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English to Metric System (SI) of Measurement

SI CONVERSION FACTORS
To Convert From To
ACCELERATION
m/s2 ft/s2
AREA
m?2 ft2
ENERGY
Joule (J) ft.1bs
FORCE
Newton (N) 1bs
LENGTH
m ft
m in
cm in
mm in
MASS
kg by,
PRESSURE OR STRESS
kPa psi
VELOCITY
km/h mph
m/s ft/s
km/h ft/s
VOLUME

liters gal

11

Multiply By

3.281

10.764

0.7376

0.2248

3.281
39.37
0.3937
0.03937

2.205

0.1450

0.6214
3.281
0.9113

0.2642
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1. INTRODUCTION

1.1. Problem

New methods of forming concrete walls and barriers have provided designers with a wide
variety of possible architectural treatments in the form of patterns and textures. However, there
are limited crash test data to verify that barriers featuring these patterns and textures will comply
with National Cooperative Highway Research Program (NCHRP) Report 350 crash testing
criteria. There is a need to develop guidelines for evaluating the crashworthiness of barriers with
a broad range of patterns and textures based on full-scale crash testing of selected representative
designs.

1.2.  Objective

To determine which textured barrier surfaces will withstand impacts from passenger
vehicles (820 — 2000 kg) at speeds of 100 km/h and impact angles of 20° - 25° without
producing excessive pitch, roll, yaw, deceleration, or deformation of the vehicle and to develop
guidelines to evaluate additional textures without conducting full scale crash testing. Testing
will be done in accordance with NCHRP Report 350, Test Level 3, for longitudinal barriers.

1.3. Background And Significance Of Work

There are many different patterns and textures available to architects for use on concrete
barriers. Local agencies and the public are increasingly requesting that Caltrans incorporate
some of these patterns and textures in new barrier designs to make state highways more
aesthetically pleasing. The Federal Highway Administration (FHWA) requires that all new
longitudinal barrier installations on the National Highway System comply with the crash testing
criteria embodied in NCHRP Report 350. In addition, Caltrans policy stipulates that all such
barriers newly installed anywhere on the state highway system must meet the Report 350
criteria. All conventional barrier designs currently being installed on the California State
highway system have been crash tested in accordance with Report 350 and have been determined
to be compliant. These barriers are constructed only of smooth concrete.

To date, very few concrete barriers with architectural surface treatments featuring
patterns or textures in the concrete have been tested to determine whether they meet Report 350
criteria. There is a substantial need for research in this area because the effect of architectural
surface treatments is little understood and could have significant safety-related effects.

It would not be practical to conduct full-scale crash tests on every pattern and texture that
could conceivably be used on Caltrans barriers. However, crash testing a few selectively chosen
patterns could provide the basis for developing guidelines to evaluate the potential
crashworthiness of a wide range of patterns and textures. A Caltrans team of architectural and
engineering experts determined that a series of crash tests on up to eight different concrete
barrier patterns (with two alternate patterns) should be sufficient for such guideline development.



1.4. Literature Search

A literature search using the TRIS, NTIS, and the Compendex Plus databases was
conducted at the beginning of the project to find research reports or publications related to the
objectives of this project. There were no reports that involved crash testing of various textured
barriers as outlined in the objective stated above.

1.5.  Scope

Representative panel sections were fabricated and attached to an existing barrier installed
at the Caltrans Dynamic Test Facility in West Sacramento. Data were collected from eight
vehicular crash tests under the conditions shown in Table 1-1. These data were analyzed to
determine if the panels met the criteria set forth in NCHRP Report 350.

Table 1-1 — Intended Test Conditions

CALTRANS | Barrier type | Mass | Speed | Angle NCHRP Report 350
Test # (k) | (km/h) | (deg) Test Designation Vehicle
581 Deep 820 100 20 3-10 820C
Cobble
582 Fluted Rib 820 100 20 3-10 820C
583 Deep 2000 100 25 3-11 2000P
Cobble
584 Mission Arch | 820 100 20 3-10 820C
585 Cobble 2000 100 25 3-11 2000P
Reveal
587" Drystack 2000 100 25 3-11 2000P
588 Stone-Ground | 2000 100 25 3-11 2000P
Fractured
Granite
589 Shallow 2000 100 25 3-11 2000P
Cobble

ITest 586 was intended to test the Drystack pattern. Due to a guidance failure, the 2000P vehicle impacted
an unused section of the barrier without affecting the textured section. The test was re-run one week later as Test
587 with a different vehicle.



2. TECHNICAL DISCUSSION
2.1. Test Conditions - Crash Tests

2.1.1. Test Facilities

All of the crash tests were conducted at the Caltrans Dynamic Test Facility in West
Sacramento, California. The test area is a large, flat, asphalt concrete surface. There were no
obstructions nearby except for a 2-m high earth berm 60 m downstream from the tested barriers.

2.1.2. Test Barrier Design and Construction

In 1997 Caltrans conducted full-scale crash tests on a slip-formed, single-slope, concrete
median barrier known as the Type 60G®. This barrier is 1.42 meters high with a traffic-side
face that slopes 9.1 degrees from vertical (Figure 2-1). This barrier is still in place at the
Caltrans facility and was used as a “backing” for all of the tests performed in this study?. It was
determined that casting relatively thin (300 mm) panels against this existing barrier would be
less costly than forming and casting an entire textured barrier capable of withstanding full-scale
impacts.

It was necessary to be able to remove each set of textured barrier panels easily after
testing to make way for the next set of textured panels to be tested. A sheet of plastic was placed
over the existing Type 60G barrier to prevent the textured panels from bonding to the Type 60G.
Because this kept the textured concrete panel physically separate from the Type 60G concrete, a
method was developed to temporarily secure the panels to the Type 60G. Cast in each panel
were 19-mm ferrule loop inserts attached to threaded rods. These threaded rods passed through
the plastic sheet and into 76 mm diameter holes cored through the existing Type 60G barrier.
Thin sheet metal plates placed directly under the ferrule loop inserts kept the fluid concrete from
flowing into the 76 mm cored holes (Figure 2-2). Steel plates and nuts were used on the
backside of the Type 60G to hold the ferrule loop inserts in place during the casting process.
These nuts were tightened on the day of the crash test.

