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FOREWORD

This report, "Guardrail-Bridge Rail Transition Designs," Volume I, presents
the resuits of research conducted on transitions by the Southwest Research
Institute for the Federal Highway Administration (FHWA), Office of Safety
and Traffic Operations Research and Development under contract Number
DTFH61-83~-C-00028, This work was conducted .as part of Program A5, "Safety
Design,™ and is intended for engineers concerned with roadside safety
hardware, A series of transitions from W-beam or thrie beam approach
guardraiis to straight or fiared end blocks were crash tested with 4,500 1b
cars and evaluated using the criteria in NCHRP Report No, 230. A curved
guardrail/transition was also tested and developed. The computer program
that was developed as an aid for designing independent end blocks should be
used with caution because it has only been validated against the results of
one full-scale test.

Copies of this report are being given widespread distribution by FHWA
Transmittal Memorandum, Sufficient copies of Volume I are being distributed
to provide a minimum of one copy to each regional office, division office
and State highway agency. Direct distributfon is being made to the division
offices. ,Additfonal coples may be obtained from the National Technical
Information Service, 5285 Port Royal Road, Springfield, Virginia 22161.

WSS
ﬂ‘“’ anley R. Byington, Director
Office of Safety and Traffic

Operations Research and Development
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation 1n the interest of information exchange. The United States
Government assumes no 1iabi1ity for the contents or use thereof.

The contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein. The contents do
not necessarily reflect the official policy of the Department of
Transportation.

This report does not constitute a standard, specification, or regulation.

The Unfted States Government does not endorse products or manufacturers,
Trade or manufacturer's names appear herein only because they are considered
essential to the objective of this document.
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METRIC (Si*) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO Si UNITS

Symbol  When You Know  Muliply By To Find Symbol
Vo : LENGTH
L] inches 2.54 millimetres mm
ft feet 0.3048 metres m
yd yards 0.914 metres m
mi miles 1.61 kilometres km
AREA
in* square inches 645.2 millimetres squared mm*
ft square feet 0.0929 metres squared m?
yd* square yards 0836 metres squared m?
mi* square miles 2.59 kilometres squared  km?
ac acres 0.395 hectares ha
MASS (welight)
oz ounces 28.35 grams 0
b pounds 0.454 kilograma kg
T short tons (2000 Ib) 0.907 megagrams Mg
VOLUME
fl oz fluid ounces 28.57 millilitres mL
oal galiona 3.785 litres L
f? cubic feet 0.0328 metres cubed m?
yd* cubic yards 0.0765 metres cubed m

NOTE: Volumes greater than 1000 L shall be shown in m’.

TEMPERATURE (exact)
°F Fahrenheit 519 (after Calslus °C
temperature subtracting 32) temperature

l.|.|.|.|.|. .|.|.|.l.|.|.|. .|.|.|.|.|.|.|. .|.|.|.l.|.|.|. .|.|.|.|.|.|.|.

-
-
| ——

1}

APPROXIMATE CONVERSIONS TO St UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimetres 0.039 inches in

m Metres 3.28 foet ft
m metres 1.09 yards yd
km kilometres 0.621 miles mi

AREA
mm®  millimetres squared 0.0016 square inches in?

m? metres squared 10.764 square feet ft*
km? kilometres squared 0.39 square miles mi?
ha hectores (10 000 m*) 2.53 acres ac

MASS (weight)

0 grams 0.0353 ounces oz
kg kilograms 2.205 pounds ib
Mg megagrams (1 000 kg) 1.103 short tons T

VOLUME
mL millilitres 0.034 fluld ounces fl oz

L litres 0.264 galions gal
m? metres cubed 35315 cubic teet 1
m? metres cubed 1.308 cublc yards yd?

TEMPERATURE (exact)
°C Celslus 9/5 (then Fahrenheit °F
temperature add 32) temperature
oF 32 986 ;'1:2
- 0 40 80 120 160 200
-4 -2 2 100
°C 7 © % °C

These factors conform to the requirement of FHWA Order 5190.1A.

* Sl is the symbol for the International System of Measurements
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1. Introduction and Research Approach
a. Statement of the Problem

The 1981 Highway Safety Stewardship Report of the Secretary of
Transportation to the United States Congress estimated that in 1979 about
1,390 persons were killed in 1,250 fatal accidents involving bridge ends or
approach guardrail. It was further estimated that 50 percent of guardrail
accidents occur at bridge approaches and that about 50 percent of bridge
accidents involve bridge ends. A recent SwRI study shows that impacts
involving bridge ends were by far the most severe with 29.8 percent result-
ing in fatal or incapacitating injuries.(1) Guardrail/median barrier
collisions were the least severe with 9.5 percent. Thus, the severity of
accidents at many of the relatively old bridges that have unprotected ends
could be significantly reduced by installing approach guardrails that are
properly transitioned and effectively anchored to the existing bridge
rails. Other situations exist where (1) approach guardrails are installed
but not properly anchored or attached to the bridge; and (2) bridge rail-
ings do not meet current standards and should be replaced with guardrails

continuing across the full length of the bridge.

As shown in figure 1, the transition between the approach guardrail
and the bridge end is only one part of a barrier system that protects
motorists as they approach, cross, and leave a bridge. Since the bridge
railing, the transition and approach guardrail, and the bridge end drainage
systems are usually designed by different groups of people at different
times, the designs are sometimes not well integrated. Consequently, guard-
rail posts may have to be offset or relocated to accommodate curbs or
drainage inlets. A drainage design that does not interfere with the
approach guardrail post spacing is shown in figure 2. However, the curb
shown in the figure is a potential problem. Many of the older bridge rail-
ings have "brush curbs" which must be flared or treated as shown in figure
3. The flare rates of the approach guardrail and the transition zone must

also be compatible. The ideal situation would be to have a good transition
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Continuous grade: hen curb and gutter and additional inlets are

proposed down grade, single grate shown will upually be adequate.

When curd and gutter are not proposed dowm grade, grate should be

sxtended laterally in 2-foot incresents to intercept all flow from
the bridge.

Sag condition: Grate should be extended laterally (n 2-foot incre-
ments to provide sufficient inlet capacity to limit width of spread
on tha pavesent.

Hydraulle Engineering Clroular No. 17 entitled “Dralnage of Wighuay
Pavements” may be used to analyse grate inlet hydraulia capscity
whether on a continuous grade or in a sag.

Any type grate inlet proven to have comparsble hydraulio capacity to
thet of the parallel ber grate may be substituted.

Curbe or dikes should be (lush with or behind the fasce of the guard-
rall.

Materisl (conorete, brick, etc.) used for construction of inlet is
left to the discretion of the designer.

Datail reinforcing steel as required.

Grate frame to be alfized to drop Inlet; grate to be bolted to grate
(reme.

The 10-inch corrugated metal pipe shall be buried on a slope
paralleling the embanikment slope. It shall not tersinate prior to
intersection of the toe of slope with the natural ground.

This design is slso recommended for conveying all roadway drainage
from ourbed or diked embaniment roadways. Inlet spaoing techniques
such as presented In docusent referenced in Note 2 above shell be
used.

Note: This transition has
not been crash tested.
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that is reasonable in price but versatile enough so that it can be used for

many different bridge ends.

A few States have made the transition'directly from a metal bridge
rail to the approach guardrail. However, because there is usually an
expansion joint at the end of the bridge, the approach guardrail is usually
anchored to a concrete end block with an end shoe as shown in figure 3.
Some problems with the end shoe bolts pulling out of the concrete have been
reported. The concrete end block may either be an independent block set on
the approach embankment as shown in figure 3, or it may be integral with

the abutment as shown in figure 4,

At the beginning of this project, only a few crash tests had been
conducted on guardrail-bridge rail transitions. Most of the tests were at
60 mph (95 km/h) and 25 degrees with standard-size sedans weighing between
3,500 (1600 kg) and 4,500 lbs (2000 kg), and some wheel sragging problems
had been observed. Thus, a need existed to develop design guidelines,
evaluate current designs, and develop transitions and approach guardrail

systems that could be used for safety treatment at bridges.
b. Objectives and Scope

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

were the following:
1. To develop design guidelines for transitions and approach
guardrails.
2. To test and evaluate current transition designs.
3. To design, test, and develop transitions and approach

guardrail systems that can be used for safety treatment or
upgrading of old bridges.
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The stated scope of work was as follows:

This requirement shall consist of reviewing the current transition
and approach guardrail designs and guidelines, computer simulation
and analysis of designs, making cost estimates, static and pendulum
tests of barrier components, full-scale tests of transitions and
approach guardrail systems, development of design guidelines and
preparation of standard design drawings.

c. Research Approach and Report Organization

This project was composed of six major research tasks. These
tasks, along with their corresponding specifications taken from the State-

ment of Work, are shown in table 1.

The review of current guardrail-bridge rail transition designs
(Task A) is discussed in chapter 2. Also discussed in this chapter are the
pendulum tests (Task B) required for inputs of the BARRIER VII computer
program that was used for analysis purposes. Finally, details of the
rating and selection process for candidate transition designs (Task C) are
discussed. The final transition configurations are shown in appendix A.

Ratings of the various State designs are included in appendix C.

Summaries of the 20 full-scale crash tests conducted (Task D) are
given in chapter 3. Test reports are included in appendix B. Details of
the independent block design (Task E) are discussed in chapter 4.

Finally, conclusions, recommendations, and design guidelines

(Task F) resulting from the study are presented in chapter 5.



Table 1. Research tasks and specifications.

Task A. Review of Current Designs

1. Make a thorough review of the guardrail-bridge rail transition designs and
guidelines shown in the 1977 AASHTO Barrier Guide and in the State Standard
Plans that will be loaned to the contractor by FHWA. Identify potential safety
shortcomings and opportunities for improving performance and reducing costs.
Classify transition situations in a logical scheme (e.g., by type of bridge
rail and approach guardrail). For each situation, identify the best and most
cost-effective transitions and bridge end treatments.

2. Recommend: potential improvements in the selected existing designs, concepts
to solve any major problems noted in this review, and designs or concepts for
correction of the approaches to old bridges that should be evaluated analyti-
cally in Task C or experimentally in Tasks B and C.

NOTES:

A. Any shortcomings of the existing designs that are revealed during this
state-of-the art review shall be brought to the immediate attention of the
Contracting Officer's Technical Representative (COTR) by telephone.

B. Contracts with States to obtain data and information shall be arranged
through the COTR.

TECHNICAL GUIDELINE

Unit cost information on guardrail-bridge rail transitions is not avail-
able from most States because the transition is not usually a separate bid
item.

Task B. Laboratory Tests of Components

Make static pullout and bending tests of end shoes and pendulum tests of guardrail
posts. (As a minimum, 20 static tests and 12 pendulum tests shall be conducted.)

NOTE: Should the contractor conclude that some of the funds allocated to this
task would be best spent on additional full-scale testing in Task D, then the
contractor shall notify the COTR. On approval of the contracting officer, this
level of effort will be transferred to Task D.

Task C. Analysis and Preliminary Design

1. On approval of the COTR of the systems recommended in Task A-2, use computer
simulation and other analytical tools to evaluate existing transition designs
and to provide an analytical basis for designing the approach guardrail and
transition sections for safety treating the ends of old bridges that will be
full-scale tested in Task D.

2. After consulting with the COTR, prepare detailed designs and preliminary
drawings of the approach guardrail and transition sections to be tested in Task
D. Submit the drawings to the contracting officer for approval. (See Article
11 - Reports).



Table 1. Research tasks and specifications (continued).

NOTE:

Should the contractor conclude that some of the funds allocated to

this task would be best spent on additional laboratory tests of components
in Task B, on full-scale testing in Task D, or on development of design
guidelines in Task F, then the contractor shall notify the COTR. On
approval of the contracting officer, this level of effort may be trans-
ferred to Task B, Task D, or Task F, as appropriate.

Task D. Full-Scale Tests

Conduct up to 12 full-scale tests with 4,500 .lb sedans and 1,800 lb mini-compact
sedans in order to evaluate selected existing transition, end block and approach
guardrail designs, and to test and develop approach guardrail and transition designs
for safety upgrading of the ends of old bridges. Furnish and install all of the
necessary appurtenances to construct complete test layouts for testing at the
contractor's test site and furnish and prepare all test vehicles, vehicle guidance
systems, propulsion systems, instrumentation, personnel, film, and photographic

equipment.

TECHNICAL REQUIREMENTS

1.

Test procedures, test instrumentation, evaluation of the full-scale
test results and the report contents shall be in accordance with the
guidelines in National Cooperative Highway Research Program (NCHRP)
Report No. 230. (2) These procedures may be modified by the
contractor when test conditions dictate, provided the deviations are
approved by the COTR. The vehicle maximum 50 msec acceler:*ions, and
the changes in vehicle velocity and momentum shall also be

reported. Data shall be recorded in analog form on oscillographic
records and magnetic tape. A fully-instrumented 50-th percentile
male anthropometric dummy, restrained with lap and shoulder belts,
shall be placed in the driver's seat and in the right front seat of
each test vehicle. An onboard camera shall be used to record the
motions of the dummies. Documentary real-time films shall be made to
show the actual work involved in constructing the approach guardrail
and transition at the test site. High-speed and real-time films,
slides, and still photographs shall be made of each test.

The full-scale test data shall be digitized in accordance with the
SAE-J211, Class 1000 specifiication and a magnetic data tape shall be
prepared as specified in NHTSA's "Dynamic Crash Test Information
Reference Guide" (3).

In order to measure the vehicle crush depth, a minimum of six
measurements shall be made before and after each full-scale test.

The depth measurement points shall be equally spaced along the length
of the damaged area in order to generally describe the damage
penetration profile. The maximum static crush distance (damage
penetration) shall also be measured and reported, regardless of its
location. End, top and lateral view photographs shall be taken of
the full length of each damaged vehicle. The vehicle trajectory after
impact shall also be measured and reported.



Table 1. Research tasks and specifications (continued).

