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a b s t r a c t

The potential to increase suggested flare rates for strong post, W-beam guardrail systems and thus
reduce guardrail installation lengths is investigated. This reduction in length would result in decreased
guardrail construction and maintenance costs, and reduce impact frequency. If the W-beam guardrail can
withstand the higher impact angles, with only modest increases in accident severity, total accident costs
can be reduced. Computer simulation and five full-scale crash tests were completed to evaluate increased
flare rates up to, and including, 5:1. Computer simulations indicated that conventional G4(1S) guardrail
modified to incorporate a routed wood block could not successfully meet NCHRP Report 350 crash test
criteria when installed at any steeper flare rates than the 15:1 recommended in the Roadside Design
Guide. However, computer modeling and full-scale crash testing showed that the Midwest Guardrail
System (MGS) could meet NCHRP Report 350 impact criteria when installed at a 5:1 flare rate. Impact
severities during testing were found to be greater than intended, yet the MGS passed all NCHRP 350
requirements. Hence, flaring the MGS guardrail as much as 5:1 will still provide acceptable safety
performance for the full range of passenger vehicles. Increasing guardrail flare rates will reduce the
overall number of guardrail crashes without significantly increasing risks of injury or fatality during the
remaining crashes. Therefore, it is recommended that, whenever roadside topography permits, flare rates
should be increased to as high as 5:1 when using the MGS.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

NCHRP Report 350 defines crash testing standards that roadside
hardware must satisfy in order to be approved for installation on
the National Highway System [1]. In the case of strong post, W-
beam guardrail systems this does not mean, however, that the
installation of the guardrail must be identical to the crash testing
conditions. For example, such guardrail systems are allowed to be
installed with a flare up to a rate of 15:1 for high-speed applica-
tions; as opposed to the tangent installations used during crash test
evaluation. This flare rate is justified because of an overall reduction
in crash frequency due to the flare [2]. Reducing the number of
crashes can offset modest increases in crash severity, such that total
accident costs, measured in terms of injuries and fatalities, go
down.

Utilizing a flared guardrail configuration effectively raises the
impact severity of all roadside collisions by increasing the relative
impact angle between the encroaching vehicle and the guardrail
installation. The maximum flare rates currently recommended in
the Roadside Design Guide are based on the performance of
conventional strong post W-beam guardrail [3]. This barrier has

long been recognized as having very little reserve capacity to
contain and redirect heavy passenger vehicles when impact
severities increase [4,5]. The Midwest Guardrail System (MGS) has
been shown to have significantly greater capacity than conven-
tional strong post-guardrail and should provide improved perfor-
mance when installed in a flared configuration.

Therefore, Midwest States Pooled Fund Program and the
National Cooperative Highway Research Program (Project 17-20(3))
sponsored the research described herein to develop updated flare
rate guidelines. The goal of this research was to identify the
maximum flare rate at which the MGS could provide acceptable
safety performance.

2. Flare rates

A thorough discussion on the history of flare rates used in
roadside safety is provided by Kuipers et al. [6]. Below is a brief
discussion of the relevant information for this paper.

The 2002 American Association of State Highway and Trans-
portation Officials’ (AASHTO) Roadside Design Guide (RDG)
recommend maximum flare rates as a function of highway design
speed and barrier type [3]. Currently, the maximum flare rate
suggested for a semi-rigid barrier system is 15:1 for a 110 km/h
highway design speed and slightly sharper flare rates for lower
design speeds, as listed in Table 1.
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Increasing maximum allowable flare rates would significantly
reduce guardrail lengths whenever roadside or median slopes are
relatively flat. This reduction in guardrail lengths would also reduce
construction costs and reduce impact frequency [2]. Hence,
a revised flare rate design has the potential to decrease construc-
tion, maintenance, and overall accident costs. An example of the
reduction in guardrail length is illustrated in Fig. 1. Guardrail design
placement dimensions were obtained using the following equa-
tions provided in the RDG:

X ¼ LA þ ðb=aÞ ðL1Þ � L2

ðb=aÞ þ ðLA=LRÞ
(1)

Y ¼ LA �
LA

LR
ðXÞ (2)

where X is the minimum required length of need; Y is the lateral
offset; (a:b) is the desired flare rate; LA is lateral extent of the area of
concern; LR is the runout length; L1 is the tangent length of barrier
upstream from the area of concern; L2 is the lateral distance from
the edge of the traveled way

The calculated guardrail length is then obtained directly from
the X and Y values. Furthermore, it is only possible to construct
guardrails in 3.8 m increments, resulting in an actual installation
length that is somewhat longer than the calculated values.
Applying similar techniques, results were determined for the flared
section of guardrail installations for other flare rates, as listed in
Table 2.

Examination of the guardrail installation lengths provided in
Table 2 indicates an obvious advantage to flaring the guardrail away
from the road as compared to the baseline tangent installation. A
15:1 flare reduces the installation length by one-half as compared

to the baseline system. Furthermore, increasing the current
maximum flare rate would reduce the guardrail installation length
even more.

The construction length information is also important when
considering an increase in the maximum flare rate. It may be possible
to increase the flare rate to 10:1; however, for this example, no benefit
would be gained over specifying the 11:1 flare rate.

The drawback to increasing the flare rate is that impact severities
(ISs) are directly related to impact angles, as listed in Table 3. There is
a significant increase in the IS going from the tangent to the roadway
system (baseline case) to the currently allowable 15:1 flared rate.
However, the IS does not increase rapidly with further moderate
increases in the flare rate. Thus, an increase in RDG’s suggested flare
rate should not greatly increase the severity of guardrail impacts.

As shown above, increasing guardrail flare rates reduce the
overall length of a guardrail installation. This reduction in guardrail
length should produce a proportionate reduction in guardrail
impacts. Hence, the overall level of safety provided should be
enhanced by sharper flare rates, provided the barrier capacity is not
compromised.

3. Midwest guardrail system

Two different strong post, W-beam guardrail systems were
initially investigated: (1) the modified G4(1S) system, and (2) the

Table 1
AASHTO RDG suggested flare rates

Design speed Barrier flare rate

(km/h) (mph)

110 70 15:1
100 60 14:1
90 55 12:1
80 50 11:1
70 45 10:1
60 40 8:1
50 30 7:1

Fig. 1. Comparison of flared guardrail lengths (distances in meters).

Table 2
Guardrail installation lengths

Guardrail
configuration

Flare angle
(deg)

X (m) Y (m) Calculated
guardrail
length (m)

Guardrail
installation
length (m)

Baseline 0.00 82.67 0 82.67 83.6
15:1 3.81 47.34 5.45 39.83 41.8
14:1 4.09 46.05 5.55 38.55 41.8
13:1 4.40 44.66 5.65 37.17 38.0
12:1 4.76 43.16 5.76 35.68 38.0
11:1 5.19 41.53 5.88 34.07 34.2
10:1 5.71 39.77 6.02 32.33 34.2
9:1 6.34 37.85 6.16 30.44 34.2
8:1 7.13 35.75 6.32 28.37 30.4
7:1 8.13 33.44 6.49 26.11 26.6
6:1 9.46 30.90 6.68 23.62 26.6
5:1 11.31 28.07 6.89 20.89 22.8

Table 3
Impact severities (ISs)

Guardrail
orientation

Flare
angle
(deg)

Tests 3–10 Tests 3–11

Mass¼ 895 kgb,
speed¼ 100 km/h

Mass¼ 2000 kg,
speed¼ 100 km/h

Impact
angle
(deg)

Impact
severity
(kJ)

%
Increase
in IS

Impact
angle
(deg)

Impact
severity
(kJ)

