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ABSTRACT

Development, testing, and evaluation of the Midwest Guardrail System was continued from the
original research started in 2000. This new strong-post W-beam guardrail system provides
increased safety for impacts with higher center-of-mass vehicles. Additional design variations of
the new Midwest Guardrail System included stiffened versions using reduced (half and quarter)
post spacings as well as a standard guardrail design configured with a 152-mm (6-in.) high
concrete curb. All full-scale vehicle crash tests were successfully performed in accordance with
the Test Level 3 (TL-3) requirements specified in National Cooperative Highway Research
Program (NCHRP) Report No. 350, Recommended Procedures for the Safety Performance
Evaluation of Highway Features.

The research study also included dynamic bogie testing on steel posts placed at various
embedment depths and computer simulation modeling with BARRIER VII to analyze and
predict dynamic guardrail performance. Recommendations for the placement of the original
Midwest Guardrail System as well as its stiffened variations were also made.

Keywords: Crash Testing, Longitudinal Barrier, Guardrail, Guardrail Placement, Computer
Simulation, BARRIER VII, and Curbs
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INTRODUCTION

For more than 50 years, strong-post W-beam guardrail systems have been placed along our
highways and roadways in order to prevent errant motorists from striking dangerous hazards
located beyond the roadway edge. In general, these systems have consisted of a single, 2.66-mm
(12-gauge) thick W-beam rail supported by steel or wood posts spaced 1,905-mm (75-in.) on
center. Although several rail spacer (blockout) variations have existed throughout the United
States, one common W-beam guardrail system incorporated a 203-mm (8-in.) deep wood
blockout in conjunction with 530-mm (20 7-in.) and 686-mm (27-in.) center and top rail
mounting heights, respectively. This guardrail design in particular is the most common barrier
system in used today and has had a good safety performance for many years.

Although these original W-beam guardrail designs were successfully developed to
contain and safely redirect full-size sedans and later small cars, one research study indicated a
performance weakness for standard guardrail designs. In 1983, the Texas Transportation Institute
(TTI) conducted a large research study to determine the performance limits of the G4(1S),
modified G4(2W), and modified G4(1S) longitudinal barrier systems (/). For this effort, seven
crash tests were performed into strong-post W-beam guardrail systems using several vehicle
types, including a sedan, small cars, pickup trucks, and a van. Several important conclusions
could be made from these tests. First, a standard wood-post W-beam guardrail system installed to
a 762-mm (30-in.) top mounting height could safely contain and redirect small cars with only
limited wheel snag on the wood posts. The standard steel-post, steel blockout W-beam guardrail
system was evaluated using small and '2-ton full-size pickup trucks and a van. Although this W-
beam guardrail system was shown capable of safely containing and redirecting small and full-
size pickup trucks, testing also revealed a tendency for the front wheel to severely snag on the
posts. This wheel snag resulted in heavy damage to the front quarter and wheel assembly regions
and a potential for a moderate vehicle roll angle while exiting the barrier. Finally, testing also
showed that the steel-post W-beam guardrail system was incapable of safely redirecting a full-
size van as the vehicle rolled over after exiting the barrier.

In 1993, the National Cooperative Highway Research Program (NCHRP) published
Report No. 350, Recommended Procedures for the Safety Performance Evaluation of Highway
Features (2) which provided new and revised crash testing guidelines as well as introduced the
¥-ton pickup truck as a replacement to the full-size passenger sedan vehicle used previously.
Following the implementation of these new impact safety standards, several crash testing studies
were conducted in order to determine whether existing 686-mm (27-in.) high, strong steel- and
wood-post W-beam guardrail systems would meet the new NCHRP Report No. 350
requirements (3-5). The results from these research studies revealed differing levels of safety
performance. The wood-post, wood blockout guardrail system adequately contained and
redirected the pickup truck, while the steel-post, with steel and wood blockout guardrail systems
both resulted in vehicle rollover. During this same period, metrication of roadside safety
hardware occurred and resulted in a repositioning of the W-beam rail center height to 550 mm
(21.65 in.). As such, several research studies were performed in order to investigate the safety
performance of 706-mm (27.78-in.) high strong-post, W-beam guardrail systems when subjected
to Ya-ton pickup truck impacts at the target conditions of 100 km/hr (62.14 mph) and 25 degrees
(4,6-10). These studies included additional testing on steel-post, wood blockout W-beam
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guardrail sytems that resulted in either an acceptable or an unsatisfactory safety performance.
Although most of these crash tests resulted in satisfactory barrier performance, there were
indications that these W-beam guardrail systems may not have sufficient reserve capacity to
safely contain and redirect higher center-of-mass vehicles during high-speed and high-angle
collisions. Therefore, even though several strong-post W-beam guardrail designs meet the
NCHRP Report No. 350 safety standards, there exists significant potential to improve the
barrier’s safety performance during impacts with high center-of-mass vehicles.

In 2000, the Midwest States’ Regional Pooled Fund Program sponsored a research study
at the Midwest Roadside Safety Facility (MwRSF) to develop a new guardrail system that would
improve barrier performance for higher center-of-mass vehicles, provide reasonable barrier
height tolerances, and reduce the potential for W-beam rupture (//-13). Relying heavily on LS-
DYNA modeling (/4), researchers investigated existing W-beam systems and made changes to
those designs to improve barrier performance for higher center-of-mass vehicles while
maintaining acceptable performance for small cars. These changes included: a new W-beam rail
top mounting height of 787 mm (31 in.), a reduced guardrail post embedment depth, an increased
blockout depth from 203 mm (8 in.) to 305 mm (12 in.), and a repositioning of the guardrail
splice from a post to a midspan location. The early development efforts demonstrated that the
new barrier system with an 813 mm (31 in.) mounting height could perform well during small
car impacts. Although the barrier did pass a full-scale crash test with a Y4-ton pickup truck, the
barrier’s anchor was pulled completely out of the ground. Further, this research did not examine
any alternative guardrail installation problems, such as placement adjacent to curb or reducing
post spacing to limit lateral deflections. Hence, much additional research was necessary before
the Midwest Guardrail System could be widely implemented.