The reusable formwork for each of the textured panel designs was constructed using
typical 2” x 4” wood framing to make four separate panels each 2.4-m long. The panels used for
Tests 581 through 584 were 1220-mm high while the panels for all other tests were 1422-mm
high. The panels were bolted to each other to form a continuous wall 9.8-m long. The panel
forms at the ends of the barrier were bolted to a form end-piece, which in turn was bolted to the
existing Type 60G barrier via mechanical expansion anchors. The entire formwork assembly
was braced against a “kickboard” which was bolted to 19-mm ferrule loop inserts cast into
concrete footings in the asphalt directly in front of the barrier (Figure 2-3).

For the 1422-mm high barriers, this kickboard was also backed up by placing portable
concrete barrier (PCB) segments up against its outside edge. Further bracing was placed
between the formwork and the PCB. Steel straps were also used to secure the top edge of the
formwork to the top and back of the Type 60G. All of the panels used in this study were
constructed in essentially the same way.

2 The Caltrans Type 60-series barrier has been accepted by the FHWA for use on the National Highway System at
Test level 3 (TL-3). For this reason, FHWA did not require the full TL-3 test series (using both the 820C and the 2000P
vehicles) to assess each texture. Caltrans initially opted to focus on testing with the 820C sedan, although this focus was later
modified.



Figure 2-1 Existing Type 60G barrier

Figure 2-2. Formwork ready for concrete placement
(note the plastic sheeting and ferrule loop inserts)



Figure 2-3. Formwork bracing for the 1220 mm high barriers

2.1.3. Concrete

The same concrete mix design was used for all of the barriers tested in this study. It was

obtained from a local supplier and typically consisted of the following:

Material

Coarse aggregate
Fine aggregates
Portland cement
Mineral admix

Water

Type A water reducer
Air content 1.50%

Designed slump
Designed unit weight
Designed w/c + p ratio

Description

Perkins 1 x 4
Perkins conc. sand
Type I/l

Class F - flyash
Natural

Pozzolith 322N

101.6 mm
2413.8 kg/m3
0.47

Admixture Weight

(ml/ m’) (kg)
1,115

811

251

84

158

1,256

TOTAL 2418

Volume
(m’)
0.41
0.31
0.08
0.04
0.16

0.01
1.00



As each barrier was cast, a number of sampling cylinders were prepared for later testing
of the compressive strength of that particular batch of concrete. Cylinders were sent for testing
to the concrete testing section at the Caltrans Translab typically at one-week intervals from the
date the barrier was cast. Compressive strength testing of sample cylinders was also scheduled
on the day of the crash test as often as possible. Knowing the compressive strength of the
concrete for each barrier allowed for a more thorough comparison of the damage done to each
barrier. Table 2-1 lists the concrete properties associated with each of the various tests.

Table 2-1 Concrete properties for the various crash tests.

Age of Concrete data
Caltrans Barrier type Date Date of concrete
Crash on crash
Test # Cast test date
Test (days) Strength Age
(Mpa) | (days)
581 Deep Cobble 2/7/01 3/14/01 35 27.4 28
582 Fluted Rib at 45° 2/28/01 3/28/01 28 26.1 28
583 Deep Cobble 2/7/01 4/24/01 76 39.6 76
584 Mission Arch 4/12/01 5/8/01 26 299 29
585 Cobble Reveal 5/30/01 6/27/01 28 25.7 28
587 Drystack 6/20/01 7/25/01 35 25.0 28
588 Stone-Ground 1 14,31/01 | 11/27/01 27 25.0 27
Fractured Granite
589 Shallow Cobble 2/20/02 3/20/02 28 29.3 27




2.1.4. Formliner Information

The formliners used throughout this study were acquired from various sources. Table 2-2
lists the manufacturer and part number for the formliners used to construct the test articles in this
study.

Table 2-2 Formliner manufacturers and part numbers.

Caltrans Barrier type Formliner Manufacturer Part Number
Test #

581 Deep Cobble Dayton Richmond 1520
582 Fluted Rib Dayton Richmond 1704
583 Deep Cobble Dayton Richmond 1520
584 Mission Arch* Dayton Richmond (light sandblast) 1601
Dayton Richmond (heavy sandblast) 1602
585 Cobble Reveal Dayton Richmond (cobble) 1520
Dayton Richmond (light sandblast) 1601

587 Drystack Fitzgerald Formliner 17911-24

588 Stone Ground Scott System, Inc. FLFF-111

Fractured
Granite
589 Shallow Cobble Scott System, Inc. FLST-124

* Caltrans staff produced this design by attaching commercial formliner sheeting to plywood.

The deep cobblestone formliner produced a pattern of cobblestones ranging in size from
76 mm to 660 mm. The distance from the background “mortar” in which the stones are “set” to
the face of the stones varied from 57 mm to a maximum of 64 mm. This high relief is the reason
this pattern is referred to “deep cobble” throughout this report. Compare this to the “shallow
cobble” used for Test 589.

The formliner used in Test 582 is referred to as a % fluted rib because it has a series of
ribs that are each % high and %4 wide at the top. Each of the “valleys” between the ribs are 34”
wide at the base. The center-to-center spacing of the ribs is 2. All of the ribs had a surface
finish that was smooth with a very fine grain-like texture.

The mission arch pattern tested in Test 584 was produced by Caltrans staff using a
combination of sandblast-texture formliners. The “light” sandblast texture had a maximum relief
of 3 mm while the “heavy” texture had a maximum relief of 9 mm. The barrier face was
constructed by bonding sheets of “light” sandblast formliner to %" plywood. The arches were
made by cutting the shape from 1” plywood and then bonding “heavy” sandblast formliner to



these pieces. These pieces were then attached to the “face sheets” to produce the insets in the
final barrier.

The cobble reveal was produced by Caltrans staff using a combination of the deep
cobblestone formliner used in Test 581 and the “light” sandblast formliner used to produce the
mission arch. The lower 610 mm of the barrier face had a “light” sandblast texture while the
next 750 mm utilized the deep cobble texture. The cobblestone band was capped with a 63-mm
wide strip of light sandblast texture.

The drystack stone pattern with its deep “mortar” joints produced a barrier that resembles
a wall constructed by simply stacking fieldstones. These joints were typically 25 mm wide and
33 mm deep. The maximum “offset” from the face of one stone to an adjacent stone across a
joint was 5 mm. Each of the stones had a mildly undulating surface that typically varied only 10
mm over the face of the stone.

