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EXECUTIVE SUMMARY 
Guardrail terminals were first developed in response to frequent spearing on the end of untreated guardrail. Previously, it 
was thought that such a small point on the roadside would not be struck often enough to warrant consideration. When 
further data was available, and new systems were developed, the design of the guardrail terminal began its evolution. The 
first iteration of guardrail end treatments was a turned down system, which was intended to eliminate spearing by turning 
the end section of w-beam downward and placing the free end on the groundline. While it accomplished the objective of 
eliminating spearing, it introduced violent rollovers, and as a result the rate of fatal and severe crashes was relatively 
unaltered. Therefore, the evolution continued with the introduction of the Breakaway Cable Terminal (BCT), which was 
designed to break off upon impact rather than impale a vehicle. This particular design was shown to be too stiff, resulting 
in penetrations of the vehicle passenger compartment in later crash test results. As such, the Federal Highway 
Administration (FHWA) no longer considers the BCT eligible for federal reimbursement.. However, its concept was 
improved upon by other designs, such as the Eccentric Loader Terminal (ELT) and Slotted Rail Terminal (SRT). While 
these were improvements, they were not evolutionary changes as they were based on the same basic concept as the BCT. 
The ET-2000, however, was the first terminal to actively absorb the energy of the vehicle, representing a massive paradigm 
shift in the design of guardrail terminals. Its successors were built upon the same concept: put the rail in compression and 
deform the rail in order to absorb energy. The X-Tension and SoftStop were then introduced to place the rail in tension 
while deforming the rail. This evolution was intended to minimize the chance of the guardrail buckling and forming a 
potential spear tip. However, none of these designs or concepts are capable of preventing a vehicle from gating behind the 
barrier. When these terminals are struck on the end at a high enough angle (for example, 15 degrees), the guardrail will 
form a plastic hinge, and a portion of that guardrail will swing open, like a gate, and allow the vehicle to pass behind.  

For decades, this gating action has been readily accepted by the highway safety engineering community and has been 
enshrined in state and federal policies and design guides. For example, the Roadside Design Guide (RDG) (1) provides 
instruction on calculating the length-of-need (LON) for a compression-based guardrail based on the placement of the 
hazard, among other things. The beginning of this LON must coincide with the third post of a tangent guardrail terminal, 
or about 12.5 feet from the end. That is a reference to the fact that when a vehicle strikes the guardrail prior to the third 
post, the vehicle will gate behind the barrier. However, such a trajectory would keep the vehicle from striking the shielded 
hazard. Therefore, the RDG includes calculations that account the gating nature of end terminals. 

The proposed research seeks to evolve guardrail terminals once more and provide the means whereby a new host of 
terminals can be developed that act as non-gating devices. The benefits of a non-gating device are clear. There would be 
less risk to motorists associated with non-linear encroachment paths and high-velocity in off-road conditions. The overall 
length of guardrail required to shield a hazard would be reduced because the beginning of the LON would be at or near the 
end of the guardrail terminal. This would save on budgets for State DOTs, minimize exposure of the construction crews to 
dangerous traffic, and reduce the number of impacts between vehicle and guardrail (which is proportional to the installation 
length). In other words, a non-gating terminal would cost less in terms of funding and human lives.  

Crash tests were investigated through an extensive literature search to identify trends in a guardrail’s ability to redirect 
a vehicle. Then, with this knowledge, simple and complex computer models were created to identify parameters with the 
greatest influence on preventing gating. The complex model included an actual terminal with a 5,000-lb pickup truck 
striking the end of the terminal at 15 degrees. This model helped guide the research team in designing, building, and testing 
a prototype. This prototype was a tension-based system that absorbed the kinetic energy of the vehicle. It was subjected to 
two full-scale tests. The first was with a Ford Explorer at 50 mph and 15 degrees. This vehicle was chosen for two reasons: 
(1) availability; and (2) high rollover risk. Given the severe nature of the loading due the angle, and the difficult task of 
producing a non-gating behavior, a lower speed was selected. In the future, larger vehicles and faster speeds (i.e., MASH 
pickup at TL-3) will be explored. The second test used a Mazda Protégé at 64 mph and 15 degrees. This test was meant to 
replicate MASH testing using a small car to ensure that ride down accelerations and vehicle stability were acceptable. In 
both cases, the forward velocity of the vehicle was stopped while it maintained engagement with the terminal head. In other 
words, the vehicle did not pass behind and beyond the terminal head at any point. Both tests would have passed all criteria 
in MASH.  
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1. BACKGROUND 
Guardrail terminals are meant to prevent errant vehicles from rolling over or becoming impaled. They treat the end of a 
longitudinal W-beam barrier, which is in place to redirect vehicles back to the roadway. Many impacts with the terminal 
are at high angles. At some critical angle, the guardrail terminal gates open rather than continue to collapse or extrude. 
Currently, no terminal is capable to preventing this “gating” action entirely. Instead, current terminals open in a controlled 
manner and allow the vehicle to pass behind the barrier. To accommodate this, the area behind the barrier that the vehicle 
would encroach upon must be clear. This often extends the Length-Of-Need (LON) of the barrier to provide sufficient 
shielding of the hazards behind the barrier.  

A truly non-gating guardrail terminal will help reduce the overall LON required for the circumstance, compared to 
traditional compression-based terminals, thus saving money for allocation elsewhere. It would also reduce the severity of 
errors made by the engineer in determining the size of the clear zone and placement of the terminal with respect to the clear 
zone. It would help reduce the speed of severe-angle impacts such that when the vehicle overpowers the barrier and gates 
through (despite the non-gating design), the vehicle will be traveling slower. Slower speeds, of course, correspond to higher 
degrees of safety, especially once the vehicle has passed behind the barrier.  

This study seeks to determine the tools necessary to build a non-gating guardrail terminal. W-beam, the most common 
longitudinal barrier in the country, has demonstrated decades of success in redirecting vehicles. However, in doing so, it 
benefits from a developed membrane action that contributes to the barrier’s stiffness. A guardrail end cannot develop the 
same tension and therefore must create this stiffness in another way.  

An engineer can easily design a structure that has a prescribed stiffness. For example, if a barrier needs to supply a 
stiffness of 10 kips/foot, the engineer can develop a post and beam system that generates 30 kips for 3 feet of lateral 
movement. However, the actual determination of the design load is far more complicated. This project will accomplish two 
main objectives: (1) provide the real stiffness needed to redirect a vehicle on the end of a guardrail barrier; and (2) propose 
a prototype non-gating terminal. With these two objectives met, the industry as a whole will have the tools to work on next-
generation terminals and the confidence that their work will succeed.    

2. IDEA PRODUCT 
W-beam guardrail terminals have undergone numerous transformative evolutions since the 1960s. First, the deadly blunt-
end spear tip was removed by a turned down system. Then, the end was weakened so that it would not impale vehicles and 
did not need to create a ramp. Then, the terminal was used as a means of absorbing energy and slowing the vehicle down. 
Terminals have historically been compression-based, but now products are emerging that are tensioned-based. The IDEA 
product described herein is another such development in the long history of guardrail terminal evolution. Terminals have 
always been considered a gating device, allowing vehicles to pass behind them when struck at a high enough angle and 
close enough to the end. The result of this IDEA project provides both the tools and understanding necessary to design a 
non-gating terminal as well as a prototype that proves the concept.   