As previously mentioned, longitudinal barrier systems are used for shielding roadside
hazards. However, there often exist situations where limited space is available between the edge
of the traveled way and the front of the hazard, such as when concrete bridge piers are found
near the roadway shoulder. In these instances, it may be necessary for roadway designers to use
stiffened variations of the standard W-beam guardrail system in order to reduce dynamic
deflections and allow for a closer placement of the barrier to the hazard. In the past, computer
simulation studies and full-scale crash testing programs have been utilized to better understand
guardrail stiffening techniques, such as guardrail nesting and reduced post spacing, as well as to
formulate guardrail placement guidelines (/5-79). Therefore, before the Midwest Guardrail
System can be widely implemented in the field, it will be necessary for researchers and roadway
designers to better understand the dynamic performance of this new barrier system for both the
stiffened and un-stiffened configurations. Once the dynamic performances of typical guardrail
stiffening techniques for the Midwest Guardrail System are fully understood, minimum design
recommendations for the placement of the various guardrail systems with respect to hazards can
be determined.

Curbs are often utilized along the roadway edge to provide drainage control, roadway
edge delineation and support, right-of-way reduction, sidewalk separation, as well as to perform
several other functions. Since hazards are often found along roadways with curbs, W-beam
guardrail systems are frequently installed over curbs. In recent years, two research studies were
conducted to test and evaluate standard W-beam guardrail systems installed over 102-mm (4-in.)
high curbs according to the NCHRP Report No. 350 guidelines (20-22). In 2000, TTI researchers
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performed a study that showed that the G4(2W) guardrail system, when installed over a 102-mm
(4-in.) high asphaltic curb, would adequately contain and redirect %:-ton pickup trucks. However,
in a separate study, MwRSF engineers tested and evaluated the modified G4(1S) guardrail
system when installed over a concrete curb and encountered unsatisfactory results. The W-beam
guardrail ruptured at a splice location, allowing the vehicle to penetrate behind the system.
Several alternatives were considered, including guardrail nesting, utilizing a single 3.42-mm (10-
gauge) W-beam rail, and relocating the rail splice away from a post location. Researchers
modified the guardrail system to use two nested 2.66-mm (12-gauge) W-beam rails. Pickup truck
testing on this nested, modified G4(1S) guardrail system was met with satisfactory results.
However, the vehicle was redirected into the air and landed on the barrier downstream. Both
guardrail-to-curb combinations were constructed with the toe of the curb either at or within 25
mm (1 in.) of the rail face because past research has shown that curbs placed in front of W-beam
guardrails can lead to the vehicle’s climbing and vaulting over the barriers (27). Although these
two W-beam guardrail systems installed over curbs adequately met the NCHRP Report No. 350
requirements, it is generally believed that W-beam guardrail systems with curbs higher than 102-
mm (4-in.) tall, would not be capable of meeting current safety standards. Placement of the 102-
mm (4-in.) high curbs farther away from the front face of the existing W-beam barriers system
also may not be capable of meeting pickup truck crash testing requirements. Since the Midwest
Guardrail System may be more accommodating to the higher center-of-mass vehicles, it may be
feasible to utilize taller curbs in combination with the W-beam guardrail system as well as to
consider their placement farther away from the front of the rail face. Placement of curbs at a
greater distance in front of the guardrail face reduces the propensity for snow plows to gouge
and/or damage the W-beam rail sections.

RESEARCH OBJECTIVE

The objectives of the research project were to: (1) continue the development of the Midwest
Guardrail System in order to provide increased safety for higher center-of-mass vehicles, provide
reasonable barrier height tolerances, and reduce the potential for W-beam rupture; (2) evaluate
guardrail stiffening and determine appropriate guardrail placement guidelines for shielding rigid
hazards using full-, half-, and quarter-post spacing designs; and (3) develop a guardrail-to-curb
barrier combination that provides increased hydraulic capacity and placement farther in front of
the rail face to reduce the frequency of snow plow damage to guardrails. All development and
testing of the Midwest Guardrail System was conducted in accordance with Test Level 3 (TL-3)
safety performance criteria set forth in NCHRP Report No. 350. This study was performed by
MwRSF in cooperation with the Midwest States’ Regional Pooled Fund Program.

TEST REQUIREMENTS AND EVALUATION CRITERIA

Longitudinal barriers, such as W-beam guardrail systems, must satisfy the requirements provided
in NCHRP Report No. 350 to be accepted for use on new construction projects or whenever it
becomes necessary to replace out-of-date designs. According to TL-3 of NCHRP Report No.
350, guardrail systems must be subjected to two full-scale vehicle crash tests: (1) a 2,000-kg
(4,409-1b) pickup truck impacting at a speed of 100 km/hr (62.14 mph) and at an angle of 25
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degrees; and (2) an 820-kg (1,808-1b) small car impacting at a speed of 100 km/hr (62.14 mph)
and at an angle of 20 degrees. Finally, the full-scale vehicle crash tests were conducted and
reported in accordance with the NCHRP Report No. 350 procedures.

In 2001, a small car crash testing and evaluation program was successfully completed on
an 813-mm (32-in.) tall version of the Midwest Guardrail System which utilized the standard
post spacing (/1-12). As such, this paper will only present those research results related to the
pickup truck impact condition provided in NCHRP Report No. 350 and that for the standard and
reduced post spacing design variations as well as for the guardrail-to-curb barrier combination.
Since the small car test results were satisfactory on the full-post spacing guardrail design,
MwRSF researchers believe that additional small car testing was deemed unnecessary for the
reduced post spacing designs. Prior research has shown successful safety performance for small
cars impacting guardrail-to-curb barrier combinations using a 152-mm (6-in.) high asphalt dike
(23). When impacted by a small car, this barrier system, like other strong-post W-beam barriers,
remained essentially rigid with only modest deflection. In addition, the small car test resulted in
no significant potential for occupant risk problems arising from vehicle pocketing, severe wheel
snagging on the guardrail posts, no potential for rail rupture, nor vehicular instabilities due to
vaulting or climbing the rail (/,24-25). Therefore, the 820-kg (1,808-1b) small car test was also
deemed unnecessary for the evaluation of the guardrail-to-curb barrier combination of the
Midwest Guardrail System.

