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FOREWORD

This state of the practice report includes a description of the various types
of portable concrete barrier connectors being used by highway agencies, an
analytical analysis of connector strength, review of previous crash tests and
recommendations for additional testing. This report should be of interest to
design and safety engineers responsible for the design and installation of
portable concrete barrier systems.

Research, development and technology transfer for improving construction zone
safety are included in the National Coordinated Program of Research,
Development and Technology in Program Area Al "Traffic Control for Safety”

Additional copies of this report can be obtained from the National Technical
Information Service, Springfield, Virginia 22161.

sHrdy Bynirtn

Stanley R. Byington .
Director, Office of Imp]ementat1on

NOTICE

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

The contents of this report reflect the views of the author who is responsible
for the facts and the accuracy of the data presented herein. The contents do
not necessarily reflect the policy of the Department of Transportation.

This report does not constitute a standard, specification, or regulation.
The United States Government does not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are considered
essential to the objective of this document.
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METRIC (S1*) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO Si UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 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?
ft2 square feet 0.0929 metres squared mt
yd? square yards 0.836 metres squared m?
mi? square miles 2.59 kilometres squared  km?
ac acres 0.395 hectares ha
MASS (weight)
374 ounces 28.35 grams 9
Ib pounds 0.454 kilograms kg
T short tons {2000 1b) 0.907 megagrams Mg
VOLUME
fl oz fluid ounces 2657 millilitres miL
gal gallons 3.785 litres L
ft? cubic faet 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)
o Fahrenheit 5/9 (after Celsius °C
temperature subtracting 32) temperature

18 19 20 21| 221 23
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APPROXIMATE CONVERSIONS TO S| UNITS

VSymbol When You Know Multiply By To Find Symbol
LENGTH
mm millimetres 0.039 inches in
m metres 3.28 feet 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 ft2
km?2 kilometres squared 0.39 square miles mi?
ha hectores (10000 m?) 2,53 acres ac
MASS (weight)
g grams 0.0353 ounces 0z
kg kilograms 2.205 pounds b
Mg megagrams (1 000 kg) 1.103 short tons T
VOLUME
mL millilitres 0.034 fluid ounces fl oz
L litres 0.264 gallons gal
m? metres cubed 35.315 cubic feet ft2
m? metres cubed 1.308 cubic yards yd?
TEMPERATURE (exact)
°C  Celsius 9/5 (then Fahrenhelt °F
temperature add 32) temperature
°F
°F a2 88.6 212
— 40 0 |40 B0 I 120 180 200,
— 40 —-20 [ 20 40 60 100
°C 37 8 °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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I. Introduction

The Traffic Control Devices Handbook states that there are four
primary functions of barriers:

* Keep traffic from entering work areas, such as excavations or
material storage sites.

* Protect workers.
* Separate two-way traffic.

* Protect construction, such as falsework for bridges, and other
exposed objects. (1)

Barrier use has become increasingly popular in recent vyears for
protecting highway workers and for containing and redirecting errant
vehicles.

Are these barriers affording all the protection for which they were
designed? Are they performing as intended?

The barriers are usually concrete precast in lengths from 8 to 30 ft.

Barrier segments are connected to form a continuous barrier system. The
barrier connector is normally regarded as the weakest part of the barrier
system. The types of connectors used to hold together barrier segments

vary widely.

Recently a number of chronic problems have been observed in the use of
portable concrete barriers (PCB). Most of these problems are related to
the strength, application, and maintenance of the PCB connector.

A. History of the Portable Concrete Barrier

The development of portable precast concrete barriers was a response
to the need for an effective means to protect highway work zones.
Construction of or maintenance work on highways requires traffic control in
order to separate the work activity from traffic moving through the work
Zone.

An early barrier, called the timber barricade, consisted of a large
(10~ in by 10-~in) timber base and horizontal railings at 22 inand 34 in
above the base. Evaluating the performance of timber barricades used on 1-
495 near Washington D.C. in the late 70°s, the Virginia Highway and
Transportation Research Council found that 45.3 percent of the vehicles
that came into contact with the barriers penetrated the work area.(2) The
horizontal railings also were hazardous to the vehicles striking the
barriers. Concrete barriers eventually replaced the ineffective and unsafe
timber barricade.

The design of the portablie concrete barrier was based on that of the
concrete median barrier. Use of a concrete median barrier in Louisiana in
1942 and in California in 1946 provided initial insight into the barrier’s
performance ,capabilities.(3) New Jersey officials used the Louisiana and



California experience to design a barrier that would redirect a vehicle
arfter it strikes the barrier system. The earliest design used barriers
that were 18 in high, but because vehicles climbed to the top of the
barrier the height had to be increased.

The barrier commonly used today (figure 1)}, referred to as the New
Jersey barrier, is 32 in high and has a 24-in base width and a 6-in top
width. It incorporates a 55 degree batter-curb face and an upper portion
that is at 84 degrees from the horizontal. Another design, called the
General Motors, or GM, shape, is also used in both a permanent and
temporary capacity. Research has shown, however, that the GM shape
produces excessive roll in impacting vehicles. (3) GM-shape barriers are
generally being retired from use. A more recent design, the F shape, is
considered the most efficient barrfer design in terms of redirection and
preventing rollover. A modified F shape is being used in the field in at
least one State at this time.

The theory on which the New Jersey barrier performs is relatively
simple. Referring to figure 1, when a vehicle strikes the barrier at an
angte less than 15 degrees, the initial contact 1is between the 3-in
vertical curb and the vehicle tire. This contact deforms the tire, tending
to slow the vehicle. The front wheel then climbs up the 55 degree batter-
curb face causing the vehicle to be lifted from the roadway. The jifting
of the vehicle dissipates some of its kinetic energy of motion and places
it in a position such that the redirecting forces perpendicular to the
barrier can be applied to the vehicles suspension system. At a low angle
of impact (less than 15 degrees) there is usually no contact between the
side of the car and the barrier.

If the vehicle’s impact speed is high (for example 60 mi/Rand its
impact angle is more than a few degrees, the vehicle may ciimb up the 55~
degree angled face to where the angle changes to B84 degrees (the upper
portion of the barrier). As the front portion of the vehicle wheel
contacts the upper (near vertical) portion of the barrier, the wheel Iis
turned parallel to the barrier’s iongitudinal axis and the vehicle is
redirected. Depending on the impact speed and angle, the vehicle may
continue to climb the near vertical portion of the barrier before returning
to the roadway.

Permanent concrete barriers were used in medians to separate traffic
or to replace older, less effective designs. In some phases of highway
construction, the barrier also was used in work zone traffic control.
Although most of the concrete median barrier was cast in place, some
precast barrier was also used. This precast concrete barrier led to the
development of a barrier that could be moved from one location to another
and could be placed in a position temporarily while work was completed.

In its early history the segments of the PCB were sometimes simply
butted end-to~end. It soon became evident, however, that the segments
needed to be connected in order to be effective. While the use of PCB
spread rapidly in the 1970s, various agencies developed a number of
different methods for connecting the barrier segments. Two statements from
different reports illustrate the variety {n connector design. One report
stated that "there are at least as many variations in PCB design as there
are states in which it is used". (4)  The second report stated, "Although
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Figure 1, New Jersey barrier and typical connectors
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the PCB is used from coast to coast, its design features vary from State to
State.... It 1is in the method of Joining these segments that the widest
design variation takes place". (5)

For the PCB system to perform properly and redirect vehicles it must
be capable of withstanding the kinetic energy exerted by a vehicle striking
it. The weakest point in the PCB system is its connectors, which include
the physical connection and mating faces of adjoining barriers.

Figure | also shows a number of methods of connecting barrier
segments. Although the strength of these ccnnectors varies widely,
published research has shown that barriers with the tongue and groove
connector, one of the weakest, had 49 vehicle contacts for every reported
accident in which the barrier was involved. (2)

B. Present Use of Pcrtable Concrete Barrier Connectors

The wide variety of connector types is reflected in the results (table
1} of a survey of PCB use. In a 1985 telephone survey, the Federal Highway
Administration (FHWA) asked the States what type of connectors they were
using. The results of this earlier survey were sent to the principal
construction engineer of each State highway agency, including Puerto Rico
and the District of Columbia with a ietter asking each engineer to verify
the type of connector used in his/her State, send copies of the State’s
standard plan(s) on portable concrete barriers, and designate a contact
person in the event that interviews would be sought.

Forty-eight of the fifty-two agencies responded to the survey and
confirmed the type of PCB connector used. For each State, the primary
connector type and approved alternates are listed in the table. Some
States specified a number of acceptable connectors with no preference. For
these States all the connectors are listed under Primary Connector. Other
States allowed more than one type of connector but preferred one or more
types. In these States the preferred types(s) are listed under Primary
Connector and the others are listed under Alternate Connector. The length
of the barrier segments used in each State is alsc given.

The most commonly used connector is the pin and loop connector. It
consists of steel loops cast in each end of the barrier segment. The
barriers are connected by inserting a pin through the loops of two adjacent
barrier segments. (Detailed descriptions of each connector type are given
in chapter [l.} Forty-six of the agencies use some variation of the pin
and loop connector.

The pin and lcop connector category can be subdivided by the types of
material used to form the loops. Loops are commonly formed from
reinforcing steel bars (rebar), wire rope, eye bolts, or steel plates.
Twenty-seven agencies specify the pin and rebar connections, fourteen
agencies specify the pin and wire rope, two agencies specify the eye bolt,
and one agency specifies the pin and plate connector. (Two agencies using
pin and loop connectors did not respond to the survey and, therefore, could
not be categorized.)



