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1 INTRODUCTION  

1.1 Problem Statement 

Obstacles, including light poles, typically should not be placed within the working width 

of a guardrail system. There are many instances where it is desirable to install light poles directly 

behind W-beam guardrail in order to provide adequate illumination along roadways. However, 

there are several concerns with placing light poles in close proximity to guardrail that may affect 

its ability to safely contain and redirect vehicles. First, interaction between a deflected guardrail 

system and a pole may create stiffening or hinging of the barrier system about the pole, which may 

cause pocketing and increased loading to the guardrail system. Second, impacting vehicles may 

snag on the pole, which could increase vehicle decelerations and instabilities. While the use of 

breakaway light poles may mitigate these concerns to some degree, the interaction between a 

guardrail system and a closely-positioned light pole requires further investigation. 

The Illinois Tollway and the Illinois Department of Transportation have been using the 

Midwest Guardrail System (MGS) as their standard W-beam guardrail system for 10 years. The 

MGS has a 31-in. (787-mm) top rail mounting height, 75-in. (1,905-mm) post spacing, W6x9 steel 

posts, 12-in. (305-mm) blockout depth, and midspan rail splices. The MGS has been successfully 

full -scale crash tested with a 2,425-lb (1,100-kg) small car (designated 1100C) and a 5,000-lb 

(2,268-kg) pickup truck (designated 2270P) according to the Manual for Assessing Safety 

Hardware (MASH) Test Level 3 (TL-3) criteria [1-3].  

The current Illinois Tollway standard denotes pole placement no closer to the guardrail 

post than 28 in. (711 mm) for the standard 6-ft 3-in. (1,905-mm) post spacing MGS, 23 in. (584 

mm) for the half-post spacing MGS, and 14 in. (356 mm) for the quarter-post spacing MGS. The 

barrier clearance distance is defined as the perpendicular distance from a line connecting the back 

of guardrail posts to the near face of an obstacle, as shown in Figure 1.  

 

Figure 1. Barrier Clearance Distance 
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In order to accommodate poles positioned closer than the current minimum barrier 

clearance distance, an investigation should be conducted to determine safe placement of the light 

pole with respect to the guardrail system.  

1.2 Research Objective 

The objectives of this research project were to determine the minimum lateral offset of the 

light pole with respect to the standard guardrail system with 6 ft - 3 in. (1.9 m) post spacing and 

develop guidance for the safe placement of the Illinois Tollway standard light pole behind the 

MGS. The guardrail offset away from the light pole was to be tested and evaluated according to 

the Test Level 3 (TL-3) safety performance criteria in the Manual for Assessing Safety Hardware 

(MASH) [3]. 

1.3 Scope 

The research objectives were achieved through the completion of several tasks in two 

phases. In phase I, a literature review was performed on previous testing of W-beam guardrail 

systems (including MGS) with and without poles to evaluate dynamic deflections, working widths, 

deflected barrier lengths, as well as vehicle pocketing and snagging risks. In addition, a review 

was performed on relevant breakaway light pole systems specified by the Illinois Tollway.  

Second, a combination of LS-DYNA computer simulation [4], engineering analysis, and 

experience with MGS crash testing was utilized to select a minimum lateral pole offset for the 

MGS system with the standard post spacing as well as determine the critical impact points (CIPs) 

for full-scale crash testing with 2270P and 1100C vehicles.  

In phase II, two full -scale crash tests were performed on the MGS with nearby light poles, 

as recommended in phase I. The first crash test utilized a 5,000-lb (2,268-kg) pickup truck 

impacting the MGS with pole at a speed of 62.1 mph (100 km/h) and an angle of 25 degrees. In 

the second crash test, a 2,425-lb (1,100-kg) small car impacted the MGS with pole at a speed of 

62.1 mph (100 km/h) and an angle of 25 degrees.  

Following the full-scale crash testing, the safety performance of the MGS with a minimum 

lateral offset away from a pole was evaluated. Implementation guidance was provided regarding 

the safety performance of the MGS with a nearby Illinois Tollway light pole. A summary report 

of the research project with respect to the as-tested light pole and the barrier combination was 

provided. 
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2 LITERATURE REVIEW  

2.1 MGS Crash Testing and Computer Simulation  

2.1.1 Dynamic Deflection and Working Width 

A study was conducted by Midwest Roadside Safety Facility (MwRSF) to compile past 

testing of Midwest Guardrail System (MGS) at Test Level 3 (TL-3). The study also involved 

numerous simulations on the MGS at TL-1, TL-2, or TL-3 [5]. Working widths and dynamic 

deflections were found for each test level regarding the standard MGS and MGS with curb. Only 

simulations involving standard MGS at TL-3 were considered for the purpose of this project. 

Maximum dynamic deflection of the system is a measure of the maximum distance any 

individual component deflected backward when compared to its undeflected position. Working 

width is defined as the farthest distance the barrier or vehicle extended laterally during impact, as 

measured from the original, undeformed front face of the guardrail. Working widths are always 

greater than or equal to dynamic deflections. 

For TL-3, a minimum working width of 60.3 in. (1,532 mm) was determined based on the 

largest MGS working width observed in full -scale crash testing [5, 6]. If lateral offsets between 

guardrail systems and obstacles are reduced, the impacting vehicle may engage or interact with the 

shielded obstacle. States must determine if the benefits associated with decreased guardrail-to-

obstacle offset and increased guardrail placement away from road outweigh the potential 

consequences of a vehicle engaging an obstacle while being redirected by the rail [5]. Currently, 

the Illinois Tollway uses a minimum barrier clearance distance of 28 in. (711 mm) for guardrail 

with standard post spacing. The current Illinois Tollway practice for minimum clearance distance 

of poles behind MGS with different post spacing is shown in Table 1. The Illinois Tollway bases 

these lateral offsets on the guardrail placement recommendations for shielding rigid obstacles 

found in the research report by Polivka et al. [7]. According to this study, the minimum 

recommended distances the MGS should be placed away from a rigid obstacle are 49 in. (1.25 m), 

44 in. (1.12 m), and 35 in. (0.9 m) for the standard-, half-, and quarter-post spacing designs, 

respectively, as measured from the front face of the W-beam rail to the front face of the obstacle. 

Thus, the recommended distances from the back of the post to the front face of post would be 28 

in. (711 mm), 23 in. (584 mm), and 14 in. (356 mm) for the standard-, half-, and quarter-post 

spacing designs, respectively.  

Table 1. Illinois Tollway Barrier Clearance Distance 

Guardrail System 

MGS with 31-in. (787-mm) Top Rail 

Height and 12-in. (305-mm) Deep 

Blockouts 

Post Spacing 

Minimum 

Clearance Distance  

in. (mm) 

Type A - Standard 6 ft - 3 in. (1.9 m) 28 (711) 

Type B - ½ Post Spacing 3 ft - 1½ in. (0.95 m) 23 (584) 

Type C - ¼ Post Spacing 1 ft - 6¾ in. (0.48 m) 14 (356) 
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2.1.2 Guardrail Deflection Analysis 

A report compiling guardrail tests from various organizations was completed at the Texas 

Transportation Institute (TTI) [8]. Various guardrail configurations were included and those with 

31-in. (787-mm) top mounting height and 75 in. (1,905 mm) post spacing are summarized in Table 

2 for test no. 3-11 and Table 3 for test no. 3-10. Many variations of the MGS have been tested, but 

only those with standard MGS configurations were referenced for this project. The MGS tested 

with douglas fir, ponderosa pine, southern yellow pine, and white pine posts were also included. 

In addition, guardrail configurations using alternate blockouts or no blockouts were included. In 

addition, TTI performed a full scale crash test on a W-beam system similar to the MGS [9]. The 

single difference between the standard MGS and this test was the blockout depth was reduced from 

12 in. (305 mm) to 8 in. (203 mm). One crash test, test no. 420020-5, was performed at test 

designation no. 3-10 and the guardrail performed adequately. This test is also included in Table 3.  

For test designation no. 3-11, the maximum, average, and minimum dynamic deflections 

were 60.2 in. (1,529 mm), 44.5 in. (1,131 mm), and 34.1 in. (866 mm), respectively. The 

maximum, average, and minimum working widths were 60.3 in. (1,532 mm), 51.3 in. (1,302 mm), 

and 43.2 in. (1,097 mm), respectively. For test designation no. 3-10 the maximum, average, and 

minimum dynamic deflections were 35.9 in. (912 mm), 26.6 in. (677 mm), and 17.4 in. (442 mm), 

respectively. The maximum, average, and minimum working widths were 48.3 in. (1,227 mm), 

38.3 in. (973 mm), and 28.6 in. (726 mm), respectively. 