3. CONCEPT AND INNOVATION 
The concept behind the proposed non-gating terminal is that there is continuous membrane action supplied by the barrier 
throughout the duration of the impact. This membrane action exerts a continuous lateral force on the vehicle that works to 
decelerate the vehicle in the lateral direction while also decelerating the vehicle in the longitudinal direction. In order to 
accomplish this, there must be a strong connection between the rail and the anchor that remains affixed for all impacts 
except for crashes from the reverse direction. In addition to this connection, the terminal must absorb the energy of the 
vehicle by deforming the W-beam guardrail, and a lateral force must be exerted on the vehicle to get it to redirect. The 
combination of the longitudinal and lateral forces is of critical importance.  

The prototype built in this project accomplishes all three functions. First, the cable was outfitted with a swaged button 
on one end and a threaded rod on the other. The threaded rod was fed through an anchor boot constructed of steel plates 
and welded to a large wide-flange I-beam. This beam was driven into the ground and included a soil plate to prevent as 
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much movement as possible. The first guardrail panel was modified to include a rectangular hole in the valley near the end. 
The swaged button was set into this rectangular opening and welded to the W-beam (prior to galvanization). That 
connection was reinforced with additional gauge steel welded in place to arrest any cracks that may develop. The cable and 
modified first panel were passed through the impact head during installation, with the cable being bolted to the anchor boot 
and tightened.  

The longitudinal force used to decelerate the vehicle was generated by an internal structure that folded the W-beam 
backwards on itself. To do so, a wedge was installed in the head to line up with the valley of the W-beam. Above and below 
it, two angled plates were placed to interact with the top and bottom edges of the W-beam. As the head moved along the 
rail, the valley was pushed toward the road while the top and bottom edges were pushed toward the roadside. This folding 
process created permanent deformation in the steel W-beam. Because of this, a great deal of strain energy was required and 
was therefore taken from the kinetic energy of the vehicle. The size, shape, and placement of these internal plates were 
adjustable such that the research team could generate an optimal longitudinal force in concert with the lateral force.  

The lateral force was controlled by the cross-section of the posts used in the study. Replacing the standard line post, 
the research team developed an open-section, rectangular post. This design was fabricated from gauge steel ranging in 
thickness from 7 ga to 12 ga. The steel was bent into a square shape with a gap included on one leg of the square. The 
thickness of the metal along with the width and depth were adjustable such that the research team could generate an optimal 
lateral force in concert with the longitudinal force. 

Crash testing done on a prototype developed in this study demonstrated exemplary non-gating performance. The 
authors’ knowledge, no other guardrail terminal has maintained engagement with a vehicle and effectively brought it to a 
stop when the vehicle struck the terminal at 15 degrees. As such, it is possible that the length-of-need may begin much 
sooner, relative to the end of the terminal. This would reduce the expense of a longer section of guardrail while still 
providing the same or greater level of protection.  

4. INVESTIGATION 

4.1. FIND BARRIER REDIRECTION LITERATURE 

Research reports were gathered from the UNL MwRSF research hub. The research team was expressly interested in 
NCHRP 350 (1) and MASH (3) crash tests conducted at Test Level 3 (TL-3). This test level utilizes a small car and a 
pickup truck to impact the device at 62.4 mph. The search revealed 47 full-scale crash tests when the search parameters 
were focused on Test Nos. 10 and 11. Test 10 uses a small car with a nominal weight of 2,425 pounds, while Test 11 uses 
a pickup truck with a nominal weight of 5,000 pounds. In both tests, the vehicles are oriented at 25 degrees with respect to 
the guardrail. These tests are referred to as Length-of-Need (LON) tests, meaning that the guardrail is expected to capture 
and redirect the vehicle safely back to the road from which it departed. In other words, the guardrail does not allow the 
vehicle to pass behind the barrier, much like a non-gating event.  

Some of the 47 full-scale tests identified in the search were for other tests. Often a single report described either Test 
10 or 11, but also included other tests such as Test No. 32, 34, 35 and 37. These tests vary the angle and location of initial 
impact. Of those 47 tests, 28 included guardrail barriers that demonstrated redirection capability. References for each of 
the crash test results used in this study are provided in (4) through (34).  

4.2. SYNTHESIZE THE LITERATURE 

When a full-scale crash test report was identified, the filtered acceleration v. time history, typically provided in the 
appendices of the report, were fed into a MATLAB program developed by the research team. This program treated the 
acceleration plot as an image and used the number of pixels between the origin and the ends of the axes to create a local 
conversion system. Then, the analyst clicked on the peaks and valleys of the plot, and each click was read by the program 
as the (x, y) position of the plot. Finally, the program reproduced the plot based on the clicked input points and also provided 
the maximum value in the plot. This value was recorded in the database for that test. In the future, this program may be 
expanded to cover lateral deflections as well, if needed. An example of a real full-scale data plot is shown in FIGURE 1, 
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with the replicated MATLAB output on top of it. The superimposed MATLAB results are nearly a perfect match. This 
result was taken from the lateral acceleration of the vehicle in an MGS crash test with a small car (MASH Test No. 3-10). 
The program indicated that for this test, the peak acceleration was 8.35 G’s at 0.20 seconds. For the 2,423-lb vehicle, this 
acceleration was equivalent to 20,232 pounds of force to redirect the vehicle.  

 
FIGURE 1 Example MATLAB Reading of Crash Test Results 

The above referenced method was used to collect maximum longitudinal and lateral decelerations from the identified 
crash test reports. These reports also provided additional data, including a description of the test article, the mass or weight 
of the vehicle, its speed and angle at impact, with dynamic and working width of the barrier, and the exit velocity and angle 
of the vehicle after the redirection. These data are shown in TABLE 1 for a subset of the data pertaining specifically to W-
beam guardrail barriers.  
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TABLE 1 Compiled Data from Test Reports 

 

4.3. DETERMINE MINIMUM REDIRECTING FORCE 

All tests with a guardrail barrier that resulted in a redirected test vehicle were plotted as shown in FIGURE 2. The x-axis 
was an index number assigned to the crash test result, but otherwise holds no numerical meaning. Three tests failed to 
redirect the vehicle, but the reasons were too varied to provide meaningful feedback for this study. As noted in the figure 
below, the minimum lateral force applied to the vehicle to induce a redirection was 21.5 kips, with an average (neglecting 
the outlier at index 6) was 36.2 kips.  