State

Alabama
Alaska
Arizona

Arkansas
California
Colorado
Connecticut
Delaware

Dist. of Columbia

florida

Georgia
Hawait
ldaho
Ilinols
Indiana
lowa
Kansas

Keatucky

Loulsiana
Haine
Haryland
Nassachusetts
Michigan
Hinnesota
Nississippi
Niasouri

Hontana
Nebraska
Nevada

New Hampshire
New Jersey

New Mexico
New York

Worth Carolina
Worth Dakota
Ohio

Primary Connector

Pin & Rebar
Pin L Rebar
Pin & Wire Rope

Pin 4 Wire Rope

Pin L Rebar

Pin & Rebar

Pin & Rebar

Piate Insert

Pin & Rebar

fiaring Tongue & Groove,
Straight Tongue & Groove,

Pin & Wire Rope, Pin & Rebar

Pin & Rebar
Pin & Rebar
Pin 4 Wire Rope
Pin & Wire Rope
Pin & Rebar

Pin & Wire Rope

Straight Tongue b Groove
with Steel Dowels
Straight Tongue & Groove
With Side Plates,

Pin & Rebar

Stotted Triple Dowei

Pin & Wire Rope

Pin & Rebar

Plate insert

Pin and Loop

Pin L Eye Bolt

Pia L Wire Rope

Pin & Rebar

Straight Tonque & Groove
with Continuous Cable
Pin & Wire Rope

Pin b Rebar

Pin L Rebar

Pin 4 Rebar

Straight Tongue & Groove,
Straight Tongue & Groove
with Side Plate

Pin & Rebar

Vertical |-Hean

Pin L Rebar
Pin & Wire Rope
Pin L Rebar

Table 1

Usage Survey Results

Alternate Connector

Plate Insert

Side Plate

Straight Tongue L Groove
with Side Plates

Double Dowel

¥elsbach

Straight Tongue & Groove

Straight Tongue & Groove
flaring Tongue & Groove

Barrier
Segaent iength

10 ft + 1/2 in
10 ft

12 ft 6 in, and
20 ft

10 ft

19 ft 10 in

10 ft

20 ft

12 ft

12 ft

12 ft min

10 ft

19 ft 9 1/4 in
Unknown

10 ft

10 ft

10 ft

10 ft

20 ft + 1/2 in
10 ft 4 1/2 in
20 ft, 30 ft
15 ft

10 ft

Unknown
linknown

10 ft

10 ft

10 ft ¢+ 1/2 in

10 ft
10 ft
10 ft
19 ft 10 in
10 ft

20 ft

10 ft

8 ft, 10 ft, 12 ft,

14 ft, 16 ft,
18 ft, 20 ft
10 ft
10 ft

0 ft, 12 ft

Confirmed

By Engineer

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
No

Yes
Yes
Yes

Yes

Yes

Yes
Yes
No

No

Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes
Yes
Yes

Yes



atate

Ok 1 ahoma
Oregon
Pennsylvania

Puerto Rico
Rhode Island
South Carolina
South Dakota
Tennessee
Texas

Utah

Yermont
Yirginia
Washington
West Virginia

Wisconsin
Wyoming

Primary Connector

Pin & Rebar

Pin & Wire Rope

Plate Insert

Flaring Tongue & Groove
Pin and Loop

Pin & Rebar

Pin & Rebar

Pin & Twin Double Rebar
Pin & Triple Rebar
Channel Splice

Pin § Plate

Pin § Rebar

Flaring Tongue & Groove
Pin & Wire Rope

flaring Tongue & Groove

Pin & Rebar with Wire Rope

Pin & Rebar
Pin & Wire Rope

Total: Unspecified Pin and Loop

Pin and Rebar

Pin and Wire Rope

Table } {(concluded)

Alternate Connector

Grig Slot, Lapped Joint & Bolt

Flaring Tongue § Groove
Steel Dowel
Pin & ¥Nire Rope

Plate Insert

Pin § Eye Bolt

2 agencles
21 agencies

14 agencies

Pin and Eye Bolt 2 agencies
Pin and Plate | agency
Tongue and Groove 8 agencies
Plate Insert 5 agencies
Channel Splice | agency
Side Plates | agency
|-Bean 1 agency
Continuous Cable | agency
Powvel Rods 2 agencies
Grid Siot | agency

Barrier

Segment Length

io ft
12 ft 6 in

30 ft max

Unknown

10 ft

12 ft

10 ft

8 ft to 12 ft

I ft I in to 2§ ft

30 ft £ 4 in

10 ft, 12 ft,

12 ft 6 in, 20 ft

10 ft

12 ft

10 ft and 12 ft 6 in
12 ft ang i0 ft

1 ft

10 ft

10 ft

Confirmed
By Engineer

Yes
Yes

Yes
No

Yes
Yes
Yes
Yes
Yes

Yes

Tes
Yes
Yes
Yes

Yes
Yes



After the pin and loop category, the next most commonly used connector
is the tongue and groove connector. [t consists of a vertical protrusion,
or tongue, cast into the end of a barrier segment that is inserted into the
groove of an adjacent segment. Eight agencies specify the tongue and
groove connector as their primary or alternate connector.

The plate insert connector consists of a steel plate inserted in a
vertical slot iocated in the lower center of each barrier end. This
connector is specified by five agencies.

Eight agencies specify connectors other than the three types
mentioned. The channel splice, I-beam, grid slot, side plates, top T lock,
Welsbach, lapped joint and bolt and continuous cable connectors are each
specified by one agency. The dowel connector is specified by two agencies.
(See chapter Il for descriptions of these connectors.)

The review of each ©State’s standard plans for portable concrete
barriers reveals even greater variability in connector types than the
survey results shown in table 1. Even though twenty-seven agencies use the
pin and rebar connector, their specifications for pin diameter, loop
diameter, depth of loop embedment in the barrier end, and gap width between
barrier segments differ. Virtually no two States have fdentical
specifications for PCB connectors.

C. Problems Observed in FHWA Field Reviews

A 1985 memorandum (6) covering portable concrete barrier connectors
was sent to FHWA Regional Administrators from the Directors of the GOffices
of Highway Operations and Traffic Operations. This memorandum stated that
in field reviews by FHWA headguarters personnel, recurring problems
involving PCB connectors had been observed. These problems were serious
enough to make the barriers ineffective in protecting both workers and
motorists.

Some of the most serious recurring problems observed were as fol lows:

i In pin and loop connections, contractors often fafled to install
the vertical steel pin. The pin also was prone to removal by
vandals. The loops were structurally inadequate because of design
deficiencies or previous damage.

® Tongue and groove systems were not adequately interlocked. At
times the barrier sections were not butted fiush against each
other. The tongue or groove was damaged to the point of being
ineffective.

# Some systems, such as the plate insert connector, might not have
enough connection slack to be installed on sharp curves or flares.

® A number of systems were difficult to realign if they shifted as a
result of a vehicular impact.



* Some of the systems being used have not been properly tested using
accepted crash test criteria.

* Improper placement or position of the barrier constituted at times
a hazard to motorists.

D. Project Objectives

The objectives of this contract were to develop:

. A report on the state-of-the-art of portable concrete barrier
connectors.

» Recommendations for additional work to fill gaps in the
technoiogy.

The work in the contract involved (a) a literature review of research
that has been done on PCB, (b) contacts with and visits to highway agencies
to discuss PCB use, and (c) analytical determination of connector
strengths. The key task of the project was to compare the research that
has been done on PCB with the present application of PCB in actual work
zones,

E. Report Organization

This final report describes the state-of-the-art in PCB connector
design and presents an evaluation of the PCB design capabilities with
present application in actual work zone situations.

After this introductory chapter, Chapter Il details the various
connector designs used in the United States. Chapter [i]l discusses the
forces involved when a barrier is hit, & method for measuring the strength
of a connector system, and the resuits of an analytical determination of
the strengths of State connector systems. Chapter IV summarizes the crash
tests that have been conducted on portable concrete barriers and compares
the crash test results and current field applications. Chapter V presents
information gathered in the State visits. Advantages and disadvantages of
PCB systems, performance of the barrier during accidents, anchoring
methods, and connections to other barriers also are discussed. Chapters VI
and VII present the conclusions and recommendations developed from the
literature review, analytical determination of connector strengths, and the

field visits. Finally, Chapter VIII presents the recommendations of the
study that address additional crash tests needed and other research that
should be performed., There are three appendixes. Appendix A presents

connector design details, appendix B gives individual crash test
descriptions and appendix C describes information gathered in each State
visit.




I[I. Types of Portable Concrete Barrier Conngctors

A variety of types of portable concrete barrier (PCB) connectors are
in use in the United States. This chapter describes these connectors,
lists the States or agencies that use the connectors, gives specifications
important to the performance of the subject connector, and discusses the
structural! advantages and disadvantages of the subject design. Next is a
brief description of how the connector is applied and replaced 1in the
field. Last, if applicable, are crash test performances of the connector
and any special features a particular type may have which sets it apart
from other connectors in its category.

The connectors are described by category, such as pin and loop or
tongue and groove, and divided into types, such as pin and rebar or flaring
tongue and groove connector. The categories are discussed in the order of
most to least wused connectors. Some of the latter categories are
experimental connectors used only in crash tests. The iast category of
connectors is hybrid connectors. They incorporate features of more than
one connector type (usually the tongue and groove in combination with
another connector). Although experimental connector types are included,
connectors that have been determined to be obsolete are not inctuded. A
total of 24 types of connectors are described.