DESIGN CONSIDERATIONS AND MODIFICATIONS

During the early development of the Midwest Guardrail System, LS-DYNA computer simulation
modeling was used to investigate how both guardrail-post connection strength and post-soil force
affect barrier performance during impacts with higher center-of-mass vehicles (/7). Two
important conclusions were drawn from that investigation. First, researchers showed that as the
guardrail-post connection strength increased from a typical strength to a very strong attachment,
there was a reduction in the W-beam guardrail system’s ability to capture light trucks. Second,
the simulation results also indicated an increased propensity for the light trucks to climb and
vault over the barrier system when the guardrail posts were placed in a simulated strong soil
versus in a weaker, softer soil.

As a result of these findings, the first three crash tests were performed on a barrier
prototype that incorporated an increased length of the post bolt slot equal to 102 mm (4 in.). This
longer slot length was used in order to reduce the guardrail-post attachment force, thus
decreasing the potential for the W-beam rail to be pulled down during post rotation. The first
small car crash test (test no. NPG-1) resulted in an acceptable performance on an original
guardrail design that used an increased slot length (//-12). A subsequent pickup truck crash test
also showed that the rail would release from the posts in an acceptable manner throughout the
impact region. However, this testing also showed a propensity for the rail to release prematurely
from the posts near the upstream end of the barrier installation. As a result, the post bolt slot
length was reduced back to the standard 64-mm (2 %2-in.) length.

It is widely known that guardrail posts are an integral part of the design of semi-rigid
barriers. Post performance greatly influences the guardrail system’s ability to safely contain and
redirect the impacting vehicle as well as allows for the dissipation of a portion of the vehicle’s
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kinetic energy through post rotation in the soil. Since post-soil forces are approximately
proportional to the square of the post embedment depth, determination of an appropriate post
length, post embedment depth, and rail mounting height are all very critical elements to be
determined for the new guardrail design. This fact is even more important since the preliminary
numerical analysis showed that higher post-soil forces may degrade guardrail performance.

DYNAMIC POST TESTING

Dynamic testing of steel posts placed in soil was conducted in order to evaluate alternative
embedment depths as well as to determine the associated force-deflection behaviors. The steel
posts were embedded in soil material conforming to AASHTO M147-65 Gradation B
specifications (NCHRP Report No. 350 strong soil). The posts used in the Midwest Guardrail
System consisted of W152x13.4 (W6x9) steel sections. However, the dynamic bogie testing
performed for this study utilized W152x23.8 (W6x16) sections for the alternative embedment
depths in order to isolate soil failure with only minimal post yielding. Since the W152x23.8
(W6x16) post has a similar flange width and overall depth to that of the W152x13.4 (W6x9)
post, it was believed that the posts would exhibit similar post-soil behavior. A 1,014-kg (2,237-
Ib) rigid-frame bogie vehicle was used to impact the steel guardrail posts at a target speed of 32.2
km/hr (20 mph). An impact head, fabricated from a 203-mm (8-in.) diameter concrete-filled steel
pipe and used to strike the posts, was mounted to the front end of the bogie vehicle at a height of
632 mm (24 7 in.) above the ground surface. Additional details related to the bogie vehicle and
the test setup are provided in the referenced MwRSF research report (73).

A total of ten dynamic bogie tests were performed on the embedded steel posts. Actual
impact conditions, post embedment depths, and test results for the tests are provided in Table 1.
All steel posts were impacted perpendicular to the front face of the posts or about the post’s
strong axis of bending, as shown in Figure 1(a). Typical post and soil deformations following
two bogie tests are provided in Figure 1(b). Typical force-deflection curves for the steel posts
embedded 1,016 mm (40 in.) into the soil are provided in Figure 1(c). Failure of the posts was
found to be dependent upon embedment depth. For post embedment depths of 1,016 mm (40 in.)
or greater, soil failure was observed with occasions of slight yielding within the post. For post
embedment depths of 940 mm (37 in.) or less, the posts were pulled out of the ground after
rotating in the soil for some distance. In addition, there were measurable differences in the
impact forces observed for the two modes of failure. As a result of these differing impact forces,
the amount of energy dissipated also varied. Posts that failed by rotating in the soil dissipated
more energy than posts that initially rotated but eventually pulled out of the ground. Additional
discussion of the post testing results is provided in the referenced MwRSF research report (/3).

Based on the results of the dynamic post testing program, researchers determined that the
1,016-mm (40-in.) embedment depth was a reasonable choice for use in the Midwest Guardrail
System. This embedment depth, when combined with a 1,829-mm (6-ft) long post and a 787-mm
(31-1n.) rail top mounting height, provides acceptable post-soil forces and energy dissipation.

One purpose for analyzing the force-deflection curve and energy dissipated during a post
test 1s to quantify post-soil interaction parameters. These parameters are of great interest to those
studying vehicular impacts into longitudinal barrier systems, such as the Midwest Guardrail
System, through the use of dynamic computer simulation modeling. Relevant results from this
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study for use in these analytical investigations are the estimated initial post stiffness and the
estimated average force for the first 381 to 597 mm (15 to 23.5 in.) of dynamic displacement
after the initial slope of the impact force. Over this distance, the guardrail post is typically being
separated from the W-beam rail based on observations from full-scale crash tests. Therefore,
calculated parameters for estimated average force and estimated initial stiffness are also provided
in Table 1.

MIDWEST GUARDRAIL SYSTEM DESIGN DETAILS
Design A — Standard 1,905-mm Post Spacing

The first test installation (Design A) consisted of 55.25 m (181 ft-3 in.) of standard 2.66-mm (12-
gauge) thick W-beam guardrail supported by steel posts, as shown in Figure 2. Anchorage
systems similar to those used on tangent guardrail terminals were utilized on both the upstream
and downstream ends of the guardrail system. A photograph of the test installation is shown in
Figure 2.