Type* Description

Gross 
Static 

Weight 
(lbs)

Speed 
(mph)

Angle 
(Deg)

Long. 
Decel 
(Gs)

Lat. 
Decel 
(Gs)

Dynamic 
(ft)

Working 
(ft)

Velo 
(mph) Angle

GR MGS 2,588 60.8 25.4 16.12 8.31 3.00 4.03 30.07 14.10
GR MGS, Max height 2,599 63.6 25.0 9.15 9.17 2.42 4.12 39.30 12.30
GR MGS, Max height 2,583 64.1 25.6 11.43 10.89 2.31 3.75 36.20 21.90
GR MGS, no blockouts 2,578 63.0 25.5 19.28 12.93 2.43 2.88 25.70 19.10
GR MGS, SYP posts 2,612 61.5 25.3 13.48 14.01 1.85 3.31 35.70 13.60
GR Modified G4(1S) 5,000 61.1 25.6 19.74 8.40 NA NA NA NA
GR Modified G4(1S) 5,000 62.4 25.8 9.95 7.21 3.92 4.58 31.19 20.70
GR MGS 5,000 62.6 25.2 8.93 5.98 3.76 4.78 42.50 7.00
GR MGS 5,000 62.8 25.5 9.39 6.94 3.65 4.05 39.58 13.50
GR MGS, long-span 4,991 62.4 24.8 6.93 5.83 7.69 7.79 35.23 1.00
GR MGS, long-span 4,985 61.9 24.9 7.43 5.60 6.46 7.00 61.91 24.87
GR MGS, no blockouts 5,181 62.7 24.7 8.25 12.98 2.84 3.60 47.40 14.40
GR MGS, SYP posts 5,199 62.2 24.9 8.20 8.51 3.33 4.48 37.80 15.70
GR MGS, Minimum height 5,126 63.1 24.9 9.42 7.90 3.52 4.07 32.90 NA
GR MGS, mow strip 5,182 63.0 25.2 11.82 7.63 3.53 3.94 34.70 9.70
GR MGS, omitted post 5,099 63.4 25.3 10.30 7.97 4.08 4.18 27.90 14.00
GR MGS, downstream anchor 5,172 63.0 26.4 7.49 6.90 32.55 32.55 43.50 4.20
GR MGS, downstream anchor 2,619 62.0 25.5 20.45 12.07 12.28 12.28 32.20 15.90
GR Type B 4,484 62.0 27.7 13.09 9.93 3.56 NA NA NA
GR Over curbs 4,482 62.3 28.6 9.25 7.51 3.52 2.37 NA NA
GR Low-fill culverts 4,394 64.2 25.3 12.20 11.82 13.64 29.49 39.08 19.50
GR Low-fill culverts 4,396 62.0 24.8 14.00 14.31 15.51 25.62 42.25 17.30
GR rock-soil foundations 4,396 61.5 25.4 10.21 7.68 3.21 3.31 37.28 18.00

GR Terminal SKT-MGS 2,597 64.4 14.5 21.78 9.61 2.31 4.05 43.12 8.80
GR MGS on 1:2 slope 5,158 61.6 26.3 6.96 5.20 6.08 6.45 40.50 16.00
GR G4(2W) 8-1/2" PP posts 4,412 60.7 24.8 17.18 24.02 2.40 3.43 25.50 21.30
GR MGS w/31'3" long span 5,120 62.7 25.3 15.29 5.80 5.13 5.38 27.30 13.30
GR MGS w/31'3" long span 5,078 61.4 26.3 23.49 10.52 13.68 NA NA NA

*'GR' = Guardrail

Test Article Vehicle Peak Forces Widths Exit
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FIGURE 2 Peak Lateral Forces on Redirected Vehicles 

4.4. DETERMINE MAXIMUM LATERAL COMPLIANCE 

Two considerations were made for lateral compliance: dynamic width and lateral stiffness. Each will be explained in turn. 
First, dynamic width was plotted for each indexed test, as shown in FIGURE 3. A majority of the results showed a dynamic 
width between 2 and 5 feet. Some outliers were exceedingly high. However, one non-redirection result was shown (orange 
dot, index 24), indicating that a barrier that allows too much dynamic deflection simply cannot redirect a vehicle, an 
observation that should be obvious. 

 
FIGURE 3 Dynamic Width of Guardrail Tests 

Second, the dynamic width is part of the combined lateral stiffness. The peak force was divided by the dynamic width 
to obtain an effective lateral stiffness of the barrier, and the results were plotted as shown in FIGURE 4. The same non-
redirection test result (orange dot, index 24) was left in this plot, showing consistency with the previous figure. That is, 
lateral stiffness of zero allows too much lateral deflection to be effective. Otherwise, the minimum lateral stiffness of 
guardrail barriers is 3.8 kips/foot with an average of 12.1 kips/foot.  
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FIGURE 4 Lateral Stiffness of Guardrail Barriers 

4.5. CREATE SIMPLE SPRING MODEL IN LS-DYNA 

Guardrail terminals have historically been designed with a number of different geometries and energy-absorbing 
mechanisms. These differences create variations in lateral and longitudinal resistance to displacement. A simple spring 
model was developed that can replicate these variations implicitly without requiring detailed geometries of the various 
terminal configurations, including hypothetical configurations that are yet to be developed.  

The spring model included a series of rigid plates that interact with the vehicle. These plates can be thought of as the 
impact plate of terminal. Since these plates exist in space (no posts holding them up), they required boundary conditions in 
order to replicate real-world applications in terminal design. The plates were allowed to translate in the horizontal plane, 
but were confined against vertical translation. Also, rotation was permitted about the vertical axis, but not about either 
horizontal axis.  

The springs themselves were attached at one end to the center of the rigid plates. The node at the other end was created 
in space. One spring was parallel with the theoretical guardrail, and the other spring was perpendicular to the theoretical 
guardrail. This configuration allowed for the application of a longitudinal and a lateral force, respectively, on the vehicle. 
Boundary conditions were applied to the node in space for each spring. These boundary conditions allowed the node in 
space to translate perpendicular to the spring itself. Under these boundary conditions, each spring would apply pure 
longitudinal or pure lateral forces at all times in the simulation, allowing the research team to easily isolate those forces in 
post-processing.  

Two different spring models were developed and used for two impact locations in this analysis: (1) corner; and (2) 
the front-bumper quarter point. The corner impact spring model was built out of rigid shells oriented at a 90-degree angle, 
as shown on the left in FIGURE 5. In contrast, the quarter-point model was more like a common impact plate for existing 
terminal designs. It was narrow with vertical “teeth” designed to engage the vehicle. This model is shown on the right in 
FIGURE 5. It is also important to note that the results of this analysis depend on the connection between the vehicle and 
the terminal remaining intact throughout the crash. 
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FIGURE 5 Isometric View of Spring Model 

4.6. DEBUG THE LS-DYNA SPRING/TRUCK MODEL 

A full-scale Silverado pickup truck was used as the subject vehicle in the LS-DYNA simulations. This vehicle model was 
developed by the National Crash Analysis Center at the George Washington University. It was based on a 2007 Chevrolet 
Silverado. This vehicle is a typical representative of the MASH 2270P vehicle. Since this vehicle represents the maximum 
loading from the test matrix in MASH, it was the only vehicle used in these simulations. The spring model was oriented 
around the vehicle to replicate a 15-degree impact. An overhead view of a corner impact (left) and quarter point impact 
(right) is shown in FIGURE 6. As with most models, there were some complications with regard to running these 
simulations. Contact between the rigid plates and the vehicle was attempted by multiple algorithms. Eventually, the part 
numbers were simply added to the list of vehicle parts whose contact was controlled by *CONTACT_ AUTOMATIC 
_SINGLE _SURFACE. In addition, the boundary conditions described in the previous section were finalized by 
investigation in this task.  