The stone ground fractured granite formliner produced a smooth-faced barrier with a
random pattern of insets. These insets or “valleys” varied in width and length but their
maximum depth was 13 mm. From the “floor” of the “valley” toward the face of the barrier the
slope varied from gentle to almost vertical.

The shallow cobble pattern was quite similar to the deep cobble except that the stones
appear to be set deeper into the background field of “mortar”. The stones in this pattern ranged
from 100 mm to 254 mm in diameter. The typical relief was approximately 19 mm.

2.1.5. Test Vehicles

The test vehicles complied with NCHRP Report 350 (Table 2-3). For all tests, the
vehicles were in good condition, free of major body damage and were not missing any structural
parts. All of the vehicles had front-mounted engines and standard equipment. All of the 2000P
vehicles had air conditioning while the 820C vehicles did not. Only the 2000P vehicle used in
Test 583 had a tow package.

Table 2-3 - Test Vehicle Masses

Test No. Vehicle Ballast Test Inertial
(kg) (kg)

581 1991 Chevrolet Sprint 50 823.0
582 1990 Geo Metro 0 801.5
583 1990 GMC Sierra 2500 0 1992
584 1992 Geo Metro 52 842

585 1990 Chevrolet 2500 10.4 1958
587 1998 GMC Sierra 2500 0 2027
588 1994 Chevrolet 2500 33.1 1965
589 1994 Chevrolet 2500 18.6 1956




All 2000P test vehicles were self-powered and used a speed control device to limit
acceleration once the impact speed had been reached. All 820C test vehicles were cable-towed
using a 1-ton pickup with dual rear wheels. This tow vehicle was equipped with a speed control
device similar to that used on the self-propelled 2000P vehicles. Remote braking was possible at
any time during all tests via a radio-link, remote controlled braking setup. A short distance
before the point of impact each vehicle was released from the guidance rail and either the
ignition system was deactivated or the vehicle was released from the cable tow system as
applicable. A detailed description of the test vehicle equipment and guidance system is
contained in Appendices 7.1 and 7.2.

2.1.6. Data Acquisition System

The impact event of each crash test was recorded with either 6 or 7 high-speed 16-mm
movie cameras, one normal-speed 16-mm movie camera, one Beta format video camera, one 35-
mm still camera with an auto-winder and one 35-mm sequence camera. The test vehicles and the
barrier were photographed before and after impact with a normal-speed 16-mm movie camera, a
Beta format video camera and a color 35-mm camera. A film report of this project was
assembled using edited portions of the film coverage.

Two sets of orthogonal accelerometers were mounted in all vehicles at the center of
gravity. One set of rate gyro transducers was placed 191 mm behind the center of gravity (along
the X axis) to measure the roll, pitch, and yaw rates. The data were used in calculating the
occupant impact velocities, ridedown accelerations, and maximum vehicle rotation.

All 820C vehicles had anthropomorphic dummies. The 2000P vehicles did not.

Two separate digital transient data recorders (TDRs) manufactured by GMH Engineering
(Model II) were used to record electronic data during all tests. The digital data were analyzed
with custom DADIiSP workbooks using a personal computer.

2.2. Test Results - Crash Tests

A description of the impact, the vehicle damage, and the barrier damage is given in this
section. A film report with edited footage from tests 581 through 589 has been compiled and is
available for viewing.

2.2.1. Test 581

2.2.1.1. Test 581 Impact Description

The impact angle was set at 20° by placement of the guide rail. Film analysis indicated
that the impact angle was 20.1°. The impact speed of 97.4 km/h was obtained by averaging the
speed of 97.7 km/h from a single speed trap located just upstream from the impact point (two
were used but, one malfunctioned) and the speed of 97.1 km/h from film analysis. The test
vehicle impacted the barrier 1.2 m downstream of the leading edge of the barrier as intended.
The left front corner of the vehicle began to deform and the vehicle began to yaw slightly right
(positive) as the impact progressed. At 0.09 seconds after impact the upper section of the driver
side door frame was deformed outward to a maximum opening of about 160 mm. The back left
side of the vehicle contacted the barrier 0.15 seconds after the initial impact. This secondary
impact by the rear of the vehicle caused slight damage to the left rear quarter section of the
vehicle. This slowed the positive yaw of the vehicle and also initiated a slight degree of positive
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pitch (nose up) to a maximum of 2.2°. The maximum roll was less than 5° as the right-side tires
briefly lost contact with the ground approximately 0.25 seconds after impact. At 0.37 seconds
after initial impact the vehicle lost contact with the barrier at which time the exit speed was
determined through film analysis to be 78.0 km/h and the exit angle was 3.1°. The left-side tires
remained in contact with the pavement throughout the entire test. The right front tire regained
contact with the pavement at 0.53 seconds after impact and the right rear regained contact at 1.3
seconds after initial impact. The vehicle was smoothly redirected into the run-out area. The
brakes were applied 0.58 seconds after the initial impact as indicated by the firing of the brake
flash mounted on top of the vehicle. The vehicle came to rest in an open area approximately 25
m downstream from the end of the barrier. Figure 2-4 through Figure 2-8 show the pre-test and
post-test condition of the test vehicle and test article. Sequence photographs of the impact for
Test 581 are shown as Figure 2-9 on the data summary sheet on page 13.

Figure 2-4 Test vehicle for Test 581
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Figure 2-6. Left front corner of test vehicle after Test 581
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Figure 2-8 Cobble pattern test article after Test 581
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Data Summary Sheet

t=0.000 sec t=0.150 sec t=0.300 sec t=0.450 sec

t= 0.600 sec t=0.750 sec t=0.900 sec t=1.050 sec

‘ 9.7 m ‘

Textured Barrier
e v

z/A— L
Libarrier contactgl

Figure 2-9 Impact sequence and diagram for Test 581

Test Barrier:  Type: 1220-mm high, deep cobble textured barrier with a Type 60 profile
Length: 9.75-m total length
Test Date: March 14, 2001
Test Vehicle:  Model: 1991 Chevrolet Sprint
Inertial Mass:  823.0 kg
Impact / Exit Velocity: 97.4 km/h / 78.0 km/h
Impact / Exit Angle: 20.1° / <3.5°
Test Dummy: Type: Hybrid III
Weight / Restraint:  74.8 kg / lap and shoulder belt
Position:  Front Left
Test Data: Occ. Impact Velocity (Long / Lat): 5.62m/s / -6.81 m/s
Ridedown Acceleration (Long / Lat): -796g / 922¢g
ASL:  1.65
Exterior: VDS®/CDC®  LFQ-4, LD-1/11LDMW?2
Interior: OCDIY x1x0101 (components a and ¢ were not available)
Barrier Damage: Minor scrapes, gouges, and chipping on some cobbles. The barrier would
not require immediate repair.
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2.2.1.2. Test 581 Vehicle Damage