The entire system was constructed with twenty-nine guardrail posts. Post nos. 3 through
27 were galvanized ASTM A36 steel W152x13.4 (W6x9) sections measuring 1,829-mm (6-ft)
long. Post nos. 1, 2, 28, and 29 were timber posts measuring 140-mm wide x 190-mm deep x
1,080-mm long (5 '2-in. x 7 Ys-in. x 42 's-in.) and were placed in 1,829-mm (6-ft) long steel
foundation tubes. The timber posts and foundation tubes were part of anchor systems designed to
replicate the capacity of a tangent guardrail terminal.

Post nos. 1 through 29 were spaced 1,905 mm (75 in.) on center with a soil embedment
depth of 1,019 mm (40 in.), as shown in Figure 2. The posts were placed in a compacted course,
crushed limestone material that met Grading B of AASHTO M147-65 (1990) as found in
NCHRP Report No. 350. For post nos. 3 through 27, 152-mm wide x 305-mm deep x 356-mm
long (6-in. x 12-in. x 14-in.), routed wood spacer blockouts were used to block the rail away
from the front face of the steel posts.

Standard 2.66-mm (12-gauge) thick W-beam rails with additional post bolt slots at half
post spacing intervals were placed between post nos. 1 and 29, as shown in Figure 2. The
nominal top mounting height of the W-beam rail was 787 mm (31 in.) with a 632-mm (24 7-in.)
center height. The rail splices have been moved to the center of the span location, as shown in
Figure 2. All lap-splice connections between the rail sections were configured to reduce vehicle
snag at the splice during the crash test.

Design B — Reduced 476-mm Post Spacing

The second test installation (Design B) was identical to the first system (Design A) except that
the original guardrail system was stiffened through the use of a reduced post spacing. Post nos. 9
through 11 and 51 through 53 were spaced 952.5 mm (37 2 in.) on center while post nos. 11
through 51 were spaced 476.25 mm (18 % in.) on center. The standard 2.66-mm (12-gauge) thick
W-beam rails located between post nos. 9 and 53 were modified to include additional post bolt
slots at half- and quarter-post spacing intervals, as shown in Figure 3(a).
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Design C — Standard 1,905-mm Post Spacing with 152-mm Type B Curb

The third test installation (Design C) was identical to the first system (Design A) except that the
guardrail system was installed over a 152-mm (6-in.) tall, AASHTO Type “B” concrete curb. A
152-mm (6-in.) versus a 102-mm (4-in.) high concrete curb was selected for testing since
increased hydraulic drainage is often required at the roadway edge, and the taller curb is believed
to provide a “worst case” impact scenario for the guardrail-to-curb barrier combination.
Therefore, if the test results are found to be satisfactory, then shorter curb heights would also be
acceptable and not require additional testing. The curb located beneath the W-beam guardrail
was 19.05-m (62-ft, 6-in.) long, spanning between post nos. 10 and 20. The curb was constructed
such that the center of the curb face was placed 152 mm (6 in.) in front of the front face of the
guardrail, as shown in Figure 3(b). It should be noted that the top mounting height of the
guardrail remained at 787 mm (31 in.), which was measured from the gutter line to the top of the
W-beam rail.

FULL-SCALE VEHICLE CRASH TESTING
Crash Test No. NPG-4 — Design A

For test no. NPG-4, a 1,986-kg (4,378-1b) pickup truck impacted the Midwest Guardrail System
with standard post spacing (Design A) at a speed of 98.1 km/hr (61.0 mph) and at an angle of
25.6 degrees. Initial impact occurred 4,839 mm (190 ' in.) upstream from the centerline of the
splice between post nos.14 and 15, as shown in Figure 4. At 0.396 sec after impact, the vehicle
became parallel to the guardrail with a resultant velocity of 61.2 km/hr (38.0 mph). The vehicle
was safely redirected in a very stable manner with very little roll or pitch. At 0.597 sec, the
vehicle exited the guardrail at a trajectory angle of 19.3 degrees and at a resultant velocity of
55.1 km/hr (34.2 mph). Exterior vehicle damage was minimal, consisting of minor right-front
corner deformations, and there was no observable occupant compartment deformations. Damage
to the barrier was moderate, consisting mostly of deformed W-beam and guardrail posts, contact
marks on a guardrail section, and disengaged wooden blockouts. Maximum dynamic barrier
deflection was 1,094 mm (43 in.) at the midspan between post nos. 14 and 15, and the system’s
working width was 1,260 mm (50 in.). The vehicle and barrier damage are shown in Figure 5(a).
A summary of the test results and the sequential photographs are shown in Figure 4. Test no.
NPG-4 conducted on Design A was determined to be acceptable according to the NCHRP Report
No. 350 safety performance criteria.

Crash Test No. NPG-6 — Design B

For test no. NPG-6, a 2,001-kg (4,411-1b) pickup truck impacted the Midwest Guardrail System
with reduced post spacing (Design B) at a speed of 96.8 km/hr (60.2 mph) and at an angle of
25.6 degrees. Initial impact occurred 2,946 mm (116 in.) upstream from the centerline of post no.
29, as shown in Figure 6. At 0.297 sec after impact, the vehicle became parallel to the guardrail
with a resultant velocity of 59.5 km/hr (37.0 mph). The vehicle was safely redirected in a very
stable manner with very little roll or pitch. At 0.491 sec, the vehicle exited the guardrail at a
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trajectory angle of 12.9 degrees and at a resultant velocity of 59.5 km/hr (37.0 mph). Exterior
vehicle damage was moderate, consisting of right-front corner deformations. Minimal interior
occupant compartment deformations occurred with only slight deformations of the floorboard.
Damage to the barrier was moderate, consisting mostly of deformed W-beam and guardrail
posts, contact marks on a guardrail section, and disengaged wooden blockouts. Maximum
dynamic barrier deflection was 447 mm (18 in.) at the centerline of post no. 27, and the system’s
working width was 931 mm (37 in.). The vehicle and barrier damage are shown in Figure 5(b). A
summary of the test results and the sequential photographs are shown in Figure 6. Test no. NPG-
6 conducted on Design B was determined to be acceptable according to the NCHRP Report No.
350 safety performance criteria.