Specifications on the various PCB connector types described in this
chapter are given in appendix A. This appendix is an extensive table that
lists dimensions of the connectors and their respective PCB segments, the
States or agencies using these connectors, and notes on crash tests
performed on given connectors. The connector types and their dimension
symbols used in the table are keyed to those used in the figures that will
be presented in this chapter illustrating the various types of connectors.
Details of the crash tests noted in the appendix table are given in chapter
1v.

All specifications given in appendix A for State connector designs
were taken directly from State specification sheets acquired through a mail
survey of the States, Non-State connector specifications were taken from
various publications written by the testing agency. The information on the
States or agencies which use the specific types of connectors also was
taken from State specification sheets, or in the case of agencies, from
various publications.

A. Pin and Loop

In this category of connector the joint is constructed by casting
either rebar, wire rope, eye bolt, or plate into each end of the barrier
segments. Loops are then positioned such that they overiap and a steel pin
is inserted 1in the loops. Forty-six States and agencies now use this
connector variety. There are several varieties of the pin and loop
connector, and they differ according to gap width, pin diameter, loop
embedment length, and material used to form the loops. While all these
factors are important, +the most important is the gap width. The gap width
directly determines the amount of rotational slack that can be expected in
a given connection. Rotational slack is the angle through which two
connected barriers can rotate freely relative to each other before their



connector begins resisting rotation. Excessive rotational slack is
undesirabie 1{in a barrier, since it usually results in excessive Jlatera!
displacement of the barrier when impacted. Presently, only 15 States
directly specify a gap width for this connector and some of those are
excessive (greater than 3 in). Other States indirectiy imply a nominal gap
width as a result of other dimensions, but do not specify gap width as
such. Generally speaking, this joint can develop moderate strength in
tension, shear, and torsion. Barriers with these connectors are generally
easy to install. The one exception is when anchoring nuts are required on
the connecting pins, since access to the threaded portion of the pin is
difficult for barriers with a small gap width.

l. Pin and Rebar

The pin and rebar connector (see figure 2) is a variety of the pin and
loop connector which uses steel rebar to form four locops (two loops in each
barrier end). Twenty-five States use this connector at this time. Gap
width varies anywhere from 1 in to 3 in; however, most users do not specify
the gap width. One State, Georgia, has a rotational slack of 18 degrees,
due to an excessively large gap width. Pin diameters vary from 7/8 in to |
1/4 in. Rebar diameters vary from 5/8 in to | in. Segment lengths vary
from 10 ft to 19 ft 10 in, with intermediate sizes specified. Wisconsin
specifies a pin and loop type connector which uses wire rope loops that are
spliced onto rebars which are cast in the barrier. This splice gives the
connector characteristics of both the pin and rebar, and pin and wire rope
connectors. To date, four crash tests have been conducted on pin and rebar
connectors. In one test, the unanchored pin was bent out of the loops and
allowed a barrier segment to overturn. In another test, unanchored pins
were bent out of the loops, and the barrier broke in two because of impact
with the wvehicle. This illustrates the importance of the pin in the
performance of this connector. Permanent deflection for the remaining two
tests was relatively low, measuring 0.46 and 0.52 ft.

2. Pin and Triple Rebar

The pin and triple rebar connector (see figure 3), a variety of the
pin and loop connector, has three rebar loops cast into each barrier end
rather than the usual two. However, alil these loops are cast in the bottom
half of the barrier, putting them very close together. At this time only
Tennessee uses this connector. This loop configuration promotes an
increase in torsional rotation slack due to lack of adequate anchoring near
the top of the barrier. Since torsional rotation promotes the ramping of
vehicles upon impact, this connector could be considered inferior to other

pin and loop varieties in this respect. It has a gap width of 2 in, a
segment length from 8 ft to 12 ft, a l-in-diameter pin, and a 1/2-in-
diameter rebar used for the connectors. To date no crash tests have been

performed on, this connector.
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3. Pin and Twin Double Rebar

The pin and twin double rebar connector (see figure 4), a variety of
the pin and loop connector, has four rebar loops cast into each barrier end
rather than the usual two. Only South Dakota uses this connector at this
time, The advantage of this configuration is the decreased probability of
connector failure due to loop rupture or rebar loops coming out of the
barrier ends. It has a segment length of 10 ft, a rebar diameter of 5/8
iny, 2 pin diameter of 1 3/8 in, and no specification of gap width. To
date, no crash tests have been performed on this connector.

4, Pin and Hire Rope

The pin and wire rope connector {see figure 5), & variety of the pin
and loop connector, uses wire ropes to form the loops. Fourteen States now
use the pin and wire rope connector. Differences in pin diameters vary
from 7/8 in to | 1/4 in. Differences in gap width are anywhere from i/4 in
to 3 1/2 iny however, most users do not specify the gap width for this

connector. Also, segment lengths vary from 10 ft to 25 ft, with several
intermediate lengths between. There is little difference, however, in
wire rope diameters, the dimensions being either 1/2 in or 5/8 in. To

daste, no crash tests have been performed on the pin and wire rope
connector.

5. Pin and Eye Bolt

The pin and eye bolt connector (see figure 6), a variety of the pin
and loop connector, consists of two eye bolts cast into each barrier end to
form the loops. West Virginia and Michigan use this connector at this
time, although Michigan is in the process of changing their connector
design to the pin and wire rope connector. A major reason for Michigan
changing from the pin and eye bolt connector is that the eye-bolt would
break off in shear during handling of the barriers. Another State,
Minnesota, in the past had the experience of eye-belts pulling out of
barrier ends on impact, and therefore changed their connector design. West
Virginia specifies a segment length of 10 ft, a pin diameter of 7/8 in, and
a 3/4-in-eye bolt, but does not specify a gap width. To date, no crash
tests have been performed on this connector.

6. Pin and Plate

The pin and plate connector (see figure 7}, a variety of the pin and
loop connector, uses steel tongues cast longitudinally into the barrier
ends to form the loops. Holes are cut into the tongues to form the Toops
through which the pin goes. Utah is the only State which uses this
connector at this time. The connector has the same basic performance

characteristics as the pin and rebar connector. 1t has segment lengths of
10 ft, 12 1/2 ft, and 20 ft; a pin diameter of | in; and a piate thickness
of 1/2 in. No gap width is specified. To date, no crash tests have been

performed on this connector.
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B. Tongue and Groove

In this category of connector, the connector is formed by casting male
tongues and/or female grooves in portable concrete barrier end. The
tongues are then fitted in the grooves to form a connection. This
connector has two basic shapes (as viewed from the barrier end): straight
and flaring. At this time, eight States use some type of tongue and groove
connector. The important factor for this connector is the cross-sectional
area of the tongue because that area determines the shear and torsion
strength of the connector. The connector has no capacity to transfer
tension or moment from one segment to the next.

1. Flaring Tongue and Groove

The flaring tongue and groove connector (see figure 8) consists of a
trapezoid-shaped tongue or groove cast in the end of a barrier segment.
The tongue is inserted into a 1ike-shaped groove cast 1into an adjacent
~ barrier segment. Six States now use the flaring tongue and groove. This
connector generally has no capacity to transfer tension or moment from one
segment to the next, and can transfer only small torsion and shear loads
between segments.

This barrier connector is easy to install initially, and replacement
of a segment requires simply that a double female end segment be 1ifted
out of the system; there is no disruption to other segments of the system.
One crash test has been performed on this connector by ENSCO, Inc. For a
4240 1b vehicle impacting at 58 mi/h and 25 degrees, the connector failed
since one barrier segment overturned.

2. Straight Tongue and Groove

The straight tongue and groove connector (see figure 9) is the same as
the flaring tongue and groove except that it is approximately as wide at
the top as it is at the bottom. Four States specify this connector at this
time. Like the flaring tongue and grocve, this connector has no ability to
transfer tension or moment between segments, and can transfer only small
torsion and shear loads. It differs in design from the flaring tongue and
groove in that it’s tongue and groove runs the full height of the barrier
face. A segment can be lifted and lowered into place within the barrier
system without the adjacent barriers on either end being moved. To date, no
crash tests had been performed on this connector.

C. Plate Insert/Grid Slgt

In this category of connector, the connector consists of either a
rectangular, steel plate (plate insert), or a welded rebar grid (grid slot)
inserted into vertical slots in each barrier end. Five States specify the
plate finsert, and one State (Texas) specifies the grid slot. The most
important factors for this category are either plate thickness or rebar
diameter, since these dimensions determine the moment, torsion, and shear
capacities.
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l. Plate Insert

The plate insert connector (see figure 10) consists of a rectangular
steel plate inserted in vertical slots in each barrier end. This connector
is popular in the eastern mid-Atiantic States. Important dimensions for
this connector are plate width, height, thickness, and slot width. This
connector has no tensile capacity, and low moment, shear, and torsion
capacities. Structural performance is also hindered by the fact that the
vertical slots cast in the barrier end reduce barrier cross section. This
creates a tendency for the plates to "break out" of the barrier upcon impact
before they actually fail. Replacement of segments involves lifting the
desired segment out of the barrier system and lowering a new segment back
into the system. To date, no crash tests have been performed on this
connector.

2. Grid Siot

The grid slot connector (see figure 11) involves placing a rectangular
grid of welded rebar into vertical slots cast into each barrier end. To
date, only Texas specifies the grid slot connector. Important dimensions
for this connector are overall grid width and length, rebar diameter,
welding reguirements, and slot widths. This connector has no tensile
capacity, and low torsion, shear, and moment capacities. The structural
capacity of the connector is hindered by the fact that vertical slots at
each barrier end reduce the barrier cross section by approximately one
half, thereby causing the grid to break out of the barrier upon impact
before actually failing itself. Since the vertical slots extend to the top
of the barrier, application and maintenance of this system are rather
simple, requiring noc more than aligning the barrier seaments and dropping
the grid slot into position. To date, no crash tests have been performed
on this connector.