%
Increase
in IS

Baseline 0.0 20 40.4 – 25 137.8 –
15:1a 3.8 23.8 56.3 39 28.8 179.2 30
14:1 4.1 24.1 57.5 42 29.1 182.3 32
13:1 4.4 24.4 58.9 46 29.4 185.9 35
12:1 4.8 24.8 60.6 50 29.8 190.2 38
11:1 5.2 25.2 62.6 55 30.2 195.2 42
10:1 5.7 25.7 65.0 61 30.7 201.2 46
9:1 6.3 26.3 68.0 68 31.3 208.7 52
8:1 7.1 27.1 71.8 78 32.1 218.2 58
7:1 8.1 28.1 76.8 90 33.1 230.5 67
6:1 9.5 29.5 83.5 107 34.5 247.1 79
5:1 11.3 31.3 93.2 131 36.3 270.6 96

Impact severity¼ IS¼½(mass)(speed� sin(impact angle))2.
a RDG suggested maximum flare rate for semi-rigid barrier systems on 110 km/h
roadways.
b Mass of Test 3–10 is the total of the vehicle (820 kg) and the required dummy
(75 kg).
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Midwest Guardrail System (MGS). The MGS differs from conven-
tional strong post-guardrails in three significant ways: (1) W-beam
splices were relocated from the post to midspan between posts; (2)
the top of the guardrail was raised from 706 mm to 787 mm, and
(3) the depth of the blockouts on the posts was increased from
203 mm to 305 mm. This barrier has been shown to have signifi-
cantly greater capacity than the standard W-beam guardrail.
Details of the MGS and its compliance crash testing are reported in
Refs. [5,7].

After initial analysis [6], and discussions with the Midwest
Pooled Fund States, the MGS was selected for further investigation
and full-scale crash testing for the flare rate study.

3.1. Test system

The MGS used for full-scale crash testing during this project con-
sisted of: (1) simulated tangent energy absorbing terminals on both
ends of the system, each with two wood posts inserted into 1.8 m long
foundation tubes, (2) twenty-five W152 mm� 13.4 mm� 1829 mm
long steel posts spaced 1905 mm apart, (3) 2.67 mm thick standard
galvanized W-beam guardrail mounted with a top height of 787 mm,
(4) 152 mm� 305 mm� 362 long wood blockouts bolted between
the W-beam rail and steel posts, and (5) soil type grade B – AASHTO M
147-65. As an example, the installation constructed with a 7:1 flare
rate is shown in Fig. 2.

4. Analysis

BARRIER VII [8] simulations were performed during the study
for three purposes: (1) to develop an understanding of the potential
behavior of a flared MGS, (2) to recommend an initial flare rate to
full-scale crash test, and (3) to determine the critical impact point
(CIP) prior to each full-scale crash test. The CIP is considered the
worst case location for a vehicle to impact a safety device. Details of
the analysis are documented by Kuipers et al. [6].

Determining critical flare rates and corresponding CIP’s for each
flare rate of interest turned out to be very difficult because there are
no set criteria for BARRIER VII that clearly defines failure of
a system. Measures traditionally used to predict propensity for
guardrail failure include maximum deflection, maximum rail
tension, degree of pocketing and wheel snag. It is important to note
that for a given system configuration, the worst case measurements
rarely line-up; for example, the impact point that results in
maximum deflection would probably not be the same impact point
that results in the greatest degree of pocketing. Thus, determining
the critical flare rate and the corresponding CIP requires some
degree of insight and engineering judgment.

Because the MGS has proven to be a very robust system for
several different configurations, yet with different results than the
modified G4(1S) system [6,7], the subjective criteria developed
over many years of using BARRIER VII for defining critical condi-
tions for W-beam guardrail were generally not applicable. None-
theless, using the previous criteria and engineering judgment,
design and testing decisions were made to the best of the team’s
ability.

LS-DYNA, a 3-D non-linear finite element code [9], was used in
parallel with BARRIER VII in order to develop further insight into
the behavior of a flared MGS. After the initial crash test was
a success, LS-DYNA was then used before each next test to simulate
the proposed higher flare rate conditions. Ultimately, the MGS
model proved to be stiffer than the actual system and thus, under-
predicted dynamic deflections. Nonetheless, LS-DYNA simulations
provided the researchers with reasonable levels of confidence at
each step in the testing process.