Crash Test No. NPG-5 — Design C

For test no. NPG-5, a 1,988-kg (4,383 Ib) pickup truck impacted the Midwest Guardrail System
installed over a concrete curb (Design C) at a speed of 96.6 km/hr (60.0 mph) and at an angle of
25.8 degrees. Initial impact occurred 4,547 mm (179 in.) upstream from the centerline of the
splice between post nos.14 and 15, as shown in Figure 7. At 0.518 sec after impact, the vehicle
became parallel to the guardrail with a resultant velocity of 52.3 km/hr (32.5 mph). Prior to the
vehicle exiting the system, the vehicle encountered moderate roll away from the rail and
moderate pitching toward its left-front corner. At 0.718 sec, the vehicle exited the guardrail at an
orientation angle of 6.7 degrees and at a resultant velocity of 48.0 km/hr (29.8 mph). Exterior
vehicle damage was moderate, consisting of right-front corner deformations, and there was no
observable occupant compartment deformations. Damage to the barrier was moderate, consisting
mostly of deformed W-beam and guardrail posts, an uprooted guardrail post, contact marks on a
guardrail section, and disengaged wooden blockouts. Maximum dynamic barrier deflection was
1,024 mm (40 in.) at the midspan between post nos. 14 and 15, and the system’s working width
was 1,625 mm (64 in.). The vehicle and barrier damage are shown in Figure 5(c). A summary of
the test results and the sequential photographs are shown in Figure 7. Test no. NPG-5 conducted
on Design C was determined to be acceptable according to the NCHRP Report No. 350 safety
performance criteria.

COMPUTER SIMULATION MODELING

Non-linear, 2-dimensional (2-D) computer simulation modeling with BARRIER VII (28) was
used to analyze and predict the dynamic performance of the Midwest Guardrail System. This
impact analysis included a calibration and validation of the pickup truck crash tests performed on
both the standard (test no. NPG-4) and reduced post spacing (test no. NPG-6) designs. For the
validation effort, several simulations were performed at the impact conditions of the two crash
tests in order to calibrate selected BARRIER VII input parameters. For the posts, initial
parameters were obtained from the dynamic post testing, as shown in Figure 8(a). Other
parameters worth noting include, post failure displacement based on guardrail release, vehicle-
to-barrier dynamic coefficient of friction, and yaw mass moment of inertia for the pickup truck.
The data acquired from the overhead high-speed film, onboard vehicle accelerometers, and speed
traps were used to calibrate vehicle simulations to the two physical tests.
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The calibration effort began with the development of a finite element model for the
standard post spacing design (Design A). Using a parametric technique, initial simulations
showed a need to tune input parameters for posts located both in the impact region as well as at
the ends. It was also necessary to adjust the vehicle to rail friction coefficient and the vehicle’s
yaw mass moment of inertia in order to more accurately predict vehicle behavior at the parallel
and exit conditions. The final validated BARRIER VII input parameters for test no. NPG-4 are
provided in Figure 8(a). A graphical comparison of the simulated and actual barrier
displacements for test no. NPG-4 are provided in Figure 8(b). As shown in Figure 8(b),
BARRIER VII had some difficulty fully reproducing the guardrail shape near the upstream end
of the deformed region. However, it should be noted that during the actual test, the vehicle’s rear
end pitched up and protruded over the rail during redirection. Since BARRIER VII is limited to
planar motion, it is unable to reproduce roll and pitch angular motions. Therefore, it would
calculate vehicle tail slap into the barrier, thus potentially increasing the predicted barrier
displacements in this region. Tabulated validation results for vehicle behavior, barrier
displacements, and working width for NPG-4 are shown in Figure 8(c). From this effort,
researchers determined that the final simulation accurately predicted barrier performance and
vehicle behavior for the standard post spacing configuration.

Once the calibration effort was completed for test no. NPG-4, simulations commenced on
the reduced post spacing design (Design B) which was evaluated by test no. NPG-6. Using the
same parametric evaluation, researchers determined that the final post properties used in the
NPG-4 validation effort were appropriate for the NPG-6 simulations as well. However, it was
necessary to increase the vehicle to rail friction coefficient from 0.400 to 0.475 in order to more
accurately predict vehicle behavior. Initially, it may seem unreasonable to adjust the vehicle to
barrier friction coefficient since it should be the same for comparable guardrail tests. However,
one must understand that wheel contact and snag on additional posts effectively caused
additional vehicle drag and energy loss in the actual system that BARRIER VII cannot predict.
Therefore, adjustment of the effective coefficient of friction was deemed appropriate. A
graphical comparison of the simulated and actual barrier displacements for test no. NPG-6 are
provided in Figure 8(b). Tabulated validation results for vehicle behavior, barrier displacements,
and working width for NPG-6 are shown in Figure 8(c). Once again, researchers determined that
the final simulation accurately predicted barrier performance and vehicle behavior for the
reduced post spacing configuration.

In addition to the comparisons shown previously, researchers chose to compare the
longitudinal and lateral accelerations as well as changes in the vehicle’s velocity after the final
NPG-4 and 6 validation runs were completed. Therefore, the same SAE filtering procedures
outlined in NCHRP Report No. 350 were applied to the simulation data in order to obtain CFC
60 (100 Hz) vehicle accelerations and CFC 180 (300 Hz) changes in velocity and on data
acquired with the same sample rate. Figure 9 shows the results of this comparison. For the NPG-
4 comparison, BARRIER VII generally predicted the acceleration trends but could not predict
peaks. While peak accelerations could not be reproduced, changes in vehicle velocity were
shown to be reasonablely accurate through approximately 300 msec or close to a vehicle parallel
condition. For the NPG-6 comparison, BARRIER VII more accurately predicted the acceleration
trends than observed in the NPG-4 comparisons. However, it was once again incapable of
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predicting peak accelerations. More importantly, though, BARRIER VII was very accurate in
predicting vehicle changes in velocity for the stiffened barrier configuration.