D. Steel Dowel

The steel dowel connector (see figure 12) uses either twe or three
steel dowels set longitudinally between barrier ends. Only three States,
Texas, Kentucky, and Michigan now use this connector. Important factors
for this connector are the number of dowels used, dowel diameter, dowel
ltength, whether the gap is grouted or not, gap width, seagment length, and
the vertical spacing between the dowels {(the doweis should be spread out
vertically to inhibit torsional rotation slack). Michigan uses two dowels,
and Texas and Kentucky use three dowels. Texas and Kentucky specify 1/2
in gap width; use anywhere from 20 ft to 30 ft segments; have good, even
vertical distributions of the connectors in the barriers, leading to
moderate torsional capacity; and have similar dowel diameters.,

The only major difference between the three connectors is the way in
which they are applied. Since Texas and Michigan have holes in the barrier
ends to accommodate the dowels, replacement of a segment requires that the
barrier system on either side of this segment be spread out and
subsequently moved back in once the replacement has been made. Kentucky
has the dowels cast in one end of a barrier, and the other barrier end has
vertical slots into which the dowels are placed and subsequently grouted
in. This enables Kentucky to simply tower segments into place within the
barrier system.
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This connector type has no tensile capacity, very low moment capacity,
and moderate torsion and shear capacity. Only one crash test has been
perfoermed on this connector, and it performed satisfactorily with a 4,540~
Ib vehicle impacting at 60 mi/h and 25 degrees, giving a maximum permanent
displacement of 1.1 ft.

E. Channel Splice/Side Plates

In this category of connector, the connector consists of either a
steel channel or a steel plate bolted longitudinally, at the base, between
two barriers. At this time, only Texas specifies the channel splice, and
only Florida specifies the side plates. The most important factor for this
connector is the type of splice used, either channel or plate. Channe!
splices give greater shearing, torsional, and moment capacity.

1, Channel Splice

Barrier segments utilizing the channet splice (see figure 13) are cast
with two bolt holes at each end passing through the base of the barrier.
Channel splices are then bolted to the sides of each adjoining segment.
Only one State, Texas, uses this connector at this time. Important
factors for this connector are the type of channel used, channel length,
number of bolts used, bolt diameter, bolt hole diameter, spacing between
bolt holes, and segment length. Using a C5 by 9 by 42 in long channel 5 in
wide by 1.885 in high and anywhere from a 15 ft to 25 ft segment Ilenath,
this connector generates moderately high tensite, moment, and shear
strength and does not allow significant joint deflection before the moment
resistance is generated. Texas has no gap width specifications for this
connector, but gap width is not considered critical to this design.

Only one crash test, Texas Transportation lnstitute’s (TTl) 2262-2,
has been performed on this connector. The connector successfully tested
with a full-sized sedan impacting at approximately 60 mi/h and 25 degrees
giving a maximum permanent displacement of 1.33 ft. Application and
maintenance of this barrier are relatively easy, requiring only that
barrier segments be set in place, channels aligned, and bolts inserted and
tightened.

2. Side Plates

Barrier segments utilizing the side plate connector (see figure 14)
are cast with either two or four bolt holes at each end passing through the
base of the barrier. Rectangular side plates are then bolted to the sides
of each adjoining segment. Only one State, Florida, uses this connector at
this time. Also, TTl has crash-tested a connector of this design.
Important factors for this connector are plate length, plate width, plate
thickness, number of bolts used, bolt diameter, bolt hole diameter, spacing
between bolt holes, and segment length. Wwhile the TTl and Florida
connector both specifiy i/2-in-thick plate, the TTIl plate connector is
wider, 1is longer, uses four bolts rather than two, and uses a wider bolt,
making it a stronger connector than the Florida connector, The side plate
connector is comparable to the channel splice connector in design, but it
is generally weaker, the difference being the cross-sectional difference
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between a channel and plate. Installation and maintenance on this
connector are relatively easy, requiring no more than aligning the barrier
into position, aligning the plates with the barrier holes, and fastening
and tightening the bolts. To date, only one crash test has been performed
on the TTl connector: TTI’s 2262-1. This connector successfultly tested
with a 4500-1b vehicle impacting at 60 mi/h and 15 degrees, giving a
maximum permanent displacement of 0.9 ft.

F. Vertical [-Beam

For the vertical |-beam connector (see figure 15), barrier segments
are constructed with slotted steel tubes cast into each end of the barrier.
The segments are then i1inked by passing a steel I-beam down adjoining
slotted tubes. New York 1is the only State which now specifies this
connector. Important factors for this connecter are I-beam length, I-beam
cross—-sectional area, tubing thickness, gap width, and anchoring of the
tubing in the barrier ends. This connector can develop relatively high
tensile, moment, shear, and torsion capacities. To date, four crash tests
have been conducted on New York’s current version of this connector. The
barrier system successfully crash tested with either a 2,175~1b or a 4,500~
1b vehicle impacting at 60 mi/h and either 15 degrees or 25 degrees, with
maximum permanent displacements ranging from 0.23 ft to 1.4 ft. Interesting
to note was that in one crash test rotational slack was reduced by grouting
the connection, thereby reducing permanent barrier deflection.

G. Top T-Lock

The top T-lock connector (see figure 16) consists of vertical steel
tubes welded to the ends of an upright steel T. Barrier segments are cast
with vertical holes at the top, near the ends, which mete with the vertical
tubes of the upright T. The connection is accompliished by placing the
barriers into position and lowering the T onto the barrier, placing the
tubes into the holes. Only Texas now uses this connector. Important
factors for this connector are welding requirements and cross—-sectional
areas of the members which form the T. The Texas connector uses channel
and structural tubing to form the T, thereby giving it relatively high
tensile, moment, shear, and torsion strength. Installation of this
connector is relatively simple, requiring no more than aligning the barrier
segments and dropping the T connector into place. To date, no crash tests
have been performed on this connector.

H. New Jersevy Welsbach Interlock

The New Jersey Welsbach connector (see figure 17) consists of two |[I-
beam segments protruding from one barrier end and interlocking into steel-
lined slots cast into the other barrier end. New Jersey is the only State
which sgspecifies this connector, and only as an alternate to preferred
designs. Important factors for this connector are [-beam cross—sectional
area, and slot specification. This connector has very high tension, shear,
moment, and torsion capacities, comparable with those of a permanent
barrier connector. Replacement of a segment is complicated by the fact
that barrier segments on either end of the replacement must be spread out
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and subsequently moved back once the replacement has been made, To date,
two crash tests have been performed on this connector. The connector
performed well in both tests, the most severe being a 2,250-1b. vehicle
impacting at 60 mi/h and 15 degrees. There was no permanent deflection of
the barrier for either test.

1. Bottom T-Lock

The bottom T-lock connector (see figure 18) consists of vertical steel

tube welded to the ends of an inverted steel T. Barrier segments are cast
with vertical holes at the bottom near the ends, which mate with the
vertical tubes of the inverted T. The connection is accomplished by

placing the inverted T into position and lowering the barrier over the
vertical steel tubes. Important factors of this connector are welding
requirements, and cross-sectional area of members forming the T. This
connector is not specified by any State highway agency; however, it has
been tested by TTI. TTI’s specification for channel, structural tubing,
and Jlarge diameter steel tubes gives this connector very high tensile,
moment, shear, and torsion strength. To date, TTl has conducted eight
crash tests on this connector. All tests were conducted with atypical
vehicles (ex. trucks, 4-w drives, etc.), one being a 2-1/2-ton truck
weighing 18,240 1b. In all tests at speeds of &0 mi/h and angles anywhere
from 7 degrees to 22 degrees, the connector performed satfsfactorily, with
maximum permanent displacement ranging from 0 ft to 0.08 ft.

J. Lapped Joint and Bolt

In the lapped joint and bolt connector the ends of the lapped joint
barrier segments (see figure 19) are fabricated such that they overlap in a
vertical plane. The joint is then secured with a single steel bolt that
passes through the overlapping segments. To date, only Texas specifies
this connector, and only as an alternate. Important factors for this
connector are bolt diameter, overlapping area between barrier segments and
cross-sectional area of the lapped portion. This connector provides
moderate moment and tensile capacity, with relatively low shear and torsion
strengths. Application and reptacement of this connector are retatively
simple, requiring only that barrier segments be aligned and the bolt
subsequently fastened. To date, no crash tests have been performed on this
connector.,

K. Hinge Plate

The hinge plate connector (See figure 20) consists of two steel plates
anchored by bolts on each barrier end. The plates are positioned so that
they overlap, and a steel pin is inserted through holes in the plates.
Important factors for this connector are gap width, plate thickness, and
pin diameter. This connector is similar to pin and loop connectors,
however, there are some differences. First, overiapping plates are flush
with one another, rather than having a gap between them. Second, the
segment length, being only 39 inches, 1is very short. Third, the barrier
has a cross-sectional shape quite different from the New Jersey shape.
Thirteen crash tests have been performed on this connector, all by the
proprietor, Barrier Systems Incorporated (BSl). No agencies specify this
connector at this time.
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L. Hybrid Connectors

Hybrid connectors incorporate two or more different connector types
into one connection system. Some examples of hybrid connectors are
straight tongue and groove with steel dowels, and flaring tongue and groove
with side plates. The advantage of a hybrid connector 1{is that it
incorporates the best features of each connector type. Furthermore,
application and maintenance of this system is usually no more difficult
than application and maintenance of one of the component connectors. To
date, four States use one variety or another of a hybrid connector.