The left front quarter section of the vehicle was moderately damaged in the initial impact
with the barrier. The left front fender, hood, bumper, headlamp area, grille, and suspension
components were all affected. The driver side doorframe was deformed outward but the door
remained latched. The left front tire was also ruptured. Some minor damage along the left side
of the vehicle and to the left rear quarter occurred as the vehicle continued to contact the barrier
after the initial impact. The maximum deformation of the driver side floorboard was 105 mm,
mostly in the vicinity of the wheel well. This was within the generally accepted limit of 150
mm.3 Nevertheless, this deformation was of some concern because it occurred in the narrowest
part of the driver footwell and was greater than what is usually seen in an 820C test. Moreover,
it was the result of the left front wheel being pushed back in the wheel well, indicative of
snagging. The decision to run test 3-11 on the cobble texture was based on snagging concerns.

The longitudinal and lateral components of the occupant impact velocity and the
occupant ridedown acceleration were below the allowed maximums of 12 m/s and 20 g,
respectively. The longitudinal occupant impact velocity was 5.62 m/s while the lateral
component was -6.81 m/s. The longitudinal occupant ridedown acceleration was -7.96 g while
the lateral component was 9.22 g. Test results are summarized in Table 2-4 on page 61.

2.2.1.3. Test 581 Barrier Damage

The damage to the barrier was cosmetic in nature and would not need immediate repair to
remain crashworthy. This damage consisted of minor scrapes and gouges in the concrete surface
of the barrier which. The gouges and scrapes could be filled or patched on-site by maintenance
Crews.

2.2.2. Test 582

2.2.2.1. Test 582 Impact Description

The impact angle was set at 20° by placement of the guide rail and the vehicle did not
deviate from this angle. The impact speed of 96.7 km/h was obtained by averaging the output
from two separate electronic speed traps located just upstream from the impact point. This speed
was also verified through high-speed film analysis. The test vehicle impacted the barrier 1.2 m
downstream of the leading edge of the barrier as intended. The left front corner of the vehicle
began to deform and the vehicle immediately began to climb the face of the barrier. The back
left side of the vehicle contacted the barrier 0.18 seconds after the initial impact. As the back left
quarter section of the vehicle came into full contact with the barrier, it too began to climb. Film
analysis indicated the vehicle reached a maximum height of 900 mm as measured from the
ground to the undercarriage approximately 0.51 seconds after initial impact while all four wheels
were off the ground. At 0.33 seconds after initial impact the vehicle lost contact with the barrier

3 NCHRP Report 350 does not specify a maximum allowable limit for occupant compartment deformation.
However, the Federal Highway Administration has established an informal limit of 150 mm that is generally
accepted by the roadside safety community.
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at which time the speed was determined through film analysis to be 87.4 km/h and the exit angle
was less than 1°. The brakes were applied 0.66 seconds after the initial impact as indicated by
the firing of the brake flash mounted on top of the vehicle. The nose of the vehicle began to
pitch down (negative) and the vehicle had rolled right nearly 90° when the right front tire
regained contact with the ground. All four wheels were back in contact with the ground 0.77
seconds after initial impact. At this point the vehicle had yawed right (positive) until its
longitudinal axis was nearly perpendicular to its travel path at which point it began to roll left
(negative). The roll continued for a full 720° at which time the vehicle came to rest on all four
tires approximately 24 m downstream from the initial impact. Figure 2-10 through Figure 2-15
show the pre-test and post-test condition of the test vehicle and test article. Sequence
photographs of the impact for Test 582 are shown as Figure 2-16 on the data summary sheet on
page 19.

Figure 2-10 Test vehicle prior to Test 582
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Figure 2-12 Test vehicle 582 during the Test
(the vehicle rolled over twice to the left after landing)
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Figure 2-13 Test vehicle after Test 582
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Figure 2-15 Test article after Test 582
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Data Summary Sheet

t=0.000 sec t=0.350 sec t=0.700 sec t=1.050 sec

t= 1.400 sec t=1.750 sec t=2.100 sec i t=2.450 sec

‘ 9.7m ‘

Textured Barrier

| § 1
FDIEL] F37)
—26m— QI

barrier contact

g Existing Type 60G Barrier

Figure 2-16 Impact sequence and diagram for Test 582

Test Barrier: Type: 1220-mm high, fluted rib at 45° textured barrier with a Type 60 profile

Length: 9.75-m total length
Test Date:  March 28,2001
Test Vehicle: Model: 1990 Geo Metro

Inertial Mass:  801.5 kg
Impact / Exit Velocity: 96.7 km/h / 87.4 km/h
Impact / Exit Angle: 20.0°/<5°

Test Dummy: Type: Hybrid III
Weight / Restraint: ~ 74.8 kg / lap and shoulder belt
Position: ~ Front Left

Test Data: Occ. Impact Velocity (Long / Lat): 551 m/s / -5.93 m/s
Ridedown Acceleration (Long / Lat): -6.51g / -6.04 g

ASL:  1.40
Exterior: VDS®/CDC® LFQ-5,L&T-5,R&T-5 / 11LDAOS5
Interior; OCDIY 0102000

Barrier Damage: Several of the 19-mm deep flutes were broken and knocked off of the face
of the barrier. The vehicle left scrapes and gouges as it climbed to near the
top of the barrier.
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2.2.2.2. Test 582 Vehicle Damage

The left front corner of the vehicle was moderately damaged in the initial impact with the
barrier. The left rear quarter section suffered minor damage during the secondary impact with
the barrier. The majority of the damage to the vehicle was sustained during the post-impact
rollover. The driver-side door remained latched even though film analysis showed a 160 mm
opening along the top of the door. The amount of passenger compartment deformation was
minimal and the floorboard deformation was well below the 150-mm informal limit.