 
FIGURE 6 Overhead View of the Truck and Spring Model 

4.7. TUNING THE SPRING STIFFNESS 

Due to the fact that numerous concepts currently exist in the terminal market, it was determined that a range of applicable 
lateral and longitudinal forces would provide the freedom for this disparity to continue. Also, when designing a terminal, 
the designer needs to be aware of the quantitative effect of the stiffness variables in order to properly design a non-gating 
terminal. As such, the stiffnesses of the two springs were altered in numerous ways to investigate their effect on the 
trajectory of the vehicle. Each spring was defined by two parameters, the modulus in the elastic zone and the yield force. 
To create this effect, the *MAT _SPRING _ELASTOPLASTIC material model was selected. Referring to FIGURE 7, the 
modulus was represented by “k” and the force was represented by “Fy”. This material model was selected because it reflects 
the reality of guardrail systems generally. For small deflections (note that the material model shown in FIGURE 7 is not a 
scale model), guardrail systems have an elastic response. That elastic response is greater in the lateral direction, meaning 
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“k” in the lateral direction must be small to flatten the curve and extend the elastic region. In contrast, terminal forces in 
the longitudinal direction ramp up to their constant force very quickly, making the longitudinal elastic stiffness quite large.   

 

 
FIGURE 7 Elastic-Perfectly Plastic Spring Model 

4.7.1. Single-Variable Parametric Study - Corner Impacts 

With two springs, there were four different parameters to modify. Each one was simulated with five different values, 
which are shown in TABLE 2. The middle values, highlighted in yellow, were the baseline model. When one variable was 
being analyzed, the other three were set to this baseline value. This process was done for a corner impact using the spring 
model described previously, resulting in 25 separate models. A description of the direction for the applied spring forces, 
relative to the vehicle, is shown in FIGURE 8. The baseline model from the first series was reused in post-processing to 
reduce the number of simulations by three. Results from these 25 simulations are shown in TABLE 3. 

TABLE 2 Values used in Parametric Study 

 

Fo
rc

e

Displacement

Spring Model

k

Fy

k1 k2 Fy1 Fy2
(N/mm) (N/mm) (N) (N)

1,000 50,000 47,820 22,500
2,000 75,000 71,730 33,750
3,000 100,000 95,640 45,000
4,000 125,000 119,550 56,250
5,000 150,000 143,460 78,750
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FIGURE 8 Description of Force Directions Relative to the Vehicle 

TABLE 3 Single-Variable Parameter Study Results 

 

k1 k2 Fy1 Fy2
(N/mm) (N/mm) (N) (N)

1 1000 100000 95640 45000 Redirected 302 -5.34981 6.79239
2 2000 100000 95640 45000 Redirected 267.5 -5.34981 7.58642

BASELINE 3000 100000 95640 45000 Redirected 260.4 -5.55554 7.29868
4 4000 100000 95640 45000 Redirected 255.4 -5.34981 7.66565
5 5000 100000 95640 45000 Redirected 250.928 -5.34981 7.77898
6 3000 50000 95640 45000 Redirected 258.651 -5.65748 7.30928
7 3000 75000 95640 45000 Redirected 259.583 -5.40264 7.87781

BASELINE 3000 100000 95640 45000 Redirected 260.4 -5.55554 7.29868
8 3000 125000 95640 45000 Redirected 259.914 -5.34981 7.35474
9 3000 150000 95640 45000 Redirected 260.582 -5.34981 7.38532
10 3000 100000 47820 45000 Redirected 773.535 -5.34981 4.8625
11 3000 100000 71730 45000 Redirected 399.932 -5.34981 5.91692

BASELINE 3000 100000 95640 45000 Redirected 260.4 -5.55554 7.29868
12 3000 100000 119550 45000 Redirected 179.987 -5.34981 9.19113
13 3000 100000 143460 45000 Redirected 106.44 -5.39994 10.3314
14 3000 100000 95640 22500 Redirected 221.768 -4.9464 10.0551
15 3000 100000 95640 33750 Redirected 232.296 -4.68909 9.31696

BASELINE 3000 100000 95640 45000 Redirected 260.4 -5.55554 7.29868
16 3000 100000 95640 56250 Redirected 274.99 -5.85932 7.89973
17 3000 100000 95640 78750 Redirected 312.97 -7.4451 7.33475
18 1 100000 95640 45000 Gated 4395.33 -4.94221 -3.28542
19 10000000 100000 95640 45000 Redirected 235.951 -5.34981 9.57156
20 3000 1 95640 45000 Redirected 231.938 -3.61876 7.80954
21 3000 10000000 95640 45000 Redirected 260.442 -5.40076 7.70642
22 3000 100000 1 45000 Gated 4727.72 -4.94221 -3.31957
23 3000 100000 10000000 45000 Redirected 61.2022 -5.96032 10.7597
24 3000 100000 95640 1 Redirected 231.097 -3.72069 7.52935
25 3000 100000 95640 10000000 Crushed NA NA NA

Veh a_y (g's)Veh a_x (g's)Peak y-displ (mm)DescriptionRun

k2

k1

fy2

fy1

k2

k1

fy2

fy1
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Using these results, the effect of each variable on key outcomes, such as peak displacement in the y-direction and 
accelerations in the x- and y-directions, was investigated. Individual plots were created, and a curve was fit to each set of 
results. Using a simple regression tool, R2, the closeness of the fit for each plot was reviewed to determine if there was a 
clear effect of the subject variable on the dynamics of the vehicle. Based on these plots and curve-fits, which are provided 
in Appendix A, an interpretation of the results was performed where the fit was judged on a scale of 1 (no effect) to 5 
(extreme effect). The results of this interpretation are shown in FIGURE 9. The main correlation was between the overall 
applied forces, fy1 and fy2, and the peak y-displacement. These variables were considered further in the two-variable 
parametric study described in the next subsection. There were two other outcomes that demonstrated a close fit: k1 and fy1 
on the results of y-acceleration of the vehicle. However, closer examination of these plots, Figure A1 and Figure A3 in 
Appendix A, shows that for these variables, the curve is highly logarithmic. While that is not enough to be concerned about 
alone, the nature of the curves was clearly controlled by a single test result. As such, it was not considered a reliable 
outcome. In addition, the acceleration of the vehicle came to be seen as less vital than the peak y-displacement in the 
determination of gating versus non-gating. Larger deflections create larger strains, and by extension, stresses. This leads to 
the formation of a plastic hinge, after which the gating action follows.  

 
FIGURE 9 Interpretation of Single-Variable Parametric Study 

4.7.2. Two-Variable Parametric Study – Quarter-Point Impacts 

Next, due to the observation that the constant forces were more predominant than the elastic moduli, a two-variable 
parametric analysis was performed. This allowed the research team to investigate the various combinations of the two 
forces directly, rather than needing to extrapolate from the single-variable parametric study. For each value of “Fy1”, the 
other parameter, “Fy2” had five values, making in total 25 simulations, as represented by the diagram in FIGURE 10. Units 
in this diagram are in Newtons. 