Table 2. Guardrail Testing under Test Designation No. 3-11 

Testing Agency Test Number Testing Criteria 

Dynamic 

Deflection  

in. (mm) 

Working Width 

in. (mm) 

MwRSF NPG-4 350 43.1 (1,094) 49.6 (1,260) 

MwRSF 2214MG-1 MASH 57.0 (1,447) 58.6 (1,489) 

MwRSF 2214MG-2 MASH 43.9 (1,114) 48.6 (1,234) 

MwRSF MGSMIN-1 MASH 42.2 (1,072) 48.8 (1,240) 

MwRSF MGSDF-1* NCHRP 350 [10] 60.2 (1,529) 60.3 (1,530) 

MwRSF MGSPP-1* NCHRP 350 37.6 (956) 48.6 (1,234) 

MwRSF MGSWP-1* MASH 46.3 (1,176) 58.4 (1,483) 

MwRSF MGSSYP-1* MASH 40.0 (1,016) 53.8 (1,367) 

MwRSF MGSNB-1**  MASH 34.1 (867) 43.2 (1,097) 

TTI 220570-2**  MASH 40.9 (1,040) 44.0 (1,119) 

*Guardrail with alternate posts and/or blockouts. 

**Guardrail with no blockouts.
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Table 3. Guardrail Testing under Test Designation No. 3-10 

Testing Agency Test Number Testing Criteria 

Dynamic 

Deflection  

in. (mm) 

Working Width 

in. (mm) 

MwRSF NPG-1 NCHRP 350 17.4 (441) 40.3 (1,022) 

MwRSF 2214MG-3 MASH 35.9 (913) 48.3 (1,227) 

MwRSF MGSSYP-2* MASH 22.2 (564) 39.7 (1,008) 

MwRSF MGSRF-3* MASH NA 38.4 (975) 

MwRSF MGSNB-2**  MASH 29.1 (740) 34.5 (877) 

TTI 420020-5 MASH 28.6 (725) 28.6 (725) 

*Guardrail with alternate posts and/or blockouts. 

**Guardrail with no blockouts. 

 

2.2 Light Pole Testing Details 

The light pole used by the Illinois Tollway is a standard 50 ft (15.2 m) tall pole with a 15-

ft (4.6-m) mast arm, as manufactured by Hapco and Valmont. The pole has a 10-in. (254-mm) 

base diameter and a 6-in. (152-mm) top diameter. The pole is designed to meet the 2009 American 

Association of State Highway Transportation Officials (AASHTO) Standard Specifications for 

Structural Supports for Highway Signs, Luminaires, and Traffic Signals [11]. 

The light pole is mounted on a CS370 transformer base, also manufactured by Valmont. 

The 9-in. (229-mm) tall breakaway transformer base was evaluated by Southwest Research 

Institute (SwRI) in 1990 according to AASHTO Standard Specifications for Structural Supports 

for Highway Signs, Luminaires, and Traffic Signals [11]. In June 1990, the light pole bases were 

impacted at 20 mph (32.2 km/h) with a 1,800-lb (816-kg) pendulum. The pendulum was fitted 

with a 10-stage crushable nose, which simulated the stiffness and energy dissipation of a 1979 

Volkswagen Rabbit. The results of the tests are shown in Table 4. Test-13 and Test-14 had 

calculated changes in velocity greater than the FHWA requirement of 16 feet per second, but they 

were accepted due to the tendency to overestimate the calculated 60 mph values.  

Both base designs received Federal Highway Administration (FHWA) aid reimbursement 

eligibility letters [12-14]. A similar base, the CS300, was also tested and received eligibility . All 

tested bases were manufactured by Akron, but three letters were required for the three distribution 

firms - Feralux, Akron Foundry, and Pole Lite. The two base designs are shown in Figures 2 and 

3. The CS300 design is identical to the TB-AF-6-9 and the Pole Lite F-1300 designs, with the only 

difference being the distribution firm. The same is true for the CS370 design regarding the TB-

AF-5-9 and Pole Lite F-1302 designs. 
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Figure 2. Feralux CS300 Light Pole Base 

 

 

 

 

         

 

 

 

Figure 3. Feralux CS370 Light Pole Base 
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Table 4. Feralux Light Pole Base Testing 

Test No. Base Pole Type 
Pole Weight 

lb (kg) 

Test Delta V 

at 20 mph fps 

(m/s) 

Calculated 

Delta V at 60 

mph  

fps (m/s) 

Test-AF-1 Feralux CS-300 Aluminum 413 (187) 3.4 (1.0) 6.4 (2.0) 

Test-1 
Pole Lite F-1300 

or TB-AF-6-9 
Aluminum 413 (187) 4.7 (1.4) 6.8 (2.1) 

Test-2 Feralux CS-300 Steel 777 (352) 5.3 (1.6) 11.1 (3.4) 

Test-10 
Pole Lite F-1300 

or TB-AF-6-9 
Steel 777 (352) 5.0 (1.5) 11.0 (3.4) 

Test-11 
Pole Lite F-1300 

or TB-AF-6-9 
Aluminum 442 (191) 4.9 (1.5) 7.0 (2.1) 

Test-12 
TB3-AF-1517-17 

I.W. 
Steel 955 (433) 7.9 (2.4) 17.1 (5.2) 

Test-13 Feralux CS-370 Steel 955 (433) 6.6 (2.0) 16.5 (5.0) 

Test-14 
Pole Lite F-1302 

or TB-AF-5-9 
Steel 955 (433) 7.6 (2.3) 16.8 (5.1) 

Test-15 Feralux CS-370 Aluminum 591 (268) 6.9 (2.1) 10.5 (3.2) 

Test-16 
Pole Lite F-1302 

or TB-AF-5-9 
Aluminum 591 (268) 5.8 (1.8) 10.1 (3.1) 

Test-17 Feralux CS-300 Aluminum 442 (191) 4.5 (1.4) 6.9 (2.1) 

 

2.3 Related Research 

2.3.1 Light Pole and Guardrail 

Breakaway poles are required on high-speed highways by the FHWA. In certain situations, 

guardrail systems will be placed in front of light poles. In 1994, guardrail and light pole systems 

were crash tested in Ohio using the standard Type 5 guardrail and either the Type AT-A or Type 

AT-X light pole base [15]. The Ohio Type 5 guardrail consisted of 7-in. (178-mm) diameter, 6-ft 

(1.83-m) long pine wood posts and 6-in. (152-mm) x 8-in. (203-mm) x 14-in. (356-mm) oak wood 

blockouts. The blockouts were contoured to fit the round posts. Posts were spaced 6 ft - 3 in. 

(1,905 mm) on center and embedded 42 in. (1,067 mm) into the soil. The guardrail had a top 

mounting height of 27 in. (686 mm). A 28-ft (8.54-m) tall steel light pole was selected and 

evaluated for this project. The GE Model M-400R2 luminaire was mounted on a 15-ft (4.57-m) 

arm with a 3-ft (914-mm) upsweep, as shown in Figure 4. 
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Figure 4. Ohio Study - GE Model M-400R2 Light Pole 

Two aluminum base designs were utilized, and the dimensions of each differed. Type AT-

A had a base width of 163/8 in. (416 mm) and tapered to 13 in. (330 mm) at the top, and Type AT-

X had a 14-in. (356-mm) wide base and tapered to 13 in. (330 mm) at the top, as shown in Figure 

5. The sizes of the bases resulted in the Type AT-A being placed 18 in. (457 mm) behind the back 

of the guardrail, and the Type AT-X placed 6 in. (152 mm) behind the back of the guardrail. A 

total of six tests were completed, four of which included light poles. The placement of the light 

poles along the guardrail was chosen based on either location of maximum guardrail deflection or 

highest kinetic energy of the impactor. The results of the six tests are shown in Table 5.  
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Figure 5. Ohio Study - Light Pole Bases 

Table 5. Ohio Guardrail and Light Pole System Results 

Test 

No. 

Test 

Designation 

Light Pole 

Base 

Light Pole 

Distance 

from Impact 

ft (m) 

Dynamic 

Deflection 

in. (mm) 

Occupant 

Risk 

Collected 

Pole 

Impacted by 

Vehicle 

(Snagging) 

1 3-11 None - 59.8 (1,518) Yes - 

2 3-11 Type X 18¾ (5.72) 40.2 (1,021) No Yes 

3 3-11 Type X 6 (1.83) 47.3 (1,201) No No 

4 3-11 Type A 6¼ (1.91) 53.9 (1,369) Yes No 

5 3-10 None - 12.6 (320) Yes - 

6 3-10 Type X 6¼ (1.91) 11.0 (280) Yes Yes 

 

Test no. 1 was performed without a light pole to determine a baseline for the Type 5 

guardrail under test designation no. 3-11. The guardrail was impacted at 60 mph (96.6 km/h) at 

25.0 degrees. The exit angle was 10 degrees, and the occupant risk parameters were below the 

NCHRP Report No. 350 limit values.  