The longitudinal and lateral components of the occupant impact velocity and the
occupant ridedown acceleration were below the allowed maximums of 12 m/s and 20 g,
respectively. The longitudinal occupant impact velocity was 5.51 m/s while the lateral
component was -5.93 m/s. The longitudinal occupant ridedown acceleration was -6.51 g while
the lateral component was -6.04 g. Test results are summarized in Table 2-4 on page 61.

2.2.2.3. Test 582 Barrier Damage

Many of the concrete flutes along the path of the wheel assemblies were broken away at
their base (i.e. where they meet the solid surface of the barrier). The typical length of each of
these broken sections of flute was about 175 mm. The barrier could remain in service and would
remain crashworthy until repairs could be implemented. Repair times for this barrier would be
lengthy due to the extent of the damage and geometric nature of the pattern.

2.2.3. Test 583

2.2.3.1. Test 583 Impact Description

The impact angle was set at 25° by placement of the guide rail and the vehicle did not
deviate from this angle prior to impact. The impact speed of 100.2 km/h was obtained by an
average of two different speed traps located just upstream from the impact point. The test
vehicle impacted the barrier 2.4 m downstream of the leading edge of the barrier as intended.
There was moderate deformation to the left front corner of the vehicle as it impacted and began
to yaw slightly right (positive). At 0.1 seconds after impact the upper section of the driver side
door frame was deformed outward to a maximum opening of about 300 mm. The back left side
of the vehicle contacted the barrier 0.24 seconds after the initial impact. This secondary impact
by the rear of the vehicle caused slight damage to the left rear quarter section of the vehicle and
halted the positive yaw of the vehicle. The vehicle had a slight degree of positive pitch (nose up)
at this point, which reached a maximum of 4°. The maximum roll was less than 8° (to the left)
as the right-side tires briefly lost contact with the ground approximately 0.32 seconds after
impact. At 0.38 seconds after initial impact the vehicle lost contact with the barrier at which
time the exit speed was determined through film analysis to be 69.5 km/h and the exit angle was
less than 4°. The left-side tires remained in contact with the pavement throughout the entire test.
The brakes were applied 1.23 seconds after the initial impact as indicated by the firing of the
brake flash mounted on top of the vehicle. The damaged suspension components of the vehicle
caused it to swerve slightly left after it lost contact with the test article. This led to a secondary
collision with a textured barrier that was set up for a subsequent test. Fortunately this second
textured barrier was covered with 25-mm thick steel plates to protect it from just such an event.
The vehicle came to rest in an open area approximately 40 m downstream from the end of the
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barrier. Figure 2-17 through Figure 2-22 show the pre-test and post-test condition of the test
vehicle and test article. Sequence photographs of the impact for Test 583 are shown as Figure
2-23 on the data summary sheet on page 25.

Figure 2-17 Test vehicle prior to Test 583
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Figure 2-18 Test vehicle and test article prior to Test 583
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Figure 2-19 Test vehicle 583 during the Test
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Figure 2-20 Test vehicle after Test 583
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Figure 2-22 Test article after Test 583 (at impact point)
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Data Summary Sheet
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Figure 2-23 Impact sequence and diagram for Test 583

Test Barrier: Type: 1220-mm high, deep cobblestone textured barrier with a Type 60 profile
Length: 9.75-m total length
Test Date:  April 24, 2001
Test Vehicle: Model: 1990 GMC 2500
Inertial Mass: 1991 kg
Impact / Exit Velocity: ~ 100.2 km/h / 69.5 km/h
Impact / Exit Angle: 25.0°/<4°
Test Dummy: Type: None used

Test Data: Occ. Impact Velocity (Long / Lat): 743 m/s / -7.23 m/s
Ridedown Acceleration (Long / Lat): -5.97¢g / 11.84 ¢
ASI: 1.55
Exterior: VDS®/CDC® LFQ-6/ 11LDAW7
Interior: OCDI%V 1021000

Barrier Damage: Minor scraping and gouging of the concrete surface with minor chipping on
the downstream edges of some of the cobbles. The barrier would not require
immediate repair.
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2.2.3.2.Test 583 Vehicle Damage

The left front corner of the vehicle was substantially damaged in the initial impact with
the barrier. The left side of the vehicle also had significant scraping and the door was pushed
rearward. The driver-side door remained latched even though the top window frame portion was
buckled outward from the cab roof by 250 mm. The left front bumper and left fender were
pushed rearward and inward. The left side tires were deflated but the right side tires remained
inflated. The left front wheel assembly was pushed rearward enough to cause excessive
deformation of the driver’s side floorboard area (Figure 2-24). This amount of deformation
exceeded the upper limit of 150 mm which has been informally proposed by the FHWA and is
generally accepted by the roadside safety community.

As mentioned in the impact description for Test 583, the test vehicle suffered a secondary
collision with 25-mm steel plates that were covering another test article. This collision occurred
at a relatively low speed, at an angle of less than 10 °, and against a smooth surface. These
factors kept the damage from this secondary collision to a minimum.

The longitudinal occupant impact velocity and longitudinal occupant ridedown
acceleration were well below the allowed maximums of 12 m/s and 20 g, respectively. The
longitudinal occupant impact velocity was 7.43 m/s and the longitudinal occupant ridedown
acceleration was -5.97 g. Test results are summarized in Table 2-6 on page 63.

Figure 2-24 Vehicle floorboard deformation after Test 583
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2.2.3.3. Test 583 Barrier Damage

Most of the damage to the barrier was superficial scraping and gouging. The vehicle
impact caused some edges of individual cobbles to chip or break off (Figure 2-21 and Figure
2-22). The barrier would not require immediate repair. The gouges and scrapes could be filled
on-site by maintenance crews.