The LS-DYNA model of the MGS was fairly detailed but did have
a few significant simplifications in order to have reasonable CPU
requirements and because the technology for more accurate details
has yet to be developed. The two most significant simplifications
were: (1) rail rupture was modeled with a relatively coarse mesh
and a failure strain in the material model; true rail rupture needs to
be modeled with a very fine mesh and a fracture mechanics
approach, and (2) soil simplifications were required since existing
material modeling techniques for soil do not predict soil fracture
shear bands allowing the soil to soften after a certain deflection,

Fig. 3. Simulation results.

Fig. 2. MGS installed with a 7:1 flare.
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and thus allowing the post to flip out of the soil sending a wedge of
soil dispersing all around the local area.

Simulation results of the pickup truck impacting a 5:1 flare rate
system are shown in Fig. 3. The event time shown is just prior to the
truck becoming parallel to the rail. Although wheel snag between
the tire and posts was observed during the simulation, the results
indicated that the snag would not cause any significant disruption
to the vehicle stability or rail integrity. Additionally, no significant
pocketing was evident from the simulation. Later, when this test
was actually performed, test FR-4 showed very similar behavior to
that predicted by the LS-DYNA model.

5. Crash testing

5.1. Test FR-1

The first full-scale crash test on a flared system, test FR-1, was
performed on an MGS installed with a 13:1 flare using the 2000p
vehicle. Test conditions were those of NCHRP Test 3–11 consisting
of a 2000p pickup truck impacting the system at 100 km/h and at
25� relative to the roadway. The critical impact point (CIP) was
determined from BARRIER VII to be 4.97 m upstream from the
centerline of the splice between posts 14 and 15.

Table 4
Crash test results

Test Installation
flare rate

Impact angle
relative to
roadway [deg]

Impact angle
relative to
guardrail [deg]

Impace speed
[km/h]

Total vehicle mass
[kg]

Impact severity
[kJ]

Effective flare
rate

(a:b) [deg] Target Actual Target Actual Target Actual Target Actual Target Actual [deg] (a:b)

FR-1 13:1 4.4 25.0 26.2 29.4 30.5 100.0 102.9 2000 2063 186 214 6.76 8.4:1
FR-2 7:1 8.1 25.0 25.9 33.1 34.0 100.0 101.6 2000 2023 230 252 9.86 5.8:1
FR-3 7:1 8.1 20.0 20.6 28.1 28.7 100.0 102.2 895 894 77 83 9.37 6.1:1
FR-4 5:1 11.3 25.0 25.5 36.3 36.8 100.0 104.7 2000 2014 270 306 14.00 4.0:1
FR-5 5:1 11.3 20.0 20.5 31.3 31.8 100.0 95.5 895 908 93 89 10.47 5.4:1

Note: all test passed NCHRP 350 requirements.

• Test Agency MwRSF 
• Test Date 5/24/05 
• Appurtance MGS with 13:1 flare 
• Vehicle 2000 Chevy C2500
• Total Mass 2,026 kg
• Impact Conditions

Speed 102.9 km/h
Angle 30.5deg 

• Exit Conditions
Speed 14.5 km/h
Angle 28.9deg 

• Occupant Impact Velocity
Longitudinal 6.5 m/s < 12 m/s 
Lateral 4.1 m/s 

• Occupant Ridedown Deceleration
Longitudinal 8.1 G’s < 20 G’s 
Lateral 10.4 G’s 

• Test Article Deflections 
Permanent Set 1,118 mm
Dynamic 1,684 mm
Working Width 1,660 mm 

• NCHRP 350 Pass 

Fig. 4. Test FR-1 summary.
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Results were very encouraging with the vehicle remaining
stable throughout the impact event (see Table 4 and Fig. 4). Test FR-
1 clearly passed all NCHRP 350 requirements. Dynamic deflection
was recorded at a maximum of 1684 mm, which, under some
circumstances, may seem a little high, but if there is enough space
to install a flared system on relatively flat ground, then dynamic
deflections are generally not a major concern.