For this study, BARRIER VII modeling was also used to predict overall guardrail
performance and working width for the standard-, half-, and quarter-post designs at the TL-3
impact conditions. These results would later be used to provide guidance for determining
appropriate guardrail placement practices. Each post configuration was evaluated using an
analysis technique to determine the Critical Impact Point (CIP) for the three designs. As such,
simulations were performed on each design and at incremental distances along the rail in order to
determine the predicted maximum dynamic rail deflection as well as an estimate for the
maximum working width. The working width for a given barrier design should be used to
determine the appropriate guardrail placement in front of and for shielding a rigid hazard. Based
on a CIP analysis for the three systems, a maximum dynamic rail deflection of 1,059 mm (41.7
in.), 705 mm (27.8 in.), and 447 mm (17.6 in.), was observed for the standard-, half-, and
quarter-post spacing designs, respectively. Similarly, each barrier’s working width, based on
engine hood extend over the rail, was found to be 1,230 mm (48.4 in.), 976 mm (38.4 in.), and
815 mm (32.1 in.), for the standard-, half-, and quarter-post spacing designs, respectively. In
addition, each barrier’s working width, based on the lateral position of the back of the post, was
found to be 1,391 mm (54.8 in.), 1,094 mm (43.1 in.), and 871 mm (34.3 in.), for the standard-,
half-, and quarter-post spacing designs, respectively. Although the working width was governed
by post displacement for the standard post spacing design, it is unlikely that the post would
remain attached to the rail for that displacement. Therefore, if governed by intrusion of the
corner of the engine hood, the working width would be 1,230 mm (48.4 in.).

GUARDRAIL PLACEMENT GUIDELINES

As previously discussed, one research objective was to determine guardrail placement guidelines
for shielding roadside obstacles using the standard Midwest Guardrail System as well as the two
stiffened variations. Based on an analysis of the test and simulation results, the minimum
recommended distances that the Midwest Guardrail System should be placed away from a rigid
hazard are 1.25 m (49 in.), 1.12 m (44 in.), and 0.90 m (35 in.), 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 hazard.

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Development of the Midwest Guardrail System was continued in order to provide increased
safety for high center-of-mass vehicles, provide improved height tolerances, and reduce the
potential for W-beam rupture. The barrier system has been shown to perform well for small car
impacts when mounted as high as 813 mm (32 in.) and has performed very well during light
truck impacts for the standard top mounting height of 787 mm (31 in.) for three different
placement situations. The standard Midwest Guardrail System design performed very well for
the standard configuration with a 1905-mm (6-ft 3-in.) post configuration, for a quarter-post
spacing of 476 mm (1 ft-6% in.), and when placed 152 mm (6 in.) behind a 152-mm (6-in.) high
concrete curb. In each test, the Midwest Guardrail System safely redirected the %-ton truck in a
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very stable manner. These test results clearly indicate that the new barrier will reduce the high
rollover rates currently associated with light truck impacts on standard guardrail designs. Further,
in every pickup truck test conducted thus far on the Midwest Guardrail System, the test vehicle
was brought to a safe stop immediately adjacent to the barrier. Thus, the Midwest Guardrail
System will provide improved safety for light truck impacts, not only by reducing the propensity
for rollover during high speed/high angle impacts but also by keeping the impacting vehicles
close to the guardrail, thereby eliminating the potential for secondary impacts with other
vehicles.

A combination of full-scale crash testing, dynamic component testing, and computer
simulation was also used to identify maximum barrier deflections and working widths for the
Midwest Guardrail System when installed with standard-, half-, and quarter-post spacings. As
previously provided, these guidelines should allow designers to utilize the new barrier with
confidence, even when fixed hazards are located very near the face of the guardrail.

Unfortunately, two problems remain to be resolved before the Midwest Guardrail System
can be fully implemented. No guardrail system can be widely implemented without an
acceptable method for terminating the barrier. Therefore, existing guardrail terminal designs
must be adapted to the new mounting height before the Midwest Guardrail System can be
utilized. Higher guardrail mounting heights may allow small cars to penetrate under the impact
heads and buffer nose sections utilized on the ends of W-beam guardrail. Further, both the
increased height and the associated reduction in post embedment depth has been shown to
increase the loading on guardrail terminal anchors. Therefore, the revised designs must be
retested at the beginning of the length-of-need with a %-ton pickup truck. Finally, the raised
height and reduced embedment depth and anchorage may also create problems for small cars
impacting the barrier upstream of the beginning of length-of-need. Hence, it is strongly
recommended that manufacturers conduct three full-scale crash tests on the currently approved
guardrail terminal systems attached to the Midwest Guardrail System before the design can be
implemented widely.

One of the most common applications for W-beam guardrails is on the approach to bridge
railings. Hence, another barrier to implementation of the Midwest Guardrail System is the
development of acceptable guardrail/bridge rail transitions. Most guardrail/bridge rail transition
designs incorporate thrie beam rail elements with a top height of 787 mm (31 in.). These designs
incorporate a thrie beam to W-beam transition element that allows the center of the W-beam and
thrie beam rails to be mounted at the same height. In order to attach the Midwest Guardrail
System to these transition systems, a revised thrie beam that flares downward must be
successfully tested. This effort is currently underway, and it is hoped that the testing will
completed before the beginning of the 2004 construction season.

In summary, the Midwest Guardrail System development is nearing completion. All
testing conducted to date indicates that by reducing the propensity for causing rollovers, the new
barrier will offer greatly improved protection for occupants of light trucks. The new barrier was
developed with funding from the Midwest States’ Pooled Fund program and is entirely non-
proprietary. Highway agencies are strongly encouraged to consider adopting the new barrier
system as soon as FHWA acceptance letters are issued for the guardrail system as well as the
modified terminals and transitions.
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DISCLAIMER