NOTES:

A. Should the research findings indicate that specific sign
details should be changed, or indicate a need for additional
analysis and/or laboratory testing, the contractor shall
promptly notify the COTR and on approval of the contracting
officer, this level of effort may be transferred to Tasks B, C,
or E, as appropriate.

B. For budget estimating purposes, assume that the 1,800 lb
vehicle will be a 1980 or later a model Honda Civic sedan and
that five vehicles will be needed. Assume that the 4,500 sedan
will be a 1980 or later model and that seven vehicles will have
to be purchased under the contract.

C. The test facilities must be flexible enough to accommodate
the 60 mph impacts with 4,500 lb vehicles at 15 or 25 degrees,
and to accommodate 60 mph impacts with 1,800 lb vehicles at 15
or 20 degrees at selected points along the test barrier.

Task E. Design of Independent Block

In order to provide guidance for designing a concrete block "dead man," determine
the required mass, foundation, and other key parameters required to insure its
proper functioning on an approach embankment.

Task F. Develop Design Guidelines

1.

Develop design guidelines for transitions and approach guardrail that also
address the problems at bridge piers and retaining wall ends. The design
guidelines shall address the problems of curbs and drainage control at the
bridge end, and provide answers to questions such as the following: How fast
should the barrier be flared in the transition zone? How should bridge rail
"brush curbs" be flared or treated? How fast should we change the barrier
stiffness in the transition zone and what are the efficient ways (e.g.,
changing the post spacing or the rail stiffness) of doing it?

Prepare detailed drawings of the recommended transitions and treatments for
bridge ends.

NOTES:

A. The work to be performed in developing design guidelines shall
include, but not be limited to, providing design solutions to the
guestions and problems listed above. It is expected that the results of
the laboratory and full-scale tests will raise questions that will also
require design guidance.

B. The contractor shall carefully document the basis for the design
decisions and discuss all assumptions so that they can be readily re-
evaluated in the light of future experience or changed conditions.

C. The drawings and design guidelines shall be prepared in such a form
that Texas Transportation Institute can readily incorporate the material
into the "Road-side Safety Technology Text and Guide" publications that
will be prepared under contract DTFH61-82-C-00088.

10



2. Current Designs

a. Review of State Current Designs

In order to evaluate current designs and select candidate systems,
State Standard Plans for guardrail-bridge rail transitions were provided by
FHWA at the start of the contract. These standards were reviewed and the
various systems evaluated. A tabular form was developed by which the tran-
sitions could be concisely rated by a number of pertinent factors. In
order to maintain consistency in the ratings, criteria were developed that
would be adequate for most of the cases encountered. These criteria, along
Wwith the ratings of the various State transitions, are included in appendix
C.

A general review of the transitions in appendix C showed that most
of the States use a GU4 type of approach guardrail with Michigan end shoe
connections to bridge concrete parapets or safety shapes. Practically all
use reduced post spacing in the transition with many also using heavier
posts. However, the bridge end-to-first-post space varies considerably
from less than a foot to the usual 3 ft-1 1/2 in (0.9 m). An optimum space
for this first post would be desirable. Several States use regular flared
W-beam end sections (rather than the Michigan shoe) that are anchored to
the concrete parapet through block-outs. Strengths of connections,
particularly those with block-outs, needed to be checked. Several States
also use nested rails, which may or may not be a cost-effective measure.
Finally, the greatest discrepancy between States concerned the trailing
transitions. Requirements varied from no guardrail to those with regular
post spacing to those of the same stiffened type used on the approach.
Ample evidence thus existed that transition standards were indeed needed.

The various transition ratings shown in appendix C were summarized,
and the results are shown in tables 2 through 5. As shown in table 2, only
nine of the systems rated good in both lateral stiffness and wheel

snagging. Table 3 shows the 12 systems with good lateral stiffness and

11
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Table 2. Summary of systems with lateral stiffness = G , wheel snagging = G .

Bridge Rail End Type

-~ O U =

Parapet
Straight
Tapered/Curved

Curb Parapet
Straight
Tapered/Curved

Safety Shape
Straight
Tapered/Curved

Steel Rigid
Steel Semi-Rigid
Aluminum Rigid

Aluminum Semi-Rigid

Approach Railing

G GIS  GAWS

1
1
1
1
1 1
Total

GUC,W,S G3 Other

1G9
169

1 Tubular Thrie

9
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Table 3. Summary of systems with lateral stiffness = G , wheel snagging = F .

Approach Railing

Bridge Rail End Type GUW G4S G4W,S G4C,W,S G3 Other
1. Parapet
Straight 1 1
Tapered/Curved 1

2. Curb Parapet
Straight 1 2
Tapered/Curved

3. Safety Shape
Straight 1 2
Tapered/Curved

Steel Rigid 1

Steel Semi-Rigid 1 G9, 1 Tubular Thrie
Aluminum Rigid

~N o U =

Aluminum Semi-Rigid

Total = 12
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Table 4. Summary of systems with lateral stiffness = G , wheel snagging =

Bridge Rail End Type

~N O N

Parapet
Straight
Tapered/Curved

Curb Parapet
Straight
Tapered/Curved

Safety Shape
Straight
Tapered/Curved

Steel Rigid
Steel Semi-Rigid
Aluminum Rigid

Aluminum Semi-Rigid

_P.
Approach Railing
GUwW G4S GUW,S GUC,W,S G3 Other
7 1 1
6 1 1 1
2 1
1

Total = 22
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Table 5. Summary of systems with lateral stiffnes

= P , wheel snagging = P .

Approach Railing

Bridge Rail End Type GlW G4S G4W,S G4C,W,S G3 Other
1. Parapet
Straight 2 2 1 2 GR2, 1 G4U
Tapered/Curved 1 1 GE3

2. Curb Parapet
Straight 6 2 7
Tapered/Curved

3. Safety Shape

Straight 3 5 2
Tapered/Curved
4. Steel Rigid
5. Steel Semi-Rigid 6 2 1
6. Aluminum Rigid 1
7.

Aluminum Semi-Rigid

Total 63

1 3 1 GE3

6 GR2
2 GE3



fair wheel snagging. As indicated by the criteria of appendix C, such
systems could be upgraded with a change in connection (flush to blocked) or
addition of a rub rail. The 22 systems in table 4 (good lateral stiffness
and poor wheel snagging) would require both the change in connection and
the addition of a rub rail. Finally, the 63 systems of table 5 are those
with poor ratings in both lateral stiffness and wheel snagging.

b. Selection of Candidate Transition Systems

Based on the larger number groupings of tables 2 through 5, typical
configurations were selected and suggested for subsequent analysis and
full-scale testing. These configurations, along with some of the expected
spin-off benefits to be determined by this subsequent work, are shown in
table 6. The suggested systems included the heavy post, reduced spacing
configuration, standard posts with reduced spacing that are used by several
of the States, and the two- or three-bridge rail transitions to box beam or
W-beam guardrails that currently appear to rate poorly. The need for
strengthening by reduced post spacing on trailing transitions was not
apparent. Elimination of interfering curbs, block-out of connections to
parapets, and the addition of rub rails appeared to be retrofits that would

be suggested.

In consultation with the FHWA COTR, the final transition selections
were made. Included in the final analyses were the following selected con-
figurations and other systems that were added subsequent to this selection

process:

. North Carolina Type VIII System (number 1 in table 6).

. Nevada System {(number 2 in table 6).

. Louisiana System (number 6 in table 6).

. Washington Bridge Approach Design (added by contract modifica-

tion to check the 90-degree curved approach guardrail designed
by Washington).

16



Table 6. Suggested guardrail - bridge rail transitions
for further analysis.

1. North Carolina VIII - Rate GG - 9 standard G4S posts with
tapered wingwall - not a common installation but shows extreme
reduced spacing with standard G4S posts.

2, Nevada - Rate GG — 7 post G4W with straight safety shape -
310 in x 10 in and 4 6 in x 8 in posts - W beam laps safety shape
with block-outs (37.5-ft length) - Common installation.

Questions:

a. Are 6 in x 8 in posts satisfactory or are 8 in x 8 in posts
necessary?

b. 1Is 12 ft~6 in bent lap necessary or can it end at parapet
end? The bend may be necessary with 2-way traffic but
why not use flush connection with standard guardrail on
l-way exits?

c. Safety shapes and curb/parapets offer same problem for
wheel snagging at base. How about 10:1 taper on these?

curb or bot tony __,..%:ntk\’m
o — _—

safety shape

3. Repeat System 2 with G4S system (3 W6x15.5 and 4 W6x8.5
posts).

4. Check system with GF rating and straight curb parapet (North
Dakota Type IV). System has a rub rail but mounts flush with the
bridge rail.

5. Check system with GP rating and straight parapet (Montana Type 2).
This system can be used to check the effect of 12 in x 12 in posts on
lateral strength and also the effect of a metal box blockout on
connection strength.

Metric Conversion
lin=2.5cm
1l ft = 30 cm
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10.

Table 6. Suggested guardrail - bridge rail transitions
for further analysis (continued).

Louisiana - Rate PP - G4W and G4S systems with 8 6 in x 8 in wood
and W6x8.5 standard posts - Fairly common, but most omit the
last post for 7-post system, and several use nested rails.

Questions:
a. Is 7-post system o.k.?

b. Should 8 in x 8 in posts be used?

c. What is benefit of nested rail?

d. Can system be improved with addition of 1 or 2 posts at
1 ft-6 3/4 in positions (see System 1 above)?

Check system with PP rating and straight curb parapet (Ohio Types
D and E). This system can be used to check the use of fewer posts
with concrete footings. ’

Should look at a system with sidewalks or wide curbs to eliminate
the twisted configuation (see Georgia 5 or Kentucky C) and replace
it with continuous W beam running across bridge. Check anchor
block retrofit of Iowa Type RE-28. This will also provide a check
on the use of inserts for the connection. Also check Texas Traffic
Rail Type T6 (tubular W beam) for retrofit to knock out curbing

and extend railing across bridge.

Look at non-blocked out systems of steel semi-rigid to W beam

(see Vermont and Texas). Systems rate PP and may require major
upgrade. Eliminate Vermont because of 10 in granite curb. Use
Texas Traffic Rail Type 301 (2-rail box beam) to W beam transition.

Check wingwall design with Texas Traffic Rail Type T5. This is one

of the thinner safety shape rails (top width of 7 1/2 in) with a
flush Michigan shoe connection.

Metric Conversion

l in = 2.5 cm
1 ft = 30 cm
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. Thrie Beam System (added by contract modification to develop a
new thrie beam transition).

On selection of these systems, it was necessary to contact the involved
States to obtain information that was not available on the Standard Plans.
Needed were typical construction details (geometry, steel reinforcement,

and concrete strength for wingwalls, end bridge posts, etc.).

For the systems listed above, 14 full-scale crash tests were
conducted on the original designs and upgrading retrofits. The final test
installation configurations are shown in appendix A. Crash tests are

summarized in chapter 3, and test reports are included in appendix B.
c. Component Testing

The BARRIER VII computer simulation was used for guidance in
selecting test conditions for the various transition configurations. With
the larger posts (12-in x 12-in (30-em x 30-em), 10-in x 10-in (25-cm x 25-
cm), and 8-in x B-in (20-cm x 20-cm) wood and W6x15.5 steel) used in some
of the systems, it was necessary to conduct pendulum tests for determina-
tion of post properties for the BARRIER VII inputs. Test details and the

test matrix are shown in figure 5.

A summary of results for the 12 pendulum tests is shown in table
7. Also shown in the table are expanded results of pendulum tests
conducted in a previous SwRI study for cost-effectiveness selection of

(2)

guardrails. The reason for including these will be discussed shortly.
Two important and rather surprising results can be seen from
table 7. The first is that the 18-in x 2U-in (46-cm x 61-cm) soil paddle
used on the W6x15.5 posts apparently does little to increase either the
stiffness or maximum force. The second is that the W6x15.5 posts without
soil paddle are only slightly less stiff than the 10-in x 10-in (25-cm x
25-cm) wood posts (2.28 vs 2.55) but yield greater maximum force (18.3 vs

19
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Table 7.

Summary of pendulum tests.

Maximum Time Distance Total Time Distance

Test Force t dy Stiffness Impulse ty* d2

No. (kips) (ms) (in ) (k/in ) (1b-sec) (ms) (in ) Remarks
12 in x 12 in Wood Posts
1rl12 20.7 32 ) 7.32 2273.8 116 18.62 Soil Yield
1P12-R 23.8 25 5.76 2271.2 98 15.67 Soil Yield
Averages 22.3 6.54 3.41 17.15
10 in x 10 in Wood Posts
1pP10 16.3 30 6.84 1544.2 100 18.12 Soil Yield
2P10 16.4 26 6.00 —933 22— 59— 3231 Post Fracture
Averages 16.4 6.42 2.55 18.12
8 in x 8 in Wood Posts
2p8 13.2 30 6.96 1287.3 103 19.75 Soil Yield
1P8-R 11.6 34 7.92 1091.0 101 20.42 Soil Yield
Averages 12.4 7.44 1.67 20.07
W6x15.5 (Strong Axis with Soil Paddles)
1sP-S 20.4 34 7.80 2475 128 19.42 Soil Yield
28P-S 18.3 37 8.40 2450 142 21.10 Soil Yield
Averages 19.4 8.10 2.40 20.26
W6x15.5 (Strong Axis without Soil Paddles)
1sP-SA 19.2 35 8.16 2637 145 21.36 Soll Yield
2SP-SA 17.3 34 7.92 2215 135 21.84 Soil Yield
Averages 18.3 8.04 2,28 21.60

Unused Tests:
1 2P12 Soil was too wet

* ty t;tal +-L - 10 1P8 Post fractured through opposite knots

Metric Conversion
lin= 2.5 cm
1 ft = 30 ca
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Table 7. Summary of pendulum tests (continued).
Maximum Time Distance Total Time Distance

Test Force tl d1 Stiffness Impulse ty* d,

No. (kips) (ms) (in ) (k/in ) (lb-sec) (ms) (in ) Remarks
W6x15.5 (Weak Axis)
1SP-WA 10.8 32 7.56 1740 167 29.28 Post Yield
2SP-WA 10.5 38 8.88 1717 173 30.36 Post Yield
Averages 10.7 8.22 1.30 29 .82
W6x8.5 (Weak Axis)t
F-82 4.8 15 3.59 2719.7 56 13.00 Post Yield
F-85 4.1 15 3.64 242.5 57 13.45 Post Yield
F-90 5.1 18 4.36 287.0 55 12.94 Post Yield
F-94 4.3 18 4,36 283.6 65 15.20 Post Yield
Averages 4.6 3.99 1.15 13.65
W6x8.5 (Strong Axis)t
F-81 12.7 17 4,06 571.7 44 9.95 Soil Yield
F-86 12.7 21 5.00 879.4 70 14.84 Soil Yield
F-89 10.2 15 3.65 499.6 46 10.67 Soil Yield
F-93 8.3 22 5.22 667.3 81 17.38 Soil Yield
Averages 11.0 4.48 2.46 13.21
6 in x 8 in Wood Posts (Weak Axis) t
F-83 11.2 22 5.19 154.1 Post Fracture
F-87 6.5 19 4.52 102.7 Post Fracture
F-91 8.0 22 5.32 —6066— 37— 17 09 Soil Yield
F-96 11.1 16 3.81 186 .4 Post Fracture
Averages 9.2 ‘ 4,71 1.95 No Plasticity

1 1 t]_ Metric Conversion »
tota 1l in=2.5cnm

Fty=—F +t5-10 1 fr = 30 cm

t See '"Development of a Cost-Effectiveness Model for Guardrail Selection," Report No. FHWA-RD-78-74&,
Appendix H, January 1980.