Test no. 2 incorporated the type ñXò base design, which placed the light pole 6 in. (152 

mm) behind the guardrail. The base was located 18¾ ft (5.72 m) downstream from the intended 

impact point, because test no. 1 indicated this location would have the highest guardrail deflection. 

The guardrail system was impacted at 59.0 mph (95 km/h) at 24.6 degrees. Contact marks from 

the vehicle were found on the light pole. The pole did not break away, but it constrained the 
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guardrail deflections, which resulted in an exit angle of 17.9 degrees and exceeded the evaluation 

criteria limit. Occupant risk values were not acquired due to an on-board computer malfunction. 

Test no. 3 also used the type ñXò base design, and the pole was positioned 6 in. (152 mm) 

behind the guardrail and 6 ft (1.83 m) downstream from the impact location, which was selected 

due to the high kinetic energy of the impactor at this point. The guardrail system was impacted at 

60 mph (96.5 km/h) at 27.3 degrees. The light pole broke away, and the transformer base fractured. 

The guardrail deflections were less than when no light pole was present, and the exit angle was 

25.4 degrees, which was greater than the allowable limit. Furthermore, vehicle damage was greater 

in test no. 3 than test no. 2, indicating that break away of the light pole did not correlate with 

reduced vehicle damage. The on-board computer malfunctioned and occupant risk values were not 

acquired. 

Test no. 4 evaluated the ñAò base design, which placed the light pole 18 in. (457 mm) 

behind the guardrail. The base was located 6ft - 3 in. (1,905 mm) downstream from the intended 

impact point. The guardrail system was impacted at 58.0 mph (93.3 km/h) at 26.7 degrees. The 

pole broke away, and the guardrail deflections were similar to when no light pole was present. The 

exit angle was 17.2 degrees, which was greater than the allowable limit. The light pole base 

performed as designed and fractured near the attachment lugs. Damage to the vehicle in test no. 4 

was greater than the damage from test no. 3, even though the light pole was placed farther behind 

the guardrail. Occupant risk values for this test were below the allowable values in NCHRP Report 

No. 350. 

Test no. 5 was performed without a light pole to determine a baseline for the Type 5 

guardrail under test designation no. 3-10. The guardrail was impacted at 57.5 mph (92.5 km/h) at 

20.7 degrees. The exit angle of 7.9 degrees and the occupant risk values were within the NCHRP 

Report No. 350 limits. 

Test no. 6 used the ñXò base design, and the pole was positioned 6 in. (152 mm) behind 

the guardrail and 6 ft - 3 in. (1.9 m) downstream from the intended impact location. The guardrail 

system was impacted at 64.9 mph (104.5 km/h) at 21.4 degrees. The light pole did not break away, 

and the base had an indentation on the impact side, likely caused by the left-front wheel. Again, 

the guardrail deflections in this test were less than when no light pole was present. The exit angle 

of 9.5 degrees and the occupant risk values were within the limits in NCHRP Report No. 350. 

The primary objective was to determine if vehicle snag occurred on the poles during impact 

with the guardrail. The research report noted that the presence of light poles did not cause snagging 

of the test vehicle, and no change in the placement of light poles behind the guardrail was 

recommended. However, snagging was only noted if the vehicle contacted the pole and rapidly 

decelerated. Other contact between the test vehicles and the pole was observed, but it was not 

classified as snagging.  

Furthermore, the effect of the light pole on guardrail performance was also evaluated. 

Unfortunately, it was difficult to make definitive conclusions based on the collected data. Impact 

speeds varied from 57.5 mph (92.5 km/h) to 65 mph (104.5 km/h), occupant risk factors could not 

be obtained from all tests, and the light pole was not critically impacted in all tests because the 

maximum rail deflection did not occur at the pole location. Finally, three of the four guardrail and 
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light pole tests had exit angles greater than the 15 degrees requirement given in the NCHRP Report 

No. 350 [10]. These results suggest the light pole may have affected the guardrailôs performance. 

2.3.2 Sign Support and Guardrail 

A project evaluating the safety performance of a sign support and guardrail system was 

completed by the Civil and Environmental Engineering Department at the University of Florence 

in Firenze, Italy in 2014 [16]. A variable message sign (VMS) with a non-breakaway sign support 

structure and an H3 steel barrier, as shown in Figure 6, were evaluated using finite element method 

(FEM) simulations and no crash testing. The objectives of the study were to evaluate heavy vehicle 

and sign support interaction as well as determine minimum lateral offset between sign support and 

barrier. 

 

 

Figure 6. Sign Support and Guardrail 

Initially, three separate models were created: a barrier; a heavy vehicle; and a sign support 

structure. The barrier model was evaluated and validated by a full scale crash test. The sign support 

structure model for this test included a VMS spanning a three lane motorway with an emergency 

lane and traditional sign supports made of high-strength steel (S355JO). Only the parts bearing the 

highest stress during the crash of the sign support were included in the model due to the complexity 

of the design. A 35,274-lb (16,000-kg) infinitely rigid cube with a 9.84-ft x 9.84-ft (3-m x 3-m) 

cross section was used to simulate a heavy goods vehicle (HGV) with an impact velocity of 49.7 

mph (80 km/h). The sign support model was evaluated independently of the guardrail, and no risk 

of sign support failure was found. 
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The final stage of the project was to determine the minimum distance between the sign 

support and the guardrail where both would perform according to criteria defined in EN 1317-

2:2010 [17]. After evaluating many simulations with varying placement along and behind the 

barrier, the minimum distance between the barrier and sign support was 51.2 in. (1,300 mm) away 

from the front of the barrier.  

2.3.3 Zone of Intrusion 

Stiff barriers, such as concrete barriers, have negligible deflections. However, zone of 

intrusion (ZOI), or vehicle intrusion over the top of the barrier, is a concern for attachments 

mounted on or near these barriers [18]. Subsequently, ZOI is considered for rigid bridge rails and 

parapets, not guardrail. In many of the reviewed tests, the vehicleôs impacting corner intruded the 

farthest over the concrete barriers, and the greatest intrusion occurred early in the impact event. 

TL-3 barriers were divided into three subgroups depending on their ZOI [18]. Group one 

consisted of slope-faced concrete barriers and steel tubular rails on 6-in. (152-mm) curbs or greater. 

The ZOI for group one was 18 in. (457 mm) away from the front face of the barrier. The ZOI for 

group two was 24 in. (610 mm) and included combination concrete and steel rails, vertical-faced 

concrete barriers, and timber rails. The ZOI for group three was 30 in. (762 mm) and included steel 

tubular rails not on curbs or on curbs less than 6 in. (152 mm) high. 

Following this study, MwRSF performed three full-scale crash tests on a single-slope 

concrete barrier with adjacent light poles in 2008 [19]. The first two tests involved a light pole 

placed on top of the concrete barrier using a rearward pedestal, and the third test involved a ground-

mounted light pole placed 10.5 in. (267 mm) behind the barrier. The first full-scale crash test, test 

no. ZOI-1, was performed according to test designation no. 4-12 of NCHRP Report No. 350. The 

test consisted of a 17,605-lb (7,985-kg) single-unit truck impacting the barrier at a speed of 50.4 

mph (81.0 km/h) and an angle of 15.6 degrees. This test passed the NCHRP Report No. 350 safety 

requirements as the single-unit truck was safely brought to a controlled stop. The second full-scale 

crash test, test no. ZOI-2, was performed according to test designation no. 4-11 of NCHRP Report 

No. 350. The test consisted of a 4,430-lb (2,009-kg) pickup truck impacting the barrier at a speed 

of 61.7 mph (99.3 km/h) and an angle of 23.4 degrees. This test passed the NCHRP Report No. 

350 safety requirements as the pickup truck was safely brought to a controlled stop. The third full-

scale crash test, test no. ZOI-3, was performed according to test designation no. 4-12 of NCHRP 

Report No. 350. The test consisted of a 17,637-lb (8,000-kg) single-unit truck impacting the barrier 

at a speed of 50.2 mph (80.8 km/h) and an angle of 16.4 degrees. This test passed the NCHRP 

Report no. 350 safety requirements as the single-unit truck was safely brought to a controlled stop.  

