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I. INTRODUCTION ~~ RESEARCH APPROACH

A. Statement of the Problem

Prior to the initiation of this and similar other projects, roadside

barriers had been tested on flat and level terrain in order to permit

relative assessments of their safety. On sUbsequent real world installa

tions, the barriers were sometimes installed on slopes or at railing

heights differing from the system designs. Over a period of time, the

barrier heights were further changed by site variations caused by
resurfacing, settlement, erosion, soil and grass buildup adjacent to the

barriers, etc. Thus, a need existed to determine the degree to which

barrier performance was degraded by these railing height variations.

The performance of guardrails had been shown in numerous full-scale

tests to be sensitive to minor changes in installation details. The

performance both on level terrain and on side slopes might be improved by

making such design changes as (a) removing the washers from the button head

bolts and (b) increasing the size or changing the geometry of the block

outs. Several States had developed adjustable blockouts for raising or

lowering W-beam rails. Evaluations were needed to verify the strength and

performance of such changes.

The three problem areas of interest in this study are illustrated in

figure 1. View (a) shows a guardrail that is on flat and level terrain but

is at a height that is either lower or higher than the design standard.

View (b) shows a system on a slope. Finally, view (c) illustrates systems

with coupled rails, uncoupled rails with standard blockout, and uncoupled
rails with variable blockouts.

B. Objectives and Scope

As delineated in the Statement of Work, the objectives of this study

were (1) to determine the degree to which barrier performance is degraded

I



(a) Guardrails _~th Non
Standard Height (b) Guardrails on Slopes

Rectangular
Yuher No Yasher No Wa.her

Coupled Beam Uncoupled B.am
w/Standard Blockout

Uncoupled B.am
w/Variable Blockout (Ref. 1)

(c) Systems with Various Couplings

VEHICLE PROBLEM AREAS (ALL CASES):
1. Yheel Snagging
2. Vault:1ng
3. Rollover

Figure 1. Study areas.
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by rail mounting height variations such as initial height differing from

design standards, resurfacing, installations on slopes, soil and turf

bUildup, and (2) to improve the performance of guardrails on level terrain

and on side slopes.

The stated scope of work was as follows:

This requirement shall consist of using computer simulation and
other analytical tools in combination with full-scale tests with
passenger cars, vans, and pickup trucks to assess the perfor
mance of various traffic barriers on irregular roadsides and on
slopes. Static tests and pendulum tests will be conducted on
barrier components. Computer simulation and other analytical
methods will be used to assess modified barrier designs before
detailed drawings are prepared and the barriers are evaluated
through full-scale tests.

The emphasis in this project was on W-beam guardrail systems which are

the most commonly specified systems in the country. Findings from the W

beam investigations regarding barrier underride/override are also con

sidered to be appropriate for thrie beam systems due to the geometrical

similarity between the two beam elements.
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II. REVIEW OF LITERATURE

A. Available Literature

A manual review of on-hand documentation and computer on-line searches

of available literature were made early in this stUdy. For the most part,
these searches indicated a general·lack of information concerning the per

formance of barriers with varying railing heights. However, three reports

were found that were concerned with barrier railing height. These were
from the States of Virginia(1) and New York(2) and from an FHWA study at

Texas Transportation Institute (TTI)(3). The reports were reviewed, and

brief synopses and assessments are contained in table 1•. More complete
assessments of these and other related documentation are included in

appendix B; an interim report was submitted on completion of task A.

The Virginia report did not contain definitive information about the
relationship between railing height and barrier performance. However, both

the New York and TTl reports did contain information that would be of value

in selecting barrier systems and establishing trial railing height gUide

lines. The consensus was that the override/underride vehicle heights
established in the New York study might be better than the bumper mid

heights of the TTl study. However, this was not conclusive and would be a
SUbsequent determination of this study.

The TTl report was of particular interest in this study. In

establishing the barrier placement guidelines shown in table 1, the TTl

investigators had conducted 156 computer simulations using the HVOSH

code(5) to estimate bumper mid-heights for various combinations of roadside

geometries, vehicle types, and encroachment angles. Included were the 26

roadway/roadside geometric parameters shown in table 2, two vehicle types

[~500-lb (2000-kg) and 18oo-lb (eOO-kg)], and three encroachment angles

(7.5°, 15°, and 25°). If critical override/underride heights could be
determined and the mid-height curves idjusted accordingly, the range of

barrier heights could be established therefrom. Thus, the HVOSH data were

4



Table 1. S)~opses of directly related reports.

S\~OPSIS - VIRGINIA STUDY

Reference:

B. T. Hargroves and J. S. Tyler. "Identification. Analysis. and
Remedial Treatment of Low Guardrail in Virginia," Virginia Highway
and Transportation Research Council Report No. VHTRC 82-Rl5,
September 1981.

Abstract:

Guardrails that are too low may fail to safely redirect errant
vehicles; instead. the vehicles may vault the guardrails.
resulting in severe accidents. An analysis of data on a small
sample of guardrails throughout Virginia showed that over 80
percent of the guardrails were lower than the current standard
height of 27 in.

The causes of low guardrail were identified as installation
of old standards that were lower than current standards.
faulty installation. and inadequate maintenance. Methods for
locating low guardrails were identified and six remedial
treatments were developed ranging from removal of the guard
rail to complete reinstallation.

A numerical scoring system was developed whereby correction
of low guardrails may be prioritized according to the degree
of hazard presented by the low guardrail. The scoring system
employs an equation based on the guardrail performance
variables considered to be most important; namely. guardrail
height. vehicle speed. and expected number of encroachments.
Additional factors that can affect the degree of hazard but
were not included in the equation are guardrail type. conse
quences of vaulting, and soil type. Provisions were made for
increasing total scores for situations in which these variables
are important.

Assesnent:

Report might be used to show typical extent of the problem of
noa-standard railing heights. Assumptions used for establishing
height and speed indexes in scoring system are subjective and
might be checked rith results of this study. However. no
definitive relationship between railing height and barrier per
formance is given.
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Table 1. Synopses of directly related reports (continued).

SYNOPSIS - NEiJ YORK STUDY

Pe:"erence:

J. E. Bryden, "Development of Proposed Height Standard. and
Tolerances for Ligh:-Post Traffic Barriers," Transportation
Research Record 970, 1984.

r'rocec:lure:

1. Vehicle geometric characterics were measured for virtually all 1983
model passenger vehicles, light trucks, vans, and utility vehicles.
Characteristics of primary concern were:

a. Bumper override point - height to a point on the bumper which
can lead to vaulting if that point reaches the top of a
barrier.

b. Hood underride point - height to a point on the hood which
can result in underriding if this point gets below the
bottom of the rail. .

2. Assumed vehicle suspension range of ±3 inches on selected design
vehicle and established desired heights to prevent underride
(submarining) or override (vaulting). Top of rail heights for
both conditions were:

Cable - 27 in
Box-beam - 27 in
W-beam - 30 in

3. Supported results of item 2 from previous New York and TTl full
scale tests (no vaulting or submarining implies support). Also
supported results from re-examination of previous New York accident
study.

4. Mounting height tolerances of ±3 inches were found to be satisfactory
for most of the vehicle profiles.

Assessment:

Procedure is satisfactory. However, the study is limited to the
weak post systems that are predominant in New York but not used
much in other States.
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Table 1. Synopses of directly related reports (continued).

SYNOPSIS - TII STUDY

References:

1. H. E. Ross, Jr. and D. L. Sicking. "Guidelines for Placement of
Longitudinal Traffic Barriers on Roadside Slopes," Contract No.
DOT-:'~-11-9343, TTI Research Report 3659-1. December 1982.

2. H. E. Ross. Jr., D. G. Smith, D. L. Sicking, and P. R. Hall,
"Tests of Longitudinal Barriers on Slopes," Contract No. DOT-FH
11-9343. TTI Research Report 3659-2, April 1979.

Procedure:

1. A limited crash test program (7 tests). supplemented by computer
simulations (HVOSM), was used to evaluate performance of longi
tudinal barriers placed on sloping terrain.

2. From careful study of the crash test film, it was concluded that
front bumper position relative to the barrier at impact was the
critical factor with regard to vehicle containment and redirection.
Barriers were categorized as shown in table 1.1. and containment
criteria for the various barrier types are shown in figures 1.1,
1. 2 • 1. 3, and 1. 4 •

3. From the criteria of item 2, HVOSM runs were made to develop
placement guides (75 figures) for the barrier categoi~es of
table 1.1 and various combinations of travelway. shoulder. and
embankment slopes (see figure 1.5 and table 1.2>'

Assessment:

This report states that "it was concluded that HVOSM did not have
sufficient capabilities to simulate vehicle/barrier impacts for
nonlevel approach terrain. Instead, it was used to accurately
determine vehicle kinematics upon impact with the barrier." While
an entire appendix was included to show that GUARD was not a
satisfactory. program, no support for the accuracy of HVOSM, either
by included documentation or by reference, could be found in the
report.

Barrier categori.s (table 1.1) should b. useful in .stabli.hinl the
recommended guardrail systems. The containment criteria mayor
may not be applicable but should provide a good starting point for
this study. A better indicator for underride might be the hood
underride height of the New York study rather than this midheight
of the bumper.
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Table 1. Synopses of directly related reports (continued).

Table 1.1 Barrier Categories.

BARRIER CORRESPONDING 8ARRIER
CATEGORY TYPES

A Gl. MB3

8 G3

C G4(lW). G4(2W). G4(lS). G4(2S). MB4S

0 G9. MB9

E MB4W

8



Table 1. Synopses of directly related reports (continued).

lOverride if midheight of bumper above
center of top corrigation at impact.

/
r-+'-
j j

a I
--( r-
: "-I ... -
I

bl
i
I
I
I

r

----- tContainment and redirection if midheight
lof-bumper impacts within this zone.
I

Underride if midheight of bumper below
icenter of lower corrigation at impact.
!