1. Straight Tongue and Groove With Side Plates

This connector consists of a concrete vertical tongue or groove cast
into the barrier end, along with side plates bolted longitudinally to the
barrier base (see figure 21). Three States now use this connector.
Important factors for this connector are plate length, plate width, plate
thickness, bolt diameter, number of bolts, bolt hole diameter, bolt hole
spacing, tongue cross-sectionail area, and tongue protrusion length, The
structural capacities of this connector are superior to either a simple
straight tongue and groove or a side plate connector, since the structural
capacities of the respective component connectors are simply added to
achieve the structural capacities of the hybrid connector. This gives this
connector relatively moderate tensile, shear, moment, and torsion
capacities. Plate thickness for this connector ranges from 1/4 in to 1/2
in, plate length ranges from [2 in to 126 in, and tongue height ranges from
32 in to 38 in. The number of bolts used is usually two, and plate width
ranges only from 3 in to 4 in. Segment lengths are specified as either 10
ft or 20 ft.

To date, two crash tests have been performed on this hybrid connector,
by the Southwest Research Institute. In these tests, a 4500-1b vehicle
impacted the barrier at approximateiy 62 mi/h and 25 degrees, causing
barrier  failure in both tests. [t should be noted here that the plate
thickness for the connectors used in these tests was only 1/4 1in, the
bottom of the range. It is difficult to assess what the performance of a
connector using thicker plate would be under similar impact conditions.

2. Flaring Tongue and Groove With Side Plates

This connector consists of a trapezoid-shaped tongue or groove cast
into the barrier end and the addition of side plates bolted longitudinally
at the barrier base (see figure 22). Only TTi has tested this conpector.
Important factors for this connector are plate length, plate width, plate
thickness, bolt diameter, number of bolts, bolt hole diameter, spacing
between holes, tongue area, and tongue protrusion length. Sensitivity
analysis reveals that plate thickness is the most important consideration
in this connector. Therefore, structural capacities range from retlatively
moderate to relatively high, depending upon the plate thickness used.
However, this configuration is superior in structural capacity to either of
its component connectors, having the capacities of the component connectors
added to give the capacities of the new connector.
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To date, four crash tests have been conducted on this connector. All
four +tests used approximately 4500-1b vehicles impacting at approximately
60 mi/h and at an angle of 25 degrees. The only major difference in all
these tests was in the plate thickness used, which ranged from 1/8 in to
1/2 in, increasing in l/8-in-increments. Only 1n the test using the i/4~in-
plate did the connector fail upon impact. In all other tests with thicker
plate, the connectors were successful, with maximum permanent displacement
ranging from 1.6 ft to 1.8 ft, No agencies specify this connector at thls
time.

3. Straight Tongue and Groove With Steel Dowel

The straight tongue and groove with steel dowel connector has the same
configuration as the straight tongue and groove connector, with the
addition of one steel dowel placed across each barrier seagment interface,
aligned norma!l to the barrier end (See figure 23). Only one State, Kansas,
now uses this connector. Important factors for this connector are dowel
length, dowel diameter, tongue cross-sectional area, and protrusion length
of tongue. This ceonnector has the structural characteristics of the
straight tongue and groove, plus the additional strength characteristics of
the dowel, which gives the connector a moment capacity. However, this
connector still has no tensile capacity, and relatively low moment, shear,
and torsion capacities. While Initially easy to apply, replacement of
segments in a barrier system is complicated by the fact that the segments
on either side of a replacement segment must be spread out in order to
accommodate the placing of the steel dowels. To circumvent this, Kansas
uses a different type of connector (the side plate which is easier to
replace) for replacement of segments rather than go through the replacement
procedures associated with the steel dowel. Jo date, no crash tests have
been performed on this connector.

4, Straight Tongue and Groove with Continuous Cabie

The straight tongue and groove with continuous cable connector
involves mating tongue and groove segments and then threading a cable
throughout the entire barrier system via longitudinal holes cast in each
barrier segment (See figure 24). The cables are subsequently pulled in
tension and locked into position once the threading has been accomplished.
Only one State, Missouri, now wuses this connector. Important factors for
this connector are cable diameter, cable tension, and tongue cross-
sectional area. This system has low torsion, tensile, shear, and moment
capacities. Maintenance of this system is made difficult by the fact that
damage to the cable requires that it be repaired and retensioned. To date,
no crash tests have been performed on this hybrid connector.
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5. Flaring Tongue and Groove with
Channel Splice and Double Dowels

This connector is a composite of the dowel, fiaring tongue and groove,
and channel splice connectors. It consists of a trapezoid-shaped tongue or
groove in the barrier end, two dowels across the barrier interface, and a
steel channel mounted longitudinally at the barrier base (see figure 25).
Only one agency, TTl, has tested this connector. Structurally, it has the
characteristics of the three composite connectors summed together, giving
it relatively high tensile, shear, moment, and torsion capacities.
Important factors for this connector are number of dowels, dowel dfameter,
dowel length, tongue area, tongue protrusion length, channel cross-
sectional area, channel length, number of bolts used, bolt hole diameter,
spacing of holes, and bolt diameter. Replacement of a segment in a barrier
system 1is complicated by the fact that the segments on either side of the
segment to be replaced must be spread and subsequently moved back to
accommodate the replacement of a segment. To date, one crash test has been
performed on this hybrid connector. For an impact of a 20,000-1b bus at 60
mi/h and 15 degrees, the connector was successful, bhaving a maximum
permanent displacement of 1.8 ft.
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11f1. Determination of Connector Strength

This section examines the characteristics of pin and loop and tongue
and groove connectors and analyzes how these characteristics determine the
structural capacity of the connectors. Pin and loop connectors and tongue
and groove connectors were singled out for analysis because of their
widespread use in the field; 43 States presently specify some type of the
pin and 1oop connector and 8 States specify some type of the tongue and
groove connector for temporary concrete barriers. Analysis of these
connectors is important since the connector is usually the weakest part of
the portabte concrete barrier (PCB) system.

This chapter is divided into three sections. The first section
describes the reference coordinate system for the barrier and, with
respect to these coordinates, defines the type of forces that must be
resisted in a connector. The capacity of a connector to withstand these
forces 1is measured in terms of tensile strength, moment strength, shear
strength, and torsion strength. The second section lists the strengths for
varfous connectors that have been published in past reports. Connector
strengths are given 1in terms of tensile, moment, shear, and torsion
strengths. In the third section, a sampie analysis of a pin and wire rope
connecter, a pin and rebar connector, and a flaring tongue and groove
connector are given. Two tables list all the strengths of the connectors
analyzed by GME. The values in the table for pin and loop connectors were
determined using a GME in-house BASIC program modeled after the sample
analysis mentioned above.

A. Forces lnvolved

Figure 26 shows the right-hand coordinate system used tc define the
tensile, moment, shear, and torsion load capacities of a barrier connector.
The X-axis in the system is coincident with the longitudinal barrier

Figure 26. Coordinate system for portable concrete barrier
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centroidal axis. The Y-axis is vertical and forms a right angle with the
X-axis. The Z-axis is orthogonat to the X and Y axes, and is in a right-
hand sense.

The four loading conditions analyzed are the uitimate tensile strength
(F), the ultimate moment (M), the ultimate shear strength (V), and the
ultimate torsion (T). For this analysis, pin and lcop, and tongue and
groove connectors will be considered. In general, barrier systems will
usually be subjected to moment or torsion dynamic loading due to an impact.
For this reason, moment and torsion capacities are the most important gauge
of connector strength. Tensile capacity is also important, however, since
it directly determines the moment capacity. Moment capacity is the
distance between the barrier center of gravity and extreme fibers of the
barrier crossed intoc the tensile capacity of the connector.

Shear capacity is the least important loading condition, since
barriers are usually not loaded in shear, and since the shear capacity does
not necessarily determine the torsion capacity of the connector. However,
shear capacity has been included in the analysis since it does give some
gauge of connector strength. Torsion capacity, T, is the vertical distance
between the loops on one barrier end crossed into the failure force for
torsion loading conditions.

In general, a pin and loop connector under tensile loading conditions
Wwill fail due to any one of the following reasons:

* Pin fails due to transverse loading. If the pin is not anchored on
both top and bottom, then failure is due to vyielding, since
yielding would allow the pin to bend and slip out of the loops.
While the pin may not actually come out of the loops when it
begins to yield, it is certainly in danger of doing so. 1f the
pin is anchored, however, then pin failure is due to rupture.

* Loops fail in tension.

* Loops pull out of barrier (only if top and bottom loops are not
physical ly connected.

* Concrete shears due to force on loops.

The tensile capacity of the connector is then the minimum force
required to cause failure for any one of the above-stated reasons.

Second, a pin and loop connector under moment loading will fail for
the same reason that it does for tensile loading. Moment capacity then is
the distance between the pin center and the extreme fibers of the barrier
crossed into the tensile capacity of the connector.

Third, a pin and loop connector under shear loading conditions will
fail due to any one of the following reasons:

* Pin fails due to transverse loading.

* Loops fail in tension.
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L Loops pull out of barrier (this occurs for wire rope loops only).

* Concrete shears lateraltly due to forces on loops (this occurs for
rebar ioops only).

® For wire rope, concrete shears longitudinally (if top and bottom
toops are physically connected) due to forces on loops. This is
because forces on wire rope always resolves into tensile forces.