Due to testing deviations, the actual impact of FR-1 had a higher
impact angle and speed than those specified in NCHRP 350 (see
Table 4). As a result, the IS was 15% higher than targeted. An
effective flare rate can be calculated using the actual FR-1 impact
severity, the target mass, the target speed, and the equation for the
IS, as listed in Table 3. This results in an effective flare rate of 8.4:1
for FR-1.

The concept behind the effective flare rate can be stated as
follows: if the test was run at the target mass and velocity, then
what angle would be required in order to match the actual IS? That
angle is the total effective impact angle, thus subtracting from it the
target angle relative to the roadway results in the effective flare rate
angle. Which can than be easily converted to the a:1 effective flare
rate format.

5.2. Test FR-2

Because of the 8.4:1 effective flare rate used on FR-1, the next
test, FR-2, was performed on an MGS installed with a 7:1 flare using
the 2000p vehicle. The CIP was determined to be 5.24 m upstream
of the splice between posts 14 and 15. Again, results were very

encouraging with the vehicle remaining stable throughout the
impact (see Table 4 and Fig. 5). Test FR-2 clearly passed all NCHRP
350 requirements. For a second time, the actual impact had a higher
impact angle and speed than those specified in NCHRP 350 (see
Table 4). As a result, the IS was 9% higher than targeted; which can
be used to calculate an effective flare rate of 5.8:1 for FR-2.

5.3. Test FR-3

Another concern for guardrail systems is NCHRP Test 3–10
consisting of an 820c small car impacting the system at 100 km/h
and at 20� relative to the roadway. The CIP was determined to be
1.8 m upstream of the splice between posts 12 and 13. Although not
as severe of a test as the 2000p in terms of impact severity, this test
checks for things like vehicle under riding the system, wheel snag
that might cause vehicle rollover, and abrupt decelerations due to
pocketing in the rail.

Thus, test FR-3 was performed using an 820c vehicle on an MGS
installed with a 7:1 flare rate. Results are presented in Table 4 and
Fig. 6. The vehicle was smoothly redirected, remained completely
stable throughout the test and showed no areas of concern. FR-3
easily passed all NCHRP 350 requirements.

5.4. Test FR-4

Next, researchers wanted to further test the limits of the MGS.
After discussions with the Midwest Pooled Fund States it was
decided to test the 2000p vehicle on an MGS installed with a 5:1

• Test Agency MwRSF 
• Test Date 8/2/05 
• Appurtance MGS with 7:1 flare 
• Vehicle 1999 Chevy C2500
• Total Mass 2,023 kg
• Impact Conditions

Speed 101.6 km/h
Angle 34.0deg 

• Exit Conditions
Speed did not exit
Angle did not exit

• Occupant Impact Velocity
Longitudinal 7.4 m/s < 12 m/s 
Lateral 4.1 m/s 

• Occupant Ridedown Deceleration
Longitudinal 9.9 G’s < 20 G’s 
Lateral 7.2 G’s 

• Test Article Deflections 
Permanent Set 1,299 mm
Dynamic 1,925 mm
Working Width 2,232 mm 

• NCHRP 350 Pass 

Fig. 5. Test FR-2 summary.
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flare rate. The impact angle targeted for test FR-4 was 36.3�. The CIP
was determined to be 5.0 m upstream of the splice between posts
14 and 15.

As might be expected the system underwent considerable
damage, although not excessive, and the truck remained remark-
ably stable throughout the impact. Results are presented in Table 4
and Fig. 7. Dynamic deflection was measured as 1918 mm, which
seemed reasonable for such a high angle of impact. Test FR-4 clearly
passed all NCHRP 350 requirements.

Once again, the actual impact exceeded those specified in
NCHRP 350 (see Table 4): FR-4 had a slighter higher impact angle
and much higher impact speed than required. As a result, the IS was
13% higher than targeted; which can be used to calculate an
effective flare rate of 4.0:1 for FR-4.