 
FIGURE 10 Two-Variable Parametric Study 

As with the single-variable approach, a 5,000-lb Chevrolet Silverado model was used in the LS-Dyna simulations. 
The resultant velocity vector of the accelerometer element in the vehicle was used to calculate the velocity in the x- and y-
direction, relative to the barrier. To do so, the velocity of the vehicle had to be rotated by the initial angle of 15 degrees 
using the two equations below: 

Peak Y a_x a_y 1 none
k1 3 1 4 2 slight
k2 1 2 1 3 moderate
fy1 5 1 4 4 significant
fy2 4 2 2 5 extreme
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𝑉𝑉𝑥𝑥 = 𝑉𝑉𝑥𝑥′ cos𝜃𝜃 − 𝑉𝑉𝑦𝑦′ sin𝜃𝜃 

𝑉𝑉𝑦𝑦 = 𝑉𝑉𝑥𝑥′ sin𝜃𝜃 + 𝑉𝑉𝑦𝑦′ cos𝜃𝜃 

Where: 𝑉𝑉𝑥𝑥 is the velocity of the vehicle in the direction parallel with the barrier 
 𝑉𝑉𝑦𝑦 is the velocity of the vehicle in the direction perpendicular with the barrier 
 𝑉𝑉𝑥𝑥′ is the velocity of the vehicle in the heading direction of the vehicle 
 𝑉𝑉𝑦𝑦′ is the velocity of the vehicle perpendicular to the heading direction of the vehicle 
 𝜃𝜃 is the initial angle of the vehicle relative to the barrier 
 

The vehicle was considered to be redirected when the velocity component perpendicular to the barrier (Vy) reached 
zero. In contrast, with a non-zero velocity in the perpendicular direction, the vehicle would pass behind the barrier, fulfilling 
the basic definition of a gating event. As noted above, five different stiffnesses were analyzed for both lateral and 
longitudinal loads. The results are shown in FIGURE 11. In this figure, each plot relates to a specific lateral load. The x-
axis was the ratio of the longitudinal load to the given lateral load. For example, when the lateral load was 47,820 Newtons 
(11 kips) and the longitudinal load was 22,500 Newtons (5.06 kips), the ratio of longitudinal to lateral was 0.47. For each 
given lateral load, this ratio was plotted against the calculated velocity component that was perpendicular to the barrier. As 
can be seen from these plots, it was not possible to fully redirect the vehicle for a lateral load of 11 kips, regardless of the 
longitudinal load. However, for the remaining lateral loads, a redirection envelope was observed. A trend line was fit 
through the upper and lower bounds, both of which exhibited high R2 values. Setting “y” equal to zero and solving both 
equations produced a range of ratios and lateral loads that define this envelope. For a lateral load of 32 kips, zero y-velocity 
was reached at a ratio of 0.75. For a lateral load of 16 kips, zero y-velocity was reached at a ratio of 1.5. Results are tabulated 
in Appendix B. Therefore, given a minimum of 16 kips for a lateral load, redirection is possible under the following criteria: 

𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙 ≥ 16 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

AND 

�0.75 × 𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙� ≤ 𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙 ≤ �1.5 × 𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙� 

 
FIGURE 11 Results of Lateral and Longitudinal Loading on Redirection Results 
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4.8. FULL-SCALE SIMULATIONS 

The previous section described an analysis that applies generally to any external set of forces being applied to a vehicle. 
Full-scale simulations described in this section deal more closely with real-world W-beam barrier designs. Specifically, a 
12-gauge W-beam rail was suspended from posts via post bolts and blockouts, similar to an actual W-beam strong-post 
guardrail system. However, in order to adjust the lateral force exerted on the vehicle by the barrier, the posts were not 
standard line posts. Instead, square tube posts, with a slot in the back, were chosen, as shown in FIGURE 12. In each 
subsequent model, the cross-section was modified, which altered the post’s critical plastic moment. In effect, this was a 
real-world interpretation of the lateral load discussed in the previous section. 

 
FIGURE 12 Example of Post Geometry 

Next, energy-absorbing guardrail terminal heads have their own inherent rate of energy absorption. This rate translates 
to an average longitudinal force for that terminal. In the present analysis, the research team modeled a new tension-based 
energy-absorbing guardrail terminal, currently under development for another project. This terminal head is constructed 
with a series of internal plates and wedges that fold the guardrail in half, thus absorbing energy. The rate of this absorption 
is easily modified by changing the position and size of the plates and wedges in the terminal head. Therefore, making 
modifications to the geometry of this folding-type guardrail terminal head became the real-world interpretation of the 
longitudinal load discussed in the previous section. Multiple versions of the folding-type guardrail terminal were considered 
using the non-linear finite element code LS-Dyna. As an example, four versions which were considered using LS-Dyna 
wherein the feeder chute, the length of the folding region, and the overall width of the impact plate were modified are 
shown schematically in Appendix C.  

 The results of an extensive analysis of post designs using the Version 3 design shown in FIGURE C1 are shown in 
FIGURE 13. In this study the forces were increased by modifying the coefficient of friction acting between the guardrail 
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terminal head and the W-beam guardrail. An increase in the coefficient of friction results in an increase in the longitudinal 
(head-on) and lateral forces. LS-Dyna uses three parameters in order to determine the coefficient of friction acting on the 
system: (1) the static friction coefficient (FS), (2) the dynamic friction coefficient (FD), and (3) an exponential decay 
coefficient (DC). The contact friction value, 𝜇𝜇𝑐𝑐, is determined using the function below. 

𝜇𝜇𝑐𝑐 = 𝐹𝐹𝐹𝐹 + (𝐹𝐹𝐹𝐹 − 𝐹𝐹𝐹𝐹)𝑒𝑒−𝐷𝐷𝐷𝐷|𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟| 

Here vrel is the relative velocity of the contacting surfaces. When vrel is high the dynamic friction coefficient will 
dominate, however as vrel approaches zero the static friction coefficient will take over. The rate of the transition from FD 
to FS is governed by the exponential decay coefficient. As can be seen from the equation, when FS = FD the second term 
cancels and the value for DC is irrelevant. In finite element modeling friction is highly mesh dependent due to piecewise 
linear contours of the meshed geometry making the surface artificially rough and therefore values for FS, FD, and DC 
cannot be determined using empirical measures. As a result a calibration study was conducted to determine the values for 
FS, FD, and DC that provided the best approximation to experimental results. This study showed that values of FS=0.4, 
FD=0.02, and DC=0.0004 gave the best fit to experimental results for a range of impact conditions. This set of 
coefficients are indicated by the circles in FIGURE 13. Other friction values were used to approximate other terminal 
head geometries which result in higher or lower longitudinal and lateral forces. In this study the crosses represent FS = 
FD = 0, triangles represent FS = FD = 0.1, diamonds represent FS = FD = 0.2, and squares represent FS = FD = 0.3. 

 For each friction coefficient, eight different post geometries were analyzed to study the effect on the vehicle. Each 
point on the graph represents a combination of three tests from MASH which utilize the 5000 lb pickup truck: 3-31, 3-33, 
and 3-35. Test 3-31 was used to establish the value for the head-on force, while 3-33 and 3-35 were used to examine gating 
and redirection respectively. If a combination of head-on force and plastic moment resulted in a failure of any of these tests 
based on MASH criteria then the combination was considered inadmissible and is represented with a red symbol. If all tests 
passed then a green symbol was used. In all cases, test 3-31 produced acceptable results, and test 3-33 was the critical test 
for determining performance. Furthermore, in cases where the plastic moment was below 8,000 ft-lb the posts did not 
provide adequate stiffness for test 3-35 to prevent the vehicle from overriding the system, however, in these cases the 
vehicle either gated or rolled over in test 3-33 as well. By interpretation, the research team has concluded that any 
combination of head-on force and plastic moment of the post that falls in the green shade region of FIGURE 13 will result 
in a successful non-gating event.  
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FIGURE 13 Results of Post Section Study 

4.9. BRAINSTORMING PROTOTYPE CONFIGURATIONS 

The research team met often to discuss ideas for creating a physical prototype capable of generating the lateral and 
longitudinal forces identified in Stage 2. The ideas fell into one of three main categories: (1) creating an all-new system; 
(2) retrofitting and existing system; and (3) converting a terminal already under development into a non-gating system.  