Table 7. Summary of pendulum tests (continued).

Maximum Time Distance Total Time Distance
Test Force ty d; Stiffness Impulse ty* d,
No. (kips) (ms) (in ) (k/in ) (1b-sec) (ms) (in ) Remarks
6 in x 8 in Wood Posts (Strong Axis)t
F-84 11.7 25 5.88 698.7 62 13.50 Soil Yield
F-88A 6.4 24 5.74 513.5 82 18.20 Soil Yield
F-92 7.3 19 4,63 528.5 72 16.34 Soil Yield
F-95 7.2 20 4,78 436.9 61 13.82 Soil Yield
Averages 8.2 5.26 1.56 15.47
I t
total 1
* = —_ -
t, T + 3 10

1 ¥4

t See "Development of a Cost Effectiveness Model for Guardrail Selection,' Report No. FHWA-RD-78-84,

Appendix H, January 1980.

Metric Conversion
lin = 2.5 cm

1 ft = 30 cm




16.4). This contradicts the lateral stiffness rating criterion that was
used in the original selection process (see table 50 in appendix C).
Apparently, W6x15.5 posts are as good as the 10-in x 10-in (25-cm x 25-cm)
wood posts without concrete footings or soil paddles.

As the pendulum test results became available and were inspected,
it became apparent particularly with these larger posts that extrapolations
of previous elastic results were not adequate. Figure 6 shows an example
of a former pendulum test. The unload curve over 20 ms is the way BARRIER
VII unloads when a post fails (10 time steps of 2 ms each). On comparing
this figure with the W6x15.5 w/paddle test in figure 7, it can be seen that
much reserve strength remains after the maximum load has been reached when
these strong posts yield the soil. Thus, it was decided that the posts
should be modeled with the elastic-plastic response shown by the dashed
line of figure 7. The plastic response continues until the area under the

curve equals the total measured impulse, as shown by the equation.

Test results of the previous SwRI study for guardrail selection
were retrieved and expanded for this elastic-plastic response.(2) Shown in
table 7 are the results for W6x8.5 and 6-in x 8-in (15-cm x 20-cm) wood
posts. Note that plastic action occurs for all posts except the weak axis
of the 6-in x 8-in (15-cm x 20-cm) wood posts. As shown in the table,
anomalous plastic response was eliminated for Test F-91 of the 6-in x 8-in
(15-cm x 20-cm) wood post weak axis and for Test 2P10 of the 10-in x 10-in
(25-cm x 25-cm) wood post. Test 2P10 was not repeated because of no more

available posts, but the results were used in the stiffness average.

The next problem was how to model this elastic-plastic post
response in BARRIER VII. It was decided to accomplish this by combination
members of friction dampers and springs, as shown in figure 8. This
required enlarged simulation sizes for BARRIER VII because of the added
members, as shown in figure 9. However, the increased size and run times

were not excessive.
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Simulated
posts

Friction dampers and springs to
simulate transverse and longitudinal
response (see Figure 3)

[_ “{,/—Actual post

Figure 9. BARRIER VII post simulation.



Consideration was given to the question of guardrail-bridge rail
connection component tests. The problem of what can be gained by static
connection tests is complicated by the multiplicity of pertinent factors,
such as the geometry and reinforcement of the wingwall or end post, the
manner of connection (blocked, through bolts or inserts, ete.), the magni-
tude and direction of the anchor forece, dynamic effect of increased
stiffness and strength with high load rates, and so forth. Because of
these problems and the unlikely probability of getting satisfactory answers

from static tests, it was decided not to conduct such tests.
d. Analysis of Candidate Configurations

The BARRIER VII computer simulation was used as the analysis tool
for the selected transition configurations. With the new elasto-plastic
post responses for BARRIER VII inputs, the first task was to compare the
program predictions with full-scale test results. Since anchor forces were
measured in the test, California Test 273 was selected as the first trial.
This was a rather severe test on a 75-ft (22.9-m) GH(2W) system installed
in hardpan soil at the California test site. Comparisons of the test
results with BARRIER VII predictions are shown in table 8. Note that only
the permanent barrier deflection was reported. Test photographs show a
dynamic deflection of about 0.6 of the car width, or about 0.6 (80) = U8 in
(1.2 m).

The second test for comparison was SwRI Test No. 118, a transition
installation similar to the T1 transition system in the AASHTO guide.(3)
Comparative results are also shown in table 8. While the table shows that
much of the information was not measured, the system was selected to
determine if this modeling of the rigid abutment would cause any ill-
conditioning of the BARRIER VII solution. None was apparent in that no
numerical instability developed and the results looked reasonable. While
BARRIER VII indicated vehicle redirection, the tendency toward pocketing
was apparent. Also, the test pocketing was "attributed to unsatisfactory
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Table 8. BARRIER VII/full-scale test comparisons.

California Test 273

(1)

4960 1b/68 mph/24 degrees

Item Test BARRIER VII

Upstream Anchorage 31 k 34.67 k
Downstream Anchorage 20 k 31.74 k
Max. Lateral Deflection 28.0 in (perm) 47 .44 1in
Max. 50-ms Accelerations

Lateral 6.95 8.52

Longitudinal 6.75 5.17
Exit Angle 14° 7.9°
Posts out 2 out 2

1 splintered
SwRI Test 118(2)
4297 1b/58.8 mph/28 degrees

Max. Lateral Deflection N/R 18.37 in
Max. 50-ms Accelerations

Lateral N/R 10.71

Longi tudinal N/R 10.98
Exit Angle Pocketed 16.3°
Posts out 0 0

N/R = Not Reported

(1) E. F. Nordlin, J. R. Stoker, and R. L. Stoughton,
"Dynamic Tests of Metal Beam Guardrail, Series XXVII,"
California Transportation Laboratory Report No.

CA-DOT-TL-6392-5-74-14,

(2) J. D. Michie, L. R. Calcote, and M. E. Bronstad,

April 1974,

"Guardrail Performance and Design,' Final Report,

NCHRP Project No. 15-1(2), January 1970.
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30il compaction at the posts-~inadequate consolidation (probably due to

extreme dry conditions)."

Based on these comparisons, BARRIER VII/test correlation was con-
sidered adequate to proceed, and the program was exercised with a view of
answering some of the questions in table 6 above. For better presentation,
a first effort was made to obtain plots of the vehicle/transition
interaction. Figure 10 shows a typical plot for a rigid configuration that
was used as a baseline case. Plots of other transition types are included

in appendix D.

A summary of the preliminary BARRIER VII results, corresponding to
the plots of appendix D, is shown in table 9. Note that the first run is
the rigid configuration baseline case of figure 10. With the single
criterion of keeping the vehicle off of the abutment but, at the same time,
allowing the vehicle to impact at any arbitrary point along the transition,
these results were a bit disturbing. Impact at the third post out [9.375
£t (2.9 m) from the wingwall), as shown in the plots of appendix D, appears
to be the critical point. Unfortunately, any of these flexible systems
deflect and tend to pocket the vehicle in the area near the connection. As
shown in table 9, this results in higher decelerations and greater lateral
loads than those of the rigid configuration.

Of course, such simulations were used for guidance in selecting
full-scale tests, and the situation would not likely be as bad as it
appeared. Certain preliminary desirable transition features and answers

could be implied as follows:

. The connection should be blocked out and the wingwall should
be tapered or curved to lessen the tendency for wheel
snagging.

) An 8-post transition is not significantly better than the 7-

post system.
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Figure 10. BARRIER VII plot for a rigid transition (continued).

33



——t

TIME = 0.1600

TIME = 0.1800

+ —8

TIME = 0.2000

TIME = 0.2200

Figure 10. BARRIER VII plot for a rigid transition (continued).
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Table 9.

Summary of BARRIER VII results.

Max. Deflection

50-ms Averages (g's)

Max. Lateral

System (in ) Lateral Longitudinal Load (k)
Rigid 0.01 15.32 12.24 57.74
Configuration 1 (3 10 in x 13.11 15.88 17.60 95.42
10 in & 4 8 in x 8 in posts)
Configuration 2 (8 8 in x 14,40 17.48 20.04 109.73
8 in posts)
N.C. Type VIII 7.43 15.64 16.62 88.65
Impact @ 4th Post (637.5 in)
N.C. Type VIII 11.94 13,72 16.78 75.64
Impact @ 5th Post (600.0 in)
Configuration 3 14.58 16.94 19.52 102.86
(7 Std. W6x8.5 posts)
Configuration 3 13.54 15.22 17.38 92.41
(7 W6x8.5 posts w/nested rail)
Configuration 3 (7 Wooden 14.73 17.52 20.38 113.62
6 in x 8 in posts)
Configuration 3 (7 Wooden 14.48 17.42 20.04 109.40

8 in x 8 in posts)

Metric Conversion
l in = 2.5 ¢cm
1 ft = 30 cm
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Table 9. Summary of BARRIER VII results (continued).

Max. Deflection

No. System (in )

10 Configuration 1 13.85
(3 W6x15.5 & 4 W6x8.5 posts)

11 Montana Type 2 (5 12 in x 11.91
12 in & 1 8 in x 8 in posts)

12 Configuration 1 (3 10 in x 18.41
10 in & 4 8 in x 8 in posts)
Impact @ 525 in

13 Configuration 1 (3 10 in x 15.67

10 in & 4 8 in x 8 in posts)
Impact @ 600 in

Metric Conversion
1l in= 2.5 cm
1 £t = 30 cm

50-ms Averages (g's)

Lateral Longitudinal
16.48 18.42
15.20 16.12

9.57 8.51
11.48 10.73

Max. Lateral

Load (k)

97.64

87.03

16.84

40.67



. For the T-post transition, W6x8.5 steel posts and 6-in x 8-in
(15-cm x 20-cm) or 8-in x 8-in (20-cm x 20-cm) wood posts all
give essentially equal responses.

. Some benefit is gained by nested rails or the larger 10-in x
10-in (25-cm x 25-cm) posts. However, neither is as good as
the reduced 1 ft-6 3/4 in (0.5-m) post spacing of the North
Carolina system. This simple addition of intermediate posts
Wwill likely be a cheaper retrofit than substitution of the
larger posts.

Of interest in table 9 (No. 11) and the plots of appendix D is the
simulation of the Montana Type 2 transition. This system is unusual with
five 12-in x 12-in (30-cm x 30-cm) wood posts and one 8-in x 8-in (20-cm x
20-cm) post. Despite this strong characteristic, the pocketing tendency
remains, resulting in higher longitudinal accelerations than the rigid
system (No. 1). It is only slightly better than the N.C. Type VIII (No. 4)
with the reduced standard post spacing.

One purpose of the BARRIER VII runs was to determine the most
critical impact point on the transition. As shown in table 9, (Nos. 4 and
5 for the N.C. type and Nos. 2, 12, and 13 for Configuration 1), this point
is at about the third post out [3x37.5 in = 112.5 in (2.9 m) from the
connection at the wingwall]. As shown in the plots, this point causes the
barrier to deflect and tends to pocket the vehicle just before it reaches
the end of the wingwall. Impacts further out the transition tend to

provide vehicle redirection before the wingwall is reached.

As the project progressed, BARRIER VII runs were continued to
provide guidance in full-scale retrofit tests and to estimate the probable
barrier response. For example, as shown in figure 11, a W-beam rub rail
was used as a retrofit for the North Carolina Type VIII transition. The
system appeared to work well for the test point of impact (see P.I. in
figure 11). Because of this potential promise as a good retrofit for other
transitions as well, it was desired to test the system for the effect of
the blunt end of the rub rail. To determine the point of impact for this
test, BARRIER VII simulation runs were made. Figure 12 shows the results
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TIME = 0.0000

TIME = 0.0200

TIME = 0.0400

TIME = 0.0600

Figure 12. Simulation for impact at 450 in.
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TIME = 0.0800

TIME = 0.1000

TIME = 0.1200

TIME = 0.1400

Figure 12. Simulation for impact at 450 in (continued).
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TIME = 0.1600

TIME = 0.1800

———

TIME = 0.2000

TIME = 0.2200

Figure 12. Simulation for impact at 450 in (continued).
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TIME = 0.2400

TIME = 0.2600

TIME = 0.2800

TIME = 0.3000

Figure 12. Simulation for impact at 450 in (continued).
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TIME = 0.3200

TIME = 0.3400

Figure 12. Simulation for impact at 450 in (continued).
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for an impact at U450 in (11.4 m), the end post of the 25-ft (7.6-m)
transition. Figure 13 shows the U487.5-in (12.4-m) impact, one post inside

the transition.