5.5. Test FR-5

To complete the testing, test FR-5 was performed using an 820c
vehicle on an MGS installed with a 5:1 flare rate. The CIP was
determined to be 1.43 m upstream of the splice between posts 12
and 13. Results are presented in Table 4 and Fig. 8. The vehicle’s
front tire snagged on three posts during the event, and on the third
post, the Metro spun clockwise approximately 144� and came to
rest near the system. The vehicle maintained stability throughout
the event and the rail showed no signs of tearing. FR-5 passed all
NCHRP 350 requirements.

In the past, some concern had been expressed about wheel snag
occurring during small car testing. For the MGS, wheel snag did

indeed occur during high flare rate testing. However, this did not
cause any problems during FR-5. Similarly, on the many small car
tests that have been performed on the MGS, not once has wheel
snag caused any problems. Thus, this issue is considered not
important to the MGS.

6. Further analysis

LS-DYNA was then used to simulate even higher flare rates than
those crash tested. At a flare rate of 3:1 (i.e., a 43� impact angle from
the tangent), as well as 4:1, results showed that the truck to be
captured and redirected. At a flare rate of 2:1 the model went
numerically unstable relatively early in the event due to the large
forces between the truck and the rail as a result of the severe 52�

impact. Even though this additional modeling appears to indicate
some additional capacity in the MGS barrier, further testing is not
recommended. Increasing the flare rate beyond 5:1 would not
greatly reduce overall guardrail lengths. Further, LS-DYNA cannot
adequately predict rail rupture or severe damage to the suspension
system on the truck. Nonetheless, these higher flare rate simula-
tions indicate that, even when installed at a flare rate of 5:1, the
MGS barrier may have some reserve capacity to accommodate
vehicles impacting at higher speeds, angles, or with greater mass.

6.1. Modified G4(1S) guardrail system

The modified G4(1S) guardrail system is often considered the
current standard guardrail system in the United States; hereinafter

• Test Agency MwRSF 
• Test Date 8/17/05 
• Appurtance MGS with 7:1 flare 
• Vehicle 1998 Chevy Metro 
• Total Mass 894 kg
• Impact Conditions

Speed 102.2 km/h
Angle 28.7deg 

• Exit Conditions
Speed 44.8 km/h
Angle 18.2deg 

• Occupant Impact Velocity
Longitudinal 6.7 m/s < 12 m/s 
Lateral 5.4 m/s 

• Occupant Ridedown Deceleration
Longitudinal 8.2 G’s < 20 G’s 
Lateral 9.7 G’s 

• Test Article Deflections 
Permanent Set 527 mm 
Dynamic 925 mm 
Working Width 967 mm 

• NCHRP 350 Pass 

Fig. 6. Test FR-3 summary.
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referred to as the G4(1S)M. The G4(1S)M is a steel post, routed
wood blockout, W-beam guardrail system. As mentioned previ-
ously, the MGS, which has been the focus of this paper, is a rela-
tively new development based on the G4(1S)M. Although full-scale
crash testing of the G4(1S)M at various flare rates is not practical
within the scope of this work due to costs, a limited simulation
study was performed.

In 1995, TTI successfully conducted test 405421-1 according to
NCHRP Report 350 Test 3–11 specifications on the G4(1S)M
guardrail system [10]. The vehicle was safely redirected in a very
stable manner with very little roll or pitch. Additionally, all safety
criteria were well below the limits specified in Report 350.

Using information from the crash test and the LS-DYNA model of
the MGS, a G4(1S)M finite element model was created. The baseline
simulation, which matches TTI test 405421-1, is a pickup truck
impacting the guardrail at 100 km/h and 25�. In this situation the
guardrail is tangent to the roadway, which means there is no flare
rate. The simulation predicted that the truck will not override the
system and will be redirected in a manner similar to the actual full-
scale test (see Fig. 9).