The shear capacity of a pin and loop connector is then the minimum
force required to cause failure for any one of the above-stated reasons.

Fourth, & pin and loop connector under torsion loading conditions has
the same possible modes of failure as does a pin and loop connector under
shear loading conditions. The only difference is that the pin anatysis
will change due to the change in loading conditions on the pin itself, The
torsion capacity of the connector is then the vertical distance between the
loops in one barrier end crossed into the minimum force required to cause
failure for any of the above-stated reasons.

B. Strengthg Cited in Published Reports

Given below are three tables (2 to 4) submitted in published reports,
which 1list the strengths of various PCB connectors. The three tables,
taken from different publications, are referenced accordingly.

As can be seen, some of the same connectors have different structural
capacities listed in the different tables. For example, one report
gives the tensile_capacity of the Idaho pin and rebar as 61 kips, whereas
another study " gives this same capacity as 23 kips. Even within the
same study, results do not appear consistent. For example, tabie 4 has the
capacity of side plates and side channels as being exactly equal, which is
not true. It was impossible to tell why these discrepancies occurred, since
only one report, (7} actually showed the computations which yielded the
capacities.

C. Analytical Determination of Connector Strengths

An analysis of the Arkansas pin and wire rope, the California pin and
rebar, and the Virginia tongue and groove connectors is given in this
section. The following assumptions were used for the analysis:

* Connector strengths are analyzed using the mechancial properties
of the actual materials in the connector. Mechanical properties
are assumed only when actual properties are unknown (Steel was
assumed to be ASTM-A36 and concrete was assumed to be 3000 psi).

* Concrete is an integral part of the connector system, and is
therefore taken into account in the failure analysis.

¥ The ultimate shear strength (ve ) of concrete is governed by the
1
eguation v = 2\/fé where f_. is the compressive

strength of the concrete,
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Table 2. Strengths cited in "Barriers in Construction Zones" @

Tensile Shear Moment Torsion
Capacity Capacity Capacity Capacity

Connection (k) (k) (ft-k) (ft-k)
Welsbach Interlock (NJ) 208 156 139 94
[-Lock (NY) , 92 208 61 87
Pin and Rebar (CA) 85 85 57 60
Corrugatfion and

Cable (CA) 41 23 27 19
Lapped Joint and

Bolt (TX) 21 41 22 24
Pin and Eye Bolt (MN) 20 12 13 9
Pin ana Wire Rope (ID) 61 6l 41 4]
Pin and Rebar (GA) 46 46 31 31
Dowel (TX) 0 60 0 37
Tongue and Groove (OR) 0 21 0 9
Tongue and Groove (VA) 0 32 0 7
Hook and Rebar (CO) 1 5 5 0
Channel Splice 96 67 80 21
T-Lock {(Base) 46 568 97 375
T-Lock (Top) 16 193 11 56
Grid-Slot (TX) 0 60 0 30
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Table 3. Strengths cited in TRR 769 (4)

Tensile Shear Moment
Force P Force V M Torsion T
Connection (kips} | (kips) (kip~-ft) (kip-ft)
We |l sbach 270 160 135 95
New York l-Lock 115 180 96 75
California pin and
rebar (b) 44 44 37 19
California cable
posttension 36 20 20 - 10
Texas lapped with bolt 31 22 21 il
Minnesota pin and eve bolt 23 23 20 15
Idaho pin and rebar 23 23 19 17
Georgia pin and rebar 15 i5 12 11
Texas dowel
Calculated ' 0 51 1] 22
As tested 60 51 50 —
Oregon tongue and groove 0 41 0 12
Virginta tongue and groove 0 54 0 12
Colorado latch 8 6 7 0
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Table 4. Strengths cited in TRR 1024 (8)

Connection Capacity

Shear Moment Torsion
Connection {kips) (kip ft) (kip-ft)
Side plates (3ft 6 in x5 in x /2
in, steel) 90 117 53
Side channets (C5 x 9 x 3 ft 6 in,
steel) 90 117 53
Partial tongue and groove and side
plates (3 ft 0 in x 4 inx 1/2 in
steel) 76 103 67
Partial tongue and groove and side
plates (3 ft 0 in x 4 in x 3/8 in
steel) 57 11 52
Partial tongue and groove and side
plates (3 ft 0 in x 4 inx i/4 in
steel) 38 52 37
Partial tongue and groove and side
plates (3 ft 0 in x 4 in x 1/8 in
steel) 19 26 22
Side channels {C5 x 9 x 3 ft 6 in
steel) plus three no. (
8 x 18 in steel rebar dowels 135 117 73
Three grouted dowels (no. 8 x 18 ‘
in) 60 50 37
Vertical steel pin (7/8 in
diameter .x 26 in) 46 3t 35
Vertical steel pin (1 in
diameter x 25 in) 46 31 35
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Table 4. Strengths cited in TRR 1024 (8) (concluded)

Connection Capacity (concluded)

Shear Moment Torsion
Connection {kips) (kip-ft) (kip-ft)
Tongue and groove and side
pltates (12 inx 3 In x 1/2 in
steel) 217 9 16
Tongue and groove and side
plates (12 in x 3 inx 1/4 in
steel) 217 9 16
Vertical I-beam (3 1/4 in x 2
in) 208 61 87
Vertical I-beam (3 1/4 in x 2
in) (grouted Joints) 208 61 87
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1.

The

The deveiopment length (Lg ) for rebar in the concrete is governed

0.04A1F
—*——*E“X'where A

f! b
¢ ,
and fy is the yield strengath of the repar.

by the equation Ly = is the area of the rebar,

Barriers are pulled tight at the connectors for pin and loop

connectors.
unless otherwise

All structural bhardware is the same materizl

specified.
steels are considered ductite.

All structural

Connectors are to he evaluated for catastrophic faiiure.

The masses of the various components of the connector will be

disregarded.

loading on
cau

Forces on ancher nuts that are induced by transverse
the pin are assumed to be of . insufficent magnitude to
failure in the threaded portion of the pin.

Arkansas Pin and Wire Rope

Arkansas pin and wire rope is shown in figure 27. It has a pin

diameter of 1.25 in and a wire rope diameter of 5/8 in.
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Figure 27. Arkansas pin and wire rope connector

a. Tensile Capacity

The possible modes of failure of this connector in tension
pin fails in transverse loading,

ara:

(2) loops fail in tension, (3}

out of the barrier, or (4) concrete shears due to forces ot looss.
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(1) Tensile Capacity of Connector for Pin Failure

The pin is under the loading condition shown in figure 28:

Py -td _aL
_T_‘ PosP1: maximum
‘ allowable forces
— J— ¢ dl 2c = 14 1in.
di1 = 141 in,
‘L d2 =1 in.
P12 :
| ° -]

Figure 28. Free body diagram (FBD)
of pin of Arkansas connector {(tensile)

Letting F P1 + P, (Eq.l1) and summing forces in the X direction yields:

2 Fx=F + P, ~P -PF, =0
Now summing moments about D yields:

Z 1"iID= 0= doPy - (d2 + dl) Py + (dl + 2d2) Po
Pl = (dl ‘+ 2d2) PO = 1.138 PO
dj

Analysis of shear and bending moment diagrams reveals that the critical
points on the pin are points B and C, where the maximum shearing force is

PO/A and the maximum moment is do x P,

Since the pin is anchored at both ends, it must be ruptured in order
to break the connection. A conservative method to find the force (F)
reguired to rupture the pin is simply to calculate the shearing force
required to rupture the pin. Solving for P,

Po = (9.)(4) = (60 ksi)I(1.25)2
L

Py = 73.6 kips
Now solving for the tensile capacity of the connector for pin failure:
F =Py 4+ Py = 73,6 kips + (1.138)(73.6 kips)

13

il

157.4 kips

The tensile capacity of the connector for pin failure is 157.4 Kips.
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(2) Tensile Capacity of Connector for Loop Failure

For loop failure to occur, those loops loaded with PO must fail before the

connection will fail. Each loop of the barrier system loaded by Po is
shown in figure 29:

Po/2 Pol2

Figure 29. FBD of loop of Arkansas connector (tensile)

Arkansas specifies a 5/8-in-diameter wire rope with a minimum breaking
strength of 17.9 tons = 35,800 ib.

Therefore, for P/2 = 35,800 Ib:
P, = (2)(35,800 1b) = 71.6 kips
F

i

71.6 + (1.138)(71.6 kips)

F = 153.1 kips

1]

(3) Tensile Capacity of Connector for Loop Pullout

Since the top and bottom loops in each barrier section are comprised
of one continuous length of wire rope,

loop pullout is not an issue for the
analysis of this connector.
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{4) Tensile Capacity of Connector for Concrete Shear

The concrete is in the loading condition shown in figure 30:

=== el P
v °
c
F
&
AN
N —p,

Figure 30. FBD of concrete of Arkansas connector (tensile)

Therefore, for the tensile loading condition shown, the concrete is in
shear, with a shear area of 2:. (for both sides of the cable). For a
concrete compressive strength of 2,500 psi, the shear strength of the
concrete is determined by

1
ve = 24f¢

where Ve is the shear strenath of the concrete and 2,500 psi is the
compressive strength of the concrete.

Therefore,
ve = 242500 = 100psi
For Ac = 466.35 in? , 2Ac = 932.7 in2

Solving for F:
F = (100 psi)(932,7 in2)

F = 83,3 kips

Therefore, the concrete is the failure mechanism for the connector.