As shown in figure 11, the rub rail was bent at node 41 and bolted
to the back of the post at node 37. These two nodes are indicated on the
first sheets of figures 12 and 13. Desired was the simulation that would
produce the greatest deflections at these two nodes. BARRIER VII results
are shown in table 10. From these results, it is concluded that the test
should be made with the impact at 450 in (11.4 m).

By contract modification, the Washington bridge approach design was
added to the project. This treatment, consisting of a 90-degree curve in
the approach guardrail, is applicable to sites where a local road
intersects the main road near a main road bridge. The short distance
available for effecting a safe transition to the bridge presents a real
design problem, and this design was conceived by Washington DOT as a

possible solution.

Again, BARRIER VII was used to predict the probable response of the
system. Figure 14 shows the simulation plot for the test conducted on the
original design. Results of the test were unsuccessful in that the vehicle
was launched, landed on its front wheels, and then rolled onto its top.
With its 2-dimensional character, BARRIER VII results showed continued
redirection. However, it is obvious at time = 0.16 sec in figure 14 that
vaulting or pocketing would occur if the contacted post did not move out of
the path. This was the post that launched the vehicle in the test.

The BARRIER VII output plots of figures 12 through 14 illustrate
how the program was used to provide guidance for the full-scale tests and
to estimate probable barrier responses. Other plots made on the original

designs and retrofitted systems are included in appendix D.
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TIME = 0.0000

TIME = 0.0200

TIME = 0.0400

TIME = 0.0600

Figure 13. Simulation for impact at 487.5 in.
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TIME = 0.0800

TIME = 0.1000

]
TIME = 0.1200

TIME = 0.1400

Figure 13. Simulation for impact at 487.5 in (continued).
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TIME = 0.1600

TIME

0.1800

TIME = 0.2000

TIME = 0.2200

Figure 13. Simulation for impact at 487.5 in (continued).
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TIME = 0.2400

TIME = 0.2600

TIME = 0.2800

TIME = 0.3000

Figure 13. Simulation for impact at 487.5 in (continued).
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TIME = 0.3200

TIME = 0.3400

Figure 13. Simulation for impact at 487.5 in (continued).
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Table 10. BARRIER VII results.

Deflections (in )

Impact @ 450 in Impact @ 487.5 in
Time (sec) Node 37 Node 41 Node 37 Node 41

0.02 0.14 -0.03 0.43 0.22
0.04 0.94 0.10 - 1.98 0.96
0.06 3.30 0.72 6.25 3.08
0.08 7.60 2.65 10.91 5.75
0.10 13.21 5.69 13.91%* 9.31
0.12 17.28%* 9.04 13.55 11.80*
0.14 17.15 11.79* 11.16 11.15
0.16 14.22 11.42 8.27 8.38
0.18 11.37 8.15 7.36 6.45
0.20 10.25 5.59 8.39 6.23
0.22 9.73 4.77 9.02 6.06
0.24 10.00 5.02 9.17 5.91
0.26 9.50 4.72 7.82 4.99
0.28 9.07 4.93 5.88 3.97
0.30 6.09 3.49 5.31 3.82
0.32 4.64 2.41 5.26 3.90
0.34 4,91 2,72 5.25 3.94
0.36 5.51 3.12 5.28 3.99
0.38 5.98 3.38

Metric Conversion
l in=2.5cm
* Maximum deflections. 1 ft = 30 cm
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URSHINGTON STATE TRANS]ITION SZCTION TEST VASHINCTOR STRTE TRANSITION SECTION TL3T

TIME = 0.0000 TIME = 0.0600

UASHINGTON STATE TRANSITION SECTION T2ST UASHINCTYN STATE TRANS)TION SECTION TEST

TIME = 0.0200 TIME = 0.0800

URSHMINCTON STATE YRANSITION SECTION 1E3T UASNINGION STATE TRANSITION SECTION TEST

TIME = 0.0400 TIME = 0.1000

Figure l4. Washington test simulation.
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UASHINCEION STATE TRANSITION SECTION TEST UASHINGION STATE TRANSITION SECTION YEST

TIME = 0.1200 TIME = 0.1800

VRSHINCKON STATE TRANSITION SECTION TEST URSHINGRON STATE TRAWSITION SECTION 1E3T

TIME = 0.1400 TIME = 0.2000

UASHINGTEN STATE TRANSITION SECTION TEST UASHINGZON STRTE TRANSITION SECTION 1EST

TIME = 0.1600 TIME = 0.2200

Figure 14. Washington test simulation (continued).
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UARSHING STATE TRANSITION SECTION €37 On STATE TRANSITION SECTION TEST

TIME = 0.2400

TIME = 0.3580

UASHINGTON STRTE TRANSITION SECTION TEST ON STATE TRANSITION SECTION 1EST

TIME = 0.2780 TIME = 0.3980

VASHINCTEN STATE TRANSITION SZCTION 1¢ST URSHINGTIN STATE TRANSITION SECTION TEST

TIME = (.3180 TIME = 0.4380

Figure 14. Washington test simulation (continued).
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3. Summary of Full-Scale Crash Tests

Crash tests conducted in this project included systems selected as
discussed in chapter 2, section b, and modification of these systems. 1In
addition, new designs were conceived and evaluated. The transition systems

can be grouped according to the following categories:

. W-beam/wingwall transition

- straight wingwall
- tapered wingwall

. Thrie-beam/wingwall transition
- straight wingwall

- tapered wingwall
- modified thrie beam

. W-beam bridge approach at intersecting roadways
. W-beam/independent end block transition
. W-beam bridge approach with tapered curb

Test procedures and test results are briefly described in this
section. Detailed information on the test installations and test results
is contained in appendix A (Transition Configurations) and appendix B
(Full-Scale Crash Test Reports); a summary of the test results is contained
in tables 11 through 14.

a. Test Procedures

Except for the test series conducted on the intersecting roadway
transition design, all tests were conducted using a 4500-1b (2000-kg) car
impacting at 60 mph (95 km/h) and a 25-degree angle. A restrained 50th
percentile, Part 572 dummy was placed in the driver seat and a like
unrestrained dummy in the right front passenger position of the full-size

car. Impact events were recorded from transducers mounted in the dummies
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Table 11.

Test No.
Guardrail
Test Vehicle
Gross Vehicle Weight, 1b
Impact Speed (film), mph
Impact Angle, deg
Impact Duration, sec
Maximum Deflection, in
Dynamic
Permanent
Exit Angle, deg
Film
Yaw Rate Transducer
Exit Speed, mph
Film
Accelerometer
Maximum 50 ms Avg Accel
(film/accelerometer)

Longitudinal
Lateral

NCHRP Report 230 Evaluation
Structural Adequacy (A,D)

Occupant Risk (E)

Vehicle Trajectory (H,I1)

* Exit Angle (60% = 15°)
. AV (15 mph)

Metric Conversion
l1in=2.5cm

1 ft = 30 cm

LA-1
Gl (2W)
1978 Plymouth
4635
62.2
25.1
4o

W-beam separated
W-beam separated

Did not exit
Did not exit

Did not exit
Did not exit

Failed
Failed
Failed

LA-1M
Gl (2wW)
1978 Plymouth
4737
60.6
25.3
.27

6.4
6

-5.5
Not Avail.

46.7
Not Avail.

-7.6/Not Avail.
-6.6/Not Avail.

Passed
Passed
Passed

T-5

Gu(2w)

1978 Plymouth

4700
58.9
25.8

.35

-5.8/-11.1
6.2/11.9

Passed
Passed
” i 1]
< 15°

> 15 mph

Summary of W-beam/wingwall transition tests.

NC-1 NC-1M
Gu(1S) G4(1S)
1978 Dodge 1978 Dodge
4642 4630
60 60.4
25 25.9
A3 .35
12.6 7.6
8.8 4.4
Not Avail. -10.7
-9.5 LY
Not Avail. 46.1
34.0 42.9

Not Avail./-12.8 -6.5/-9.8
Not Avail./-11.1 -7.7/12.0
Passed Passed
Passed Passed
LY Passed
< 15°
> 15 mph

NC-2M
Gl (1s)
1978 Dodge
4572
59.8
25.4
.53

29.1
20.0

-16.9
Not Avail.

34.6
Not Avail,

Passed
Passed
I' L 1]

> 15°
> 15 mph

T-6
Gi(1s)
1978 Dodge
4655
61.7
25.6
.43

4.1
7.5

-14.7
-13.3

-6.2/-10.9
-7.1/-10.0

Passed
Passed
L L

< 15°
> 15 mph
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Table 12.

Test No.

Guardrail

Test Vehicle

Gross Vehicle Weight, lb
Impact Speed (film), mph
Impact Angle, deg

Impact Duration, sec

Maximum Deflection, in
Dynamtc
Permanent

Exit Angle, deg
Film
Yaw Rate Transducer

Exit Speed, mph
Film
Accelerometer

Maximum 50 ms Avg Accel
(film/accelerometer)
Longitudinal
Lateral

NCHRP Report 230 Evaluation
Structural Adequacy (A,D)
Occupant Risk (E)

Vehicle Trajectory (H,I)

* Exit Angle (60% = 15°)

** Av (15 mph)

"Metric Conversion |
lin= 2.5 em
l1ft=30cm

Summary of thrie beam/wingwall transition tests.

T-1
Gl(2w)
1978 Plymouth
4658
61.5
25.2
.34

-5.87-9.9
7.7/16.6

Passed
Passed
I' "
< 15°

> 15 mph

T-7
G4(1S)
1978 Dodge
4675
58.9

25.1

-4.5/-5.2
5.9/7.3

Passed
Pasgsed
I' (1]
< 15°

> 15 mph

T-2
G4(2wW)
1978 Plymouth
4650
64.0
25.6
.32
4.4
9.0

-7.5/-7.9
-7.4/7-13.4

Passed
Passed
l’ [ 1]
< 15°

> 15 mph

T-3
Gl(2w)
1978 Plymouth
4580
60.8
23.8
.39

1.3
7.9

-12.1
~9.7

43,6
7.4

-5.1/-5.9
-7.3/-10.4

Passed

Passed
*

¢ 15°
> 15 mph



Table 13.

Summary of W-beam approach at intersecting roadways.

8¢

Test No. WA-1 WA-1M WA-2M WA-3M WA-UM WA-5M
Barrier State Design = ~e-cccecccacaao Modified Design ---c--ccvewe-a ---- See Figure 82 ---«
Test Vehicle 1978 Plymouth 1978 Honda 1977 Dodge 1978 Dodge 1978 Plymouth 1978 Plymouth
Gross Vehicle Weight, 1b 4520 1903 4789 4640 4650 4640
Impact Speed (film), mph 60.0 60.8 60.6 58.9 58.8 59.0
Impact Angle, deg 0 23.7 13.4 16.6 4.6 -1.1
Impact Duration, sec A7 Not Avail. Not Avail. Not Avail. Not Avail. .57
Maximum Deflection, in

Dynamic Not Avail. Not Avail. Not Avail. Rail fracturedBarrier on ground 3.5

Permanent Barrier on ground 153 Barrier on groundRail fracturedBarrier on ground 3.0
Exit Angle, deg

Film Did not exit Did not exit Did not exit Did not exit Did not exit -19.6

Yaw Rate Transducer Did not exit Did not exit Did not exit Did not exit Did not exit -9.6
Exit Speed, mph

Film Did not exit Did not exit Did not exit Did not exit Did not exit 41.6

Accelerometer Did not exit Did not exit Did not exit Did not exit Did not exit 40.0
Maximum 50 ms Avg Accel
(film/accelerometer)

Longitudinal Not Avail. -11.0/-12.2 -4.3/-6.7 -4.3/Not Avail. -5.3/-8.3 -2.3/-5.5

Lateral Not Avail. 5.4/7.4. -1.7/-1.7 -1.7/Not Avail. -1.3/-5.4 2.7/4.1
Occupant Risk, NCHRP
Report 230
(film/accelerometer)

AV long., fps (30) Not Avail. 37.9/Not Avail. 19.9/18.9 13.9/Not Avail. 16.7/18.1 16.2/18.0
AV lat, fps (20) Not Avail. -16.6/Not Avall. 7.5/5.6 7.9/Not Avail. 6.3/6.5 -7.7/-10.5

Ridedown Acceleration, g's

(accelerometer)

Longitudinal (15) Not Avail. Not Avail. -8.8 Not Avail. -10.5 -7.6

Lateral (15) Not Avail. Not Avail. -4.6 Not Avail. =T 8.0
NCHRP Report 230 Evaluation

Structural Adequacy (4,D) Failed Passed Failed Failed Passed Passed

Occupant Risk (E,F,G) Failed (E) 4o <AV > 30 Passed Passed Passed Passed

Vehicle Trajectory (H,I) Failed Passed Failed Failed Passed Passed

Metric Conversion |
lin= 2.5 ca
1l ft = 30 cm
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Table 14. Summary of W-beam independent block and tapered curb tests.

Test No. NV-1
Barrier State Block
Test Vehicle 1978 Dodge
Gross Vehicle Weight, 1b 4636
Impact Speed (film), mph 61.3
Impact Angle, deg 26.3
Impact Duration, sec .53
Maximum Deflection, in

Dynamic 16.6

Permanent 6.1
Exit Angle, deg

Film 7.1

Yaw Rate Transducer Not Avail.

Exit Speed, mph
Film 35.1
Accelerometer Not Avail.