The leading candidate for an all-new system was an extruding-type terminal that also had a cable running the length 
of the system. The cable would be anchored to the guardrail at about the 50-ft mark and attached to the guardrail 
intermittently using U-bolts or J-bolts, which would easily shear off. The cable would feed through the terminal head, and 
just prior to the guardrail undergoing the extrusion process, the cable would split off and exit a small hole in the bottom of 
the terminal head. During the analysis of this design concept, it was observed that the terminal was a hybrid between 
tension-based and compression-based systems. The guardrail was almost entirely in compression, and the cable provided 
tension only for redirection-style impacts. This led to some instabilities for high-energy impacts. It was also discovered 
that the interaction of the cable and the terminal head was too dependent on the clearance between the terminal head and 
the guardrail itself. If the guardrail buckled from the compressive load, there was a risk that there would be too little 
clearance for the terminal head to continue. Finally, the cable itself was in a compromised position, with the possibility that 
it could rub on the edges of the terminal and fail to maintain membrane action throughout the impact.  

The second category involved connecting a cable directly to the guardrail of an existing product. The basic idea shared 
by these brainstorm ideas was that the first panel of guardrail used in the compression-based system would be rigidly 
connected to a cable, which in turn would be anchored to the ground and not able to release in an end-on impact. However, 
this approach was abandoned upon realizing that the different systems would each require a unique design. Also, some of 
them would make it impossible to create a strong enough connection between the cable and the guardrail. Finally, they also 
exit guardrail to the side. This would place the extruded guardrail and cable it the path of the vehicle, which could lead to 
rollover or a connection failure.  
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The research team settled on a converting an emerging technology into a non-gating system. This new terminal was 
under development by the research team as part of another project. It formed the basis for the full-scale modeling done in 
Stage 2 of this project. Therefore, it was already known that the longitudinal forces could be tuned as needed to match the 
lateral forces. From there, square posts were modified based on a review of existing literature and a similar project done 
by the research team. This similar project was an attempt to create new guardrail posts that softened the system 
longitudinally but maintained strength laterally. Using these two previous projects helped expedite this project and resulted 
in a quick turnaround for fabrication. 

The folding terminal head is built of 10- and 12-gauge steel. Many of the parts are laser cut before being bent and 
assembled. Based off of the full-scale modeling, the dimensions of the parts necessary to produce an optimal longitudinal 
force were drawn and sent to a laser cutter. The pieces were assembled at the research team’s fabrication shop. The parts 
were welded together and sent to a galvanizer to produce the prototype terminal head. 

Posts were also built at the research team’s fabrication shop. They were constructed from 12-gauge steel and bent into 
channels. Then, two channels were welded together to produce a square post with an opening on the backside, making it 
an open, thin-walled cross-section.  

The first panel of W-beam was modified to attach a short cable. The cable had a swaged button on the end which was 
set into a rectangular hole cut out of the W-beam valley, near the end. Additional plates of 12-gauge were mounted around 
the button to strengthen the connection and prevent and crack propagation. Finally, model results showed some high plastic 
strains in the valley of the W-beam near the post bolt holes. Therefore, the prototype included some additional 12-gauge 
plates around these holes to arrest any cracks that might develop.  

Finally, the cable was anchored to a large steel post. The ground-side end of the cable had a threaded fitting swaged 
onto it, and the fitting was rigidly attached to a gusseted bracket. This bracket was securely welded to a plate, which in turn 
was welded to the end of a W8X15 steel post. This post also included a soil plate. The whole assemble was driven into soil. 
The terminal head was slid over the W-beam with the cable being fed through the folding mechanism and out of the bottom 
of the head. It was then connected to the anchor post, and the cable was tightened as any cable anchor would be for a 
guardrail terminal. 

4.10. CRASH TEST EVALUATIONS OF PROTOTYPE 

The outdoor lab used by the research team includes a 300-ft concrete pad, with an additional 300-ft runway. At the end of 
this run, the prototype guardrail terminal was installed at 15 degrees relative to the line of the runway. The layout of the 
system was such that the terminal head would impact the center line of the front of the test vehicle.  

A 60-ft by 30-ft cutout was removed from the concrete where the square posts would be installed. At the end of the 
50-ft length of terminal guardrail, the posts reverted back to standard line posts, and rather than be driven into soil, they 
were bolted to the concrete (with the length shortened). The downstream end was anchored to the concrete with two 
opposite-direction BCT cable anchors.  

The galvanized terminal head was slid over the guardrail, and the cable was fed through the head. Then, the cable was 
bolted to the anchor post, which with its soil plate, had been driven into the soil. A photo of the test configuration is shown 
in FIGURE 14. 
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FIGURE 14 Test setup (left) without terminal head and (right) with terminal head 

 Previous development efforts related to the folding terminal demonstrated that a bogey vehicle is a strong surrogate 
for frontal, zero-degree, center-line impacts. However, when considering angled impacts, the bogey vehicle is woefully 
inadequate. It has a rigid frame and cannot steer. This means that the energy absorbed by the crush of a normal vehicle 
must now be absorbed during an oblique hit. In addition, for a non-gating terminal to function, it must steer the vehicle 
back to some degree. The rigidity of the frame for the bogey vehicle prevents this.  

It was important to evaluate the prototype with a real vehicle. As part of the previous work done to develop the folding 
terminal, a local salvage yard was inspected for adequate vehicles. The research team found several Ford Explorers that 
rolled straight. A deal was arranged with the salvage yard to transport vehicles to the test lab and pick them up again after 
the crash test.  

For the present design, two tests were conducted, one with a Ford Explorer and one with a Mazda Protégé. While 
these tests were based on MASH test guidelines, they were not compliance tests and, as such, were strictly investigative 
evaluations. The primary difference was that the Ford Explorer weighed less than the MASH test vehicle, and its speed 
was less than required. Also, no crash test dummy was used in the Mazda Protégé test. In both tests, the age of the vehicle 
was older than recommended by MASH. Details of the impact conditions for each test are provided in the preceding 
paragraphs.   