T

\i, :-=-,,:;=::-il. =:!:,;::' ,~-i
t~f :~"._.II~•. I.__I •• j_

\":=1';'-=:"'-1'," .
I ';' -- ---",,= I I.Il-- l •• ~-.~.\ I,

BARR!ER a (in) b(in)

G4(lW) 7.625 17:063

G4(2W) 7.625 17:063

G4(lS) 7.6.25 17:063

G4(2S) 7.625 17:063

HB4W 7.625 20:063

M84S 7.625 17:063

Figure 1.1 Containment Criteria,
W-Beam Barrier.

9



Table 1. Synopses of directly related reports (continued).

y

+-----.! Underrride if midheight of bumper below
: center of lower corrigation at impact.

1 Override if midheight of bumper above
~ center of top corrigation at impact.
j
I

~ ~Containment and redirection if midheight
: of bumper impact. within this zone.
i

15.25"

t--
14.375" I'

I
I

;

='il=;'I~lj ='::'='11)-IJ I_It f __"J.=I •• l_:

-. Iii !§l J{ ~(lliJ=
III =

Figure 1.2 Containment Criteria,
Thrie Beam Barrier.
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Table 1. Synopses of directly related reports (continued).

6"

24"

1 Override if midheight of bumper above top
i of cable at impact.

Ir-- -I !r=--- -1-Containment and redirection if midheight
lip of bumper below top cable and upper corner

__ I _ .--L of front fe!lder above lower cable at impact.

II I' Underride if upper corner of front fender
: below lower cable at impact.

I
T

I
!
t

Figure 1.3 Containment Criteria.
Cable Barrier.

11



Underride if up~er corner of front fender
I betOw bottQm of box beam at impact.
t

Table'. Synopses of directly related reports (continued).

1 Ove~rid! if midheign: of bumper above top
of oox beam at impact.

6u

I I 11- --. ""r Containment and redil"!ction if midheight
. : or ~umper Delow top of box beam and uppel"

I corn!l" of front fender above bottQm of+--- --_+ beam at impact.
I
I

::'-;':"~;' ;,;:;':::' =' J ~ ..._. '- ",_.',-_.,':':.::, =:;.-=·:~jl~.
-- ~i!i~qli

_'ul
:l!ll:

(al Roadside Box Beam Barr;er

6"

24"