Maximum 50 ms Avg Accel

(film/accelerometer)
Longitudinal -6.9/-9.9
Lateral -5.4/-7.9
Occupant Risk, NCHRP Report 230
(accelerometer)
Av long., fps (30) 24.8/18.0
Av lat., fps (20) 17.7/15.8
Ridedown Acceleration, g's
(accelerometer)
Longitudinal (15) 4.1 (film)
Lateral (15) 5.3 (film)
NCHRP Report 230 Evaluation
Structural Adequacy (A,D) Failed
Occupant Risk (E) Passed
Vehicle Trajectory (H,I) Passed

Metric Conversion |
1lin=2.5cm
1 ft =30 cm

1B-1 TC-1
New Block Tapered Curb
1978 Plymouth 1978 Dodge
4750 4655
60.1 60.9
24 .4 25.0
35 .30
10.5 12.3
5.3 5.4
-13.4 -3.0
-11.9 Not Avail.
43.2 k1.6
4.2 Not Avail.
-5.4/-10.6 -6.2/Not Avail.
-8.6/-10.2 -8.9/Not Avail.
3.0/19.3 11.1/Not Avail.
21.7/21.0 21.8/Not Avail.
5.1 -1.9 (film)
-18.6 -7.0 (film)
Passed Marginal
Passed Passed
Passed Passed



and on the vehicle. Extensive film coverage also documented the barrier,

vehicle, and dummy behavior.

b. W-Beam/Wingwall Transitions

Straight Wingwall. The most common transition utilized by the

States is a W-beam approach to a straight flat concrete wingwall or
parapet. Many of the State designs feature a transition from the flat
wingwall to a full safety shape.

Test LA-1. This design, as shown in figure 15, features eight
3 ft-1 1/2 in (0.9-m) spaces between posts and wingwall before the typical
6 ft-3 in (3.8-m) post spacing began. All of the transition posts and
blocks were 6-in x 8-in (15-em x 20-cm) timber with a Michigan end shoe
providing the connection between the wingwall/parapet and the W-beam
approach rail.

After impacting the transition at the third post from the
bridge end at nominal 60 mph (95 km/h) and 25 degrees, the vehicle snagged
on the wingwall/parapet end and the vehicle was abruptly stopped as shown
in figure 16. Longitudinal and lateral translation of the simulated bridge
Wwingwall/parapet occurred during the test and the longitudinal displacement
was sufficient to cause tensile failure of the beam. Photographs after the
test shown in figure 15 show the extensive vehicle and barrier/wingwall
damage.

Test LA-1M. 1In order to minimize the wheel snagging observed
in Test LA-1, a single 12 ft-6 in (3.8-m) W-beam element was added below
the beam as shown in figure 17; in addition, two additional posts were
added between the first two spaces at the bridge end. Tapered blocks
between the lower beam and the posts were used and the lower beam was field
bent about the fifth post from the end as shown in figure 17.
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Figure 15. Test LA-1 photographs.
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Figure 16. Sequential photographs, Test LA-1.
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Figure 17. Test LA-1M photographs.
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The test vehicle impacted the transition at 60 mph (95 km/h)
and 25 degrees and was smoothly redirected as shown in figure 18. There
was some rotation of the simulated wingwall/parapet, but no evidence of
wheel snagging on the wingwall end. Photographs after the test are shown
in figure 17.

Test T-5. Details for this test are identical to Test LA-1M
with the exception of the wingwall/parapet. For this test a much larger
concrete mass (see figure 19) was used to prevent the wingwall rotation

observed during Test LA-1M.

As shown in figure 20, the vehicle impacted the transition at
60 mph (95 km/h) and 25-degree angle. The vehicle was smoothly redirected
with no evidence of wheel snagging and negligible rotation of the wingwall
end. Photographs after the test are shown in figure 19,

Tapered Wingwall. Included in this test series is an evaluation of

the lower beam termination.

Test NC-1. This test evaluated the curved wingwall transition
selected as discussed in the previous section, Use of standard steel
posts/ block-outs with a post spacing of 1 ft-6 3/4 in (0.5 m) and the
tapered wingwall to prevent snagging resulted in a high rating for this

design. Photographs of the test installation are shown in figure 21.

The test vehicle impacted the transition at nominal 60-mph
(95-km/h) and 25-degree angle conditions and was smoothly redirected as
shown in figure 22. There was considerable evidence of wheel snagging on
the last post which was pushed against the wall. In addition, some
snagging occurred due to local deformation of the beam at the wood block
between the beam and concrete wall. Photographs after the test are shown

in figure 21,
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Figure 18. Sequential photographs, Test LA-1M.
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Figure 19. Before and after photographs, Test T-5.
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Sequential photographs, Test T-5.
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Figure 21. Test NC-1 photographs.
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Figure 22. Sequential phocrographs, Test NC-1.
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Test NC-1M. Although the vehicle was smoothly redirected in
Test NC-1, the wheel snagging observed in the test was of some concern.
Accordingly, a retrofit design using one 12 ft-6 in (3.8-m) panel of W-beam
for a lower rail was constructed as shown in figure 23. The lower beam was
bolted to all the posts as shown; no attachment of the beam to the wingwall
was made as this was considered unnecessary. The flare or taper screens
the lower W-beam end from the vehicle impacting from opposing traffic

directions.

The test vehicle impacted at the nominal 60-mph (95-km/h), 25-
degree angle impact conditions and was smoothly redirected as shown in
figure 24. The lower beam element was effective in minimizing wheel snag-

ging. Photographs after test are shown in figure 23.

Test NC-2M. The purpose of this test was to evaluate the
potential hazard of the lower beam upstream end in the design evaluated in
the previous test. For evaluation purposes, the transition was impacted 3
post spans upstream from the beam end as shown in figure 25 (note position
of vehicle before test).

The vehicle impacted the transition at the nominal 60-mph
(95-km/h), 25-degree impact angle conditions and was smoothly redirected as
shown in figure 26. Photographs after the test are shown in figure 25.

Test T-6. The purpose of this test was to evaluate a straight
tapered wingwall; the NC series used a curved wingwall which is considered
to be more expensive to form. In addition, a collapsible pipe section was

used as an intermediate block-out, as shown in figure 27.
The vehicle impacted at the nominal test condition and was

smoothly redirected as shown in figure 28. Figure 27 contains photographs
taken after the test.
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Figure 23. Test NC-1M photographs.
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Figure 24. Sequential photographs, Test NC-1M.
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Figure 25. Test NC-2M photographs.
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Figure 26. Sequential photographs, Test NC-2M.
74



Figure 27. Before and after photographs, Test T-6.
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Figure 28. Sequential photographs, Test T-6.
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c. Thrie-beam/Wingwall Transitions

Straight Wingwall., Two tests were conducted on straight flat wing-

walls that later transition into New Jersey shaped barriers. One
transition design used standard wood posts and the other standard steel

posts.

Test T-1. This test evaluated a G9 (wood post) transition.
As shown in figure 29, there were four 1 ft-6 3/4 in (0.5 m) post spacings
near the bridge followed by four 3 ft-1 1/2 in (1.9-m) spaces before the
standard 6 ft-3 in (3.8-m) spacing was used.

The vehicle impacted the transition at the nominal 60-mph
(95-km/h), 25-degree angle conditions and was smoothly redirected as shown
in figure 30. Although no wheel snagging occurred at the wingwall edge
there was some wingwall damage indicating that additional reinforcement or
wall thickness would be required to eliminate the damage. Photographs

after test are shown in figure 29.

Test T-7. This test evaluated the transition from the modi-
fied thrie beam(10) using a 14-in (36-cm) blockout to the new GH(1S)
transition to a flat wingwall. The initial point of impact was upstream of

the third modified thrie beam post.
The test vehicle was smcothly redirected as shown in
figure 32. The deflection of the system was as desired as shown in

figure 31.

Tapered Wingwall. Two tests were conducted on a straight taper

wingwall using one spacer between the last guardrail post and the attach-
ment to the parapet. The taper provided 14 1/2-in (0.4-m) offset of the
wall end from the wall face.
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Figure 29. Test T-1 photographs.
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Figure 30. Sequential photographs, Test T-1.
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Figure 31. Before and after photographs, Test T-7.
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Figure 32. Sequential photographs, Test T-7.
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Test T-2. A wood block-out was used between the last guard-
rail post and the wall as shown in figure 33. The vehicle impacted the
transition and was smoothly redirected as shown in figure 34. There was
some evidence of snagging at the wood block-out due to local beam

deformation as shown in figure 33.

Test T-3. The performance of the intermediate wood block was
not considered to be good in the previous test. A steel pipe section was
sized to provide a controlled collapsing spacer between the tapered wall
and the beam as shown in figure 35. The spacer was bolted to the beam and
a 2-in (5.1-cm) space between the wall and the pipe provided elastic
"spring" in this detail. For severe impacts, the pipe collapses under a
dynamic load of approximately 10 kips (44.5 kN).

The test vehicle was smoothly redirected as shown in figure
36. There was no evidence of snagging and some permanent deformation of
the pipe spacer occurred. This detail performed as desired. Photographs
after the test are shown in figure 35.

d. W-Beam Approach at Intersecting Roadways

A common occurrence in many rural and some urban locations is the
presence of a secondary road intersecting near a bridge of a higher
classification roadway. This intersection provides very little distance
for an effective guardrail/bridge rail transition to be installed. A
design concept by the State of Washington was evaluated in one test, and
based on this and subsequent tests, a design was developed for this

situation.

Test WA-1. The test installation as shown in figure 37 included a
12 ft-6 in (3.8 cm) tangent section on the intersecting road, an 8.5-ft
(2.6-m) radius section, and 25-ft (7.6-m) tangent transition section
leading up the bridge. As shown in figure 37, a shallow angle, 60-mph

82



i g 5
i A SR 2 el

Figure 33. Test T-2 photographs.



% N v N
TVt
o m

TMPACT

.

84



Figure 35. Test T-3 photographs.
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Figure 36. Sequential photographs, Test T-3.
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Figure 37. Test WA-1 photographs.
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(95-km/h) impact was selected for the first test of the system. A steep

2:1 embankment was simulated by excavating behind the installation.

As shown in figure 38, the vehicle impacted the transition,
fractured several wood posts, and was then launched into a rollover-
tumbling mode by the system. Pocketing in the system and the leaning of
posts in the soil contributed to the launching of the vehicle.

Test WA-1M. Some changes in the posts and beam anchorage details
were made in the previous test installation as shown in figure 39. A pipe
section used at the end anchorage post permits the beam to rotate about the
end post without applying torsion to the post. In addition, breakaway

posts were substituted in the curved beam area.

Impact conditions selected for this test were 60 mph (95 km/h) and
25-degree angle with an 1800-1b (800-kg) car. The purpose of this test was
to examine the containment capacity of the modified design and determine
the occupant risk values. The vehicle was contained as shown in figure 40
by the system although the 37 ft/s (11.3 m/s) longitudinal AV value
exceeded the recommended value of 30 ft/s (9 m/s) of NCHRP Report 230.(4)

Test WA-2M. Based on the results of the previous test, it was
obvious that the containment capacity of the system would not be sufficient
to restrain a 4500-1b (2000-kg) car impacting at 60 mph (95 km/h).
Accordingly, an additional 12.5 ft (3.8 m) of beam was added to the
secondary roadside to give the system more "stroke" as shown in figure 41.
Conditions for this test included a 4500-1b (2000-kg) car impacting the
nose of the system at 60 mph (95 km/h) and 15-degree angle. As shown in
figure 42, all of the posts on the secondary roadside were fractured during
the impact. Due to the length of the simulated embankment, the vehicle was
partially stopped by the slope of the downstream end of the excavation as

shown in figure 41.
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Figure 38. Sequential photographs, Test WA-1.
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Figure 39. Test WA-1M photographs.
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Figure 40. Sequential photographs, Test WA-1M.
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Figure 41. Test WA-2M photographs.
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Figure 42. Sequential photographs, Test WA-2M.
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Test WA-3M. Based on the results of the previous test, it was con-
cluded that additional anchorage was needed to contain the 4500-1b (2000-
kg) vehicle. In addition, the length of the excavation behind the

installation was increased to allow the vehicle to continue down the ditch.

&n anchorage system was installed that used a second cable attached
to the end anchor cable and a second post foundation as shown in figure 43.
The attachment to the second post foundation is not "breakaway" and thus
provides a positive anchor after all of the secondary road posts have
failed. Failure of the end post releases the first cable as designed for

end-on impacts from the secondary roadside.

Test conditions were the same as the previous test. As shown in
figure U4, the vehicle broke through the railing early in the event due to
beam failure at the first impacted post. The failure of this beam was
attributed to snagging of the bolt head in the slot of the beam which

initiated tearing.

Test WA-UM. Due to the beam tearing that occurred in Test WA-3M,
the bolt was omitted at Post 6 where the beam tearing occurred in that
test. This bolt is not required for support of the beam and based on Tests
WA-1M and WA-2M, the beam tearing was considered to be a freak occurrence
that could only be attributed to the bolt. All other details were

identical to the previous test.

The vehicle impacted the barrier with the same conditions as the
two previous tests and was contained by the system. The vehicle began a
clockwise (looking down) yaw during the event as shown in figure 45 and the
rear end eventually yawed over the barrier before coming to rest as shown
in figure 46 with approximately one-third of the vehicle protruding beyond
the end of the bridge. The beam and anchorage system remained intact and

successful containment of the vehicle was achieved.
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Test WA-3M photographs.
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Figure 44. Sequential photographs, Test WA-3M.
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Figure 45. Sequential photographs, Test WA-4M.
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Test WA-5M. This test repeated the test conditions of the first
test on the Washington design (WA-1). The installation was identical to

the previous test as shown in figure U7.

The vehicle impacted the barrier as shown in figure 48 and was

smoothly redirected. All elements of the barrier performed as designed.

e. W-Beam/Independent Block

Use of an independent block at bridge approaches has one signifi-
cant advantage; i.e., it provides an opportunity to have the approach
guardrail independent of the bridge structure which is desirable at
significant expansion joints. In addition, an independent end block
provides a ready retrofit requiring no physical connection to the bridge

rail.

Two independent end blocks were tested in this project. One was a
State standard and the other was designed using the criteria described in
the next section. Unsuccessful results were obtained in the State
standard, but the independent block design using the project criteria

performed as desired.