2.2.4. Test 584

2.2.4.1. Test 584 Impact Description

The impact angle was set at 20° by placement of the guide rail and film analysis indicates
the impact angle was 19.3°. The impact speed of 95.8 km/h was obtained by an average of two
different speed traps located just upstream from the impact point and also verified by film
analysis. The test vehicle impacted the barrier 1.2 m downstream of the leading edge of the
barrier as intended. As the impact progressed, the left front corner of the vehicle deformed and
the vehicle began to yaw right (positive). At 0.07 seconds after impact the upper section of the
driver side door frame was deformed outward to a maximum opening of about 115 mm. The left
rear quarter of the vehicle contacted the barrier 0.15 seconds after the initial impact. This
secondary impact by the rear of the vehicle caused slight damage to the left side of the vehicle.
The vehicle remained parallel to the barrier and began a slight degree of positive pitch (nose up)
to a maximum of 3.0°. From analysis of high-speed film, the maximum roll was less than 7° to
the left (negative) as the right-side tires briefly lost contact with the ground approximately 0.20
seconds after impact. At 0.38 seconds after initial impact the vehicle lost contact with the barrier
at which time the exit speed was determined through film analysis to be 74.4 km/h and the exit
angle was less than 7°. The left-side tires remained in contact with the pavement throughout the
entire test. The right front tire regained contact with the pavement at 0.56 seconds after impact
and the right rear regained contact at 0.68 seconds after initial impact. The vehicle was smoothly
redirected into the run-out area. The brakes were applied 1.19 seconds after the initial impact as
indicated by the firing of the brake flash mounted on top of the vehicle. The vehicle came to rest
in an open area approximately 35 m downstream from the end of the barrier. Figure 2-25
through Figure 2-29 show the pre-test and post-test condition of the test vehicle and test article.

Sequence photographs of the impact for Test 584 are shown as Figure 2-31 on the data
summary sheet on page 31.
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Figure 2-25 Test vehicle prior to Test 584

e

Figure 2-26 Test vehicle and test article prior to Test 584
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Figure 2-27 Test vehicle 584 during the Test

Figure 2-28 Test vehicle after Test 584
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Figure 2-30 Test article after Test 584
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Data Summary Sheet
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Figure 2-31 Impact sequence and diagram for Test 584

Test Barrier: Type: 1220-mm high, Mission Arch textured barrier with a Type 60 profile
Length: 9.75-m total length
Test Date: May 8, 2001

Test Vehicle: Model: 1992 Geo Metro
Inertial Mass: 842 kg
Impact / Exit Velocity:  95.8 km/h / 74.4 km/h
Impact / Exit Angle: 19.3°/<7°

Test Dummy: Type: Hybrid III
Weight / Restraint: 74.8 kg / lap and shoulder belt
Position:  Front Left

Test Data: Occ. Impact Velocity (Long / Lat): 536 m/s / -6.70 m/s
Ridedown Acceleration (Long / Lat): -4.07g / 981 g
ASI: 1.62
Exterior: VDS®/CDC® LFQ-3, LP-1/ 11LDES2
Interior: OCDIY 0101000

Barrier Damage:

Very minor scraping of the sandblast surfaces. No chipping or gouging
was observed. The barrier would not require immediate repair.

31



2.2.4.2. Test 584 Vehicle Damage

The left front corner of the vehicle was moderately damaged in the initial impact with
the barrier. The left side of the vehicle had minor scraping and the door was pushed slightly
rearward. The driver-side door remained latched even though film analysis showed a 115 mm
gap along the top edge of the doorframe during the impact. The left front bumper and left fender
were pushed slightly rearward and inward. All four tires remained inflated. The left front tire
and wheel assembly were pushed rearward enough to cause minor deformation of the drivers
side floorboard area. This deformation was no more than 40 mm and would not pose a serious
threat to an occupant, Figure 2-32.

Figure 2-32 Test 584 vehicle floorboard deformation

The impact speed for Test 584 was 4.2 km/h below the anticipated 100 km/h and
slightly below the = 4 km/h tolerance as specified in Report 350. However, the “test inertial”
mass of the 820C vehicle was 842 kg which is within the + 25 kg allowed in Report 350. The
lower speed, but higher mass, resulted in an impact severity comparable to an 820C test that
was within the limits for test inertial mass and speed. The nominal impact severity value for
Test Designation 4-10 as given in NCHRP Report 350 is 37.0 kJ with a suggested tolerance of —
2.9 to +3.0. With a mass of 842 kg and an impact speed of 95.8 km/h, the impact severity for
this test was 34.9 kJ, which is above the lower limit of 34.1 kJ.
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The longitudinal and lateral components of the occupant impact velocity and the
occupant ridedown acceleration were below the allowed maximums of 12 m/s and 20 g,
respectively. The longitudinal occupant impact velocity was 5.36 m/s while the lateral
component was -6.70 m/s. The longitudinal occupant ridedown acceleration was -4.07 g while
the lateral component was 9.81 g. Test results are summarized in Table 2-7 on page 64.

Damage to this test vehicle was significantly less than the vehicle in Test 581. There was
far less occupant compartment deformation and front wheel snagging. For this reason, a
decision was made to waive testing of the Mission Arch with the 2000P vehicle. However,
testing staff also recognized that the most likely problem to be encountered in further textured
barrier testing would be occupant compartment deformation in the 2000P vehicle as a
consequence of wheel snagging. All subsequent testing focused on the 2000P vehicle to assure
that the testing reflected a worst-case scenario.

2.2.4.3. Test 584 Barrier Damage

There was essentially no permanent damage to the barrier. The vehicle caused only
minor scrapes to the concrete surface of the barrier. The barrier would not require immediate
repair.

2.2.5. Test S85

2.2.5.1. Test 585 Impact Description

The test vehicle impacted the barrier at an angle of 24.3° and 2.4 m downstream of the
leading edge of the barrier as intended. The impact speed of 99.2 km/h was obtained by an
average of two different speed traps located just upstream from the impact point and verified
through high-speed film analysis. The left front corner of the vehicle began to deform and the
vehicle started to yaw right (positive) as the impact progressed. At 0.10 seconds after impact the
upper section of the driver side door frame was deformed outward to a maximum opening of
about 206 mm. The back left side of the vehicle contacted the barrier 0.21 seconds after the
initial impact. This secondary impact by the rear of the vehicle caused slight damage to the left
rear quarter section of the vehicle. This halted the positive yaw of the vehicle. The vehicle then
began to undergo a slight degree of positive pitch (nose up) to a maximum of 4.0°. The front
and rear tires lost contact with the ground at approximately 0.09 and 0.25 seconds after impact
respectively. At 0.26 seconds after initial impact the vehicle lost contact with the barrier at
which time the exit speed was determined through film analysis to be 71.7 km/h and the exit
angle was less than 3°. The maximum roll was less than 3°. The front tires regained contact
with the pavement at about 0.48 seconds after impact and the right rear tire followed shortly
thereafter. The vehicle was smoothly redirected into the run-out area. The brakes were applied
more than 2.1 seconds after the initial impact as determined by the film analysis. The vehicle
came to rest in an open area approximately 45 m downstream from the end of the barrier. Figure
2-33 through Figure 2-36 show the pre-test and post-test condition of the test vehicle and test
article. Sequence photographs of the impact for Test 585 are shown as Figure 2-37 on the data
summary sheet on page 36.
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Figure 2-33 Test vehicle for Test 585

Figure 2-34 Test vehicle after Test 585
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Figure 2-35 Cobble-Reveal test article prior to Test 585
(the cobblestone section of the pattern is the same as that used in Test 581)

Figure 2-36 Cobble-Reveal test article after Test 585
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Data Summary Sheet
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Figure 2-37 Impact sequence and diagram for Test 585
Type: 1422-mm high, deep cobble-reveal textured barrier with a Type 60

Length: 9.75-m total length.

