s (d) 0.300 s 

 
(e) 0.400 s (f) 0.500 s 

 
(g) 0.600 s (h) 0.700 s 

Figure E.5. Sequential Photographs for Test No. 609971-03-2 (Rear Views). 
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E.3. VEHICLE ANGULAR DISPLACEMENTS 

 

 
Figure E.6. Vehicle Angular Displacements for Test No. 609971-03-2. 
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Test Vehicle: 2014 RAM 1500 
Inertial Mass: 5019 
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Impact Speed: 60.3 
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E.4. VEHICLE ACCELERATIONS 

 
Figure E.7. Vehicle Longitudinal Accelerometer Trace for Test No. 609971-03-2 

(Accelerometer Located at Center of Gravity). 

 
Figure E.8. Vehicle Lateral Accelerometer Trace for Test No. 609971-03-2 

(Accelerometer Located at Center of Gravity). 

X Acceleration at CG

0 0.5 1.0 1.5 2.0-10

-8

-6

-4

-2

0

2

Time (sec)

Lo
ng

itu
di

na
l A

cc
el

er
at

io
n 

(G
)

T ime of OIV (0.1555 s) SAE Class 60 Filter 50-msec average

Y Acceleration at CG

0 0.5 1.0 1.5 2.0-7

-6

-5

-4

-3

-2

-1

0

1

2

3

Time (sec)

La
te

ra
l A

cc
el

er
at

io
n 

(G
)

T ime of OIV (0.1555 s) SAE Class 60 Filter 50-msec average



 

TR No. 619971-01 153 2023-06-01 

 
Figure E.9. Vehicle Vertical Accelerometer Trace for Test No. 609971-03-2 

(Accelerometer Located at Center of Gravity). 
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