Therefore, the tension capacity of the Arkansas pin and wire rope connector
is 93.3 kips and is determined by the capacity of the concrete in shear.




b. Moment Capacity

The moment capacity, M, of the Arkansas pin and wire rope connector is
the distance {(r) between the pin center and the extreme fibers of the
barrier crossed into the tension capacity of the connector. Therefore,

M=rxTF

M

1t

{(1ft) x (93.3 kips)

M

93.3 kip ~ ft

The moment capacity of the connector is 93.3 kip~ft

¢. Shear Capacity

The possible modes of failure of this connector in shear are: (1) pin
fails in transverse loading, ({2) loops fail in tension (3) loops pull out
of the barrier, or (4) concrete shears due to forces on loops. Since these
modes of failure capacity are the same as those for tensile capacity, the
shear capacity (V) is equal to the tensile capacity (F). Therefore, the
shear capacity of the Arkansas pin and wire rope connector is 93.3 kips.

d. Torsion Capacity

The -failure modes for the connector in torsion are the same as the
failure modes for the connector in shear. However, the pin analysis
changes since the loading on the pin changes. For the torsion mode, the
pin is under the loading condition shown in figure 31:

—
I
B .
t—=P _fZ_ P: maximum
allowable force
gl ba— 2C d 2c = 1% in.
1 d1 = 141 qin.
| b _7*_ d2 =1 in.
C 2
= BB

Figure 31. FBD of pin of Arkansas connector (torsion)
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Equilibrium of moments and forces dictates that F = 2P.

Solving for P yields:

P = (s.)(a) = (60 ksi) [ (1.25)2 = 73.6 kips
4
Now solving for F:

F

(2)(73.6 kip)

F = 147.2 kips

In

Since this value of V (=147.2 kips) is greater than the force V associated
with concrete failure, then concrete failure is still the failure mechanism
for this connector in torsion. Therefore, the torsion capacity of this
connector is given by

T =r2xV
where ro is the vertical distance between loops on one barrier end.

Therefore,

T

(1.3 ft) x (93.3 Kkips)

I

121.3 kip ft

The torsion capacity, T, of this connector is 121.3 kip ft.

2. California Pin and Rebar

The California pin and rebar is shown in figure 32, This connector
has a pin diameter of 1.25 in, and a rebar diameter of 3/4 in. The pin is
unanchored in this connection.

Figure 32. California pin and rebar connector
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a. Tensile Capacity

The possible modes of failure of this connector in tension are: (1)
pin fails in transverse loading, (2) loops fail in tension, (3) loops puil
out of concrete barrier, or (4) concrete shears due to forces on loops.

(1) Tensile Capacity of Connector for Pin Failure

The pin is under the loading condition shown in figure 33:

r
p 4—A— _d*._
T P: maximum
allowable force
—- P2 dy 2c = 13 in.
’ dl = 17 1in,
(., 4 dp=1iin,

Figure 33. FBD of pin of California connector (tensile)

The critical points in this member are B and C. This configuration
is the same as for the pin of the Arkansas pin and wire rope in torsion
loading mode except the distances d and d are different. Therefore,

solving for the stresses Oy produced by bending and Txz produced by
pure shear:
9% = Mc = bdQP = 4(1.5)P = 7.823P
I D3 o.625)3
Txz=P= P = P  =0.,815P
A Tle? T1(.625)2
Now using the values of o, and T to sclve for the principal stresses

X Xz

g1 9y and 01 yields:

7.823P V(7.823P)2 + (0.815P)2 - 7.908F
7 7

Q
i_l
"
ol
=
+
Q
| ¢
S
o
+
o
I
S|
F§)
"

2 > 7.823p - [[7.823P\2 + (0.815P) = -0.085F
N N N & .
3T = =
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The Von Mises (Distortion Engergy) Theory (2) will be used to evaluate
for the strength of the pin, since this theory best agrees with
experimental results. This theory states that failure is predicted to
occur if:

(09 - 02)2 + (0 - 03)2 + (03‘_ 01)2 > 2 0%
Solving for P:

(7.908P)% + (0.085P)2 + (7,993P)2 = 20%

Because the pin is not anchored on both ends, failure occurs at yieiding.
Therefore, for Of = 36,000 psi, P = 4.5 Kkips. Letting F = 2P:

F

(2)(4.5 kips)

F 9.0 kips

The tensile capacity of the connector for pin failure is 9.0 Kips.

(2) Tensile Capacity of Connector for Loop Failure

Each loop in the barrier system is loaded as shown in figure 34:
4p

P/2 p/2

Figure 34. FBD of loop of California connector {(tensile)

California specifies a 3/4-in-diameter rebar with an ultimate strength of
60,000 psi.

Solving for P yields:

P/2 = (60 ksi)g(o.75)2-—> P = 53,0 kips
A |

Now solving for F:

F = 2P = 2(53.0 kips) = 106.0 kips

Since this value of F is higher than the F for pin failure (= 9.0
kips), loop failure is not the failure mechanism for this connector.
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(3) Tensile Capacity of Connector for Loop Puliout

The force which pulis the loops out of the barrier end must be
sufficiently large to break the adhesive bond between the steel and the
concrete and bend the rebar around the curved portion of the siot in which
it is cast. The rebar is loaded as shown in figure 35:

: p

=

Figure 35. FBD of rebar of California connector {(tensile)

To analyze the anchoring of the loop, we need to determine the
development length required to prevent loop pullout. This is governed by
the equation:

0.04A, £
Ld=_____b__‘L
£¢
where Ay is the rebar cross-sectional area, L4 1is the development
tength of the straight portion of the bar, and fy is the failure stress
of the bar.
0.04 .
Ld - ( )(0.44)(36,000) - 12 in

3000

Hence, the length of rebar required to prevent pullout is 12 inches. Since
the straight portion of the California rebar is approximately 24 in, the
rebar will npot pull out of the barrier for any load (it would fail in
tension before doing so).
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(4) Tensile Capacity of Connector for Concrete Shear

The concrete is loaded as shown in figure 36:

r—----l*P
P‘h

Figure 36. FBD of concrete of California connector (tensile)

The shear strength of the concrete v. is equal to 2 fé_ Therefore,

Vo = 2\/3000 r=i = 109.5 psi

Solving for P:

(4)(109.5 psi)(204 in2 ) = 89.4 kips
(2)P = (2)(89.4) = 178.8

P
F

Hon

Since this value of F is well above the 9.0 kips associated with pin
failure, concrete shear is not the failure mechanism.

The tensile capacity of the California pin and rebar connector is 9.0
kips, and is governed by the capacity of the pin in transverse loading.

b. Moment Capacity

The moment capacity, M, of the California pin and rebar is the
distance ( r ) between the pin center and the extreme fibers of the
barriers crossed into the tensile capacity of the connector. Therefore,

M= r xF

M

(1ft) x (9.0 kips)

=
T

5.0 kip ft
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c. Shear Capacity

The possible modes of failure of this connector in shear are: (1) pin
fails in transverse loading, (2) loops fafl in transverse loading, or (3)
concrete shears laterally due to rebar rotation inside the concrete. Mode

(1) for shear failure is the same as for tensile failure. Therefore, we
will examine only modes (2) and (3) and compare them with failure mode (1).

(1) Shear Capacity of Connector for Loop Fallure

The loops are loaded as shown in figure 37:

Mb
" Ph /N

Figure 37. FBD of loop of California connector (shear)

This is a statically indeterminate component. However, assuming the loop
will fall in tension, then the shear capacity for loop failure equals the
tensile capacity for loop faijlure.

Since the 106.0 kips for loop failure is greater than the V¥V associated
with failure of the pin, lcop failure is not the fallure mechanism for this
connector in shear.

(2) Shear Capacity of Concrete

The concrete in shear is loaded as shown in figure 38:

Figure 38. FBD of concrete of California connector (shear)
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Since the force V required to shear the concrete in a shearing mode is
roughly on the same order of magnitude as the F required to shear the
concrete in a tension mode (F = 178.8 kips), concrete shear is not the
failure mechanism for this connector in shear.

The shear capacity (V) of the California pin and rebar connector is
9.0 kips, and is governed by the capacity of the pin in transverse loading.

d. Torsion Capacity

The fatlure modes for the connector in torsion are the same as the
failure modes for the connector in shear. However, the pin analysis
changes since the loading on the pin changes. For the torsion mode, the
pin i3 under the loading condition shown in figure 39:

POAC—A—- :i;
—T— PysP1: maximum
allowable forces
—-1 —2c dq 2c = 1% in.
dy = 17 in,
d2 = 1% 1in.
P 4—£—
1 d
D P 2
~ T

Figure 39, FBD of pin of California connector (torsion)

Letting V = Po + Pl, summing forces in the X-direction, and summing

moments about D yields the following relations:
2 Fy =P, +P =P -P; =0

g/
=

d2P1 - (dz + dl)Pl + (dl + 2d2)PO =0

dl + 2d2 Po = 1'176PO
dj

o
=
il

The principal stresses gy Jp and ,cr.3 are

o1 = 7.908P,
02.:0
03 = -0.085P,
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Solving for PO :

(7.908P )2 + (0.085Py)2 + (7.993P,)% = 2.6 x 109
Py, = 4.5 kips

v

(]

P + P] = 4.5 kips + (1.176)(4.5 kips)

V =9.8 kips

Since this value of V Is the fimiting force for torsion loading, the
torslion capacity of the connector in given by:

T=r9xV, where rp I8 the minimum vertical distance between loops on one
barrier end.

Therefore,
T= (1.42 ft) x (9.8 kips)
I: 14,0 kip ft

The torslon capacity, T, of this connector is 14.0 kip ft

3. Virginia Tongue and Groove

The Virginia tongue and groove connector i{s shown in figure 40. It
has a 2.5 in (top) x 7.5 In (bottom) x 21.25 In (high) tongue. Tongue and
groove connectors in general have no tensile or moment capacitlies because
they have no mechanism for resisting tensiie forces.