June 27, 2001

Model: 1990 Chevrolet 2500

Inertial Mass: 1958 kg

Impact / Exit Velocity:  99.2 km/h / 71.7 km/h
Impact / Exit Angle: 24.3° / < 3°

None used

Occ. Impact Velocity (Long / Lat): 6.83 m/s / -7.57 m/s
Ridedown Acceleration (Long / Lat): -1226¢g / 12.35¢g
ASI: 1.97

Exterior: VDS®/CDC® LFQ-4,LD-2 / 11LDAS3
Interior: OCDIY 2011101

Barrier Damage: Very minor scraping of the sandblast and cobblestone surfaces.
chipping or gouging was observed. The barrier would not require

immediate repair.
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2.2.5.2. Test 585 Vehicle Damage

The left front quarter section of the vehicle was moderately damaged in the initial impact
with the barrier. The left front fender, hood, bumper, headlamp area, grille, and suspension
components were all affected. The driver side doorframe was deformed outward but the door
remained latched. Some minor damage along the left side of the vehicle and to the left rear
quarter panel occurred as the vehicle continued to engage the barrier after the initial impact. The
left front rim was damaged, however the tire remained inflated. The force of the initial impact
drove the left front tire and rim assembly rearward into the underside of the driver side
floorboard. This caused some deformation (buckling) of the floorboard, which did not exceed 98
mm. This was within the accepted limit of 150 mm. Compare Figure 2-38 and Figure 2-39.

The longitudinal occupant impact velocity and longitudinal occupant ridedown
acceleration were well below the allowed maximums of 12 m/s and 20 g, respectively. The
longitudinal occupant impact velocity was 6.83 m/s and the longitudinal occupant ridedown
acceleration was -12.26 g. Test results are summarized in Table 2-8 on page 65.

Figure 2-38 Interior and floorboard of test vehicle prior to Test 585

37



Figure 2-39 Floorboard of test vehicle after Test 585

2.2.5.3. Test 585 Barrier Damage

There was essentially no permanent damage to the barrier. The vehicle caused very
minor scraping of the sandblast and cobblestone surfaces. No chipping or gouging was
observed. The barrier would not require immediate repair.

2.2.6. Test 586

2.2.6.1. Test 586 Impact Description

During Test 586 the vehicle became unstable and subsequently detached from the
guidance system approximately 30 m prior to the point of impact. The remote brake system was
activated but the vehicle had enough momentum that it was unable to stop before impacting the
Type 60G barrier about 6 m upstream from the intended impact location on the textured barrier.
There was no damage to the textured barrier. The vehicle struck the Type 60G barrier at about a
70° angle and at about 70 km/h. The vehicle was a total loss and the test was rescheduled for
one week later as Test 587 with a different test vehicle.
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2.2.7. Test 587

2.2.7.1. Test 587 Impact Description

The impact angle was set to 25° by placement of the guide rail while film analysis
indicates the actual angle was 23.6°. The impact speed of 101.1 km/h was obtained by an
average of two different speed traps located just upstream from the impact point. The test
vehicle impacted the barrier 1.2 m downstream of the leading edge of the barrier as intended.
There was moderate deformation to the left front corner of the vehicle as it impacted and began
to yaw slightly right (positive). At 0.08 seconds after impact the upper section of the driver side
door frame was deformed outward to a maximum opening of about 235 mm. The back left side
of the vehicle contacted the barrier 0.20 seconds after the initial impact. This secondary impact
by the rear of the vehicle caused slight damage to the left rear quarter section of the vehicle and
halted the positive yaw of the vehicle. The vehicle had a slight degree of positive pitch (nose up)
at this point, which did not exceed 2°. The maximum roll was less than 4° (to the left) as the
right-side tires briefly lost contact with the ground approximately 0.27 seconds after impact. At
0.30 seconds after initial impact the vehicle lost contact with the barrier at which time the exit
speed was determined through film analysis to be 75.8 km/h and the exit angle was less than 2°.
As the vehicle lost contact with the barrier, the rear wheels were still off the ground which
resulted in a maximum pitch (nose down) of about 5°. The brakes were applied 1.7 seconds after
the initial impact as indicated by the firing of the brake flash mounted on top of the vehicle. The
vehicle swerved slightly right after it lost contact with the test article and came to rest in an open
area approximately 40 m downstream from the end of the barrier. Figure 2-40 through Figure
2-44 show the pre-test and post-test condition of the test vehicle and test article. Sequence
photographs of the impact for Test 587 are shown as Figure 2-45 on the data summary sheet on
page 42.

Figure 2-40 Test 587 at impact
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Figure 2-41 Test vehicle for Test 587

Figure 2-42 Test vehicle after Test 587
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Figure 2-44 Drystack test article after Test 587
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Figure 2-45 Impact sequence and diagram for Test 587

Test Barrier: Type: 1422-mm high, dry stack stone textured barrier with a Type 60 profile
Length:  9.75-m total length.