The G4(1S)M model was then used to investigate flare rates of
15-to-1, 13-to-1 and 7-to-1. The results of these simulations are
shown in Fig. 9. Unlike the MGS, LS-DYNA did not predict successful
performance for the G4(1S)M for steep flare conditions. Both the
13-to-1 and 7-to-1 flare rate simulations predicted that the truck
would override the guardrail, which is considered a failure. Further,
for the very shallow 15-to-1 flare rate, LS-DYNA predicted signifi-
cant vehicle climb, even though the truck was predicted to be

successfully contained. Note that the current Roadside Design
Guide allows the modified G4(1S)M system to be installed up to
a 15-to-1 flare rate. These findings are consistent with other full-
scale crash tests that indicate slight modifications in the G4(1S)M,
such as reducing its height by 5/8 of an inch [11] or replacing the
routed block with a standard block [12], often leads to vehicle climb
and/or rollover. Never-the-less, full-scale crash testing would be
required to verify the LS-DYNA predictions that the G4(1S)M
performs poorly, even for flare rates as low as 13:1 and 15:1.

7. Practical implications

Some concern has been expressed that there may be a potential
weak point in a flared guardrail associated with the beginning of
the flare. The theory is that there is some delay in development of
tension as the hinge point is pushed backward and that this delay
may cause the guardrail to disengage from the impacting vehicle.
This behavior arises whenever there is a portion of the impact
during which the lateral stiffness of the barrier is essentially zero.
Although this type of delayed tension has been shown to be
a problem for weak post-guardrails, including cables and weak post
W-beam guardrails, the high post stiffness of a strong post-
guardrail assures that there is significant lateral stiffness of the
barrier throughout the impact. In fact, the effective impact severity
of a crash is significantly reduced when a vehicle encounters the
end of the flared section. For such an impact, the vehicle does not
need to be redirected to be parallel to the flared section, but instead
needs only to become parallel to the tangent portion of the barrier.

• Test Agency MwRSF 
• Test Date 5/17/06 
• Appurtance MGS with 5:1 flare 
• Vehicle 1999 Chevy C2500
• Total Mass 2,014 kg
• Impact Conditions

Speed 104.7 km/h
Angle 36.8deg 

• Exit Conditions
Speed did not reallyexit
Angle did not really exit

• Occupant Impact Velocity
Longitudinal 8.0 m/s < 12 m/s 
Lateral 4.1 m/s 

• Occupant Ridedown Deceleration
Longitudinal 7.2 G’s < 20 G’s 
Lateral 6.3 G’s 

• Test Article Deflections 
Permanent Set 1,753 mm
Dynamic 1,918 mm
Working Width 2,485 mm 

• NCHRP 350 Pass 

Fig. 7. Test FR-4 summary.
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Hence, impacts just upstream of the hinge point are not believed to
be a concern.

Another concern that has been expressed regarding imple-
mentation of the research described herein is the presence of
roadside slopes. Clearly W-beam guardrail cannot be used on
roadside slopes steeper than 8:1. Steeper flare rates cannot be
utilized when the flare would extend onto such a slope. Never-the-
less, the steeper flare rates recommended herein will provide
improved safety performance at a reduced cost whenever roadside
slopes are 10:1 or flatter. Note that recent crash testing has indi-
cated that the MGS can be safely installed on 8:1 slopes. However,
sufficient study has not been undertaken to determine whether it is
appropriate to install a flared MGS guardrail on an 8:1 slope.

As described above, the effective impact angle increases as the
guardrail flare rate increases. A vehicle encroaching at an angle of
25� from the roadway would strike 15:1 and 5:1 flared guardrail
terminals at effective impact angles of 28� and 36�, respectively.
It is generally believed that no existing guardrail terminals will
be capable of sustaining an impact near the beginning of LON at
either of these effective impact angles. In fact NCHRP Report 350
only requires terminals to be tested at an impact angle of 20�,
instead of the 25� impact angle required for the guardrail itself.
This reduced requirement for redirective capacity at the begin-
ning of the LON for guardrail terminals is, in part, based upon
recognition of the small window of vulnerability associated with
this type of impact. Hence, increasing the recommended flare

rate does not introduce a new inconsistency in guardrail terminal
testing and installed configuration.