Test NV-1. This test evaluated the transition for a GU(2W)
guardrail system to an 18-ft (5.5-m) long concrete end block embedded 10 in
(25 cm) in the ground. The end block transitioned from a relatively flat
wall at one end to the New Jersey safety shape at the other end as shown in
figure 49, Steel box spacers between the W-beam and flat wall portion were
used to block-out the beam. The transition included six 3 ft-1 1/2 in
(1.0-m) post spacings and use of 10x10 posts adjacent to the block end.

The 4500-1b (2000-kg) test vehicle impacted the transition upstream
of the block end as shown in figure 50 and was redirected. Significant
vehicle snagging occurred at the block end and first steel spacer.

Considerable roll of the block occurred which is undesirable due to
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Figure 47. Test WA-5M photographs.
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Figure 48. Sequential photographs, Test WA-5M.



Figure 49. Test NV-1 photographs.
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potential for exposing the bridge end to impacting vehicles. There was
significant fracturing of the end block as shown in figure 49. Results of
the test were considered to be unsatisfactory due to the rolling of the

barrier and the snagging that occurred.

Test IB-1. This test evaluated a 10-ft (3.0-m) long independent
block that used the same flat wall to safety shape transition geometry as a
current State standard. The block was embedded 2 ft-6 in (0.8-m) below
grade. The standard practice developed previously in this project was used
in this test; i.e., reduced post spacings of 1 ft-6 3/4 in (0.5-m) and 3
ft-1 1/2 in (1.0-m) near the block end, a double W-beam at the end and a

single 12 ft-6 in (3.8-m) W-beam rub rail at the end as shown in figure 51.

The 4500-1b (2000-kg) test vehicle was smoothly redirected as shown
in figure 52. No significant movement of the end block was noted.

f. W-Beam/Tapered Curb

Use of a tapered curb to transition from the lower segment of a
concrete safety shape to a 5 in (13 cm) high bituminous (or other material)
curb was evaluated in this test. A current State standard was modified
based on experience gained in this project. The reduced post spacing
concept identified in previous testing and a double W-beam at the end were
features that were included along with the details of the State standard as

shown in figure 53.

Test TC-1. The tapered curb detail was impacted with the full-size
car and redirected although wheel snagging on the exposed edge of the
concrete safety shape occurred due to translation of the tapered curb.
Although the vehicle was redirected as shown in figure 54, improved perfor-
mance would have resulted from a more substantial anchoring of the tapered

curb.
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Figure 51.

It should be noted that the
damage to the top of the
vehicle was caused by a
secondary impact with a
tree.

Before and after photographs, Test IB-1.
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Figure 52. Sequential photographs, Test IB-1.
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Figure 53. Before and after photographs, Test TC-1.
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Figure 54. Sequential photographs, Test TC-1.
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4, Design of Independent Anchor Blocks

a. Introduction

An independent anchor block is a structure whose purpose is to
provide a nearly rigid fixed support for an approach guardrail. In most
instances, this is accomplished by using a very large mass to anchor the
guardrail system. The following sections discuss a simple method for

analyzing and designing independent anchor blocks.

There are two distinect types of loadings which typically occur
during a vehicle impact with an anchored approach guardrail; these two
scenarios are shown in figure 55. Load case no. 1 represents a significant
loading condition where lateral overturning forces are transmitted to the
anchor block in addition to the longitudinal sliding forces. In this case,
the block will rotate, causing a shear failure behind the anchor as the
base of the block "kicks" out of the soil. In load case no. 2, where the
vehicle strikes downstream of the anchorage, the anchor block must resist
the tensile force transmitted by the guardrail beam. This force will cause
the block to slide through the soil, causing shear failure on the soil's

bearing surface.

A force-time history of an independent anchor block derived from
the BARRIER VII simulation program is shown in figure 56. The solid lines
represent an idealized force-time history and the data points are the
BARRIER VII estimates at each time step. These data are used to represent
both W-beam and thrie beam transitions to concrete end blocks. On using
these idealized force-time histories and the two worst-case scenarios
depicted in figure 55, the following sections will present a simplified
independent anchor block analysis procedure and a set of design curves to
be used for selecting the footing width, embedment depth, and wall length

required to ensure adequate anchor performance.
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Figure 55. Critical load case for an independent anchor block.
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b. Ultimate Strength of Soils

The behavior of soils during dynamic large deflection events is
very difficult to model. Soil is a highly non-linear material, it is not
homogenous, and its strength depends on many factors for which the designer
has no knowledge or control. Except under very small deflections, soils
behave plastically and not elastically. There is, therefore, some ultimate
plastic load with which the soil will resist motion regardless of the
magnitude of the deflection. Figure 57 shows a force-deflection plot of a
guardrail post which illustrates the plastic behavior of soils when sub-
Jected to large dynamic forces.(3) For both rotational and translational
deflections, the soil behaves elastically for only 10 percent of the total
deflection; the remaining 90 percent of the deflection exhibits plastic

behavior.

The force drops below the ultimate value for several reasons in
figure 57. First, as the post rotates, it is also being pulled from the
ground, leaving less soil in contact with the post. Secondly, according to
the Coulomb earth pressure theory,(6) the lateral earth pressure decreases
as the rotation increases. If rotations, in the case of figure 57, are
less than 20 degrees, the idealized constant ultimate load will provide a
good estimate of the soil strength. Since the purpose of the following
procedure is to assist designers of independent blocks, the idealized
ultimate soil resistance was used since the deflections cannot be
excessive. In the range of deflections which will be acceptable to the

designer, the ultimate resistance is nearly constant.

The assumption that the soil's ultimate load is perfectly plastic
greatly simplifies developing equations of motion for the anchor block.
The anchor block must satisfy dynamic equilibrium at each time step; the
sum of the applied forces, resisting forces, and acceleration forces must
all sum to zero. The acceleration acting on the block during any time step
is therefore merely the sum of the resisting and applied forces divided by
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the mass property of the block. The equations of motion will be developed

fully in the next subsection.

Determining the lateral earth pressure coefficient is a critical
factor in determining the strength of soils. Terzaghi presents the follow-

ing expression for lateral earth pressure:(7)

Pd = yd (Kp - Ka) (1)
where P4y = lateral earth pressure

y = unit weight of soil

d = depth of interest

Kp = passive earth pressure

K, = active earth pressure.

The Coulomb formulation of the active and passive earth pressures
was used because it incorporates the rotation of the wall as well as the
angle of internal friction, angle of wall-soil friction, and the slope of
the backfill. For soils with large values of ¢, the angle of internal
friction, the passive pressure is much larger than the active pressure.(6)
Well graded base materials that are typically used as the foundation for
road surfaces generally have values of ¢ between 40 and 53 degrees. The
term K, therefore, can be neglected because it is very small compared to

K The Coulomb formulation of the passive pressure is given by:

p*

sin2 (a + @)

p 2
. 2 . sin (¢ + B) sin (¢ + §)
sin“a sin (a + §) [ 1 - {sin (o + B) sin (o + 8) ] (2)

)
=3
0]
2]
[}
-~
"

passive earth pressure coefficient

ap = wall rotation

8§ = angle of wall-soil frietion
¢ = angle of internal friction
8 = slope of the backfill.
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Unfortunately, the soil strength estimated using this form of Kp is much
too low for dynamically loaded soils. When subjected to dynamic loads,
soil exhibits much greater strength for several reasons. First, because
the event happens very quickly, the soil moisture has no time to drain.
This hydrodynamic resistance arises because the water cannot be pushed
through the soil pores quickly enough; the end effect is to create
miniature hydraulic cylinders which resist the applied load. A more
important effect, especially in well-drained soils where there is little
water present, is the inter-particle friction. 1In static tests, the
particles will align themselves and flow slowly. During dynamic events,
the particles are not aligned and cannot flow as quickly because of higher
inter-particle friction. One reason for specifying well-graded base
material is to provide a wide range of particle sizes which will ensure a

high degree of inter-particle friction.

Although rationalizing the soil behavior is easily done, it is far
more difficult to quantify its effects. Dewey et al(8) reported on a num-
ber of static and dynamic tests of guardrail posts embedded in soil. By
comparing the magnitudes of the ultimate loads observed in static and
dynamic tests, it was determined that soils, or at least well-graded
crushed stone, were approximately 5 times stronger during dynamic events
than during static events. The lateral passive earth pressure coefficient
in the following analysis was therefore multiplied by this factor of 5 to

provide a more realistic estimate of the lateral soil strength.

The final and perhaps most critical factor in estimating lateral
soil strength is the shape of the soil pressure distribution. Figure 58
shows a distribution empirically derived by Seiler(g) for laterally loaded
timber poles. The choice of the shape of the pressure distributions will

define the point of rotation.

Using the rationale outlined above, equations for soil resistance

were developed and are presented in the following section.
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c. Analysis of the Independent Elock

Since dynamic equilibrium must be satisfied at each time step, a
short 200 line BASIC program called IBAP (Independent Block Analysis
Program) was written to solve the large number of repetitive equations
quickly. The following sections present the derivation of the equations

used in the analysis program.

The first step in writing equations of motion for the independent
block is to calculate the resultant acceleration for each degree of
freedom. At each time step, the sum of the applied and resisting forces

must be equal to the acceleration of the block for dynamic equilibrium, or:

A
Pan * Prn : I: (3)
where P, = applied load in the degree of freedom n direction
Prn = resistance in the degree of freedom n direction
A, = acceleration in the degree of freedom n direction
I, = inertial property of the block for the nth degree of freedom
n = degree of freedom number, from 1 through 6.

x and y Translation

On referring to Seiler's pressure distribution shown in figure 58,
the following equations can be written for the x and y translational
degrees of freedom:

AxM = Pax - R1x + R2x - uwbtan¢
where A, = resulting acceleration in the x direction
= mass of the block
U = coefficient of soil-block friction

wb = weight of the anchor block

P., = applied load in the x direction.
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The last term represents the contribution of base friction to the
total resistance. On recognizing that the distribution in figure 58 is

parabolic, expressions for R1 and R, can be rewritten as:

e 4 D o . MDBPd
1 d ~ 3
ol D ,ap .
2 3 3 : d 3.22
where B = width of block

embedment depth.

Using equation (1) to calculate Py at a depth of D/3 yields the following:

0
"

g = 0-333 vIK

P
R, = 0.148 yD°BK ()
17 7 p
R. = 0.104 yD°BK
2 - 7 Y p

The x-direction and the analogous y-direction resistances to translation

are therefore found to be:

P - .0442 yDZBK - uW

AM=P_ 0 ptane

(5)

tané

2
AM =P - .04l42 yD’LK_ + W
y =~ ay T

where L = block length.
The sign of the base friction term in equations (5) is due to an
assumption about how the block is likely to deflect. Since the length will

be much greater than the block's width, friction will have the same sense

as the applied load for the y direction because base friction will resist
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overturning, and the opposite sign for the x direction since pitch rotation

is unlikely and friction will oppose the x displacements.

Rotations About the x and y fxes

Rotation about the x axis is called roll and rotation about the y
axis is called pitch. Again, the equations are analogous for both x and y
rotations. Figure 58 shows the forces which resist rotations of the anchor
block.
H D

P H+ R ———E;)-R(—-——)-uw

H
2" 5.5 tans(3)

b

Substituting equations (4) into the above expression and simplifying yield:

—

- 2 -
ArollIxx =5 PayH + D LKp[.0221H .0756D] > WbHutan¢

(6)

—

. 2 1
Aitcnlyy = 2 Paxft + YD'BK, [.0221H - .0756D] - 5 W Hutans

Rotations About the z Axis

The remaining degrees of freedom are the yaw rotations about the 2z
axis and displacement in the 2z direction. It was assumed that displacement

in the z direction was negligible. The acceleration, therefore, in the z
direction was always set to zero.

Yaw is not a primary mode of displacement since the overturning and
sliding strength are generally much less. In loading case 2, yaw rotation
is ignored since the guardrail beam is attached very near the y-z center of
gravity, and the moment arm is therefore very small. For load case 2, yaw
is more likely to occur although it will generally not be significant since
yaw rotation will reduce the potential for snagging since the bridge rail
end of the anchor block will rotate into the traveled way where it will

shield the vehicle from snagging on the bridge rail.
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Yaw resistance arises mainly from frictional forces acting on the
bearing surfaces of the block. On referring to figure 59, the resisting

force and the applied force produce the following acceleration.

B P L yD%K_BL
A I = -—23% _ _a D (n
yaw 2z 5 5 M

Equation (7) illustrates an area where care should be exercised in applying

these equations; if P L is larger than P, 4B, then the resistance acts in

the opposite direction% When solving these equations by hand, one must
ensure that the resistive forces always oppose the motion of the block.
The anchor block program automatically checks the applied loads, resisting
loads, and displacements to ensure that the resistance always opposes the

block's motion.

Equations of Motion

With the foregoing equations representing the block's acceleration
at any time step, the derivation of the block's equations of motion is very
straightforward. At each time increment, the applied load is read from an
external file and the acceleration terms are calculated using equations
(5)-(7). The velocity and displacement of each degree of freedom are given
by the following equations:

Vi,n = Vi-—1,n + Ai,nAt (8)
Ai,n = Ai-1,n + 0.5 (Vi-1,n + Vi,n) At (9)
where V; , = velocity of block at time i for degree of freedom n
?
Ai n = acceleration of block at time i for degree of freedom n
?
Ain = displacement of block at time i and degree of freedom n
At = time increment
i = time step number
n = degree of freedom, 1 through 6.
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The acceleration, velocity, and displacement of each of the block's degrees
of freedom can be easily calculated starting at time zero and working
incrementally through the last time step.

d. Independent Block Analysis Program

The preceding analysis method was implemented using a short BASIC
program written on the IBM PC-XT; the entire program is shown in figure
60. The program is completely interactive, querying the user for the
geometry of interest. A sample of the input screen and one of the output
options are shown in figures 61 and 62, respectively. The following soil

parameters, typical of flexible base materials, were used:

¢ = angle of internal friction = 45 degrees
u = coefficient of soil-block friction = 1
§ = angle of soil-block friction = 0 degrees

vy = soil density (if not specified) = 120 1b/£t3 (1922 kg/m3).
e. Design of Independent Anchor Blocks

Using the analysis method presented in the previous section as
implemented in the program IBAP, a set of curves was formulated to assist
the designer in quickly selecting the wall length, footing width, and
embedment depth required. The idealized loading shown in figure 56 was

used to simulate case 1 and case 2 loadings.