The impact location for the third test was selected such that the maximum vehicle intrusion 

over the barrier would occur at the light pole location. This placement would ensure a worst-case 

scenario impact. Test no. ZOI-3 was deemed acceptable according to the TL-4 criteria found in 

NCHRP Report No. 350 [10]. Unfortunately, the maximum intrusion occurred before the pole was 

impacted, and definitive recommendations could not be made for use of a ground-mounted 

luminaire pole placed behind a concrete barrier. 
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA  

3.1 Test Requirements 

Since it is not recommended to place obstacles within the working width of guardrail 

systems, closer pole placement behind the MGS would require crash testing and evaluation under 

TL-3 of MASH [3]. This study was conducted in compliance with MASH 2016. Note that there is 

no difference between MASH 2009 [20] and MASH 2016 for longitudinal barriers such as the 

system tested in this project. According to TL-3 of MASH, longitudinal barrier systems must be 

subjected to two full-scale vehicle crash tests, as summarized in Table 6.  

Table 6. MASH TL-3 Crash Test Conditions for Longitudinal Barriers 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight, 

lb 

(kg) 

Impact Conditions 

Evaluation 

Criteria 1 
Speed, 

mph 

(km/h) 

Angle, 

deg. 

Longitudinal 

Barrier 

3-10 1100C 
2,425 

(1,100) 

62 

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

3-11 2270P 
5,000 

(2,268) 

62 

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

1 Evaluation criteria explained in Table 7. 

The critical impact points for both crash tests were determined using computer simulation 

to maximize vehicle and pole interaction, as discussed in the following chapter. 

3.2 Evaluation Criteria  

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

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

structural adequacy are intended to evaluate the ability of the MGS with an offset light pole to 

contain and redirect impacting vehicles. In addition, controlled lateral deflection of the test article 

is acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle. 

Post-impact vehicle trajectory is a measure of the potential of the vehicle to result in a secondary 

collision with other vehicles and/or fixed objects, thereby increasing the risk of injury to the 

occupants of the impacting vehicle and/or other vehicles. These evaluation criteria are summarized 

in Table 7 and defined in greater detail in MASH. The full-scale vehicle crash test was conducted 

and reported in accordance with the procedures provided in MASH. 

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

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

were determined and reported on the test summary sheet. Additional discussion on PHD, THIV 

and ASI is provided in MASH. 
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3.3 Soil Strength Requirements 

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

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

system, additional W6x16 (W152 x 23.8) posts are to be installed near the impact region utilizing 

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

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

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

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

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

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

and 15 in. (127, 254, and 381 mm). Further details can be found in Appendix B of MASH. 

Table 7. MASH Evaluation Criteria for Longitudinal Barrier 

Structural 

Adequacy 

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

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

override the installation although controlled lateral deflection of the 

test article is acceptable. 

Occupant 

Risk 

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

should not penetrate or show potential for penetrating the occupant 

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

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

occupant compartment should not exceed limits set forth in Section 

5.2.2 and Appendix E of MASH. 

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

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

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 of 

MASH for calculation procedure) should satisfy the following limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 
30 ft/s 

(9.1 m/s) 

40 ft/s 

(12.2 m/s) 

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

Section A5.2.2 of MASH for calculation procedure) should satisfy the 

following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 gôs 20.49 gôs 
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4 SELECTION OF POLE PLACEMENT THROUGH LS -DYNA SIMULATION  

Computer simulation was utilized to select critical impact points and critical pole location 

for the full-scale crash tests. A baseline model of a 29-post, 175-ft (53.35-m) long Midwest 

Guardrail System (MGS) was validated with test nos. 2214MG-2 and 2214MG-3 using NCHRP 

Report No. W179 procedures for verification and validation of computer simulations used for 

roadside safety applications [1-2, 21].  

The MGS model incorporated 72-in. (1,830-mm) long, W6x9 steel posts with 12-in. (305-

mm) deep blockouts, as shown in Figure 7. The upstream and downstream ends of the system were 

anchored with the MGS trailing-end anchorage with two BCT posts on each end [22]. The post-

soil resistance was simulated with lateral and longitudinal springs for the steel posts and 

downstream anchor posts considering the computational efficiency, and with a Drucker-Prager soil 

element material for the upstream anchor posts to represent soil resistance more accurately. 

 

  

(a) 

 

(b) 

Figure 7. Finite Element Model of MGS: (a) System Layout and (b) End Anchorage 
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Table 8. Summary of MGS Model Parts and LS-DYNA Parameters [23] 

Part Name 
Element  

Type 

Element 

Formulation 
Material Type 

Material 

Formulation 

Anchor Cable Beam 
Belytschko-Schwer, 

Resultant Beam 

6x19 Ĳò  

Wire Rope 

Moment,  

Curvature Beam 

Anchor Post 

Bolt 
Solid 

Constant Stress Solid 

Element 
ASTM A307 Rigid 

Anchor Post 

Bolt Heads 
Shell Belytschko-Tsay ASTM A307 Rigid 

Anchor Post 

Washers 
Solid 

Constant Stress Solid 

Element 
ASTM F844 Rigid 

BCT Anchor 

Post 
Solid Fully Integrated, S/R Wood Plastic Kinematic 

Bearing Plate Solid 
Constant Stress Solid 

Element 
ASTM A36 Rigid 

Blockout Solid Fully Integrated, S/R Wood Elastic 

Blockout Bolts Shell Belytschko-Tsay ASTM A307 Rigid 

Bolt Springs Discrete 
DRO=Translational 

Spring/Damper 
ASTM A307 

Spring,  

Non-Linear Elastic 

Ground-Line 

Strut 
Shell Belytschko-Tsay ASTM A36 

Piecewise,  

Linear Plastic 

Post Soil Tubes Shell Belytschko-Tsay Equivalent Soil Rigid 

Line Post  

Soil Springs 
Discrete 

DRO=Translational 

Spring/Damper 
Equivalent Soil 

Spring,  

General Non-Linear 

W-Beam 

Guardrail 

Section 

Shell 
Fully Integrated, 

Shell Element 

AASHTO M180, 

12-Ga. 

Galvanized Steel 

Piecewise,  

Linear Plastic 

W6x9 Post Shell 
Fully Integrated, 

Shell Element 

ASTM A992  

Gr. 50 

Piecewise,  

Linear Plastic 

Anchorage Soil Solid 
Constant Stress Solid 

Element 

Crushed 

Limestone 
Drucker Prager 

 

A series of computer simulations were conducted with the MGS with nearby poles to 

determine the minimum safe lateral pole offset based on risks of rail pocketing, rail rupture, vehicle 

instability, and other hazards. The analyses primarily focused on MASH TL-3 impacts with 2270P 

vehicles due to increased dynamic deflections, but several simulations with 1100C vehicle impacts 

were also performed to ensure that the lateral pole offset was safe for small cars. 
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4.1 Evaluation Criteria  

The presence of a pole behind a guardrail may cause vehicle snag on the pole, posts 

impacting the pole, and interaction between the deflected rail and the pole, all of which may affect 

the guardrailôs ability to safely contain and redirect vehicles. Vehicle snag on the pole can increase 

vehicle decelerations and instabilities. Interaction between a deflected guardrail system and a pole 

can cause pocketing and increased loading to the guardrail. Thus, several criteria, such as vehicle 

stability, occupant risk measures, rail pocketing, vehicle snag on pole, rail deflection, and rail load, 

were evaluated in each simulation.  

Euler angles, including roll, pitch, and yaw angles, were used to evaluate vehicle stability. 

Roll and pitch angles should not exceed 75 degrees according to MASH [3]. Occupant risk 

measures, which evaluate the degree of hazard to the occupants in the impacting vehicle, included 

the longitudinal and lateral occupant impact velocities (OIVs) as well as longitudinal and lateral 

occupant ridedown accelerations (ORAs). According to MASH, longitudinal and lateral occupant 

impact velocities should fall below the maximum allowable value of 40.0 ft/s (12.2 m/s). MASH 

also states that longitudinal and lateral ORAs should fall below the maximum allowable value of 

20.49 gôs [3]. In addition, all post deflections in the impact region were examined to evaluate the 

pole-post interaction as well as its effects on snag, deceleration, and prevention of pole release.  

Maximum pocketing angle is also a concern, as excessive pocketing angles can affect a 

systemôs capability to safely contain and redirect a vehicle. The pocketing angle is defined as the 

angle between the deflected rail during the impact event and initial guardrail orientation. In some 

situations, the rail can form a pocket between two adjacent posts due to large lateral rail 

displacement, which may impede the vehicleôs redirection out of the system. The maximum 

pocketing angle for each simulation was calculated by tracking adjacent nodes on the rail to 

determine barrier deflections. The pocketing angle in the baseline simulation with no pole was 

39.2 degrees.  