The first test involved a Ford Explorer, which weighed approximately 4,200 pounds. The speed at impact was 49.8 
mph, based on the results of integrating the accelerometer data. The calculated Occupant Ridedown Acceleration (ORA) 
was 9.6 Gs, while the Occupant Impact Velocity (OIV) was only 22.6 ft/s, both of which are well below the limit specified 
in MASH. The vehicle traveled nearly 22 feet before spinning out to the backside of the barrier. However, unlike any other 
terminal before it, the vehicle’s forward progress had been completely stopped. In other words, the vehicle did not continue 
on to the backside of the barrier. Sequential images of this test are provided in TABLE 4. In addition, the force-deflection 
data from the accelerometer mounted to the vehicle is shown in FIGURE 15. This data was collected at 10,000 Hz by a 
DTS Slice accelerometer.  
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TABLE 4 Sequential Images of the Ford Explorer Test 

Time 
(msec) Ford Explorer 

0 

 

120 

 

240 

 

360 

 

480 

 

600 
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FIGURE 15 Force-Deflection Curve for Ford Explorer at 15 Degrees 

The second test involved a Mazda Protégé, which weighed approximately 2,493 pounds. The speed at impact was 
64.1 mph, based on the results of integrating the accelerometer data. The calculated ORA was 12.8 Gs, while the OIV was 
only 33.1 ft/s, both of which are well below the limit specified in MASH. The vehicle traveled nearly 20 feet before spinning 
out to the backside of the barrier. However, unlike any other terminal before it, and similar to the Explorer test, the vehicle’s 
forward progress had been completely stopped. In other words, the vehicle did not continue on to the backside of the barrier. 
Sequential images of this test are provided in TABLE 5. In addition, the force-deflection data from the accelerometer 
mounted to the vehicle is shown in FIGURE 16. This data was collected at 10,000 Hz by a DTS Slice accelerometer.  
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TABLE 5 Sequential Images of the Mazda Protégé Test 

Time 
(msec) Mazda Protégé 

0 

 

120 

 

240 

 

360 

 

480 
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FIGURE 16 Force-Deflection Curve for Mazda Protégé at 15 Degrees 

5. CONCLUSIONS 
Before now, gating was a feature of all guardrail terminals, and such behavior was taken for granted. Design policies have 
reflected this inherent characteristic by requiring long run-out lengths, which permit gating far enough away from the 
shielded hazard. However, this project has proven that a non-gating guardrail terminal is possible, and that essentially non-
gating performance has already been achieved with the first prototype.  

During the development, various aspects were investigated that were originally deemed relevant to the non-gating 
event. First, non-gating is a natural feature of guardrail within its length-of-need. Therefore, crash tests on guardrail were 
investigated to understand how much lateral and longitudinal force they imparted on the vehicle as well as how much lateral 
defection they permitted. As a first step, this literature review and analysis was helpful in forming an understanding of 
redirection, but it became clear that redirection is not the primary factor in determining if a terminal with gate or not. A 
length-of-need portion of guardrail benefits from an upstream and a downstream length of guardrail pulling on the vehicle 
to change its heading. A terminal only has the downstream portion, making it much weaker. Therefore, it became clear that 
some surrogate was required to imitate the upstream length of guardrail. To do so, a cable was rigidly attached to the 
guardrail and bolted to an anchor post at the ground level. This also, effectively, created a tension-based system.  

It was also learned as part of this investigation that the lateral and longitudinal forces must be considered together in 
designing a non-gating terminal. In other words, for a given lateral force, there is a range of longitudinal forces that will 
satisfy the non-gating requirement. Longitudinal forces above or below that range will result in gating. The same is true in 
reverse, for a given longitudinal force, lateral forces are confined to a range.  

Using these understanding, and the tools developed through simulation, a prototype was designed, constructed, and 
tested at the research team’s test lab. The prototype was constructed at a 15-degree angle with respect to the vehicle 
trajectory. Two tests were conducted: (1) a Ford Explorer at 50 mph; and (2) a Mazda Protégé at 64 mph. In both crashes, 
a significant amount of rail was fed through the terminal head, which led to a full stop of the vehicle’s forward velocity. 
The vehicle never passed behind the terminal head, making it possibly the first terminal to do so. 

6. PLANS FOR IMPLEMENTATION 
A prototype was developed as part of this project to prove the concept of a non-gating guardrail terminal that meets the 
criteria for longitudinal and lateral forces, as outlined herein. That prototype has been successfully crash tested using 
common vehicle types. From this point forward, the prototype terminal will continue to be developed and prepared for full-
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scale crash testing according to the MASH protocol for non-gating guardrail terminals. This will likely include a full battery 
of tests including zero-degree head-on impacts, 15-degree impacts on the end, and reverse direction impacts. When 
complete, a pilot test installation will be pursued. A Wisconsin DOT engineer and member of the advisory panel for this 
project has already indicated interest in installing this system in his state. A collaborative effort would take place between 
the research team, Wisconsin DOT personnel, and installers within the state to ensure proper construction and monitoring 
of the test installations. This will help the research team more fully vet the terminal and adhere to the recommendations in 
MASH to study field performance. Findings from this pilot study will be published and made available upon request.   

In addition, a journal paper will be submitted and, if possible, presented at a TRB annual or summer meeting. Such a 
presentation would provide the rest of the highway safety industry with the opportunity to interact with the research team 
and understand what steps were taken to develop a prototype based on the presented findings. As a journal paper, this will 
have a far reaching effect and may bring about a more rapid evolution in the energy absorbing guardrail terminal market. 

7. QUESTIONS FROM REVIEWERS 
The research team received comments and questions from reviewers provided by TRB IDEA. The comments were 
addressed with clarifications made to the body of the text. Questions that were not addressed in the original draft report are 
paraphrased in this section with the research team’s response. 

• Is the purpose of this project to develop a commercial product, and if so, can this be provided as standard drawings? 
o The main purpose of this TRB IDEA project was to prove the concept of a non-gating terminal and 

provide other engineers with the tools and knowledge that will guide them in creating the next wave of 
advanced terminal technology. Part of the project included a demonstration that the tools and knowledge 
work. To that end, a prototype was developed and tested. That development has continued outside of the 
scope of this project. When it is finished, it will be presented to the industry, complete with standard 
drawings. In the interim, a paper was submitted to TRB before the August 1, 2020 deadline for the 100th 
Annual TRB Conference.  

• Does the added cable increase cost and does the shortened length of the terminal offset this increase? 
o At this stage, it is too early to answer this question completely, but the research team can offer some 

insight. First, most terminals use a cable, so the cable itself will not increase cost. Its attachment to the 
rail is different and may change costs. It is welded in place, using swaged buttons as the base material 
for the weld. There are reinforcement plates on the guardrail as well to distribute the large anchor force 
over a wider area. However, the overall construction of the first panel of guardrail and the terminal head 
itself is straight forward and should not increase costs to the point where the reduced length and increased 
performance cannot offset any possible increases.  