In order to develop strength, soils must experience some deforma-
tion. The curves of figures 63 and 64 were derived by finding the footing
width required to prevent an excessive deflection for a given wall length
and embedment depth. A width was deemed adequate when the deflection at
the point of load application was less than 1 in (2.54 cm). For case 1,
the critical deflection would be a y displacement of 1 in (2.54 cm),

whereas for case 2, it would be an x displacement. One inch (2.54 cm) was
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2 3133 oK K K K 2 6 K KK 3k 3K K K 2K 2K K K 2ok 3 3 3 o sk 3 5 3K 3 ok o o ook K Kok KoK
;8 ! ANCHOR BLOCK ANALYSIS PROGRAM
30 'The following program calculates the kinematics of an anchor
40 ’'block sujected to an external loading.
50’ RRAKKARKIOKK A KKK KKK KA AR R K KA A KK AR KKK A KKK K AR KRR KKK KR KKK KKK AKK
80 '
70 DIM BMASS(6),DISP(20,6),PA(20,86)
80 DIM ACC(20,6),VEL(20,8),DISPA(20,2)
90 DIM VERT%(120)
100 DIM INTENS(1000)
110 NCHOICE = 0

120 SCREEN 2

140 FOR M =1 TO 6

150 ACC(1,M)=0!

180 VEL(1,M)=0

170 DISP(1,M)=0!

190 NEXT M

210 TEST$="INDEPENDENT BLOCK ANALYSIS PROGRAM"
220 CLS

230 °

240 XXXXXKKKKKKKKKKKKRXX*%X GEOMETRY INPUT *XXkKREXKKAKKKIAKKKKRKKKK
250 °

260 CLS

270 LINE (310,100)-(620,160),,B

280 LOCATE 14,42:PRINT USING "Length

290 LOCATE 15,42:PRINT USING "Width

300 LOCATE 16,42:PRINT USING "Total Height
310 LOCATE 17,42:PRINT USING "Embedment Depth
320 LOCATE 18,42:PRINT USING "Weight

330 IF NCHOICE = 6 THEN GOTO 580

340 LOCATE 1,22:PRINT TESTS

350 LOCATE 3,6:PRINT "ANCHOR BLOCK GEOMETRY"
380 LOCATE 4,6:PRINT "-----------osomowoooo "
370 LINE (10,10)-(290,90),,B

380 LOCATE 5,6:INPUT "LENGTH (£t.)";XLENG
390 LOCATE 6,6:INPUT "WIDTH (£t.)"; YLENG
400 LOCATE 7,6:INPUT "TOTAL HEIGHT (£ft.)"; ZLENG
410 LOCATE 8,6:INPUT "EMBEDMENT DEPTH (ft.)";DEPTH
420 LOCATE 9,6:INPUT "WEIGHT (lbs. )" ;WEIGHT

#8_ #8 ft.";0LDL
##_ #8 f£t." ;OLDW
##_ #8 £+.";0LDH
##_ #8 f£t.";0LDD
####s lbs. " ;OLDMAS

430 IF XLENG = 0 THEN XLENG = OLDL
440 IF YLENG = 0 THEN YLENG = OLDW
450 IF ZLENG = 0 THEN ZLENG = OLDH
460 IF DEPTH = 0 THEN DEPTH = OLDD

470 IF WEIGHT = 0 THEN WEIGHT = 140*XLENGx*(1.6868+(YLENG*DEPTH))

480 '’

490 ’*kx%xx%xxx CALCULATE THE BLOCK’S MASS PROPERTIES *¥X¥kikX¥KIKIKKKKK
500 ’

520 BMASS(1) = WEIGHT/32.2
530 BMASS(2) = WEIGHT/32.2
540 BMASS(3) = WEIGHT/32.2
550 BMASS(4) = ((ZLENG*ZLENG)+(YLENG*YLENG) )*BMASS(1)/12
560 BMASS(5) = ((ZLENG*ZLENG)+(XLENG*XLENG))*BMASS(1)/12
570 BMASS(8) = ((YLENG*YLENG)+(XLENGxXLENG))*BMASS5(1)/12

580 LINE (10,100)-(290,160),,B

590 LOCATE 14,10:PRINT "BLOCK MASS PROPERITES”

800 LOCATE 15,10:PRINT "----==-==--c-eceooooo "

810 LOCATE 16,10:PRINT USING “"Mass sid. slugs”;BMASS(1)
620 LOCATE 17,10:PRINT USING “Ixx siggas. £t£°4";BMASS(4)
830 LOCATE 18,10:PRINT USING "lIyy #usgug. £+°4";BMASS(5)
640 LOCATE 19,10:PRINT USING "Izz #uunss. £1°4";BMASS(8)

650

660 'xxxkxikxikkxkkkxkkkx ASSIGN SOIL PROPERTIES *xkkkxikkkXXERXXKKKEXXKEXKKKKK
870 °*

680 U=1

Figure 60. Independent block analysis program.
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690
710
720
730
740
750

PHI = .785

DELTA=0

LINE (310,10)-(620,90),,B

LOCATE 3,42:PRINT "SOIL PROPERTIES'

LOCATE 4,42:PRINT "-----=----=e—o-

IF NCHOICE <> 6 THEN LOCATE 5,42:INPUT "EFFECTIVE SOIL DENSITY "

GAMMA

760

IF NCHOICE = 6 THEN LOCATE 5,42:PRINT USING "EFFECTIVE SOIL DENSITY = #84

" ; GAMMA

761
762
770
780
790
791
792
793
800
810
820
860
870
880
890
940
950
960
970
980
981
982
983
984
985
1000
1002
1003
1025
1040
1050
1078
1080
1085
1110
1120
5(5)
1122
1123
1130
1131
1140
1150
1160
1170
1180
1182
1190
1200
1210
1220
1230
1240
1250
1260

IF GAMMA=0 THEN GAMMA=120
IF GAMMA<70 THEN U = .333
LOCATE 7,42:PRINT USING “SOIL-BLOCK FRICTION COEFF. #. 488 ;U
LOCATE 8,42:PRINT USING "ANGLE OF INTERNAL FRICTION #.";(PHLI/.0175)
IF NCHOICE <> 6 THEN LOCATE 9,42:INPUT "LOAD CASE TYPE";NCASE
IF NCASE=0 THEN NCASE=1
IF NCASE=1 THEN OPEN "LOADS.LAT" FOR INPUT AS 1
IF NCASE=2 THEN OPEN "LOADS.LNG" FOR INPUT AS 1
IF NCHOICE = 6 THEN LOCATE 10,42:INPUT "CONTINUE";CR$
IF NCHOICE = 68 GOTO 1290
INPUT #1,NSTEPS, TSTEP
CLS
LOCATE 10, 20:PRINT "*%x SOLVING THE EQUATIONS OF MOTION *xxx*
'okkkkkkkxkkkkxkkkk LOOP FOR EACH TIME STEP *kXxkkkkkkkkkkkkkkkkK
FOR I = 2 TO (NSTEPS+1)
INPUT #1,PA(I,1),PA(I,2),XA,YA,ZA
PA(I,3)=-WEIGHT
PA(I,4)=PA(I,2)xZA
PA(I,5)=PA(I,1)xZA
PA(I,6)=PA(I,2)*XA-PA(I,1)%xYA
FOR L=1 TO 2
ALPHA=1.5708-DISP(I~-1,L+3)
RAD=(1-SQR(.651/(SIN(ALPHA)*SIN(ALPHA+DELTA))))"2
EPP(L)=5%(SIN(ALPHA-.7854)"2)/((SIN(ALPHA) “2)*SIN(ALPHA+DELTA)*RAD)
NEXT L
*  CALCULATE THE ACCELERATIONS ACTING ON THE BLOCK
R1=(DEPTH"2)*GAMMAXEPP(1)
R2=(DEPTH"2)*GAMMAXEPP(2)
ACC(I,1)=(PA(I,1)-.0442xR2*xYLENG-UXWEIGHT)/BMASS(1)
ACC(I1,2)=(PA(I,2)-.0442*%R1*XLENG-U*WEIGHT)/BMASS(2)
ACC(I,3)=0
TERM1=R1*XLENG*( .0756%*DEPTH-.0221%ZLENG)
TERM2=U*WEIGHT*ZLENG/2
TERM3=. 333*xGAMMAx(DEPTH" 2 ) *XLENG* (YLENG+DEPTH)
ACC(I,4)=(PA(I,4)-TERM1-TERM2-TERM3)/BMASS(4)
ACC(I1,5)=(PA(I,5)-R2*YLENG*(.0756*DEPTH~.0221*ZLENG)-UxWEIGHT*ZLENG/2) /BMAS

IF NCASE=1 THEN ACC(I,1)=0
IF NCASE=1 THEN ACC(I,5)=0
ACC(I,8)=(PA(I,6)-1. 9*XLENG*YLENG*(R1+R2) WEIGHT*XLENG/4) /BMASS(6)
IF NCASE=1 THEN ACC(I,6)=0
SOLVE FOR THE KINEMATIC VALUES
FORN =1 TO 8
VEL(I,N)=(ACC(I,N)*TSTEP)+VEL(I-1,N)
IF VEL(I,N) < 0 THEN VEL(I,N)=0
DISP(I,N)=DISP(I-1,N)+(.5%(VEL(I-1,N)+VEL(I,N))*TSTEP)
IF DISP(I,N) < O THEN DISP(I,N)=0
NEXT N
DISPA(I,1)=(DISP(I,1)-(YAxSIN(DISP(I1,8)))-(ZA*xSIN(DISP(I,6))))
DISPA(I,2)=(DISP(I,2)+(XA*XSIN(DISP(I1,6)))+(ZAxSIN(DISP(I,4))))
NEXT I
OLDL = XLENG
OLDW = YLENG
OLDH ZLENG
OLDD = DEPTH

Figure 60. Independent block analysis program (continued).
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1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1380
1400
1410
1420
1430
1440
1450
1460
1470
1480
1480
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
18980
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1800

OLDMAS = WEIGHT

CLOSE #1

CLS

LOCATE 10, 20:PRINT “SELECT THE OUTFUT TYPE:"

LOCATE 11, 20:PRINT * <1> FOR DISPLACEMENTS OF THE C.G."

LOCATE 12,20:PRINT * <2> FOR VELOCITY OF THE C.G."

LOCATE 13, 20:PRINT " <3> FOR ACCELERATIONS OF THE C.G."

LOCATE 14,20:PRINT *“ <4> FOR DISFLACEMENTS AT LOAD APPLICATION"
LOCATE 15, 20:PRINT *“ <5> TO RERUN THE PROGRAM"

LOCATE 16,20:PRINT * <6> VIEW INFUT"

LOCATE 17, 20:PRINT " <7> TO EXIT THE PROGRAM"

LOCATE 18,20:INPUT "YOUR CHOICE";NCHOICE

IF (NCHOICE = 2) GOTO 1670

IF (NCHOICE = 3) GOTO 1880

IF (NCHOICE = 4) GOTO 2090

IF (NCHOICE = 5) GOTO 140

IF (NCHOICE = 6) GOTO 260

IF (NCHOICE = 7) GOTO 2270

P xokkxkkxkxx QUTPUT THE DISPLACEMENTS OF THE C.G. *xkxkxkkikkkkkK
CLS

LOCATE 1,22:PRINT TESTS

LOCATE 6,10:PRINT "TIME"

LOCATE 6,22:PRINT “X"

LOCATE 6,32:PRINT "Y"

LOCATE 6,42:PRINT "2"

LOCATE 8,50:PRINT "ROLL"

LOCATE 6,60:PRINT "PITCH"

LOCATE 6,70:PRINT " YAW"

LOCATE 3,27:PRINT "DISPLACEMENTS OF THE C.G."
LOCATE 4,27:PRINT " inches and degrees”

FOR L = 1 TO (NSTEPS+1)

LOCATE (L+7),10:PRINT USING "#. ###"; ((L-1)xTSTEP)
FOR N =1 TO 6

IF N > 3 THEN UNITS = 1/.0175

IF N < 4 THEN UNITS = 12!

LOCATE (L+7),((N+1)x10):PRINT USING "###. ##"; (DISP(L,N)*UNITS)
NEXT N

NEXT L

LOCATE 25,30:INPUT “CONTINUE";CRS
GOTO 1290

CLS

LOCATE 1,22:PRINT TESTS

LOCATE 3,27:PRINT "VELOCITY OF THBE C.G."

LOCATE 4,28:PRINT “in feet per second”

LOCATE 6,10:PRINT "TIME"

LOCATE 8,22:PRINT "X"

LOCATE 6,32:PRINT "Y"

LOCATE 6,42:PRINT 2"

LOCATE 6,50:PRINT "ROLL"

LOCATE 6,680:PRINT "PITCH"

LOCATE 6,70:PRINT " YAW"

FOR L = 1 TO (NSTEPS+1)

LOCATE (L+7),10:PRINT USING "#. ###"; ((L-1)*TSTEP)
FORN =1TO 6

IF N > 3 THEN UNITS 1/.0175

IF N < 4 THEN UNITS = 1!

LOCATE (L+7), ((N+1)%x10):PRINT USING “"####. #"; (VEL(L,N)*UNITS)
NEXT N

NEXT L

LOCATE 25, 30:INPUT "CONTINUE";CRS
GOTO 1280

CLS

LOCATE 1,22:PRINT TEST$

LOCATE 3,27:PRINT "ACCELERATIONS OF THE C.G."