~ II
I II 'i!+- ---- - pli- --

~~~
:1 i

l

II
I
i

I

t Ove~ride if midheight. of bumper above top
I of box beam at impact.

Containment and redirection if midbeight of
t bumper below top of box beam and upper corner
i of front fender above bottom of beam at impact.
I
t Underride .if upper corner of front fender below

bottom of box beam at impact.

(b) Box Beam Median aarrier

Figure 1.4 Containment Criteria,
Box Beam Barrier.
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Table 1. Synopses of directly related reports (continued).

Table 1.2 An Index for Placement Guidelines
by Figure Number.

NOTE: Figure numbers in table correspond to those given in Appendix O.

rRAVELWAY SLOPE

ar..-20: 1 ar..-l 0: 1 ar·48 :1

Shoulder Slope I Shoulder Slope Shoulder Slope
Barr; er

Case Category As=-20 As"20 As=-20 As·-10 As·20:1

1 A 0-1 0-2 0-3 0-4 0-5

2 A 0-6 0-7 0-8 0-9 0-10
.

3 A 0-11 0-12 0-13 0-14 0-15

1 B 0-16 0-17 0-18 0-19 0-20

2 B 0-21 0-22 0-23 0-24 0-25

3 B 0-26 0-27 0-28 0-29 0-30

1 C 0-31 0-32 0-33 0-34 0-35

2
,. 0-36 0-37 0-38 0-39 0-40..

3 C 0-41 0-42 0-43 0-44 0-45

1 0 0-46 0-47 0-48 0-49 0-50

2 0 0-51 0-52 0-53 0-54 0-55

3 0 0-56 0-57 0-58 0-59 0-60

1 E 0-61 0-62 0-63 0-64 0-65

2 E 0-66 0-67 0-68 0-69 0-70

3 E 0-71 0-72 0-73 0-74 0-75
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Table 2. Roadway/roadside geometric parameters.

TRAVELWAY SHOULDER
100' 12'

at

EMBANKMENT
1000·

a•

z

a e

y

Positive sloping downward to right.

it +48 -20 , -10
I

as +20' +20 -20 +20 -10

+ 4 + 4 + 4 +4 + 4

+ 6 + 6 + 6 + 6 + 6.

ae + 8 + 8 + 8 + 8 + 8

+10 +10 +10 +10 +10

- 8 - 8 - 8

-4 - 4 - 4
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requested and received from TTl. A computer program was then prepared for

graphical presentation of the data. A sample plot is shown in figure 2.

The manner in which these curves were used to establish barrier height

limits is discussed in chapter V.

B. Vehicle Survey

1. General. With the apparent importance of both bumper height and
possibly bumper geometry in establishing critical barrier override/

underride heights, a vehicle survey was undertaken to establish represen
tative values and ranges. Sales figures for the more common vehicles sold

in the United States were collected for the years 1980 through 1983. Field
trips were then made to measure the bumper geometry and to collect

brochures with photographs of the different bumper types.

Based on crash test results with W-beam traffic barrier, it was
determined that the leading edge or surface of the bumper was critical for

both underride and override. Using this relationship, the bumper geome

tries of current vehicles were grouped into six categories as shown in

figure 3. The collected sales information was totaled and weighted to
reflect the average bumper override/underride heights. As shown in

table 3, the data was then divided into ranges of override and underride

heights. Figures 4 and 5 are underride/override exceedance curves prepared

from these results. Shown are heights at the 8S-percentile levels, which
produced different values for underride/override heights [18.8 in (48 cm)

and 17.1 in (43 em)]. It was decided to select a single value of 18 in
(46 em) for both underride and override heights. As shown in figure 4,

this was the 98-percentile level for underride and, from figure 5, the 99
percentile level for underride. The exceedance curves in figures 4 and 5

describe what percent of cars purchased from 1980-1983 had bumper values
that exceeded a given value. Example: 98J of the vehicles had bumper

heights that were equal to or greater than 18.8 in for underride considera

tion as shown in figure 4. ThUS, a design vehicle with a single 18-in

16
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Table 3. Vehicle survey data •
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Table 3. Vehicle survey data (continued) •
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(46-cm) bumper underride and override height was selected for sUbsequent

use in establishing the barrier height limits.

2. Aerodynamically Styled Vehicles. Later in the project a minimal

effort was expended in investigating the influence of the low front profile

cars and possible associated problems with barrier mounting height.

Figure 6 gives data from a limited survey. One full-scale crash test was

conducted with the Datsun 260ZX shown at the bottom of the list.
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ADODnwlICALLT ST!LED FIOR'r DDS

Car !!!!: ---!- --!.- __C_ --L.. _E_ _F_

280ZX 80 38 36 6 13 33

Dodge Oatona 85 58 42 9 10 1/2 37

280ZX 83 44 40 4 1/2 15 33

Chevy Z28 86 38 44 7 1/2 12 1/2 34

Porche 924 81 62 34 1/2 4 1/2 13 35 5 1/2

Mazda RX7 83 32 35 5 1/2 15 1/2 31

300 ZX 85 24 35 1/2 7 14 32

Corvette 85 49 41 7 1/2 10 1/2 33

Firebird 85 49 1/2 44 10 12 1/2 35

Mazda RX7 86 31 1/2 35 6 13 1/2 32

Datsun 260ZX 74 33 39 4 14 3/4 32 3 3/4

Figure 6. Aerodynamically styled car geometries.
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code of

III. ANALYTICAL STUDY

A. Selection of Simulation Program

As indicated in chapter II, an apparent lack of definitive performance

information existed in the general literature for the effects of varying
barrier railing heights. Determination of critical override/underride

heights for the five barrier categories of table 1.1 by full-scale crash
tests was not economically feasible. Thus, a major effort was directed in

this study toward the development of an analytical model to provide simula
tion guidance for these effects.

The computer program selected for simulation use was HVOSM, Version
RD2.{S) Other codes considered were GUARD(6) and CRUNCH(7).

reasons for making this selection are discussed in appendix B.

Justifications for u~ilizing HVOSM-RD2 as the most applicable
available programs were based on the following:

•

•

•

•

It had what was believed to be the most advanced vehicle
model. In particular, it had a steering/wheel degree of
freedom (DOF) while the GUARD vehicle model simulated a
"locked" wheel condition. The DOF associated with the
HVOSM wheels might have a pronounced effect on wheel snag
vehicular behavior.

It had the capability of simulating vehicle side and bottom
sheet metal/barrier interaction forces. The GUARD vehicle
was limited to only side panels for the sheet metal and
wheels. Notably, interaction between the vehicle bottom
and barrier rail top might significantly enhance vaulting
potential.

HVOSM had been extensively used by several research organi
zations. This had attributed to significant validation
data being collected over a number of years. On the other
hand, programs such as CRUNCH and GUARD had not been
validated to a degree which would warrant their use in this
particular hardware development program.

Documentation associated with GUARD and CRUNCH was very
limited to the unfamiliar user. In turn, an inordinate
amount of time would be required to be able to utilize

25



these codes with the same efficiency as when using the
HVOSM-RD2 program.

B. HVOSM Modifications

The tape of HVOSM-RD2 was furnished by FHWA at the start of the task.

Modifications were first made to convert the program to operational status
on the Institute's CDC equipment. Two sample cases (one rigid and one

flexible) were then run and compared with previous results. Both runs
checked out satisfactorily. Thus, the program was ready for the proposed

wheel snagging (underride) and vaulting (override) modifications.

As modifications were tried, problem areas arose in the basic program
involving the correct passing of variables via common blocks from one sub

routine to another. Notably, an error was found involving the lack of

COMMON block INTG in subroutine EGYSUM. This error had not been discovered

previously because the earlier runs did "not use EGYSUM.

Work continued on modifying the HVOSM-RD2 program and fixing further

unexpected errors that appeared in the code as the work progressed. The

extensive modifications that were made in the code included the following:

•

•

•

•

•

•

Capability to include post stiffness characteristics that
differ in the longitudinal and lateral directions.

Wheel interaction with post (wheel snagging capabilicy).

A reaction force capability that is imposed on the right
front wheel if the top of the tire is below the bottom of
the rail (wheel underriding capability).

A vaulting or overriding capability of the barrier rail.

User ability to specify barrier blockouts.

The vehicular response due to the vertical (downward)
deformation of the barrier railing).
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One problem that arose was that the overriding aspect could not be

si~ulated in the original RD2 code. This was verified by the simulated

redirecti~n of a 4300-lb (2000-kg) vehicle by a 5-in (13-cm) high flexible

barrier system. Out~ut data showed reaction force locations on the

vehicular body well above the top of the rail. Changes were made to

eliminate these erroneous vehicular-barrier forces.

With these changes and modifications, the program was considered ready

for the validation efforts.

C. HVOSM Validation Efforts

To verify the changes and modifications of HVOSM-RD2, the program

predictions were com~ared with full-scale crash test data. The first tests
were two conducted on slopes by the Texas Transportation Institute (TTl),

as shown in figures 7 and 8.(4) Table 4 shows HVOSM validation results
involving the vehicular vaulting of these tests. In particular, Case Nos.

4 and 7 were validation runs. Cases No. 5 and 6 were performed to verify
that the vehicle would not vault the barrier when the railing height became

great enough. Note in TTl test 3659-1 that the vehicle vaulted the railing
with less redirection than in test 3659-3. This aspect was reflected by

the two validation runs (cases 4 and 7). Specifically, the max~
recorded lateral displacement of the bumper monitoring point (BMP) was

greater in case 7. With respect to the 50-ms acceleration levels, very low
longitudinal and lateral values were simulated .in case 7 because of the

HVOSH vehicle sheet metal making contact with the very top of the
railing. This induced primarily a vertical reaction force, which indicated

the need for the incorporation of vertical vehicle-barrier interaction as
delineated in section B of this chapter.

Five full-scale validation tests were then conducted in this study

(see chapter IV and appendix A). Override (vaulting) was first checked.

Difficulties initially arose when effort was made to simulate the vaUlting

of a 22-in (56-em) barrier system (Tests BH-2 and BH-5) and the redirection
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Table 4. nVOSH simulation sUlllllary.

MAX
Case Accel Levels (G's) OHPt Barrier
No Description Long Lat Vert (in) Location (YO) Comments

- -- --
4 TTl Test 3659-3 6.4 5.2 2.2 399" 340" 27-in Barrier (figure 7)

(8.5)* (6.0) (5.9) Vehicle
Vaults Barrier

5 Test 3659-3 9.3 7.7 4.6 395" 340" Vehicle
w/30-in Barrier Straddles Barrier

6 Test 3659-3 8.2 7.0 3.7 387" 340" Vehicle
w/33-in Barrier Redirected