The contents of this paper reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the official views
or policies of the State Highway Departments participating in the Midwest States’ Regional
Pooled Fund Research Program nor the Federal Highway Administration. This paper does not
constitute a standard, specification, or regulation.
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FIGURE 4 Summary of Test Results and Sequential Photographs, Test No. NPG-4 [1 in. = 25.4 mm].
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FIGURE 5 Barrier and Vehicle Damage — (a) Test No. NPG-4, (b) Test No. NPG-6, (c¢) Test
No. NPG-5.
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Key Bletients .. .. vos vupan sk reduced post spacing, increased Exit (resultant) . . ................ 59.5 km/hr
mounting height and blockout depth ® Vechicle Angle
Tl LEIPIN . 55 svame womenamr so 5525 m Impact (trajectory) . .............. 25.6 deg
Steel W-beam Exit (trajectory) . ................ 12.9 deg
THICKHESE o+ sauman von vanas vay 2.66 mm @& “Vehiele SEbilits vus wv vow sonos vas svgs Satisfactory
Top Mounting Height . . .. ... .. 787 mm ® Occupant Ridedown Deceleration (10 msec avg.)
Steel Posts Longitudinal ................ ... 1067 g’'s<20g’s
Post No8, 3 =80 .4 seessmss aas W152 x 13.4 by 1.829-mm long Lateral (not required) . .. .......... 897¢g’s
Steel Post Spacing ® Occupant Impact Velocity
Post Nos.3-8,54-59 ........ 1,905 mm Longttodiial o ve vum pomms samsens 7.62 m/s <12 m/s
Post Nos. 9-10,52-53 ....... 953 mm Lateral (not required) . .. .......... 5.61 m/s
PostNos. 11-51 . ........... 476 mm ® VehicleDamage .. ................ ... Moderate
Wood Posts TADM o vu v e So%es S0 VEEG 1-RFQ-5
Post Nos. 1 -2, 60 -61 (BCT) ... 140 mm x 190 mm by 1,080-mm long SAB o im, wvus s i wrwis, s o 0IRYEW?7
Wood Spacer Blocks ® Vehicle Stopping Distance . ............ 30.86 m downstream
PostNG8, 3 =89 ., cewieins pas 152 mm x 305 mm by 356-mm long 0.0 m left
POl BRDE ooici s o 205 08 ¥k Grading B - AASHTO M 147-65 (1990) ® Test Article Damage . ................ Moderate
VElCIEMOdEL . oo e won vemay sas 1997 GMC C2500 pickup truck ® Maximum Deflection
I e 20 s2oms e TEamT 00 1.971 kg Pepmanent St . ... ow v v vnn cons 305 mm
Test Inertial .. .............. 2,001 kg Dynamic ...................... 447 mm
CEESS SIEHE coway vau vopan vas 2,001 kg ® Working Width ..................... 931 mm

FIGURE 6 Summary of Test Results and Sequential Photographs, Test No. NPG-6 [1 in. = 25.4 mm].



INOY-AD SunesA [enuuy 007 9L

‘[entwgns [eurSLIo wWolj pasiaal Jaded

Faller, Polivka, Kuipers, Bielenberg, Reid, Rohde, and Sicking 26

0.000 sec 0.080 sec

@3 %?C»%

5 a %J 7 s

0.237 sec 0.504 sec

«—| tf 305 mm

657rmm fEF

787 mm
632 mm

SRR () T 3 ¥ bl T gz’"‘ﬁiﬁt&;} pagr:_:::? ] ¥ i W i ¥ s %%ZL — ?\
L ey K \%%\//\/)
== 203 mm
362 mm
® TestNumber ................... NPG-5 (3-11) ® Vehicle Speed
& DDATE . o mmhm s i 00 o M B 9/4/02 DIHDAEE i i s s Bn B D s Dl G 8 96.6 km/hr
® Appurtenance .................. Midwest Guardrail System with curb BERILGERIERE 5 v 5 vwesimes pos bie 48.0 km/hr
Koy BISGHtE o o o0 500 e s s increased mounting height and blockout ® Vehicle Angle
depth, midspan splices. and curb Tiviprict (BEAJEOOLYY - . co con wwn s s o 25.8 deg
® TotalLength ................... 5525m Exit (orientation) . .. .............. 6.7 deg
® Steel W-beam ® Vehicle Stability .. ................ ... Satisfactory
THIERHEES -0 coip o 508 s vt 2.66 mm ® QOccupant Ridedown Deceleration (10 msec avg.)
Top Mounting Height . . .. ... .. 787 mm Longituditial . ......c000venomseis 1050 g's <20 g’s
® Steel Posts Lateral (not required) ............. 8.66g’s
PostNog; 3 =27 .« o vas vws sin s W152 x 13.4 by 1.829-mm long ® Occupant Impact Velocity
Spacing ................... 1,905 mm Longitudinal . ................... 523 m/s < 12 m/s
® Wood Posts Lateral (not required) ............. 3.93 m/s
Post Nos. 1 -2, 28 - 29 (BCT) . .. 140 mm x 190 mm by 1.080-mm long & Nehicle DEARE . 1. ws » o0 sad nios wms vas Moderate
® Wood Spacer Blocks TAD® o vow cvn on 6 40 s 55 508 4% 9 1-RFQ-4
Post Mos: 83 =27 o« oo ssw s s s 152 mm x 305 mm by 356-mm long BABN o siom e s v s s s 01RFEWS
O TEUED o g s i se s e, v 152-mm tall Type B mounted 152 mm ® Vehicle Stopping Distance . ............ 13.45 m downstream
in front of guardrail face 1.32 m left
& SOIlTYEE o pes vomed sod Laadins Grading B - AASHTO M 147-65 (1990) ® Test Article Damage . ................ Moderate
o VehigleMadel. .. wen o sms eai da s 1997 Chevrolet C2500 pickup truck @ Maximum Deflection
D 5 g e aomnms i srapm s 1,813 kg PRSI S e i o s enm wow sws 506 611 mm
Test INSttial . oo v soow soan v s 1.988 kg DSHATIG: o avw v s w o v wies s v 939 1.024 mm
Gross Static . ............... 1,988 kg ® Working Width ..................... 1,625 mm