Test Date: July 25, 2001

Test Vehicle: Model: 1998 GMC 2500
Inertial Mass: 2027 kg
Impact / Exit Velocity: ~ 101.1 km/h / 75.8 km/h

Impact / Exit Angle: 23.6° / < 2°

Test Dummy: None used

Test Data: Occ. Impact Velocity (Long / Lat): 7.02m/s / -8.21 m/s
Ridedown Acceleration (Long / Lat): -13.60g / 11.55¢g
ASI: 1.68
Exterior: VDS®/CDC® LFQ-5,LD-1/11LDAS3
Interior: OCDI®Y 0010010

Barrier Damage: Very minor scraping of the “stone” surface. No chipping or gouging was
observed. The barrier would not require immediate repair. The barrier
would not require immediate repair.
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2.2.7.2. Test 587 Vehicle Damage

The left front corner of the vehicle was moderately damaged in the initial impact with the
barrier. The left front fender, hood, bumper, headlamp area, grille, and suspension components
were all affected. The driver side doorframe was deformed slightly and buckled outward. Both
doors and the hood remained latched. The left front tire was ruptured. There was minor damage
along the left side of the vehicle and to the left rear quarter. The left front wheel assembly was
pushed rearward which resulted in moderate deformation of the floorboard. The maximum
amount of passenger compartment deformation, 171 mm, occurred behind the parking brake
pedal in the upper left corner of the footwell area. While this is over the accepted limit of 150
mm, it is in an area where a driver’s foot is not likely to be located. The area of the floorboard
where the driver’s feet would more likely be located was deformed a maximum of 102 mm.

The longitudinal occupant impact velocity and longitudinal occupant ridedown
acceleration were well below the allowed maximums of 12 m/s and 20 g, respectively. The
longitudinal occupant impact velocity was 7.02 m/s and the longitudinal occupant ridedown
acceleration was -13.60 g. Test results are summarized in Table 2-9 on page 66.

Figure 2-46 Vehicle floorboard prior to Test 587
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Figure 2-47 Vehicle floorboard after Test 587

2.2.7.3. Test 587 Barrier Damage

There was essentially no permanent damage to the barrier during Test 587. The vehicle
did cause minor scrapes and gouges in the concrete surface of the barrier. The barrier would not
require immediate repair. The gouges and scrapes could be repaired on-site by maintenance
Crews.

2.2.8. Test 588

2.2.8.1. Test 588 Impact Description

The impact angle was set to 25° by placement of the guide rail and high-speed film
analysis indicated the actual impact angle was 24°. The impact speed of 100.3 km/h was
obtained by an average of two different speed traps located just upstream from the impact point.
The test vehicle impacted the barrier 2.4 m downstream of the leading edge of the barrier as
intended. The left front corner of the vehicle began to deform and the vehicle began to yaw
slightly right (positive) as the impact progressed. At 0.08 seconds after impact the upper section
of the driver side door frame was deformed outward to a maximum opening of about 209 mm.
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The back left side of the vehicle contacted the barrier approximately 0.20 seconds after the initial
impact. This secondary impact by the rear of the vehicle caused slight damage to the left rear
quarter section of the vehicle. This slowed the positive yaw of the vehicle and also initiated a
slight degree of positive pitch (nose up) to a maximum of 3.5°. The maximum roll was less than
8° as the right-side tires briefly lost contact with the ground approximately 0.26 seconds after
impact. At 0.26 seconds after initial impact the vehicle lost contact with the barrier at which
time the exit speed was determined through film analysis to be 79.0 km/h and the exit angle was
less than 2°. The left-side tires briefly lost contact with the pavement but the duration could not
be determined due to dust and debris obscuring the view on the high-speed film. The right front
tire regained contact with the pavement at 0.59 seconds after impact and the right rear regained
contact immediately afterward. The vehicle was smoothly redirected into the run-out area. The
brakes were applied more than 2.3 seconds after the initial impact. The vehicle came to rest in
an open area approximately 40 m downstream from the end of the barrier. Figure 2-48 through
Figure 2-52 show the pre-test and post-test condition of the test vehicle and test article.
Sequence photographs of the impact for Test 588 are shown as Figure 2-53 on the data summary
sheet on page 48.

Figure 2-48 Test 588 at impact
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Figure 2-49 Test vehicle for Test 588

Figure 2-50 Test vehicle after Test 588
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Figure 2-52 Fractured Granite test article after Test 588
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Figure 2-53 Impact sequence and diagram for Test 588

Type: 1422-mm high, fractured granite textured barrier with a Type 60 profile
Length:  9.75-m total length.

November 27, 2001

Model: 1994 Chevrolet 2500

Inertial Mass: 1965 kg

Impact / Exit Velocity:  100.3 km/h / 79.0 km/h

Impact / Exit Angle: 25.0° / < 2°

None used

Occ. Impact Velocity (Long / Lat): 6.28 m/s / -9.03 m/s
Ridedown Acceleration (Long / Lat): -14.56g / 939 ¢
ASL:  2.15

Exterior: VDS®/CDC®  LFQ-5, LD-3 / 11LDAS3
Interior: OCDI%V 0113000

Barrier Damage: Very minor scraping of the “stone” surface. Minor chipping and gouging.

The barrier would not require immediate repair.
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2.2.8.2. Test 588 Vehicle Damage

The left front corner of the vehicle was moderately damaged in the initial impact with the
barrier. The left front fender, hood, bumper, headlamp area, grille, and suspension components
were all affected. The driver side doorframe was deformed slightly and buckled outward. Both
doors and the hood remained latched. The left front tire was ruptured. There was minor damage
along the left side of the vehicle and to the left rear quarter. The force of the initial impact drove
the left front tire and rim assembly rearward into the underside of the driver side floorboard.
This caused some deformation (buckling) of the floorboard which did not exceed 134 mm. This
was within the accepted limit of 150 mm.

The longitudinal occupant impact velocity and longitudinal occupant ridedown
acceleration were well below the allowed maximums of 12 m/s and 20 g, respectively. The
longitudinal occupant impact velocity was 6.28 m/s and the longitudinal occupant ridedown
acceleration was -14.56 g. Test results are summarized in Table 2-10 on page 67.

Figure 2-54 Vehicle floorboard prior to Test 588
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Figure 2-55 Vehicle floorboard after Test 588

2.2.8.3. Test 588 Barrier Damage

There was essentially no permanent damage to the barrier during Test 588. The vehicle
did cause minor scrapes and gouges in the concrete surface of the barrier. The barrier would not
require immediate repair and the gouges and scrapes could be filled on-site by maintenance
Crews.

2.2.9. Test 589

2.2.9.1. Test 589 Impact Description

The impact angle was set at 25° by placement of the guide rail. Film analysis indicated
that the impact angle was 23.6°. The impact speed of 100.8 km/h was obtained by an average of
two different speed traps located just upstream from the impact point. The test vehicle impacted
the barrier 1.2 m downstream of the leading edge of the barrier as intended. The left front corner
of the vehicle began to deform and the vehicle began to yaw right (positive) as the impact
progressed. At 0.1 seconds after impact the u