The maximum rail load was also examined. The MGS W-beam rail consisted of AASHTO 

M180 steel [24], with a minimum ultimate strength of 70 ksi (482 MPa), which correlates to a rail 

tensile strength of 112 kips (498 kN) at the splice and 141 kips (627 kN) in the full-section. In 

another study, the maximum rail tensile strength of the MGS W-beam was estimated in a range of 

92 to 98 kips (409 to 436 kN) at a splice [25]. 

4.2 LS-DYNA Baseline Simulations  

An existing baseline model of the MGS impacted by a 2270P pickup truck was validated 

with the results from the test no. 2214MG-2 [1]. In test no. 2214MG-2, a 5,000-lb (2,268-kg) 

pickup truck impacted the steel-post MGS, which had a 31-in. (787-mm) top rail mounting height, 

was installed in standard soil, and with standard post spacing, at an impact speed of 62.9 mph 

(101.2 km/h) and an angle of 25.5 degrees.  

The reduced-element, 2270P Chevrolet Silverado pickup truck model, originally 

developed by the National Crash Analysis Center (NCAC) and modified by MwRSF, was utilized 

to simulate test no. 2214MG-2 [26]. The 5,004-lb (2,270-kg) pickup truck model impacted the 

steel-post MGS installed in standard soil and with standard post spacing at an impact speed of 62.1 

mph (100 km/h) and an angle of 25.4 degrees. A summary of the results from numerical simulation 
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and test no. 2214MG-2 is shown in Table 9. The simulation and full-scale crash test were compared 

using NCHRP Report No. W179 procedures for verification and validation of computer 

simulations used for roadside safety applications [21]. The full V&V (Validation and Verification) 

comparison is shown in Appendix A. A comparison between the actual and finite element 

simulation of test no. 2214MG-2 is shown in Figure 8. In the test, dynamic deflection was 1.2 in. 

(30 mm) lower as compared to the simulation. Simulated maximum roll angle, longitudinal and 

lateral ORAs were higher than in the actual test. However, the simulation met the V&V procedure 

requirements. Therefore, the model was utilized for further numerical studies. In this study, the 

differences between the test and simulation results were considered when evaluating the results. 

Table 9. Summary of Crash Test No. 2214MG-2 and Simulation Results 

Evaluation 

Parameters 

Max. 

Dynamic 

Deflection 

ft  

(m) 

Length 

Contact 

ft  

(m) 

Max. 

Roll 

Angle 

(degrees) 

Max. 

Pitch 

Angle 

(degrees) 

Max. 

Yaw 

Angle 

(degrees) 

Long. 

 ORA 

(gôs) 

Lateral 

ORA 

(gôs) 

Long. 

 OIV 

ft/s 

 (m/s) 

Lateral 

OIV 

ft/s 

 (m/s) 

Physical 

Test 

3.64 

(1.11)  

33.8 

(10.3) 
4.81° 1.84° 45.74° 8.23 6.93 

15.32 

(4.67) 

15.61 

(4.76) 

Simulation 
3.74 

(1.14) 

29.5 

(9) 
11.67° 3.17° 46.21° 11.16 9.05 

14.53 

(4.43) 

16.37 

(4.99) 

 

  

  

Figure 8. 2270 Vehicle Crash: Test No. 2214MG-2 (left) and Simulation (right) 

A Toyota Yaris model, developed by NCAC and modified by MwRSF, was used to 

simulate test no. 2214MG-3 [26]. The 2,775-lb (1,258-kg) passenger car model impacted the MGS 

11 
12 13 14 

15 11 

 

12 13 14 
15 
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installed in standard soil and using a standard post spacing at an impact speed of 62.1 mph (100 

km/h) and an angle of 25 degrees. A summary of the results from numerical simulation and test 

no. 2214MG-3 is shown in Table 10. A comparison between the test and simulation results are 

shown in Figure 9.  

Table 10. Summary of Crash Test No. 2214MG-3 and Simulation Results 

Evaluation 

Parameters 

Max. 

Dynamic 

Deflection 

ft  

(m) 

Length 

Contact 

ft  

(m) 

Max. 

Roll 

Angle 

(degrees) 

Max. 

Pitch 

Angle 

(degrees) 

Max. 

Yaw 

Angle 

(degrees) 

Long. 

 ORA 

(gôs) 

Lateral 

ORA 

(gôs) 

Long. 

 OIV 

ft/s 

 (m/s) 

Lateral 

OIV 

ft/s 

 (m/s) 

Physical 

Test 

3 

 (0.9) 

27.3 

(8.3) 
12.8° 5.7° 28.6° 16.1 8.4 

14.8 

 (4.5) 

17.1 

(5.2) 

Simulation 
2.3 

 (0.7) 

25.6 

(7.8) 
3.5° 2.4° 41.0° 13.3 10.1 

 18.5 

(5.6) 

22 

 (6.7) 

 

                

  

Figure 9. 1100C Vehicle Crash: Test No. 2214MG-3 (left) and Simulation (right) 

The full V&V comparison is shown in Appendix B. The simulation did not meet the V&V 

procedure requirements primarily due to differences in maximum barrier deflection and maximum 

vehicle roll and yaw. The simulated dynamic deflection was 12 percent lower than observed in the 

crash test, and the roll angle was 8 degrees lower in the simulation than observed in the crash test. 

In the test, four posts deflected. While in the simulation, only three posts deflected during car 

impact. The 1100C Toyota Yaris model was geometrically different than the 1100C Kia Rio used 

in the crash test. Thus, the results were expected to differ. These differences were considered when 

determining the critical impact point and pole placement for MASH test no. 3-10.  
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4.3 Determination of Critical Impact Points 

Prior to simulation of the MGS with an offset pole, it was desired to determine the critical 

impact point (CIP) along the MGS that would be most detrimental for interaction of the MGS and 

vehicle. According to MASH, the impact point should be selected to represent the critical location 

along a barrier system that will maximize the risk of test failure. For longitudinal barriers, 

including the MGS, CIPs are selected to maximize loading at rail splices and maximize the 

potential for wheel snag and vehicle pocketing. Based on the general MASH recommendation, 

testing agencies are encouraged to utilize a more detailed analysis, such as computer simulation, 

to estimate the CIP location for each full-scale crash test. Thus, several impact points along the 

MGS were evaluated through numerical simulations without a pole to determine the impact 

location that could maximize the risk of test failure in terms of increased occupant risk values, 

deflection, and potential for snagging and pocketing if a pole was present. These simulations were 

conducted to provide an insight into critical locations of impact on the MGS without pole, more 

refined simulations were performed to determine the critical pole location, as detailed in the 

following chapters. The critical impact point for the 2270P pickup test was determined to be 4 in. 

(100 mm) downstream from post no. 11, as shown in Figure 10a. This impact point maximized the 

MGS deflection, the longitudinal ORA, and the potential for snagging. A summary of the results 

simulated at various impact points on the MGS is shown in Table 11. The lateral and longitudinal 

OIVs were similar for all impact points with averages of 16 ft/s (4.9 m/s) and 15 ft/s (4.6 m/s), 

respectively. 

Table 11. Summary of Simulated Results with Varied Impact Points ï Test Designation No. 3-11 

Impact Point 

Lateral 

ORA 

(gôs) 

Longitudinal 

ORA 

(gôs) 

Maximum 

Dynamic 

Deflection 

in. (mm) 

Pocketing 

Angle 

 (deg) 

 4 in. (100 mm) Downstream 

from Post No. 11 
6.09 13.69 47 (1,199) 39.2 

¼ Span  

Downstream from Post No. 11 
6.22 7.55 45 (1,142) 32.8 

Mid Span  

Downstream from Post No. 11 
7.34 11.04 43 (1,080) 38.0 

¾ Span  

Downstream from Post No. 11 
9.06 11.17 45 (1,140) 33.4 

 

Moreover, a series of simulations was conducted using a passenger car impacting the MGS 

at various impact points. For the passenger car case, the critical impact point on the MGS that led 

to maximum rail deflection (29.8 in. (757 mm)), maximum vehicle roll angle (14.3 degrees), and 

high occupant risk values (lateral ORA of 12.7 gôs and longitudinal ORA of 14 gôs) was at the 

mid-span between post nos. 11 and 12, as shown in Figure 10b. A summary of the results is shown 

in Table 12. The lateral and longitudinal OIVs were similar, with averages of 18.4 ft/s (5.6 m/s) 

and 21.6 ft/s (6.6 m/s), respectively.  
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Table 12. Summary of Simulated Results with Varied Impact Points ï Test Designation No. 3-10 

Impact Point 

Lateral 

ORA 

(gôs) 