w
0 7 TTl Test 3659-1 0.5 1.8 2.6 ~5l" 268" 27-in Barrier (figure 6)

(7.0)* (9.5) (4.5) Vehicle
Vaults Barrier

tLocation of Bumper Monitoring Point (in) at termination or maximum lateral location.

*Test Results



of the vehicle with a 24-in (61~~~) ~ail height (Test BH-4). Review of

test films showed the vehicle b~~pe~ st~ikir.g the uppe~ sloped po~tion of

the W-rail fo~ Tests BH-2 and BH-5. This induced a significant vertical

uplifting force that contributed to vaulting. In HVOSM, howeve~, the

bar~ier was represented by a flat vertical plane as was the vehicle side

panel. Thus, the p~ogram could not simulate this phenomenon. Accordingly,

additional changes were made to the code to effectively simulate this

aspect if the vehicle bumpe~ struck the upper po~tion of the ~ail. This

entailed the user's setting a FLAG in the input data deck if simulating a

full-size sedan impact into a flexible barrier having W-beam or thrie be~~

geometry.

Three simulations were performed to validate this modification th~ough

comparison with full-scale Tests BH-2, BH-4 and BH-5. Test results of

these 50-mph (95-km/h)/25-degree impacts into a 22-in (56-em) and 24-in

(61-cm) high flexible barrier and. corresponding simulation results are
given in table 5. Notably, vehicular vaulting was predicted with the HVOSM

code for Tests BH-2 and BH-5. Barrier deformation and number of post

failures compared favorably for Test BH-2. Good results also existed fo~

Test BH-4, where the vehicle redirected in both full-scale test and

simulation run.

Validation of the modified HVOSM-RD2 program by comparison of simu

lation results with full-scale underride Tests BH-1 and BH-3 was next

conducted. Results, as shown in table 5, demonstrated a slightly stiffer

barrier response in the simulations over actual tests. Simulation of Test

BH-1 resulted in two post failures versus four in the actual test, while

the BH-3 stmulation had five post failures compared to seven during the

crash test. Notably, however, the simulations did correctly predict

vehicular (bumper), underride for Test BH-3 and no underride for Test BH-1.

'Further, the simulation results (BH-3) included a pitching down motion of

the vehicle as the right front bumper caught under the barrier railing with

the railing impeding any uplifting motion during redirection. As antici

pated, the longitudinal acceleration from the simulation of Test BH-1 was
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significantly higher (7.3 gls) compared to the test results (4.2 gls).

This was believed due to the wheel being torn off during the full-scale

test, a phenomenon well beyond the capabilities of the HVOSM code.

Based on favorable validation results from test results of the TTl

slope study and the five validation tests that had been conducted,

modification and validation of the HVOSM program were considered complete.

A briefing with FHWA was then scheduled to discuss findings to date and to

direct sUbsequent work. The following summarizes the modifications that

had finally been made for the HVOSM-RD2 code to permit the evaluations of

vehicle override/underride:

• Defined discrete posts, up to 36 posts

- x, dimension
- spacing, x
- location of axis of rotation
- stiffness, x,y
- maximum displacement for post failure, x,y
- location of base of post.

• Defined barrier system

- BARRIER VII(8) used to obtain 5th order polynomial for
rail-post interaction (allows post to deform without
vehicle contact).

- Modification made eo allow vehicle to vault or ramp over
the system.

- Modification permitting transfer of railing vertical
force component to vehicle; i.e., vertical stiffness of
rail is input
- upward for override condition
- downward for underride condition.

• Vehicle model modification

- diameter and width of hub specified to interact with
posts.

33



D. HVOSM Sensitivity Analyses

Based on comments made at a project briefing, there was some concern

about sensitivity of certain HVOSM parameters as they affected vehicle

trajectories prior to barrier impact. The parameters mentioned included

suspension damping and steering/braking. Thus, a limited series of sensi
tivity analyses were~conducted to check these concerns.

1. Suspension. The first sensitivity stUdy was performed with

HVOSM-RD2 on the viscous damping coefficients and the suspension load
deflection rates to determine their effects on the bumper location above a

given terrain. The model used for the studies was a 1978 Honda Civic with
suspension properties measured in a previous University of Michigan

study. Figure 9 shows a plot of two bumper heights with respect to a cross
section of the terrain. Used in the calculations were slopes of the lower

and upper portions of the curves ~n figure 10 for the front/rear damping

coefficients and corresponding offsets. A small variation in the rebound

height is indicated in figure 9. When the damping coefficients were varied
by t20 percent, the change in bumper height was less than 1 percent as

shown in figure 11.

The load deflection rates as represented in figure 12 were varied
by =50 percent, and the bumper height variation is shown graphically in

figure 13. As shown, this affected the bumper height very slightly.

Figure 14 compares the response of the Honda with the response of
a VW Rabbit modeled under a separate FHWA contract. The load deflection

rates and offset values were quite different for each vehicle, yet the
change in bumper height was insignificant.

Based on these analyses, it was concluded that suspension load

deflection rate and damping had no significant effect on the bumper heights

of a vehicle traversing a side slope.
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Figure 9. Bumper height for high damping characteristics and low piston velocity.
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Figure 11. Bumper height sensitivity to damping coefficient.
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2. Steering/Braking. The sensitivity analysis of steering/braking

could not be conducted with the RD-2 version of HVOSM because the version

did not include steering/braking inputs. Thus, the original TTl version

was selected for use. However, this version did not include the bumper

height subroutines and had to be modified to include the subroutine before

the analysis could be started.

The first set of runs was made on an embankment slope of 4:1.

Torques were applied to the wheels to simulate full braking, and steering

angles of 20°, 0°, and -20° were specified as driver input. As shown in
figure 15, the effects on bumper heights were insignificant. On inspecting

the vehicle e.g. lateral and longitudinal displacements, it was found that

no changes occurred between the three cases until wheels of the airborne

vehicle made good contact with the ground (between Y : 1400 and Y : 1500

inches in figure 16). This was reasonable and indicated that a flatter

slope should be used to reduce the airborne tendency. Thus, runs were made

on a 10:1 embankment slope, as shown in figure 17. Effects on bumper

height and vehicle lateral/longitudinal trajectory were even less

pronounced.

This lack of change, particularly in the vehicle lateral/

longitudinal trajectory, did not look reasonable. In the two sets ~f runs,

the specified coefficient of friction between the tires and ground was

~ : 0.25. A value of ~ = 0.50 was used to calculate the wheel torques for

full braking •. With locked wheels and the low coefficient of friction as

the vehicle moved down the slope, the low effect of steering was not as

unreasonable. Thus, the second set of runs was repeated with ~ = 0.25 for

partial braking torque and ~ = 0.50 for the tire/ground coefficient of

friction. Results are shown in figure 18, where it can be seen that

steering toward the road (+20°) did stop the vehicle's downward travel and

turned it back. The change in bumper height was not significant except for

a small zone down from the slope break where a variation of :1 1/2 in is
indicated.

41



\J
n.
o

BUHPER POSITION

"f- qa. RS- 20. RE= q

78 HONDA (1700 lO)

60 "PH 15 DECREES

,TI ilL
fl. aL
n••1., .e e

6 ..

o

d+-- Ice::: I :l( I I I I I

o
o

~I I I I I '\ III I I I

o
o

~~I. 00 I~. 00 L ILL' 1l l ,

I II II '2 "" I -.,..I•~ I I
N

I II Io '01 I\; I-~ I ICf)°lUJrf
I
U
Z
-0
-0

~
N

Figure 15. Steering/braking effects on ~:1 embankment slope.



. 78 HONOR (1700 LB)

60 HPH 15 DECREES

BUMPER POSITION
o
~ AT=- 118.. AS= 20.. AE= II
~ r- · I I I I I I I

o
N

19.0018.0017.0016)00
.10

Ita.OO 15.00
Y - IINCHESJ

ai' _. a _I'II • 2.. • _ It
• ...-a. s

13.0012.00

• •
e G
~ ..

o
o

:~I. 00 I I I I III I

N~.
~ I I ::A- I I I I I I

.
~I I I I I I I I I

...
a
-0

~ .~

m ~I I I I I
u
j (/)
C; w
~ I o

UeD

~ ~D I I I I ." I I I I I
~ _N
H

~

~
w

I.AT":RAL I)] SI'I..ACEl'I£NT

Figure 16. Lateral and longitudinal displacements.



18 HONOA 11100 LB)

60 MPH 15 DECREES

QUMPER POSITION

AT= ~8. RS= 20. AE= 10.
o
"'. I I I I I I I I

o
o

N

o
o.
~ I I I I I I I I =="', I

o

~-t: Ieee I l'-.a I I I I I

I II ',< II IIci I I'=,

I I~ Io I ~<I_0 I
Ulci I I
WN
I
U
Z
-0
-0

.J:

.J:-

o
o

e fJ
a. •
I I

'Ia 213. Ila 200. 20 OE!R[(S
fll 213. I 0 200. 0 DE RfES
ft. 21J. I. 200.-20 DE IffS

g~ I I I I I ~ I (
II •00 12. 00 I]. 00 I" •00 15. 00 16 ~ 00 I. 00 18. 00 I9•0

Y - (INCHES) .10

Figure 17. Steering/braking effects on 10:1 embankment slope.



18 HONOR (1100 LB)

60 "PH 15 DECREES

8UHPER pas ITIOt4

AT= qo. AS= 20. RE- 10
o
o.
or:, • , I I i I I i

o
~.t: Icoc:: I ."111
o

..o I ><1;;~ I I

w~1 I
I I
u I '>.,.., I

~ z I~ -0 I
-0 I
1gI I

N

o
o.
~ I I I I I I I I >., I

U' •
6 ..

, ,_a 13111 ,.. 151 a.
, ,..... 131 I , I_ •
, ,.. IJI I -at

o
o

~+--I---I ~ t I ~ t ,-11.00 12.00 13.00 I .00 I .00 16t 80
Y - (INCHES) .10

Figure 18. Steering/braking effects with coefficient of frIction = 0.50.



Based on these results, it was concluded that reasonable

steering/braking variations had minimal effect on bumper heights.

E. Final Checks on and Disposition of HVOSM

Tests BH-7 through BH-10 were conducted on barriers placed on side

slopes (see chapter IV and appendix A). Prior to construction of the test

installation, concern was expressed by FHWA regarding the effects of

traversing the flat runway approach to the 10:1 superelevation. As shown

in figure 19(b), the width A had originally been proposed to be 10 ft

(3.0 m). In order to examine the difference between traversing the cross

sections shown in figure 19, a series of HVOSM simulations were conducted.

As shown in the summary of results in table 6, a width A of 10 ft (3.0 m)

produced significantly different bumper heights at the barrier locations

than the constant 10:1 slope of figure 19(a). A width of A of 15 ft

(4.6 m) produced bumpe~ heights that were essentially the same as the

constant slope. Thus, based on these simulations, the test geometry was

revised to A = 15 ft (4.6 m).

To provide gUidance in establishing test railing heights for vehicle

underride/override, the HVOSM program was exercised. The underride height

(grade to lower point of rail) on the test vehicle for Test BH-6 had been