FIGURE 7 Summary of Test Results and Sequential Photographs, Test No. NPG-5 [1 in. = 25.4 mm].
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Input Values
Barrier VII Parameters Initial Run NPG-4 Final NPG-6 Final |Half Post Spacing
Validation Run Validation Run Predictions
Kg - Post Stiffness Along B (strong axis) (kN/mm) 1.021 1.056 1.056 1.056
Ka - Post Stiffness Along A (weak axis) (kN/mm) 0.701 0.701 0.701 0.701
Ma - Moment About A (strong axis) (kN*mm) 18549 16230 16230 16230
Mz - Moment About B (weak axis) (kN*mm) 10494 10494 10494 10494
(a) 8¢ - Failure Displacement Along B (mm) 381 381 381 381
p« - Kinetic Friction Coefficient (Vehicle to Rail) 0.350 0.400 0.475 0.425
Imz - 2000P Mass Moment of Inertia - Yaw (N*m*s?) 4971 5356 5356 5356
NPG-4 PARALLEL NPG-6 PARALLEL
Time =331.5ms Time = 284.7 ms
4 4
__ 35 _ 351
£ 31 £ 34
< 257 = 25
c q [= q
g 1.2 1 g 1? 1
[T 1 [ 1
8 os — T 8 o051
a 0 T Q 07
8 % | 8 %] %%
T 151 T 15 |
e -2 g 2 ‘
3 -2.5 3 -2.5 4
-3 -3
3.5 T T T 3.5 T T T
15 20 25 30 35 15 20 25 30 35
Longitudinal Rail Distance (m) Longitudinal Rail Distance (m)
— Barrier VII Simulation -= Vehicle Position — Film Analysis — Barrier VII Simulation -= Vehicle Position — Film Analysis
NPG-4 EXIT NPG-6 EXIT
(b) . TIME = 536.0 ms . TIME = 472.0 ms
s _ 354
£ £ 3
bt = 25
c c 4
g g 5]
[ [ 1
8 & 05
o a o 4—/&%}"*&&{'
5" 5 ] Ty
R B 25 >~ |
-3 4
T T T -3.5 T T T
15 20 25 30 35 15 20 25 30 35
Longitudinal Rail Distance (m) Longitudinal Rail Distance (m)
— Barrier VIl Simulation -= Vehicle Position — Film Analysis — Barrier VII Simulation -=- Vehicle Position — Film Analysis
Results Comparison
Evaluation Parameters 1905-mm Post Spacing 476.25-mm Post Spacing
Test No. NPG-4 Simulation Test No. NPG-6 Simulation
Parallel Time (ms) 396.4 331.5 296.8 284.7
Dynamic Rail Deflection (mm) 1094 1054 447 418
Working Width (mm) 1260 1391* 931 845
Working Width Indicator Hood Corner Post* Post Post
(© Exit Time (ms) 596.6 536.0 490.6 472.0
Exit Angle (degrees) 8.8 9.9 17.5 171
Exit Velocity Vector (degrees) 194 13.2 12.9 14.4
Resultant Velocity at Exit (km/hr) 55.1 56.26 59.5 50.44

*Although the post was the working width indicator, it is unlikely that the post would remain attached to the rail for that displacement.
If the working width is governed by the engine/hood corner intrusion, the estimated working width would be 1235 mm.

FIGURE 8 Barrier VII Calibration and Validation: (a) Selected Simulation Input Parameters, (b) Graphical
Comparison of Barrier Displacements, (¢) Tabulated Results of Actual Test Data and Barrier VII Simulation
[1in. =25.4 mm].

TRB 2004 Annual Meeting CD-ROM Paper revised from original submittal.
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FIGURE 9 Comparison of Test and Simulation Results: (a) Longitudinal Direction [NPG-4], (b) Lateral
Direction [NPG-4], (¢) Longitudinal Direction [NPG-6], and (d) Lateral Direction [NPG-6] [1 in. = 25.4 mm].
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TABLE 1 Steel Post Bogie Impact Test Matrix and Results [1 in. = 25.4 mm]
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TABLE 1 Steel Post Bogie Test Matrix and Results [1 in. =25.4 mm]
o, . . 1 .
. Impact | Embedment Initial Peak Force Estimated Average Force Estlr'n.ated Total Energy
Bogic Test gpeed | Depth Measured @ 381 mm|Measured @ 597 il Failure Mode
No. P Deflection Force casured @ 381 mm\Measured @ 397 mm|  gyiffness®  Deflection Energy
(m/s) (mm) (cm) (kN) dynamic deflection | dynamic deflection (kN/mm) (cm) &)
(kN) (kN)
NPGB-1°| 8.94 1092 6.12 4791 28.98 30.63 0.783 10453 | 29.82 Post Rotation,
Slight Yielding
NPGB-3*| 894 | 1092 5.29 43.00 25.57 26.35 0.813 124.17 | 28.4s5 | PostRotation,
Slight Yielding
Average | 8.9 1092 5.7 455 27.3 28.5 0.798 114.4 29.1
NPGB-2°| 9.39 1016 5.56 36.76 27.27 29.93 0.661 11529 | 29.15 Post Rotation
NPGB-4 | 8.94 1016 5.56 52.83 28.73 29.30 0.950 109.23 | 29.14 Post Rotation
NPGB-9 | 9.28 1016 5.48 58.04 28.14 2831 1.059 122.15 | 29.16 Post Rotation,
Slight Yielding
NPGB-10| 9.61 1016 5.97 62.89 29.99 31.47 1.053 118.56 | 31.78 Post Rotation,
Slight Yielding
Average | 9.3 1016 5.6 52.6 28.5 29.8 0.931 116.3 29.8
NPGB-5 | 8.94 940 7.4 52.39 24.85 26.95 0.724 136.50 | 27.37 Post Pulled
Out of Ground
NPGB-7 | 8.81 940 493 57.23 23.13 24.04 1.161 132,63 | 2250 Post Pulled
Out of Ground
NPGB-8 | 9.25 940 7.19 72.34 26.38 27.01 1.006 11641 | 24.83 Post Pulled
Out of Ground
Average | 9.0 940 6.5 60.7 24.8 26.0 0.964 128.5 24.9
NPGB-6 | 9.16 864 456 55.44 24.63 24.79 1216 13401 | 2420 Post Pulled
Out of Ground

1 — Determined after initial slope.

2 — Determined using initial peak force and deflection

3 — Results may have been effected by wet soil conditions