Figure 60. Independent block analysis program (continued).
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1910 LOCATE 4,25:PRINT “units = feet, seconds, and lbs"”
1920 LOCATE 6,10:PRINT "TIME"

1930 LOCATE 6,22:PRINT "X"

1940 LOCATE 6, 32:PRINT "Y"

1950 LOCATE 8,42:PRINT "Z"

1960 LOCATE 6,50:PRINT "ROLL"

1970 LOCATE 6,60:PRINT “PITCH"

1980 LOCATE 6,70:PRINT " YAW"

1990 FOR L = 1 TO (NSTEPS+1)

2000 LOCATE (L+7),10:PRINT USING "#.##8"; ((L-1)XTSTEP)
2010 FOR N =1 TO 8

2020 IF N > 3 THEN UNITS = 1/.0175

2030 IF N < 4 THEN UNITS 1!

2040 LOCATE (L+7), ((N+1)*10) PRINT USING “"##ggs."; (ACC(L,N)*UNITS)
2050 NEXT N

2060 NEXT L

2070 LOCATE 25,30:INPUT "CONTINUE";CR$

2080 GOTO 1290

2090 CLS

2100 LOCATE 1,22:PRINT TEST$

2110 LOCATE 3,18:PRINT "DISPLACEMENTS AT POINT OF LOAD APPLICATION"
2120 LOCATE 4,18:PRINT " units = inches, degrees, and lbs."
2130 LOCATE 6,15:PRINT “TIME"

2140 LOCATE 6,27:PRINT "X"

2150 LOCATE 6,37:PRINT "Y"

2180 LOCATE 8,45:PRINT “X LOAD"

2170 LOCATE 6,55:PRINT Y LOAD"

2180 FOR M = 1 TO (NSTEPS+1)

2190 LOCATE (M+6),15:PRINT USING "#.s###"; ((M-1)xTSTEP)
2200 LOCATE (M+6),25:PRINT USING "##. 88", (DISPA(M,1)*12)
2210 LOCATE (M+6),35:PRINT USING "##.##8"; (DISPA(M,2)*12)
2220 LOCATE (8+M),45:PRINT USING "#gsass " ;PA(M,1)

2230 LOCATE (8+M),55:PRINT USING "#s#sess " ;PA(M,2)

2240 NEXT M

2250 LOCATE 25,30:INPUT "CONTINUE";CR$

2260 GOTO 1290

2270 END

Figure 60. Independent block analysis program (continued).
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INDEPENDENT BLOCK ANALYSIS PROGRAM

ANCHOR BLOCK GEOMETRY

LENGTH (ft.)? 18
WIDTH (ft.)7 1.3
TOTAL HEIGHT  (ft.,)? 4,3
EMBEDMENT DEPTH (ft.)? 1.8
WEIGHT (1bs.)? 12560

$OIL PROPERTIES

EFFECTIVE SOIL DENSITY 7 120

$OIL-BLOCK FRICTION COEFF, = 1,000
ANGLE OF INTERMAL FRICTION = 43
LOAD CASE TYPE? 1

Mass = 388 sluzs
Dot = 10 ftA

Iyy = 11136 ftM
Izz = 168336 ftAM

Length = 18.00 ft,
Hidth = 1,30 ft,
Total Height = 4.30 ft,
Embedment Depth = 1,80 ft,
Height = 12500 1bs,

Metric Conversion
1 in=2.5cm
1 ft = 30 cm

Figure 61. Independent block analysis program sample input screen.




871

TIME

0.0ed
0.01@
0.028
0.03@
0.040
8,650
0,008
8.078
0.0830
0.68%0
0.160
8.11@
8.120
8.13¢
8.140
0.150

Me

tric Converston |
1 in= 2.5 cm
1 ft = 30 cm

INDEPENDENT BLOCK ANALYSIS PROGRAM

DISPLACEMENTS OF THE €.G.
inches and degnees

X Y Z ROLL
0.0@ 0,60 0,00 8.00
- 0.00 0.00 8.080 8.00
0.0e 0.40 0.0¢ 0.00
0.00 0,08 0.0¢ 8.60
8.00 0.00 8.00 0.00
0.00 0.60 0,60 0.60
0.0¢ 0.0@ 0.60 0,00
8.80 8.00 0.0¢ 0.00
8,00 0.00 0,00 0.00
0,60 0.2  0.00 0.66
0.00 0.69 0,00 0.33
0.0e 0.24 8,00 0.9
0.4@ 8.3 8. 60 1.31
0.0d 0.43 0,60 1.66
0.0 0.43 0,00 1.66
0,00 0.43 0. 6@ 1,66

Figure 62, Independent block analysis program sample output.

PITCH

YAH



621

|l mmdlionm MNmeoma ANla

AL X]
Logding Case No.

60 <
D=18"

50 S,
2 N
\
c
£ 40
£
L P~
:§ \\‘\\
3 30
o
.*g e —— -§~~‘ 8"

20 T e == s ey
| b X ‘sl_- .
| <=~ ~< Dp=24
m \\-.§-§ D=30"

10 X,

0
10 12 14 16 18 20

L —— wall length in feet

Metric Conversion
l11in = 2.5 ca

1 f¢ = 30 cm Figure 63. Design curves for load cases nos. 1 and 2.




0€1
B —— footing width in inches

60

Critical Loadings

50

OVERTURNING CONTROLS \

N

40

/

30

20

[
/
/

\ \ﬂn_ —_—
P———

SLIDING CONTROLS

10

0

10

Metric Converasion
lin = 2.5 cm
1 ft = 30 ¢m

12

Figure 64.

14 16

L —— wall length in feet

Design curves for the critical load case.

18

20



chosen as a critical displacement because deflections of more than 1 in
{2.54 cm) could produce snag points since faces of the wingwall anchor
block and bridge structure would not be aligned. The vehicle, after
rotating the wall, could then snag on the end of the nearly rigid bridge

rail.

In oEder to generate fairly generic design curves, it was necessary
to assume some typical or at least conservative geometry. The geometry
chosen is shown in the inset portion of figures 63 and 64. Most typical
wingwalls would perform somewhat better because they use a sloped wall

which adds more weight.

The solid lines in figure 63 show the family of curves for load
case 1, the case where the anchor block is more likely to overturn. Each
curve corresponds to a particular embedment depth and can be used to select
the most appropriate footing width. For example, if an anchor wall 18 ft
(54.8 m) long with a footing width of 20 in (50.8 cm) is to be used, figure
63 indicates that the embedment depth must be at least 24 in (61 em) to

prevent excessive roll rotation.

Load case 2, where the anchor block slides in the x direction, is
represented in figure 64. As in figure 63, each curve represents a
particular embedment depth. For example, the 18-ft long 20-in (50.8-cm)
wide wall which was adequate for case 1 is only marginally adequate for
this loading.

If the solid and dashed lines in figure 63 are compared, it becomes
apparent that load cases 1 and 2 can both be critical for different geome-
tries. Figure 64 is a set of curves which show only the critical values.
In the portion of figure 64 below the dashed line, the sliding stability
dominates and load case 2 controls. In the area above the dashed line,
overturning stability is critical and load case 1 controls. With figure

64, the designer merely needs to select the embedment depth represented by
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the line just below the plotted point defined by the wall length and
footing width,

f. Summary

When using conventional soil-strength analysis, the geometries
required to provide adequate support against displacements of the anchor
wall are far too conservative in comparison with designs which have been
shown to perform well in full-scale crash tests. The previous sections
have outlined a simple method of modifying traditional soil-strength
analysis techniges which will produce far more realistic designs. The
first modification required was to account for the increased strength of
soils under dynamic loadings. This was done by multiplying the usual
Coulomb passive earth pressure coefficient by an empirically observed
factor of 5. A second modification was to enforce dynamic instead of
static equilibrium in calculating the forces acting on the block. Using an
incremental time step and an assumed force-time history allowed the
calculation of the acceleration, velocity, and displacement of the block at
each time step. Using these modifications, the designer can determine the

geometry required to ensure good performance of independent anchor blocks.
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5. Conclusions and Recommendations

In this project a large number of current State guardrail/bridge
rail transition designs were evaluated using a system developed for the
project. Certain of these designs were selected for crash test evaluation

and redesign as required. New designs were also formulated for evaluation.
a. Conclusions

1. State-of-the-Practice. Most of the designs submitted to FHWA
by the States featured a standard GU(1S) or GU(2W) W-beam guardrail

approach to a concrete safety shape bridge parapet or wingwall using a
Michigan end shoe for attachment of the beam to the wall. Variations in
these transition details included the following:

. Transition post spacing.

. Use of larger posts or standard posts.

. Soil plates or concrete footings for posts.
. Double beam used in some designs.

. Transition from safety shape parapets.

. Beam block-outs at parapet or wingwall,

. Straight parapet/wingwall or tapered wall.
. Use of rub rail near bridge.

. Beam attachment to bridge parapet/wingwall.
. Independent end blocks.

. Tapered curb transition to safety shape.

2. Desirable Transition Characteristics. Based on the findings

of this project, certain desirable characteristics were identified for
optimum guardrail/bridge rail transition designs. The characteristics
apply to W-beam and thrie beam systems attached to concrete parapets/
wingwalls.
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. Posts. Standard guardrail posts have been shown to be
effective with proper spacing. Use of standard posts eliminates the need
for stockpiling non-standard posts. Use of soil plates or concrete

footings is also considered to be unnecessarily costly.

. Transition from Safety Shape Parapets. It is considered

to be hazardous to mount a W or thrie beam on the upper face of a safety
shape as shown in figure 65(a). A preferable treatment is to transition
from a flat wall to a safety shape as shown in figure 65(b).

. Beam Block-outs at Parapets/Wingwalls. An effective

alternative to the lower rub rail adjacent to the bridge is the use of
block-outs to minimize wheel snagging on the end. For roadways with 2-way
traffic, it is necessary to flare or taper the beam back to a flush
position with the upper wall face to avoid snagging opposing traffiec.

. Beam Attachment. Michigan end shoes for both W and thrie

beams proved to be effective attachments using 7/8 in (2.2 cm) diameter
bolts through the concrete walls.

. Post Spacing. Based on computer simulations verified by
crash tests, four spacers at 1 ft-6 3/4 in (0.5 m) adjacent to the parapet/
wingwall followed by adjacent spaces at 3 ft-1 1/2 in (1.0 m) provide an
acceptable transition for both W-beam and thrie beam approach guardrail
systems.

. Parapet/Wingwall Geometry. For straight parapet/

wingwalls, a lower W-beam element is required adjacent to the bridge to
prevent wheel snagging on the exposed wall edge. The thrie beam mounted at

31-32 in (0.8 m) does not require a lower beam or rub rail.

A tapered wingwall/parapet is an effective means of

preventing wheel snagging at the bridge end. Both curved and straight
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(a) Safety shape - no transition

(b) Transition from safety shape to flat wall

Figure 65. Safety shape parapet end consideration.
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tapered wingwalls were evaluated in this project and the effectiveness of

treatments was demonstrated.

. Double Beam Designs. An effective treatment for the beam

element adjacent to the bridge is to double or nest a W or thrie beam at
this location. For the steel post systems, this eliminates a larger number
of 12 in (0.3 m) long back-up plates required at each post where a splice

does not occur.

. Modified Thrie Beam. A transition from the modified

thrie beam system to a standard thrie beam/wingwall bridge approach tran-
sition was successfully evaluated. The modified thrie beam is a high
performance barrier system capable of redirecting heavy buses and

trucks.(10)

. Transitions at Intersecting Roadways. Design details

were finalized and crash test performance demonstrated for a given
intersection geometry. Based on the results of the finalized design tests,
a satisfactory treatment of this difficult problem was demonstrated.

. Independent End Blocks. The function of independent end

blocks was defined and design guidelines produced based on the crash test
condition defined by a U500 1b (2000-kg) car impacting at 60 mph (95 km/h)
and angle of 25 degrees. Using these guidelines, the designer can select

from a range of foundation widths and depths.

. Transitions with Curbs. One test was conducted on a

modified State design employing a tapered curb in the transition zone.
Results of the test were not completely satisfactory and recommendations

for improving the performance are made in the next section.
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b. Recommendations

1. General. Using computer simulation and full-scale crash test
evaluations, a number of effective guardrail/bridge rail transition designs
were developed in this project. These designs are characterized by the

following:

. Standard guardrail posts and blocks with 2 sets of
spacing near the bridge end.
- 3 ft-1 1/2 in and 1 ft-6 3/4 in
Note: Use of larger posts near the bridge end was not as
effective as reducing spacing of standard posts.

. One W-beam panel (12 ft-6 in) as a lower rub rail on
straight wingwall cr parapets.

. W-beam with single collapsing tube when attached to a
tapered wingwall or parapet.

. Thrie beam on both straight and tapered wingwalls.

. The upper W-beam rail and thrie beam rail panel at the
bridge end is doubled to reduce local deformations.
The designs shown in figures 66, 74 and 79 have not been crash tested. Other
designs using these details which have been successfully tested for the
4500-1b car, 60 mph, 25-degree angle impact are shown in figures 66 through
81. Figure T1 is the only existing State standard that was successfully
evaluated in the project.

2. Transition at Intersecting Roadways. Figure 82 describes the

geometrical layout and design details of the system evaluated in this
project. These details are recommended based on these evaluations.

3. -Independent End Block. The independent end block successfully

evaluated in this project was based on a State standard. The depth of
embedment was increased based on the design criteria of chapter 4. The

drawing of this detail is shown in figure 83.
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y, Transition With Curbs. The system tested was a modified State

standard; the modifications were based on the findings of the project
(e.g., reduced standard post spacing). Although redirection was achieved
in the crash test, some snagging occurred and a recommendation for
preventing the movement of the tapered curb is given in figure 84.

Appendix A contains drawings of transition systems that were tested

in this projJect but are not recommended for installation.
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Appendix A

Transition Configurations

Appendix A contains drawings of transition systems that were tested in
this project but are not recommended for installation.
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Figure 87. NV-1 test installation drawings (continued).
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