measured at 20 in (51 em). Table 1 shows agreement with the test in that

underride occurred at the 32-in (81-em) overall barrier height. The

simulation shows in the table that vehicle redirection would have occurred

with a 30-in (16-cm) overall height.

For the sloping terrain Tests 1 through 10, a single underridel

override height of 18 in (46 em) was used, corresponding to the design

vehicle. Table 1 shows a threshold height of 30 in (76 em) for Test No.1.

A height of 30 in (76 em) is indicated for Test No.8, but the impact angle

should be changed to the more critical 15°. A 22-in (56-em) height should

be used for Test No.9. A 26-in (66-cm) height should be used for Test No.

10, but the impact angle should be changed to the more critical 25°.
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Table 6. Summary of HVOSM simulations - sloping terrain.-

Figure 19 Vehicle Bumper Height, in
Case Geometry A 504 648

1 (a) 0.80 -27.15

2 (b) 10 -3.23 -30.10

3 (b) 15 0.94 -27.13

* All simulations used 1800 1b car, 60 mph,
25-degree conditions.
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Table 7. Critical underride/override barrier mounting heights as determined by simulation results.



On completion of the test facility and conduct of the first of the

slope tests (Test BH-7), simulation runs were made with the modified HVOSM

program to compare predictions with measured test results. The comparisons

of three of these runs are shown in table 8. As shown in the table, the

largest discrepancy occurred in the bumper heights at impact. Several

other runs were made with various input changes, but significant

improvement in correlation was not achieved.

Because of the criticality of bumper heights in the important end

result that was expected from the study (see chapter V), it was considered

essential that satisfactory correlation between test and simulation be

achieved. Thus, an extended effort was made to check the adjustments of

additional HVOSM input parameters.

As a first step, the actual terrain of the test installation was

surveyed for input into the existing HVOSM model. Various driver input

steer angles and times of duration were then entered into the system to

simulate the vehicle trajectory after breakaway from the guide cable.

Table 9 shows the comparisons of test results and the various simulation

predications. As shown in the table, no significant improvement in bumper

height correlation was achieved. Because of the criticality of bumper

heights, it was decided to add a large car underride test [4500 lb

(2000 kg)/60 mph (95 km/h)/15°) for the next test BH-8.

Efforts continued to obtain satisfactory correlation of vehicle bumper

heights. As shown in table 10, computer simulation 1 and the results of

Test BH-8 compared very favorably. For a 19-degree departure angle, the

HVOSM simulation predicted no underride, as confirmed by the test.

Simulation 2 with the standard 15-degree impact did not predict underride.

The difference in bumper height between the two simulations of

table 10 is substantial, indicating that the impact angle was a critical

variable in these tests. In previous tests, vehicles had been released

from the guidance cable at the edge of the concrete approach apron at the
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Table 8. Comparison of HVOSH predictions with Test 8H-7 results.

VI....

Item

Test 811-7 Results

Simulation 1

Sillulation 2

Sillulation 3

Bumper Underride
lIeight at Iml)act

(in )

22.1

19.46

18.35

18.63

Impact Speed
(mph)

58.3

58.3

57.9

58.2

Impact Angle
(degrees)

15.6

16.77

16.02

15.66

Ilemarks--_.

Values measured at impact
with barrier. Speed trap speed
at edge of apron· 58.8 mph

Run with initial speed ..
58.8 mph and initial angle ..
18 degrees

Same as Simulation 1 except for
initial angle· 17 degrees

Same as Simulation 1 except for
increase in base material
coefficient of friction and
softening of vehicle suspension

NOTE: All simulations predicted underride of bumper and vehicle redirection.



Table 9. Comparison of HVOSM predictions with Test 8H-1 results
for steer angle input.

lu...n Ht • Lu,""t Ion 1.,lact Inp.. t 11... or
(I I...arl (l1.....d AnKI .. 5t..... A"t!I .." 5t .... r AnBI""

It". (lnt'h".) .Jl!l.!!''''''-_ !~I.!lr.....) J~&re..,,) _(",,_c_)__ _________ .I!....!"...k.-------------
1111-1 T"Rt R"....It. 22.1 Inll 15.6

51."I ..tlon 1 19.01 1611 15.n -- -- R"n with actual ...rv"'.... t"rr"ln

51... latlon 2 19.54 11100 12.0 -1 .001 to .00ll 5t""rln" ..nKI .. Input to .1...I.t .. v..hld .. br,,"k-awa,
rro•• t .... r cabl ...

51••I,1t Ion ) 19.54 16110 15.15 -I .001 to .002

51.lIlatlon 4 19.6l1 1110 15.2 -1 .001 to .001 ..
51_lallon 5 19.62 1690 15.54 -2 .001

51.ulatlon 6 19.5l1 1109 15.21 -1 .001 - .002
-.5 .01)) - .004 ..

51..,laUon 1 19.1l1 17]6 14.92 -) .001 N

V1
N

NOTE: 51...lat lone 2 throulh 1 did not pr.... l .. t und...rld... TI...... al...I.tlon. _r" al_ run with th...Unt.,.... t ..naln.



Table 10. Computer simulation/Test BU-8 comparison.

Test/Simulation Test BH-8 §imulation 1 Simulation 2

Initial Speed 60 mph 60 mph 60 mph

Initial Angle 18° (estimated) 19° 15°

Impact Speed 59.5 mph 58.83 mph 59.55 mph

Impact Angle 19.5° 19.5° 15.6°

Impact Bumper Ht 28.5" 28."" 23.5"

VI Remarks Vehicle redirected Predicted vehicle redirection Predicted underride/
w snag



test site. After disengagement, the vehicle moved up the 15-ft (4.6-m),

10:1 slope and then down the 12-ft (3.7-m), 20:1 slope to the barrier. On

assuming that the vehicle would drift to the left, an angle of 18° had been

laid out on the apron. In Test BH-7, the 180o-lb (800-kg) car did move to

the left and impacted the barrier at 15.6°. However, the 4500-lb (2000-kg)

car of Test BH-8 moved to the right for an impact angle of 19.5°. A repeat

of this test (BH-9) with a 15-degree approach revealed a drift to the left

with an impact angle that was too low. Because these differences in impact

angle were so significant in vehicle response, problems involved not only

the HVOSM correlations but also those associated with the test guidance

system.

The last two slope tests (BH-9 and BH-10) were finally simulated using

the modified HVOSM program. Table 11 summarizes the results. Although

underride was not predicted by either simulation, which agreed with test

results, the hei~ht of the bumper at impact was considerably lower in the

simulations than observed in the tests.

It became evident both from the sloping terrain simulations and test

results that the bumper height at impact was very sensitive. Despite the

extensive efforts to achieve satisfactory bumper height correlation between

the HVOSM predictions and test results, the recalcitrant problem persis

ted. The difficulty was in controlling the experiments accurately enough

to identify threshold conditions on sloping terrain. The trajectories of

vehicles crossing sloping terrain at various speeds and angles vary

considerably; and in all cases, satisfactory performance was obtained in

the experiments due to (in part) the variance from the desired impact

conditions. Thus, it was decided to terminate work on the analytical stUdy

and to determine critical underride/override railing heights by full-scale

tests. Because of the relative costs of simulations and tests, the scope

of work necessarily had to be reduced. However, the problem of

satisfactory correlation was apparently unresolvable.
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· Table 11. Compar1son of test and s 1mulation for Tests 811-9 and 811-10.



IV. SUMMARY OF FULL-SCALE CRASH TESTS

A. Genera+

Sixteen full-scale crash tests were conducted in the project using

primarily 4500-lb (2000-kg) and 1800-lb (BOO-kg) sedans. One low front

profile car was used to examine barrier mounting height problems with this

vehicle type.

The selected barrier systems were installed and evaluated by full

scale crash test according to the procedures of NCHRP Report 230. Data

were recorded by high-speed cameras and electronic transducers. Drawings

of the barriers evaluated in this project are shown in volume 2. Detailed

descriptions of the tests are given in volume 2.

The purpose of these tests was to establish threshold mounting heights

at 60 mph (95 km/h) for a range of three angles (7, 15, 2S). The 1S-degree

impact angle was chosen as being consistent with NCHRP Report 230 that

states on page 23:

"It is stressed that test conditions given in Tables 3 and 4 are
not all-inclusive. There are other conditions that may need to
be examined due to the peculiarity of the test article or unique
feature of the potential installation site" ••• e.g., sloping
terrain."

The crash tests are briefly described in the following sections; the

tests are summarized in tables 12 through 14. In these tables, an

assessment is made regarding compliance with the recommended evaluation

criteria of NCHRP Report 230, table 7.

B. . Critical Mounting Height Tests, Series 1

Six tests were conducted on G4(1S} guardrails installed at various

heights on level terrain. The tests are summarized in table 12 and

described briefly in the following paragraphs.
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Table 12. Summary of critical barrier height tests. series 1.

Test No. BlI-' BlI-2 BlI-] IIII-/j 011-5 1111-6

Barrier lIellht, In ]0· 22· ]2.' ]0· 22" ]2-

Test Vehicle 1978 Dodle 1978 Dodle 1978 Dodae 1978 Dod&e '918 Dodge 1919 lloogo

Gross Vehicle "ellht, Ib 11735 '1633 11675 '1699 '1162 2000
'.,..et Speed (fl1.), lIph 61.1 59.7 59.6 60.] 61.2 61.'1

I.,act Alllle, d.. 25.9 26.8 25.0 2'1.'1 26.5 25.0

I.,..ot Duration, HO .58 .'10 Pall Pocketed .5/j .'15 Not Aval I

tlaal_ Deflection, In
D1_lc 35.2 Not haU fta I I frac tured 27.6 Not haU 3.5
PerMnent ~II.3 1'1.0 aaU fractured 25.0 11.8 1.8

Edt Anile, d..
fll_ -12 Vehicle Vaulted Old Not Exit >-20 15.1 Old Not Exit
law Rate Transducer Not Avail Vehicle Vaulted Old Not Edt >-20 12.1 Old Not Exit

Exit Speed, ...
fll. )6.5 Vehlole Vaulted Old Not Exit Not Aval I 50.0 Old Not Exit
Aoceler_ter Not hall Vehicle Vaulted Old Not Exit Not hall 55.0 Old Nut Exit

tlaxl_ 50 85 hi Aceel
\.II (fllalaecelero.eter)......

Lonclt.ud lnal -II.2/Not AvaU -].5/-6.1 -6.3/-6.] -2.11-2.9 -3.2/-2.7 Not Iv"II/-6.1
Lateral -5. UNot AvaU -2.8/-3.6 -].2/-6.3 -6.6/-7.9 -2./j/'I.2 Not AvaJl/'I.6

Ocoupant ."k, NeIIRP Report 239
(fJlalacceJero.eter)

l!t.. lonl., fpc (30) 20.0/Not Avall 111.3/11.1 23.6/Not Avall Not Avall n./j/8.6 Not Ava I 112]. 1
l!t.. lat, fp. (20) 12.3/Not Avall 11.118.8 U.S/Not avail 18.3/18.5 11./1/3.1 Not hall/-I/I.8

.Jdedown AcceleraUon, I'.
(acoeJer_ter)
LoncltudJnal (15) -2.8 (fll.) -0.5 (fila) -S.8 (flla) Not Avail -2.8 -9.6
Lateral (15) -5.1 (flla) -0.9 (flla) ·3.0 (fila) -U.I -]1.6 5.1

tlCltRP Ileport 2£.Evaluation
Structural quae, (A,O) Paseed FaUed Failed Passed failed fa 11 cd
Occupant ...Ir (I) Puoed Paned Paesed Passed Passed Passed
'ehJole 'raJ_tor, (H,I). <15- Fall" Failed >IS+ Failed Passed

•• >15+ <15+
• Be. aUaabed to post uaJne reotaneular NUber •
•• 10 reotanlular weiher.