Longitudinal 

ORA 

(gôs) 

Maximum 

Dynamic 

Deflection 

in. (mm) 

Pocketing 

Angle 

 (deg) 

Maximum 

Vehicle Roll 

Angle (deg) 

 4 in. (100 mm) Downstream 

from Post No. 11 
10.3 13.3 26.9 (684) 18 3.5 

¼ Span 

Downstream from Post No. 11 
10.5 15 28.2 (717) 18 4.5 

Mid Span 

Downstream from Post No. 11 
12.7 14 29.8 (757) 18 14.3 

¾ Span 

Downstream from Post No. 11 
10.6 12.7 26.9 (683) 17.5 2 

 

 
(a) 

 
(b) 

Figure 10. Critical Impact Points: (a) Test Designation No. 3-11 and (b) Test Designation No. 3-

10 

1311 12 14 15

11 12 13 14 15
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4.4 Pole Model 

Computer models of a 50-ft (15.25-m) tall pole with a 9-in. (228-mm) tall base were 

generated using a fine mesh, as shown in Figure 11. An automatic, single-surface contact was 

provided for the pole, vehicle, and MGS contact. In the LS-DYNA simulations, the pole and base 

were modeled as rigid parts that were constrained in all directions using MAT_RIGID. Thus, the 

pole could not break away. Accurate modeling of the breakaway mechanism of the pole was out 

of the scope of this project. As such, this modification would lead to a more severe simulated 

impact as compared to the actual test and thus a more conservative pole placement. Also, the use 

of the rigid pole would still provide insight into the potential for barrier and vehicle interaction 

with the pole. The pole has a 10-in. (254-mm) diameter at the base and a 6-in. (152-mm) diameter 

at the top. Two aluminum material models were utilized to represent the pole and base. Material 

parameters are summarized in Table 13. 

 

 

 

 

 

Figure 11. Computer Model of Pole and Base 
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Table 13. Summary of Material Parameters for Pole-Base Model 

Material 
Youngôs Modulus 

(GPa) 

Density 

(kg/mm3) 

Poisonôs 

Ratio 

MAT_20 (Transformer Base, A356-T6) 72.4 2.67(10-6) 0.33 

MAT_20 (Pole, Al6063-T6) 68.9 2.6(10-6) 0.33 

 

4.5 Determination of Critical Pole Offset  

4.5.1 Determination of Critical Pole Offset for Test Designation No. 3-11 

The baseline simulation was modified to simulate a 5,004-lb (2,270-kg) pickup truck 

impacting the MGS with a laterally offset pole and investigate the interaction between the vehicle, 

pole, and MGS. In order to identify worst-case scenarios, pickup truck impacts into the MGS 

model were simulated when the pole was placed behind the guardrail with the front face of pole 

laterally 12 in. to 28 in. (305 mm to 711 mm) behind the back of posts. The centerline of the pole 

was also shifted longitudinally away from the centerline of the posts along the barrier to maximize 

vehicle interaction with the barrier and pole, as shown in Figure 12.  

 
Figure 12. Longitudinal and Lateral Offset of Pole with Respect to MGS 

In the baseline model, four posts (post nos. 12 to 15) deflected when impacted by the truck 

model. Thus, longitudinal pole offsets from the four posts were considered. The longitudinal 

offsets studied included: 0 in. (i.e., pole placed directly behind the post); 4; 8; 12; 16; 20; and mid-

span 37.5 in. (102; 203; 305; 406; 508; and 953 mm).  

The 2270P model impacted the MGS at the CIP, or 4 in. (100 mm) downstream from post 

no. 11. Preliminary analyses indicated that lateral pole placement closer than 16 in. (406 mm) 

behind the post caused aggressive impacts with the rigid pole, and reliable results could not be 

obtained. One case with a 12-in. (305-mm) lateral offset was studied, but the simulation did not 
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complete due to unresolvable errors. Pole offsets of 24 and 28 in. (610 and 711 mm) behind the 

MGS did not appear to be critical to the barrier performance, as the vehicle had minimal interaction 

with the pole. Thus, lateral offsets of 16, 18, and 20 in. (406, 457, and 508 mm) were selected for 

further analysis.  

4.5.1.1 Vehicle Behavior  

Vehicle behavior was examined to evaluate the potential for safe vehicle redirection 

without instability. In all simulations, the vehicle was smoothly redirected without any significant 

override or underride. However, all three lateral offsets resulted in increased vehicle-pole 

interaction with increased vehicleôs roll and pitch angles, as shown in Figure 13. In this figure, the 

x-axis represents the post number in the MGS. The offset of the data points from the post number 

in the x-axis represents the relative longitudinal offset of the pole from the associated post in the 

MGS (except the baseline data point). For example, the data points with the x-coordinate of 12.5 

represent the cases where pole was placed at mid-span between posts nos. 12 and 13. All angular 

displacement angles were within MASH limits. 
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(a) 

 
(b) 

Figure 13. Vehicle Behavior: (a) Maximum Roll Angle and (b) Maximum Pitch Angle 
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4.5.1.2 Occupant Risk 

Occupant risk values were calculated for each simulation utilizing the local accelerometer 

node at the vehicleôs center of gravity and processed the same way as MASH full -scale crash tests. 

The maximum occupant ridedown acceleration obtained from the LS-DYNA simulations at a 16-

in. (406-mm) offset is shown in Figure 14. The x-axis represents the post number in the MGS, and 

y-axis indicates the longitudinal ORAs values. Data labels represent the longitudinal offset of the 

pole from the post no. associated with the x-axis.  

As shown in Figure 14, cases with the pole offset away from post no. 13 had increased 

lateral and longitudinal ORAs, which indicates the potential for more aggressive contact between 

the pole, barrier, and vehicle. A similar trend was also observed for 18-in. (457-mm) and 20-in. 

(508-mm) lateral pole offsets, as shown in Figure 15. 
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(a) 

 
(b) 

Figure 14. Occupant Ridedown Acceleration for 16-in. (406-mm) Lateral Offset: (a) Lateral and 

(b) Longitudinal  
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(a) 

 

(b) 

Figure 15. Occupant Ridedown Acceleration for 16, 18, and 20-in. (406, 457, and 508-mm) 

Lateral Offset: (a) Lateral and (b) Longitudinal  
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For all lateral pole offsets from 16 to 20 in. (406 to 508 mm), the longitudinal ORAs 

exceeded the acceptable MASH value with some longitudinal pole offsets. These cases mostly 

involved the pole at any longitudinal offset away from post no. 13 where maximum pole, barrier, 

and vehicle interaction occurred. As shown in Figure 14, the maximum longitudinal ORA occurred 

when the pole was located at a 16-in. (406-mm) lateral offset and an 8-in. (203-mm) longitudinal 

offset away from post no. 13. In this simulation, the vehicleôs wheel snagged on post no. 13 and 

the base of the pole, as shown in Figure 16. The magnitude of these large lateral and longitudinal 

ORAs values were not expected in full -scale crash testing as the actual pole may break away during 

testing and induce less resistance than the simulations predicted. In addition, LS-DYNA tends to 

predict slightly larger lateral and longitudinal ORAs as compared to the crash testing results, which 

also occurred in the baseline simulation comparison due to lack of failure in wheel, tire, and 

suspension model assembly. Therefore, the large simulated lateral and longitudinal ORAs were 

deemed unlikely to occur in the physical testing and would be further evaluated with crash testing.  

However, these decelerations did indicate increased vehicle and barrier interaction with an 

offset pole and raised the potential for degradation in barrier performance. For the cases with the 

pole located at 4-, 8-, 12-, and 16-in. (102-, 203-, 305-, and 406-mm) longitudinal offsets, more 

aggressive behavior occurred as compared to the cases when the pole was placed directly behind 

the post or at mid-span. This may be attributed to the wheel snagging on the base of the pole. As 

shown in Figure 17, the simulated lateral and longitudinal peak decelerations confirmed that a pole 

offset downstream from post no. 13 maximized pole, barrier, and vehicle interaction. 

 

Figure 16. Maximum Vehicle, Barrier, and Pole Interaction - 16-in. (406-mm) Lateral Offset 

and 8-in. (203-mm) Longitudinal Offset Away from Post No. 13 
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(a) 

 
(b) 

Figure 17. Peak Deceleration: (a) Longitudinal and (b) Lateral  
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4.5.1.3 Rail Pocketing  

Excessive pocketing angles can affect a systemôs capability to safely contain and redirect 

a vehicle. The simulated pocketing angles are shown in Figure 18. The pocketing angle in the 

baseline simulation was 39.2 degrees. The pole did not significantly increase the pocketing angle 

over the baseline simulation. A maximum simulated pocketing angle of 46 degrees was observed 

for a pole placed at a lateral offset of 18 in. (457 mm) and did not appear to be critical as the pickup 

truck was redirected. 