• Why was the angle set at 15 degrees? 
o This angle is recommended in MASH for non-gating devices. For the test vehicles, speed, and this angle, 

the impact condition is generally more severe than 95% of real-world crashes. It is also greater than most 
impact angles into the end of a terminal in the real world, with larger angles providing much greater 
overall loading of the terminal. Lower angles, while more common, are also much less of a load and are 
easier to accommodate. Therefore, 15 degrees was chosen because it is steep enough to significantly load 
the terminal but shallow enough as to be a reasonable real-world impact condition.  
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9. APPENDIX A – RESULTS OF SINGLE-VARIABLE PARAMETER STUDY 

 
Figure A1. Results of "k1" 
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Figure A2. Effect of "k2" 
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Figure A3.Effect of “fy1” 
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Figure A4. Effect of "fy2" 
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10. APPENDIX B – RESULTS OF TWO-VARIABLE PARAMETER STUDY 

 
Figure B1. Tabulated Results of the Two-Variable Parameter Study 

fy1 (kips) fy2 (kips) fy2/fy1 V_x V_y
11 5.058453 0.470514 49.79308 -3.07426
11 7.58768 0.705772 45.28793 -2.81089
11 10.11691 0.941029 41.07194 -2.31815
11 12.64613 1.176286 36.65243 -1.92101
11 17.70459 1.646801 27.798 -1.67718
16 5.058453 0.313676 49.43035 -2.9838
16 7.58768 0.470514 45.04909 -2.46282
16 10.11691 0.627353 40.48646 -1.73722
16 12.64613 0.784191 36.21277 -1.73402
16 17.70459 1.097867 27.4536 -1.07956
22 5.058453 0.235257 49.35878 -3.11729
22 7.58768 0.352886 45.00928 -2.63211
22 10.11691 0.470514 40.66179 -2.57515
22 12.64613 0.588143 35.75409 -1.59558
22 17.70459 0.8234 27.30757 -0.65528
27 5.058453 0.188206 49.29214 -3.17774
27 7.58768 0.282309 44.68501 -2.79559
27 10.11691 0.376412 40.34288 -2.14114
27 12.64613 0.470514 35.85025 -2.15496
27 17.70459 0.65872 27.04681 -1.27122
32 5.058453 0.156838 49.27201 -3.21634
32 7.58768 0.235257 44.54165 -2.80995
32 10.11691 0.313676 40.02867 -2.33022
32 12.64613 0.392095 35.65367 -1.97919
32 17.70459 0.548934 26.63107 -1.50415
32 25.80216 0.8 13.0081 0.622239
32 29.02743 0.9 7.562331 0.694952
32 32.2527 1 1.737151 1.433578
16 24.18952 1.5 16.01677 0.103532
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11. APPENDIX C – RESULTS OF TWO-VARIABLE PARAMETER STUDY 

 

 

 

 
Figure C1. Variations of Terminal Head in Full-Scale Simulations 
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12. APPENDIX D – RESEARCH RESULTS  

Sidebar Info  

Program Steering Committee: TRB IDEA Program Committee  

Month and Year: April 2020 

Title: Non-Gating Guardrail Terminal 

Project Number: 212  
Start Date: October, 29, 2018  
Completion Date: April, 15, 2020 
  
Product Category:  Guardrail Terminal 
 
Principal Investigator:   
Dean Sicking, Managing Partner, Sicking Safety Solutions, LLC 
E-Mail: sickingsafety@gmail.com 
Phone: 402-450-6295 
 

TITLE:   

Developing Non-Gating Terminals  

SUBHEAD:   

A guide and example for designing next-generation guardrail terminals   

WHAT WAS THE NEED?  

Guardrail terminals have evolved over time, with large steps taken when significant shortcomings were addressed. The first 
was the Turned Down system, which eliminated penetrations but introduced other significant problems. Throughout this 
long history, every new terminal design concept maintained at least one common feature: they all allowed the errant vehicle 
to gate through the barrier, unimpeded, for end-on, angled hits. To accommodate this seemingly inherent feature, guardrail 
installations extend well past the hazard that is being shielded. This places a strain on State budgets. It also requires more 
labor, which exposes construction crews to dangerous traffic conditions. Finally, with additional length of guardrail, itself 
being a fixed object and a hazard, the number of crashes increases relative to a shorter length of barrier. One way to address 
many of these issues is to use flared terminals. However, very few flared terminals are available on the market that absorb 
energy. Also, they require much more work to grade a larger portion of the roadside in accordance with the installation 
manuals. This increases cost, thus negating the benefit of a shorter installation in terms of funding. Therefore, a new concept 
of guardrail terminal is needed. One that can maintain tension throughout an impact while preventing angled impacts from 
gating through. 

WHAT WAS OUR GOAL?  

The objective of this research was to identify the critical design elements, such as lateral and longitudinal forces imparted 
on the vehicle by the terminal that results in a non-gating performance. An additional objective was to design, build, and 
test a prototype to prove the concept of a non-gating guardrail terminal.   

WHAT DID WE DO?  

This research was conducted in three phases. In the first phase, existing research was identified that included guardrail 
redirection tests, such as Test No. 3-11 in either NCHRP 350 or MASH. The peak forces and lateral displacements were 
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recorded and compared. Using this comparison, a baseline was observed for a successful redirection test when the face of 
the guardrail is struck. This finding was a starting point for the second phase. 

In the second phase, a simple and a complex computer model were created. The simple model involved springs that were 
adjustable. One spring applied a force along the length of the terminal (a longitudinal force), and another spring applied a 
force perpendicular to the barrier (a lateral force). Using this simple model, the combinations of longitudinal forces and 
lateral forces were studied, and it was observed that for one given force, the other must fall within a range. If it is outside 
this range, either below or above, it will allow the vehicle to gate. The complex model was built on the same principle but 
used the geometry of an energy absorbing terminal head, currently under development by the research team. This step 
showed that the abstract forces from the simple model can translate to existential forces in the form of post cross-section 
and terminal head geometry.  

In the final stage, a prototype was designed, built, and tested at the research team’s test facility. The design was largely 
based on the simulation results of the complex model. In this effort, two full-scale crash tests were conducted, each at 15 
degrees with the terminal head striking the center of each vehicle. The first test was a Ford Explorer at 50 mph, and the 
second test was a Mazda Protégé at 64 mph. The forward velocity of both vehicles was completely stopped, and the terminal 
head remained engage with both vehicles up until the forward velocity was stopped. Both tests would have passed the 
MASH criteria.  

Engineers from the Alabama, Wisconsin, and Wyoming Departments of Transportation served as advisory panel members. 
They provided their own insights at the beginning of the project, as well as at the end. Collaborative efforts to study the 
field performance of this device are under discussion with the Wisconsin DOT.  

WHAT WAS THE OUTCOME?   

A literature review of crash tests involving a full length of guardrail found that the minimum redirecting force was 21.5 
kips with a maximum deflection of 5 feet. This was a good starting point to help build a simple spring model, but it was 
soon apparent that the W-beam barrier in length-of-need tests greatly benefitted from having an upstream and a downstream 
portion of guardrail. This is not possible for a terminal. The model was tuned to account for a lack of guardrail, with the 
expectation that the guardrail would have to be continually anchored (i.e., a tension-based design). Models indicated that 
for a given longitudinal force, there was a range of lateral forces that would permit non-gating, and this lateral force could 
take the form of a plastic section modulus of the posts. Finally, with this knowledge, a prototype was built that successfully 
arrested the forward velocity of two different vehicles while maintaining connection and not allowing the vehicles to pass 
beyond the terminal head.  

WHAT IS THE BENEFIT?  

This proof-of-concept should provide manufacturers with confidence that a non-gating system can be developed, and it 
should provide increased budgetary freedom and overall public safety for State DOTs. Shorter lengths of guardrail are less 
expensive to install and take less time. This creates less exposure of construction crews to dangerous traffic conditions and 
minimizes the length of a hazard (the guardrail itself) to the motoring public, all while requiring no more grading that a 
typical tangent terminal.  

LEARN MORE  

<Provide link to final report or other pertinent info, such as how to access an online tool.>  

 IMAGES  
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