• 60S lalt anile 15++. l!t., • 15 aph



Table 13. Summary of sloping terrain tests.

Test No. 011-1 8/1-8 0/1-9 /lll-IO
8arr'e~ lIelcht, In ]21 32· 32· 3~·

Test Vehicle 1919 llonda 1918 PlyllOuth 1918 PIYllOUth 1918 Ply.lUlh
Gross Vehicle Wel,ht, lb 1950 11660 ; 11650 116'10

IlIpact Speed (til.), IIph 58.3 59.5 58.11 58.0

I-,act An,le, des 15.6 19.5 12.5 1].6

.-,act Duration, ..c .17 .'16 .]5 .38

Ha.I~ Deflection, In
o,_lc Not avail 21.1 2].] 25.3
Per_nent ].] 18.] 9.3 16.0

Edt Al,cle, de,
FII. -0.] -6.2 -].11 -5.1
Yaw Rate TrallIIducer -0.6 -).2 -2.1 -6.3

Edt Speed, .,..
FJI. 52.1 116.8 52.0 50.9
Accelero.eter "9.) 111.9 "9.8 50.2

\J1 Haxl_ 50 IllI Av, Accel
00 (fll./accelero-eter)

Lone Itud Inal -3.11-1.6 -2.0/-].3 -1.11-2.1 -2.8/-1.6
Lateral -6.0/-8.6 ".2111.1 ].212." 3.8/3.9

Occupant Rlak, NeIIRP Report 230
(fll./accelero-eter)

bV Ion,., fjls ClO) 3.6/12.9 10.2116.6 10.3/10.2 1."'8.6
bV lat, fps (20) 18.""9.1 -1..... /-1].0 -13.6/-11.5 -1l.5/-1".1

Rldedown Acceleration, ,'a
(acceler_terJ
Loneltudlnal (15) 0." -11.9 -0.9 II

Lateral (15) -12.0 6.9 -1.1 ".8
NellRP Report 230 Evaluation

Structural Adequacy (A,D) Passed Passed Passed Passed
Occupant Risk (E,F,G) Passed Passed Passed Passed
Vehicle Trajectory (H,I) Pas..d Paased Passed Passed

I No rectaneular washer.
I. Occupant did not travel required dIstance.



Table 14. Summary of critical barrier height tests. series 2.

Tellt No. BII-ll BII-12 011-1) 11I1-111 UII-I~ 1lI1-1&

Barrier Hellht, in n- ]]- ]]- 18- n· 27 (GI sy"l...,

Teat Vehlale 1978 P1YllCUth 1978 Ply..auth 1978 P1YllCUth 1918 Dodse 1'178 IJodse 1974 Ilalswl 2c.oZ

Croaa Vehiale Veilht, lb 11715 11715 11650 11670 11670 27'10

l"lllat Speed (f11.) , IIfIh 61.0 61.2 59.6 61.7 62.7 59.6

I~at anile, dee 6.8 111.5 19.5 7.6 n.6 211.8

l-.paat Duration, ..a .18 .59 .62 .1111 .]9 .89

Ha.l~ Deflection, In
o,_lc 6.0 21.9 112.0 Not Avail 15.7 6.5 (fl)
Per_ent 1.5 1].6 26.0 1.8 11.] cable" on Iround

Edt anile, dee
fU. -1.9 -11.5 -0.2 -1.11 1.6 Not Avail
Ya.. Rate TI'anaducer -2.1 Not Avall Not avail Not avail 2.0 Not Avail

Edt Speed, -.ph
FIl. 56.9 118.1 ]0.0 57.9 51.8 Not Avail
Accele~ter 56.2 Not haJJ - Not avail Not Avall 118.0 Not avail

VI Ha"~ 50 _ Avl Aceel
\0 (rll./accele~ter)

I.ona ltudIna1 -0.8/-1. 7 -1.9/-].8 -3.1INot Avail -2.0/-2.8 -2.9/-'1. 7 -2.3/-3.2
Lateral 2.5/2.9 3.5/11.] 1.II/Not Avail 2.11/2.0 11.115.1 -].8/-6.6

OcCUPllllt RJaIl ,IlCIIRP Report 230
(fil"accele~ter)

AV Jonl., epa nO) 7.111.2 13.5113.9 19.II/Not Avail 3.1116.0 111.0/16.5 12.9111. 3
AV lat, ~ (20) -12.3/-11.9 -111.2/-111.] -111.0/Not Avail -12.0/-8.2 -15.11-111.8 14.1115.9

Ildedottn Acceleration, I'a
(aceelerClMter)
Lonaltudlnal (15) -. -2.0 Not avail -2.2 -3.7 -5. I
Lateral (15) 2.2 8.5 Not avail -2.11 9.7 -7.9

NCtlRP leport 2]0 Evaluation
Structural Adequaay (A,D) Paased Paned Passed Paaaed Pall"ed I'allaetl
Ocaupant Ilall (E,' ,C) Pused Passed Pused Passed Paalled Pasaed
Vehicle TraJector, (H,I) P....d Paased Paaaed Paaaed Paaaed Paalletl

- 110 rectanaular ..aaher •
.. OcOllpant. did not. t.ravel required dlatance.



Test BH-1. The purpose of this test was to evaluate the G4(1S)

guardrail (coupled) for underride with the W-beam mounted at 30 in (76 em)

above grade~ The underride height for the test vehicle was 20 in (51 cm)

as shown in figure 20. Impact conditions for the 4735-1b (2140-kg) gross

weight vehicle were 61.1 mph (98.3 kID/h) and 25.9°. The vehicle was

redirected as shown in figure 21, although snagging occurred due to wheel

contact with posts. The maximum dynamic deflection was 35.2 in (89.4 em);

vehicle and barrier damage are shown in figure 20.

Test BH-2. The purpose of this test was to evaluate the G4(1S)

guardrail system for override with the top of the barrier at 22 in (56 cm)

above grade as shown in figure 22. The critical override height for the

test vehicle was 20 in (51 em). Impact conditions for the 4633-lb

(2101-kg) vehicle were 59.7 mph (96.0 kID/h) and a 26.8-degree angle. As

shown in figure 23, the test vehicle bumper immediately rode up over the

W-beam, causing the vehicle to ramp. The vehicle remained in.contact with

the rail for 17r5 ft (5.3 m) before vaulting over the system. Damage to

the barrier and vehicle are shown in figure 22.

Test BH-3. The purpose of this test was to evaluate G4(1S) system

mounted at 32-in (31-cm) for underride as shown in figure 24. Test condi

tions included a 4675-lb (2120-kg) vehicle with a 20-in (51-em) underride

height impacting at 59.6 mph (95.9 kID/h) and angle of 25.0°. As shown in

figure 25, the test vehicle bumper immediately rode under the rail and

snagged on the next downstream post. The left front tire/wheel assembly

also snagged on this post, causing the post to detach from the beam. The

next three posts also detached from the W-beam and pulled from the ground

during impact. The vehicle continued without redirection until pocketing

occurred at the fourth post contacted, causing the beam to separate at the

next downstream pest location. The beam had deflected 3.3 ft (1.0 m)

before separation occurred. The downstream section of the separated rail

impaled the vehicle in the grille area and into the engine compartment; no

passenger compartment intrusion was noted. The vehicle stopped at the

60
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sixth post contacted. Damage to the vehicle and barrier is shown :n figure

24.

Test BH-4. The purpose of this test was to evaluate the G4(1S)

guardrail system for underride with the beam mounted at 30 in (76 em) high

as shown in figure 26. Test conditions included a 4699-lb (213'-~g)

vehicle with a 20-in (51-em) underride height impacting at 60.3 mph

(97.1 km/h) and angle of 24.4°. As shown in figure 27, the vehicle

remained in contact with the barrier for 25 ft (7.6 m) before redirection

at a 17.3-degree angle. No significant snagging of the rail or line posts

was noted. Damage after the test is shown in figure 26.

Test BH-5. The purpose of this test was to evaluate the G4(1S)

guardrail system for override with the beam mounted at 22 in (56 em) above

grade as shown in figure 28. Unlike Test BH-2 which included the use of

rectangular washers under the beam/post attachment bolt head, this system

used no washers and was considered "uncoupled." Test conditions included a

4762-lb (2160-kg) vehicle with a 20 in (51 em) override dimension impacting

at 61.2 mph (98.5 km/h) and at a 26.5-degree angle. As shown in figure 29,

the vehicle bumper immediately rode up over the W-beam which- resulted in

the vehicle ramping over the barrier after 18 ft (5.5 m) of contact.

Photographs after the test are shown in figure 28.

Test BH-6. The purpose of this test was to determine if the 32-in

(81.3-cm) high G4(1S) system was also a critical underride height for the

1800-lb (800-kg) car at 60 mph (95 km/h) and 25-degree angle. Since the

1800-lb (800-kg) test car had the same 20-in (51-em) underride height as

the 4500-lb (2000-kg) sedan used in previous tests, the test would

determine if a higher height could be tolerated for the smaller car.

Figure 30 contains photographs before the test. The 1835-lb (832-kg)

vehicle impacted at 61.4 mph (98.8 km/h) and an angle of 25°. As shown in

figure 31, the vehicle was redirected by the barrier until significant

wheel snagging on the posts caused the vehicle to yaw and spin out from the

barrier. Photographs after test are shown in figure 30.
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rour. ~ests were conducted on the slopi~g terrain g~ometry described i~

figure 32. A great ~~ount of difficulty was rea~izej in the conduct of

~r.ese tes:s. ~or :r.e first :hree :es~s, the guidance cable used to steer

15-degree approach ~o :ne barr:er, the test vehic:es ~oulj travel a:~os:

100 ft on the sloping ~errain wLthout steering control. ~nother factor is

the somewhat ~npr~dictable s~eering inpu~ imparted ~o the vehicle ~hen ~he

steerir,g bracket is sheared off. for level terrain tests, the "break-a:':"

ooint is generally less than a car length which enhances the precision of

the i~pact a~gle. ~he combination of bracket break-off steering input ar.d

traversai of sloping terrain for approximately 100 ft caused the first

three test conditions to vary widely.

for the fourth test, the steering cable termination point was moved 'jP

to the crest of the sLperelevated slope; thus for a constant 15-degree

angle, the freewheeling vehicle would traverse only 41.5 ft (12.7 m) before

impacting the barrier. Steering inputs were incorporated into the HVOSM

simulations in an attempt to reconcile the difference between actual impact

conditions and those predicted in the simulations. Due to the combination

of steering input and sloping terrain traversal, it was difficult to reach

closure on this problem.

For reasons previously described in chapter :rr and this section,

testing on the sloping terrain using the cable guidance system presented

many problems. Remote steering was contemplated, but this method has its

own sources of possible error also. It was decided that the problems were

real and solutions beyond the scope of the project. The four tests are

briefly described.

Test 3H-7.

the hinge point

(81 cm) for ':.he

This test eval~ated the G4(lS) guardrail when installed at

(see figures 32 and 33). The top of rail was set at 32 in

20-in (51-em) high underride height of the 1950-lb (884-kg)

75
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Honda. The vehicle impacted the ~arr~e, at :8.3 ~ph (94 krn/h) and i5.c

degree angle. Imrned iately on impact, the '/er. icle bumper rode under the

rail and subsequently contacted two posts before redirection as shown in

figure 34. No whe~l or bumper snagging occurred. Photographs before ar.d

after the test are shown in figure 3S.

Test BH-8. The purpose of this underride test was to evaluate the

same installation as BH-7 for a 4500-1~ (2000-kg) vehicle impacting at

60 mph (95 km/h) and 1S~. Due to the trajectory of the vehicle after

breaking away from the guide cable the actual impact conditions were

59.5 mph (95.8 km/h) and 19.5-degree impact angle. The higher than planr.ed

impact angle could ~ot be explained after ~uch investigation. As shown in

figure 36, the vehicle remained in contact with the barrier for 28.9 ft

(8.8 m) before smooth redirection at a 4.2-degree exit angle. The front

bumper did not underride the beam and although tire contact with posts ~as

noted, no snagging occurred. Figure 37 contains photographs before and

after the test.

Test BH-9. This test was considered a repeat of the p~evious test.

In this test, the vehicle drifted away from the barrier as had been antici

pated in previous tests and had occurred with the 1Boo-Ib (BOO-kg) car in

Test BH-7. However, based on a drift toward the barrier in the 4500-lb

(2000-kg) car test (8H-B), the cable termination had been set expecting

this same phenomenon. Instead, the vehicle drifted away from the barrier

and actual impact angle was 12.5° as shown in figure 38. The vehicle

impacted at S8.4 T.ph (B5.7 fps), the bumper underrode the beam, and