 

Figure 18. Rail Pocketing Angle - 2270P Vehicle 

4.5.1.4 Vehicle Snag 

In simulations, two mechanisms for vehicle snag on the pole were identified: fender 

snagging (shown in Figure 19a), and wheel snagging (shown in Figure 19b). The wheel snag on 

the pole appeared to be responsible for increased vehicle instability and occupant risk values. In 

the simulations, the maximum lateral snag distance was greater for the fender snag as compared 

to the wheel. A maximum fender snag of 14 in. (356 mm) occurred, as shown in Figure 20. 

However, fender snag was likely overrepresented in the simulation due to the lack of pole fracture.  
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(a) 

 
(b) 

Figure 19. 2270P Vehicle Snag: (a) Fender Snag and (b) Wheel Snag  
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Figure 20. Maximum 2270P Vehicle Snag  

4.5.1.5 Rail Deflection 

The maximum simulated dynamic rail deflections at 16-, 18-, and 20-in. (406-, 457-, and 

508-mm) lateral pole offsets is shown in Figure 21. In most cases, the pole restricted rail 

deflections by up to 30 percent as compared to the baseline case without a pole. However, these 

reduced barrier deflections were not believed to be detrimental to the barrier performance since 

the truck was still smoothly redirected. 
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Figure 21. Maximum Rail Deflection - 2270P Vehicle 

4.5.1.6 Tensile Rail Load 

The maximum simulated tensile rail load at 16-, 18-, and 20-in. (406-, 457-, and 508-mm) 

lateral pole offsets is shown in Figure 22. The maximum tensile load on the rail was 66 kips (293.5 

kN) when the pole was located at a 16-in. (406-mm) lateral offset and a 4-in. (102-mm) 

longitudinal offset away from post no. 12. Rail rupture was not a concern as the loads were well 

below the tensile capacity of the rail.   
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Figure 22. Maximum Rail Load - 2270P Vehicle  

4.5.1.7 Critical Pole Placement 

In all simulations, the vehicle was captured and redirected at lateral pole offsets of 16 in. 

to 20 in. (406 mm to 508 mm). Among all evaluation criteria (including vehicle stability, occupant 

risk, rail pocketing, vehicle snag, rail deflection, and rail load) large longitudinal ORAs and vehicle 

wheel snag on the poleôs base were found to be the most critical. Longitudinal pole offsets 

downstream from post no. 13 increased longitudinal ORA and wheel snag. Based on the 

simulations results, a 16-in. (406-mm) lateral pole offset away from the back of the MGS posts 

was considered the minimum lateral offset that could reliably be evaluated with LS-DYNA without 

modeling the breakaway mechanism. The 16-in. (406-mm) lateral offset had a reasonable chance 

of passing MASH safety criteria as the large ORAs would not be likely to occur in a crash test if 

the pole broke away or if the impacting tire disengaged. Sequential photographs for the simulation 

with the most critical pole offset (i.e., pole located with a 16-in. (406-mm) lateral offset and an 8-

in. (203-mm) longitudinal offset away from post no. 13) are shown in Figure 23. 
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Figure 23. Sequential Photographs: 16 in. (406 mm) Lateral Offset and 8 in. (203 mm) 

Longitudinal Offset from Post No. 13
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The project sponsor recommended using a 20-in. (508-mm) lateral pole offset between the 

MGS and the pole to allow sufficient clearance between a 30-in. (762-mm) diameter concrete 

foundation and line posts. The Illinois Tollwayôs leave-out requirement behind the guardrail post 

was 15 in. (381 mm), and the 20-in. (508-mm) lateral pole offset allows a 10-in. (254-mm) 

clearance from the back of steel post to the side of the concrete foundation. Other studies indicated 

that a 7-in. (178-mm) clear distance in the leave-out will not negatively affect post rotation and 

deflection [27]. In addition, constructability of the pole foundation and posts would be easier with 

the larger lateral offset. It was also believed that the 20-in. (508-mm) lateral pole offset would 

improve the performance of the combination MGS and the pole system as compared to the 16-in. 

(406-mm) lateral offset. Based on the simulations, the 20-in. (508-mm) lateral pole offset provided 

fewer concerns in terms of occupant risk, vehicle stability, roll and pitch angles, pocketing angle, 

rail load, and vehicle snagging as compared to the cases with 16-in. (406-mm) lateral pole offset. 

Thus, a 20-in. (508-mm) lateral pole offset was selected for evaluation using MASH test 

designation no. 3-11 crash test.  

Given a 20-in. (508-mm) lateral pole offset, it was necessary to determine the critical 

longitudinal pole offset. It was observed that the posts do not deform in the same manner in the 

crash tests and simulations. Therefore, previous testing of a MGS to portable concrete barrier 

(PCB) transition (test no. MGSPCB-1) was analyzed to determine more precise post deflection 

trajectories and interaction with obstacles [28]. In test no. MGSPCB-1, a 5,079-lb (2,304-kg) 

pickup truck impacted the PCB to MGS transition, as shown in Figure 24, at a speed of 63.2 mph 

(101.7 km/h) and at an angle of 25.3 degrees. In this test, one of the posts (post no. 16) twisted, 

bent downstream, and hit the end of the portable concrete barrier, as shown in Figure 25. Similar 

post interaction was expected to occur with the presence of a pole. The trajectory of post no. 16 in 

test no. MGSPCB-1 (that represents post no. 13 in the present evaluation study) was closely 

examined with respect to the candidate longitudinal pole offsets of 8, 12, 16, 20, and 24 in. (203, 

305, 406, and 610 mm), as shown in Figure 26. The longitudinal pole offset away from post no. 

13 was selected to ensure that the post would have the maximum engagement with the pole upon 

vehicle impact. Accordingly, a 20-in. (508-mm) lateral and 24-in. (610-mm) longitudinal pole 

offset away from post no. 13 was recommended for evaluation under MASH test designation no. 

3-11, as shown in Figure 27. Sequential photographs of the simulation with recommended pole 

placement for test no. 3-11 are shown in Figure 28. 
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Figure 24. MGS to PCB Transition, Test No. MGSPCB-1 
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(a) 

 
(b) 

Figure 25. Test No. MGSPCB-1: (a) Post Contact with PCB and (b) Barrier Damage 
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Figure 26. Estimated Possible Post and Pole Interaction 

 

Figure 27. Recommended Pole Placement for MASH Test No. 3-11 
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Figure 28. Sequential Photographs, Recommended Pole Placement for Test No. 3-11
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4.5.2 Determination of Critical Pole Offset for Test Designation No. 3-10 

The numerical analysis primarily focused on the 2270P vehicle. However, 1100C vehicle 

impacts were also evaluated using 16-in. and 20-in. (406-mm and 508-mm) lateral pole offsets. In 

test no. 2214MG-3, the maximum rail deflection was 914 mm (36 in.) [2]. The total width of the 

MGS is 21¼ in. (540 mm). With a 20-in. (508-mm) lateral pole offset away from the back of the 

post, interaction between the deflected rail and pole was not expected to occur. However, the 

maximum dynamic post deflection in test no. 2214MG-3 was 27 in. (686 mm). Therefore, the posts 

could potentially interact with the pole with a 20-in. (508-mm) lateral pole offset away from the 

back of the posts. Similar to the case of the 2270P pickup impacting the MGS offset away from 

the pole, the vehicle wheel could extend under the rail and interact with the posts and pole. 

Several cases were simulated with the pole located 16 in. and 20 in. (406 mm and 508 mm) 

behind the back of post and longitudinal offsets varying from 4 in. to 16 in. (102 mm to 406 mm) 

downstream from the posts where the maximum deflection occurred (post nos. 13 and 14). The 

critical impact point was previously found at the midspan of post nos. 11 and 12. Similar to the 

pickup truck case, several simulation results were evaluated, including vehicle behavior, occupant 

risk, rail pocketing, vehicle snag, rail deflection, and rail load. A comparison of longitudinal 

ORAs, shown in Figure 29, indicated that pole placement longitudinally offset away from post no. 

13 led to larger ORAs as compared to the cases where the pole was placed longitudinally offset 

away from post no. 14. Note, a 20-in. (508-mm) lateral pole offset was selected for the 1100C 

crash test, but the trend was expected to be similar. 