The concept behind using high flare rates has always been that the
reduction in impacts obtained by reducing the barrier length will
outweigh the increase in accident costs associated with a modest
increase in barrier penetrations. Research into the cost-effectiveness
of flaring temporary concrete barriers clearly indicated that reducing
the number of barrier crashes more than outweighed a relatively
significant increase in both impact severities and barrier penetrations
[2]. Research findings presented above clearly indicate that both
impact severities and barrier penetration rates will not increase
greatly, even with guardrail flare rates as high as 5:1. Note that there
may be a significant increase in penetration rates for impacts very
near the beginning of the LON for the terminal. However, this region
of vulnerability is small in comparison to the overall guardrail
installation and cannot be considered to represent a major increase in
overall barrier penetration rate.

Additional research for flare rates could include a more thor-
ough investigation into the topics listed in this section along with
research into flare rates for other types of barrier systems.

Of near term interest would be a similar flare rate study inves-
tigating the updated NCHRP 350 procedures, known as MASH08. In
MASH08 Tests 3–11 the pickup was changed from a 2000 kg two-
door pickup to a 2270 kg four-door pickup, and in Test 3–10 the
small car was changed from a 920 kg vehicle to a 1100 kg vehicle.
Additionally, the impact angle in Test 3–10 was changed from 20� to

• Test Agency MwRSF 
• Test Date 7/6/06 
• Appurtance MGS with 5:1 flare 
• Vehicle 1998 Chevy Metro 
• Total Mass 908 kg
• Impact Conditions

Speed 95.5 km/h
Angle 31.8deg 

• Exit Conditions
Speed stopped shortly after exit
Angle 35.8deg backwards 

• Occupant Impact Velocity
Longitudinal 6.9 m/s < 12 m/s 
Lateral 4.9 m/s 

• Occupant Ridedown Deceleration
Longitudinal 9.3 G’s < 20 G’s 
Lateral 8.0 G’s 

• Test Article Deflections 
Permanent Set 660 mm 
Dynamic 908 mm 
Working Width 980 mm 

• NCHRP 350 Pass 

Fig. 8. Test FR-5 summary.
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25�. It is believed that these are significant enough changes to
prohibit making any preliminary conclusions in regards to flare
rates on the MGS MASH08 approved system.

8. Summary and conclusions

Whenever roadside or median slopes are relatively flat (10:1 or
flatter), increasing the flare rate on guardrail installations becomes
practical and has some major advantages including significantly
reducing guardrail lengths and associated costs. Hence, a revised
flare rate design has the potential to decrease construction, main-
tenance, and overall accident costs, provided guardrail accident
severities are not increased significantly.

Although computer simulations indicate that conventional
G4(1S)M guardrail cannot perform effectively when installed at
flare rates higher that 15:1, the MGS has been shown to provide
adequate protection for motorists when installed at flare rates of up
to 5:1. Crash testing results, as well as LS-DYNA simulations, for
both the 2000p pickup truck and 820c small car on the MGS
installed with multiple flare rates demonstrated excellent perfor-
mance. All tests conducted up to, and including on, a flare rate of
5:1 passed all NCHRP 350 safety performance evaluation require-
ments, including occupant risk measures that are not specifically
required for Test 3–11 and including not redirecting any vehicles
back into the roadway into adjacent traffic. Additionally, all tests
had higher impact angles and speeds than those specified in NCHRP
350, resulting in even higher effective flare rates than intended.
These tests indicate that the MGS is a very robust system when
installed in a flared configuration.

Based upon the series of full-scale crash tests described herein,
it is recommended that, whenever roadside topography permits,
much steeper flare rates, up to 5:1, should be considered for MGS

installations. These steeper flare rates will reduce overall accident
frequencies, overall accident costs and total construction costs,
without sacrificing guardrail redirective capacity. Hence, imple-
menting findings from this study should not only improve roadside
safety, but also reduce guardrail construction and repair costs.
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