wheel/post contact occurred, but no snagging was noted. The lack of

snagging was attributed to the small deflection of the barrier system.

Photographs before and after the test are shown in figure 39.

Test BH-l0. The guide cable termination point was moved up the 10:1

slope for this repeat of the previous test. The actual impact angle of

13.6° was still below the 15-degree angle. As shOwn in figure 40, the

vehicle impacted at 58 mpr, (93 km/h) and remained in contact with the
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jarrier for 31.0 ft (9.4 m) before smooth redirection at an exit ang~e of

5.7 0 occurred. The front bumper did not underride the barrier and ~heel!

post contact was not sufficient to cause snagging. Photographs after the

test are shown in figure 41.

J. Critical Mounting Height Tests, Series 2

.
After the sloping terrain tests were dismissed due to test condition

difficulties, another series of tests was conducted to further determine

critical mounting heights. It had been observed on the sloping terrain

tests that vehicle bumper underride had occurred without severe consequen

ces due to the relatively low deflection values for the 15-degree angle

impacts. Accordingly, this test series focused on impact angle as a

variable in the critical barrier height determination. The tests were

conducted on level terrain with angles of impact from 7 to 20°.

In addition, a low profile car was used to evaluate the G1 cable

guardrail system.

Test BH-11. The purpose of this test was to establish the G4(lS)

system critical mounting height for underride for 60-mph (95-km/h), 7.5

degree angle impacts. The beam was mounted at 33 in (84 cm) and critical

bumper height of 20 in (51 cm) as shown in figure 42. The 4715-lb

(2138-kg) vehicle impacted the barrier at 61.0 mph (98.2 km/h) and an angle

of 6.8°. As shown in figure 43, the vehicle was smoothly redirec:ed with

no b~~per snagging although bumper underride occurred. Insignificant

contact of the rear tire with the traffic face of one post was the only

post/wheel contact noted. Photographs after the test are shown in

figure 42.

Test BH-12. The purpose of this test was to evaluate the same barrier

installation as BH-1 'see figure 44) with an impact angle of 15°. The

4715-lb (2138-kg) vs :le impacted at 61.2 mph (98.5 kmih) and a 14.5

degree angle. As S~ ~n in figure 45, the right front fender deformed
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i~war~. allowing :he right fro~t tire and wheel to ride under and be~i~d

the W-beam. Although the front bumper under rode the beam, snagging :our

posts, sufficient vehicle velocity was maintained for normal redirection.

The vehicle remained in contact for 31.5 ft (9.6 m) before redirection at a

4.S-degree exit angle. Photographs after the test are shown in figu~e 44.

Test 3H-13. 7he purpose of this test was to evaluate the G4( is)

guard~ail mou~ted at 33 in (83.8 cm) h:gh with an impact angle of 20~ as

shown in figure 46. As shown in figure 47, the 4650-lb (2104-kg) vehicle

impacted the :arrier at 59.6 mph (95.2 km/h) and a 19.5-degree angle.

Immediately after impact the front bumper underrode the W-beam, alloWing

the right front wheel to engage the next six posts. Although the vehicle

began to redirect, impact with the posts caused the rear of the vehicle to

begin to yaw away from the barrier. The vehicle continued this "spin out"

but impact with the barrier further downstream caused redirection of the

vehicle parallel to the barrier. The initial barrier contact length was

37 ft (11 m) with a maximum deflection of 3.5 ft (1.1 m). The secondary

impact was 84 ft (26 m) downstream of initial impact and continued 9.5 ft

(2.9 m) until the barrier ended. Photographs after test are shown in

figure 46.

Test BH-14. The purpose of this test was to evaluate the G4(1S)

guardrail system with the top of the beam mounted at 18 in (0.5 m) as shown

in figure 48. The 4670-1b (2118-kg) vehicle impacted the barrier at

61.7 mph (99.3 ~/h) and 7.6-degree angle as shown in figure 49. The front

bumper rode ove~ the ~-beam at impact and the right front tire engaged the

rail, causing redirection to occur. The vehicle remained in contact with

the barrier for 20.3 ft (6.2 m) before redirection at a 1.4-degree exit

angle occurred. Photographs after test are shown in figure ~8.

Test BH-15. The purpose of this test was to establish critical

mounting height for the G~(1S) system for an angle of impact of 15° at

60 mph (95 km/h). Photographs before test are shown in figure 50. The

bea~ ~as installed at 22 in (56 cm) above level grade. The 4670-1b
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(21 18-~g) '/e~icle i~pacted at 62.7 ~ph ('00.9 km/h) and a 13.6-cegree

a~g:e. As shOwn in figure 51, the vehicle became airborne and reached a

maximum roll angle of 66° before recontacting the ground on the left

side. Jehicle and barrier damage are shown in figure 49.

:est 3H-16. :~e purpose of this test was to examine the perfor~ar.ce

of a low front profile car with a cable guardrail system. The most

commonly specified cable guardrail in the country is the G1 cable guardrail

shown in the AASHTO Barrier Guide(9). This barrier had been extensively

tested during development(10) and more recently tested by New York('1) anj

Southwest Research Institute for NCHRP(12). The G1 cable system ~hown in

the Barrier Guide has the top cable at 30 in (76 em) above grade.

Recently, ~ew York (see ref. 1) has contemplated changing the height to

27 in (69 em). Tests conducted recently by New York and SwRI have

indicated this is more desirable. A test conducted at SwRI resulted in a

4300-lb (1950-kg) van redirecting after a 60-mph (95-km/h), 25-degree angle

impact.(11) Thus, it had been demonstrated that 27 in (69 em) was

sufficiently high to redirect a higher e.g. vehicle.

The top cable was set at 27 in (69 cm) for the test as shOwn in

figure 52. The test vehicle was selected based on a survey described in

figure 6. The 1974 Datsun 260Z weighing 2740 lb (1243 kg) impacted the

barrier at 59.6 mph (95.8 km/h) and angle of 24.8°. As shown in figure 53.

the top cable rode up over the hood but was contained by the A pillar ar.c:

pillar without any passenger compartment intrusion. The two lower cables

remained captured by the deformed sheet metal along the left siee of the

car. Vehicle contact with subsequent posts caused the rear of the vehicle

to begin yawing away from the barrier. Elastic spring of the cables pusnej

the vehicle laterally away from the system. The vehicle lost contact with

the barrier after 64 ft (20 m) and recontacted the barrier 7 posts dOwn

stream from the initial contact. This second contact caused the vehicle to

spin out and begin traveling backward, coming to rest as shown in

figure 52.
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V. CONCLUSIONS AND DESIGN GU:DELINES

A. Findings

As a result of the full-scale c~ash tests and computer simulations

conducted in this study, some i~portan: findings were revealed that affect

the performance of barriers with varying railing heights. These findings

were as follows:

Bumper heights were shown to be very sensitive to the impact

conditions. Though the computer simulations indicated underride for the

nominal impact conditions, the small deviations in actual test impact

conditions affected not only the bumper heights but also the barrier

response. When the .actual test conditions were duplicated with the simu

lation, the change in barrier response (from underride to no underride)

followed. However, the persistent problem of discrepancies between bumper

heights of tests and sloping terrain simulations could not be resolved;

this is principally attributed to the trajectory of the car after

traversing two slopes from 40 to 100 ft (12 to 30 m) after release from the

guide cable. The si~ulation model accurately predicts bumper height if

known trajectories are input.

• Bumper heights alone are not sufficient to predict underride.

Though the bumper did underride the railing in Test BH-9 (see chapter IV),

the barrier deflection was not sufficient for the bumper to snag the posts

and pocket the vehicle. In fact, the slope tests BH-7 through BH-l0 showed

that underride was not likely to be a problem for impacts of less than 20°

with reasonable barrier heights. This was validated with subsequent flat

and level tests.

• Within the range of standard impact conditions, small car under-

ride was not shown to be critical because of insufficient barrier

deflection to permit vehicle contact with the posts. This is based on the

fact that for a given speed and angle, the large car is more critical in
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both cases because of the larger deformation of the barrier which is

crucial for both underride and override. The bumper heights are basically

the same ..

The findIng that barrier deflection, in addition to the ~ela:ive

railing/bumper heights, affected unde~ride implied that it also affec:~j

override. That is, the bumper might override the railing without suffi

cient lean of the barrier to launch the vehicle. On considering the

continued vehicle wheel and undercarriage contact ~ith the rail, this ~as

not as likely as the firmer vehicle body contact in underride situations.

• Uncoupling the railing from the posts by eliminating the

restraining washers did not significantly affect the barrier response in

underride or override conditions.

• On slope tests BH-7 through BH-10, it was found to be practically

impossible to achieve accurate impact conditions because of left or right

vehicle drift after release from the guidance system. Thus. threshold

underride/override barrier heights were established from flat and level

tests. Table 15 shows the critical railing heights for the' cornman corru

gated railing systems (W-beam or thrie beam). Thresholds for other railing

types were not established.

• Based on computer simulations, the effects of suspension

variations were not judged to be critical. Thus, the bumper trajectories

predicted by the computer should be accurate for a wide range of suspension

values.

• Based on computer simulations, the effects on steering/braking on

level terrain are not significant; however, steering can affect the trajec

tory of vehicles traversing slopes and result in changes in the bumper

height at impact. The infinite number of possible steering input

variations did not permit consideration of this variable in the project.
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Table 15. Threshold railing heights.

Condition Angle of Impact (degrees)-

Underride

Override

7.5

34 (+2)--

'8 (-2)

15

34 (+2)

22 (+2)

25

32 (+0)

22 (+2)

- All tests were with nominal 4500-lb vehicles at 60 mph.
Pickups were not included in this study. Smaller cars
are not included due to the third conclusion on page 102.

** Numbers in parentheses show relative railing heights with
respect to the 20-inch underride/override heights of the
test vehicles. These numbers are to the bottom of the
railing for underride and to the top of the railing for