Similar to pickup truck case, the large lateral and longitudinal ORAs, which represented 

increased vehicle-pole interaction, appeared to be the most important parameter, as shown in 

Figure 30. A summary of evaluation criteria with longitudinal offsets from post no. 13 and a 20-

in. (508-mm) lateral offset is shown in Table 14. Based on the simulation, the critical pole location 

for small car testing was a 20 in. (508 mm) laterally offset and 8 in. (203 mm) longitudinally from 

post no. 13 due to high longitudinal ORAs. Sequential photographs for this simulation are shown 

in Figure 31. 

However, a result comparison between test no. 2214MG-3 and the baseline simulation, as 

shown in Figure 9, indicated different post deformation and trajectories. As shown in Figure 32, 

the trajectory of post no. 16 in test no. 2214MG-3 was traced and overlaid with longitudinal pole 

offsets of 8, 12, and 16 in. (203, 305, and 406 mm). A 20-in. (508-mm) lateral and 16-in. (406-

mm) longitudinal pole offset away from post no. 13 was recommended for full-scale crash testing, 

as shown in Figure 33. A 16-in. longitudinal offset was believed more conservative to guarantee 

the vehicle would impact pole. Simulated sequential images from the test designation no. 3-10 

simulation with a 20-in. (508-mm) lateral pole offset and a 16-in. (406-mm) longitudinal pole 

offset are shown in Figure 34.  
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Figure 29. Simulated Longitudinal Occupant Ridedown Acceleration - 16-in. (406-mm) Lateral 

Offset ï Test No. 3-10
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(a) 

 
(b) 

Figure 30. Simulated Occupant Ridedown Acceleration - 20-in. (508-mm) Lateral Offset from 

MGS ï Test No. 3-10: (a) Lateral and (b) Longitudinal 
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Table 14. Summary of Simulation Results for Test No. 3-10 - Pole at 20-in. (508 mm) Lateral 

and Longitudinal Offset from Post No. 13 

Case Baseline 

4 in.  

(102 mm) 

long. offset 

8 in.  

(203 mm) 

long. offset 

12 in.  

(305 mm) 

long. offset 

 16 in.  

(406 mm) 

long. offset 

Lateral ORA (gôs) 10.5 10.7 13.3 18.7 17.6 

Longitudinal ORA (gôs) 15.4 15.7 26.4 23 19.5 

Lateral OIV m/s 

(ft/s) 

18.4  

(5.6) 

16  

(4.9) 

18  

(5.5) 

18  

(5.5) 

18  

(5.5) 

Longitudinal OIV m/s 

(ft/s) 

23.6 

 (7.2) 

31 

 (9.4) 

26 

(8) 

25.5 

(7.8) 

25.2  

(7.7) 

Roll (deg) 4.6 6.1 15 11.7 9.8 

Pitch (deg) 1.7 3.4 9 6.5 5.1 

Rail Deflection mm (in.) 28 (717) 30 (755) 26 (667) 27 (680) 27 (685) 

Rail Load kN (kips) 36 (160) 36 (160) 35 (155) 32.5 (144.5) 30.6 (136) 
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Figure 31. Simulated Sequential Photographs - 20-in. (508-mm) Lateral Offset and 8-in. (203-

mm) Longitudinal Offset from Post No. 13, MASH Test No. 3-10 
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Figure 32. Estimated Possible Post and Pole Interaction - 1100C Vehicle 

 

Figure 33. Recommended Pole Placement for MASH Test No. 3-10 

8 in. 12 in. 16 in. 

Post Trajectory 

Possible  
Pole Placement 
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Figure 34. Simulated Sequential Photographs - 20-in. (508-mm) Lateral Offset, 16-in. (406-mm) 

Longitudinal Offset from Post No. 13, MASH Test No. 3-10 
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5 TEST INSTALLATION - DESIGN DETAILS  

5.1 Test No. ILT -1 

The W-beam guardrail system was comprised of 175 ft (53.25 m) of standard, 12-gauge 

(2.66-mm) thick W-beam rail segments supported by steel posts with a light pole placed 20 in. 

(508 mm) laterally behind the posts, as shown in Figure 35. End anchorage systems were used on 

both the upstream and downstream ends of the guardrail system. Design details are shown in 

Figures 35 through 62. Photographs of the test installation in a mirrored orientation are shown in 

Figures 63 through 66. Material specifications, mill certifications, and certificates of conformity 

for the system materials are shown in Appendix E.  

The MGS was constructed with 29 guardrail posts. Post nos. 3 through 27 were galvanized 

ASTM A992/A709-36 steel W6x8.5 sections measuring 6 ft (1,829 mm) long. Post nos. 1, 2, 28, 

and 29 were timber posts measuring 5.5 in. x 7.5 in. x 42.5 in. (140 mm wide x 190 mm deep x 

1,080 mm long) and were placed in 6-ft (1,829-mm) long steel foundation tubes, as shown in 

Figures 39 and 40. The timber BCT posts and foundation tubes were part of the end anchor systems 

that were designed to replicate the capacity of a tangent guardrail terminal. 

Post nos. 1 through 29 were spaced 75 in. (1,905 mm) on center with a soil embedment 

depth of 40 in. (1,016 mm), as shown in Figure 37. The posts were placed in a compacted coarse, 

crushed limestone material with a strength that satisfied MASH criteria. For post nos. 3 through 

27, 6-in. x 12-in. x 14.25-in. (152-mm wide x 305-mm deep x 362-mm long) wood spacer 

blockouts were used to block the rail away from the front face of the steel posts. 

Standard 12-gauge (2.66-mm) thick W-beam rails were placed between post nos. 1 and 29, 

as shown in Figures 35 and 38. The top rail height was 31 in. (787 mm) with rail splices at the 

midspan locations. All lap-splice connections between the rail sections were configured to reduce 

vehicle snag at the splice during the crash test. 

The Illinois Tollway standard light pole measures 50 ft (15.25 m) tall with a 15-ft (4.6-m) 

long mast arm and 0.31-in. (8-mm) wall thickness, as shown in Figure 36. The pole is supported 

on a breakaway transformer base manufactured by Hapco. The pole has a 10-in. (254-mm) base 

diameter and a 6-in. (152-mm) top diameter. The 9-in. (229-mm) tall breakaway transformer base 

was fabricated from 356-T6 aluminum, as shown in Figures 52 and 53. The weights of the pole 

shaft and arm mast were 484 lb (219.5 kg) and 52 lb (23.6 kg), respectively. Approximately 55 lb 

(25 kg) of steel plate was added to the end of the luminaire arm to simulate the luminaire weight. 

The total weight of the pole assembly was 591 lb (268.1 kg). The front face of the pole was offset 

20 in. (508 mm) laterally behind the back of the posts, and the centerline of the pole was offset 24 

in. (610 mm) longitudinally from the centerline of post no. 13.   
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Figure 35. System Layout, Test No. ILT-1 
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Figure 36. Illinois Tollway Pole Details, Test No. ILT-1 
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Figure 37. Post Detail, Test No. ILT-1 
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Figure 38. Splice and Post Detail, Test No. ILT-1 
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Figure 39. End Section Detail, Test No. ILT-1 
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Figure 40. BCT Anchor Detail, Test No. ILT-1 
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Figure 41. Post Nos. 3-27 Components, Test No. ILT-1 
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Figure 42. BCT Timber Posts and Foundation Tube Detail, Test No. ILT-1 
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Figure 43. BCT Post Components and Anchor Bracket, Test No. ILT-1 
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Figure 44. Ground Strut Details, Test No. ILT-1 
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Figure 45. BCT Anchor Cable and Load Cell Detail, Test No. ILT-1 
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Figure 46. Modified BCT Anchor Cable, Test No. ILT-1 
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Figure 47. Shackle and Eye Nut Detail, Test No. ILT-1 
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Figure 48. Rail Section Details, Test No. ILT-1 
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Figure 49. Guardrail Hardware Details, Test No. ILT-1 
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Figure 50. Illinois Tollway Pole Details, Test No. ILT-1 
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Figure 51. Pole Base and Truss Connection Detail, Test No. ILT-1 
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Figure 52. Pole Detail, Test No. ILT-1 
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Figure 53. Anchor Base Detail, Test No. ILT-1 
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Figure 54. Truss Detail, Test No. ILT-1 
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Figure 55. Foundation Detail, Test No. ILT-1 
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Figure 56. Pole Hardware Details, Test No. ILT-1 
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Figure 57. Foundation Hardware Details, Test No. ILT-1 
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Figure 58. Ballast Plate and Attachment Hardware, Test No. ILT-1 
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Figure 59. Bill of Bars, Test No. ILT-1 
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Figure 60. Bill of Materials, Test No. ILT-1 
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Figure 61. Bill of Materials, Test No. ILT-1 






























































































































































































































































































































































































































































































































































































