override.
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~he single test of the low prof:le car ~ndicated satisfactory

performance with the Gl cable system mounted at 27 in (70 em) high. 2ecenc

experience, with a test by New York indicated totally unsatisfactory

performance with the Gl system mounted at 30 ~n (75 em). The test ,eh~c~e

(a mid-70 P:ymouth fury 2-door hardtop) suffered severe passer.ger compar:

ment damage due to cables se'/eri."5 :he A and C pi2.lars. (10) In an ~JC:;??

project ac SwRI, a 4300-1b (1950-kg) van was successfully redirected ~:

60 mph and 25-degree angle with the top cable at 27 in (70 ern). Thus, i:

would appear that the G1 cable system mounting height as shOwn in the

AASHTO Barrier Guide should be lowered to 27 in (70 ern).

The 1977 AASHTO Barrier Guide(9) sets top of railing height for

W-beam systems G4(1S) and G4(1&2W) at 27 inches (68.6 ern). For the G9

thrie beam system the top of rail height is set at 32 inches (81.3 em).

Since the findings of this study were based on passenger cars, it would

seem that a beam mounting height as high as possible would achieve the most

favorable results in the field. Since most of the smaller cars are

represented by the Honda, the higher beam mounting height would make the

barriers more responsive to vehicles weighing more and with higher e.g.s

than the 4500-lb (2025-kg) vehicle. Thus, for the design bumper height of

18 in (45.7 ern), an ideal mounting height would be 30 in (76.2 cm) for the

W-beam and 38 in (96.5 ern) for the thrie beam as illustrated in Figure 54.

Allowing for some factor of safety (for uneven terrain, braking, etc,), t~e

W-beam mounting height of 27 in (68.6 ern) could remain a good choice, but

the thrie beam mounting height could be raised from 32 to 35 in (81.3 to

88.9 ern) using the same rationale. Using a similar rationale, a user

agency should seriously consider upgrading where an installation height is

below 20+3 or 23 in (58.4 em). The selection of the 3 in (7.5 ern) value is

somewhat arbitrary and not based on any real precision.

The difficulty in achieving desired test conditions for barriers

mounted on sloping terrain prevented closure on certain questions regarding

the effects of the vehicle attitude (i.e., pitch and trajectory direction)

before and during the impact events. Using conventional steering
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techniques (i.e., 3uide cable), cont~ol of the location and angle of impac:

cannot be satisfactorily cont~olled for dete~mining threshold values. Some

fo~m of remote steering or fixed guidance channel might be more accurate

although the former could have its o~n set of p~oblems. It is ~ecorr~e~ded

that if significant questions arise rega~ding the findings of this p~ojec:

in this regard that improved steering techniques on sloping terrain be

investigated and crash tests conducted accordingly.

8. Design Guidelines

The threshold underride/override railing heights as established by

full-scale tests are sho~n above in table 15. This information, along ~ith

the HVOSM data supplied by the Texas Transportation Institute (TTl) (see

chapter II), ~as used to develop design guidelines. The manner in which

these guidelines ~ere developed and explanation of their use follo~.

As indicated in chapter II (table 2), the TTI stUdy included 26

road~ay/roadside geometric parameters. For each of these road~ay/roadside

cross sections, HVOSM runs ~ere conducted foi t~o vehicle sizes [1800 lb

(800 kg) and 4500 Ib (2000 kg)] and three impact angles (7.5, 15, and 25°)

all at a single speed of 60 mph (95 km/h). This produced a total of 26 x 2

x 3 = 156 HVOSM runs. Output from each run included the bumper mid-height

as the vehicle traveled across the section. A computer program ~as first

prepared for graphical presentation of this output data.

The TTI data represented bumper mid-heights of 17.2 in (43.7 cm) for

the 1800-1b (800-kg) car and 17.5 in (44.5 cm) for the 4500-1b (2000-kg)

vehicle. The first modification ~as to add 0.8 in (2.0 cm) and 0.5 in

(1.3 cm), respectively, to reach the single underride/ override height of

18.0 in (45 cm) for the design vehicle (see figures 4 and 5 of

chapter II). Further modifications ~ere to adjust the heights by the

relative distances for underride/override as sho~n in table 15 above.

Table 16 sho~s the 12 final adjustments of the TTI data for the bottom of

the railing for underride and the top of the railing for override.
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Table 16. Adjustments of TTl data for
underride/override.

Impact Angle (degrees)

Vehicle 7.5 .12 25

Underride (adjustments to bottom of railing)

1800-lb +2.8 +2.8 +0.8

4500-lb +2.5 +2.5 +0.5

Override (adjustments to top of railing)

1800-lb -1.2 +2.8 +2.8

4500-lb -1.5 +2.5 +2.5
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The i2 adjustments shown in table 16 ~ere plotted on each of the 26

roadway/roadside cross sections. Figure 55 shows an example of the

resulting plots. By shading in the area from the lowermost underride curve

(bottom of railing) to the uppermost override curve (top of railing), the

required range of railing width along the roadside could be established.

The 26 roadway/roadside conditions are repeated in table 17. ~~T.bers

in parentheses refer to the corresponding ~umbers of the figures that

follow.

Figure 56 illustrates how the curves of figures 57 through 82 can be

used. By preparir.g an overlay scale corresponding to the Z-axis and

placing it at the guardrail position of interest, the reqUired width and

height of the railing can be determined. Note that if the band width

exceeds the 12-in (30-cm) width of the W-beam, either a 20-in (50-em) wide

thrie beam or an added rub rail should be used. If the band width is less

than the railing width, tolerances in railing height can be established.

That is, the railing can be moved up or down as long as the railing width

covers the band. An agency could opt for a tolerance to account for bumper

height variations (for any reason) by reducing the effective band width of

the beams.

Note that these barrier limit curves are only for corrugated railings

(W-beam or thrie beam). Underride/override thresholds were not established

in the study for other types of railings. Also, the underride/override

heights shown were established from flat and level full-scale tests. The

limits might be changed somewhat by downward or upward trajectories of the

vehicles at the guardrail points of interest. These effects could not be

established because of the problems assocrated with the modified HVOSM code

in simulations and vehicle drift in full-scale slope tests. However, with

the relatively small deflections that would be expected with the G4 or G9

guardrail systems for most impacts, these effects are not considered to be

significant.
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7able 17. Roadway/roadside geometric parameters.

at +48 -20 -10

as +20 +20 -20 +20 -~o

+4 +4 +4 +4 +4
(57) * (63) (69) ( 73) (79 )

~

+6 +6 +6 +6 +6
(53) (64) (70) (74 ) (80)

ae +8 +8 +8 +8 +8
(59) (65) (71) (75) (81)

+10 +10 +10 +10 +10
(60) (66) (72) (76) (82)

-8 -8 -8
( 61) (67) ( 77)

-4 -4 -4
(62) (68) (78)

* Numbers in parentheses refer to corresponding figure numbers.
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FEDERALLy COORDINATED PROGRAM OF HIGHWAY
RESEARCH AND DEVELOPMENT (FCP)

The Offices of Research and Development
of the Federal Highway Administration are
responsible for a broad program of research
with resources including its own staff,
contract programs, and a Federal-Aid
program which is conducted by or through
the State highway departments and which also
finances the National Cooperative Highway
Research Program managed by the
Transportation Research Board. The
Federally Coordinated Program of Highway
Research and Development (FCP) is a care
fully selected group of projects aimed at
urgent, national problems, which concen
trates these resources on these problems to
obtain timely solutions. Virtually all of the
available funds and staff resources are a part
of the FCP, together with as much of the
Federal-aid research funds of the States and
the NCHRP resources as the States agree to
devote these projects. •

FCP Category Descriptions
1. Improved Hipway Desip and Operation

for Safety
Safety R&D addresses problems connected
with the responsibilities of the Federal
Highway Administration under the High
way Safety Act and includes investigation
of appropriate design standards, roadside
hardware, siping, and physical and scien
tific data for the formulation of improved
safety regulations.

2. Reduction of TraffIC COlllestion and Im
proved Operational EffICiency
Traffic R&D is concerned with increasma
the operational efficiency of existing hip
ways by advancing technology, by improv
ing designs for existing as well as new
facilities,. and by keeping the demand-ca
pacity relationship in better balance
through .traffic management techniques
such as bus and carpool preferential treat
ment, motorist information, and rerouting
of traffic:.

.",. ca.....,.~ 0Ina.! _ 01 dlI PCP ......... "- ..
N-..a TteII8i!:lIIlalor-aoa s.niot (NTIS). S(lriIIIfIIId, virIi* DIet
(Onler No. P11QIS1. price~ paoIpUI). SiIIIIt copiII 01 dle~
vol.... U'I obtaiuIIIt widlooat c:barII r.- I'roIn8 AMIytiI (HaJ).ZI..
orr_ 01 a-rdIllIlI Oo..lIIp... F.... H__~

........D.C.-.

3. Environmental Considerations in Highway
Desip, Location, Construction and
Operation
Environmental R&D is directed toward
identifying and evaluating Highway
elements which affect the quality of the
human environment. The ultimate goals
are reduction of adverse highway and traf
fic impacts, and protection and enhance
ment of the environment.

4. Improved Materials Utilization and
Durability
Materials R&D is concerned with expand
ing the knowledge of materials properties
and technology to fully utilize available
naturally occurring materials, to develop
extender or substitute materials for materi
als in short supply, and to devise proce
dures for converting industrial and other
wastes into useful highway products. These
activities are all directed toward the com-

. mon goals of lowering the cost of highway
construction and extending the period of
mainteliance-free operation.

S. Improved Desip to Reduce Costs, Extend
Life Expectancy, and Insure Structural
Safety
Structural R&D is concerned with further
ing the latest technological advances in
structural designs, fabrication processes,
and construction techniques, to provide
safe, efficient highways at reasonable cost.

6. Prototype Development and Implementa
tion of Research
This category is concerned with developing
and transfemng research and technology
into practice, or, as it has been commonly
identified, "technology transfer."

7. Improved Tec:bDoIOl)' for Hiahway Main
tenance

Maintenance R&D objectives include the
development and application of new tech
nology to improve management, to aug
ment the utilization of resources, and to
increase operational efficiency and safety
in the maintenance of highway facilities.