Figure 40. Virginia flaring tongue and groove connector
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a. Shear Capacity

The shear capacity of this connector is the product of the cross-
sectfion area of the tongue and the shear strength of the concrete.

Solving for V, the shear capacity is

V= (M)24ED
V = (106.3)(24/4000)
V = 13.5 kips

The shear capacity of the connector is 13.5 kips.
b. Torsion Capacity
The torsion capacity of the connector is the product of the distance

between the resultant forces acting on the tongue and the resultant forces,
as shown in figure 41:

.126 ksi

_;‘ N

Figure 41. FBD of tongue for Virginia connector {torsion)

Solving for the torsion capacity, T:

T=r2XR
T =1.13 ft x 3.0 kips
T = 3.4 kip-ft

The torsion capacity of the connector is 3.4 kip ft.

4, Summary of Analytical Determination of Connector Strengths

The results of the complete structural analysis are shown below in
tables 5 and 6. Table 5 contains the structural capacities of the pin and
rebar, pin and wire rope, and pin and eye-bolt connectors. The structural
capacities for these connectors we calculated using the GME {In-house
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Table 5. Structural capacities of pin and loop connectors

Tensile Shear Moment Torsion Failing Pin
Connector Type (kips) (kips) {kip-ft) {kip-ft) Component Anchored?
State
Pin and Rebar
Alabamas 3.9 3.9 3.9 5.2 pin N
Alaska 81.8 81.8 81,8 122.7 loop Y
California 9.1 9.1 9.1 14,0 pin N
Colorado 2.6 2.6 2.6 3.5 pin N
Dist. of Columbia 106.0 106.0 106.0 163.5 loop Y
Florida 7.6 7.6 7.6 16,1 pin N
Georgla 6.6 6.6 8.2 8.5 pin N
Hawai i 76.6 76.6 76.6 113.5 loop Y
Indiana 2.9 2.9 2.9 3.1 pin N
Kentucky BB.4 88.4 88.4 132.5 loop Y
Maine 2.6 2.6 2.6 3.5 pin N
Mississippl 106.0 106.0 106.0 159.0 100p Y
Nebraska 3.5 3.5 3.5 5.2 pin N
Nevada 8.8 B.B 8.8 13.6 pin N
New Hampshire 3.5 3.5 3.5 5.2 pin N
New Mexico 2.6 2.6 2.6 3.5 Pin N
N. Carolina 3.9 3.9 3.9 5.2 pin N
Ohio 6.7 6.7 6.7 8.4 pin N
Ok 1ahoma 3.9 3.9 3.9 5.2 pin N
Rhode island 3.9 3.9 3.9 6.0 pin N
South Carolina 13.4 13.4 13.4 19.0 pin N
Vermont 3.9 3.9 3.9 4.6 pin N
Wisconsin 3.9 3.9 3.9 5.2 pin N
Wyoming 2.6 2.6 2.6 3.5 pin N
Pin and Wire Rope
Arizona 3.9 3.9 3.9 4.9 pin N
Arkansas 93.3 93.3 93.3 i21.3 concrete Y
Floridas 7.6 7.6 7.6 10.1 pin N
f1tinois 2.6 2.6 2.6 3.5 pin N
fowa 6.5 6.5 6.5 9.2 pin N
Louisiana 4.5 4.5 4.5 7.0 pin N
Minnesota 7.7 7.7 7.7 9.0 pin N
Montana 5.2 5.2 5.2 4.5 pin N
N. Dakota 7.7 7.7 7.7 9.0 pin N
Oregon 4,7 4,7 4.7 6,5 pin N
Utah 3.4 3.4 3.4 3.0 pin N
Washington 4.5 4.5 4.5 7.0 pin N
Wyoming 2.6 2.6 2.6 3.5 pin N
Pin and Eye Bolt
West Virainia 2.6 2.6 2.6 3.1 pin N
Michigan i.7 1.7 2.0 1.9 pin N
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Table 6. Structural capacities of tongue and groove connectors

Connector Type

State

flaring Tongue
and Groove

florida

Ohio
Pennsylvania
Texas
Virginia

West Virginia

Stralght Tongue
and Groove

Florida
New Jersey
New Mexico
Oregon

Tenstle
(kips)

[= I =~ B = O e R = )

(= R I — =)

Shear
(kips)

11.6
13.5
11.6
10.9
13.5
11.2
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program PINLOOP, . which is modeled after the analysis just performed. Table
6 contains the structural capacities of the flaring tongue and groove and
straight tongue and groove connectors. Capacities for these last two
connectors were calculated by hand.

The most interesting result of the analysis of pin and loop connectors
is the large differences in the capacities of connectors with anchored pins
versus the capacities of connectors with unanchored pins. In general, the
capacities of anchored pin connectors are an order of megnitude greater
than the capacities of unanchored pin connectors. For example, the tensile
capacities of wunanchored pin connectors range from 3 kips to 9 kips,
whereas the tensile capacities of anchored pin connectors ranged from 77
kips to 106 kips. This discrepancy is because the mode of failure changes
from yielding to rupture when going from unanchored to anchored pins, To
date, only six States specify anchoring for their pins.

Invariably, the pin is the critical component of unanchored pin
connectors, since the pin needs only to be pulled and bent out of the loops
to destroy the intearity of the connection. This makes the structural
capacity of the pin an order of magnitude less than other structural
components of the connector. One critical factor which determines bending
on the pin is the distance between the two top loops or the two bottom
loops of the connector. The greater the distance between these loops, the
greater the moment arm on the pin, and hence the lower the capacity of the
pin to resist bending. The structural capacity of the pin is also very
sensitive to the pin diameter since the pin diameter gets squared or cubed
in strength calculations. For example, doubling the pin diameter willi
increase the strength of the pin by a factor of 4.

On the other hand, the structural capacity of the components of
anchored pin connectors are in the same general range, being somewhere
between 77 kips to 160 kips. This is because the anchored pin must now be
ruptured to destroy the integrity of the connection, which raises the pin’s
structural capacity an order of magnitude. While unanchored pin capacities
range from 3 kips to 13 kips, anchored pin capacities range from 94 kips up
to 160 kips.

One last interesting feature of pin and loop connectors is the loop
configuration when barriers are connected. In general, the loop configur-
ation of the California connector is preferable to the loop configuration

of the Arkansas connector. This is because the former configuration will
prevent barriers from vertically displacing relative to one another,
whereas the latter configuration will not.

The shear capacities of flaring tongue and groove connectors are
generally higher than the shear capacities of straight tongue and groove
connectors. This is because the shear areas for flaring tongue and groove
connectors are larger than the shear areas for straight tongue and groove
connectors. Shear areas for flaring tongue and groove connectors range
from 99 sq in to 107 sq in, whereas shear areas for straight tongue and
groove connectors range from 62 sq in to 96 sq in.
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On the other hand the torsion capacities of flaring tongue and groove
connectors are smaller than the torsion capacities of straight tongue and
groove connectors. This is because the torsion moment arm for straight
tongue and groove connectors is greater than the torsion moment arm for
flaring tongue and groove connectors. Torsion capacities for flaring
tongue and groove connectors range from 2.7 kips to 3.4 kips, whereas
torsion capacities for straight tongue and groove connectors range from 4.1
kips to 6.3 kips.

Of all the connectors analyzed, the pin and loop connectors with
anchored pins are by far the most structurally sound connectors.
Generally, pin and loop connectors with unanchored pins and tongue and
groove connectors have about equal shear and torsion capacities. However,
the pin and loop connectors with unanchored pins are superior to tongue and
groove connectors because of the latters inability to generate any tensile
or moment capacity.

As stated earlier, only one report, TTl’s "Barriers In Construction
Zones," {7) actually showed the computations which yielded the structural
capacities for the connectors that they analyzed. Comparing GME”"s results
to TTI’s results shows that for several connectors, GME’s calculated
strengths are lower than TTI’s calculated strengths. The main reason for
these differences is that TTI generally used higher material constants than
GME did for analysis. For example, TTI used 60 ksi for steel vyield
strength in some calculations, whereas GME used 36 ksi for several
calculations, Other differences included different specifications used,
different analytical techniques, and round-off errors.
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V. Crash Test Results

To date, 45 valid crash tests are known to have been performed on
portable concrete barriers (PCB) and their connectors. Details concerning
individual tests are given in appendix B. While more than 45 crash tests
have been performed on portable concrete barriers, not all of these tests
are a true test of the connector. For example, Southwest Research
Institute (SWRI) performed crash tests on concrete barriers that had back-
up structures attached to prevent barrier displacement on impact. The
reason for this was that SWRI was testing the barrier shape and vehicle
reaction, not the connector design. However, by adding this back=-up
structure to the barrier system, the barrier connectors were effectively
under a non-loaded condition at impact. Therefore, it was impossible to
tell how the connector would have reacted in a field situation. For this
reason, crash tests of this nature are not included in this report.

The crash testing of portable concrete barriers and their connectors
Is the best way to estimate connector performance In the field. This s
because crash testing is the closest simulation of the actual conditions to
which a connector is exposed.

Perhaps the most important result crash tests give is the lateral
displacement of a barrier system on impact. Lateral displiacement of a
barrier system is dependent on, among other things, the stiffness of the
connection. The stiffer the connection, the less the barrier system will
displace. Connectors which allow large lateral displacement (say, 3 ft)
are a danger to personnel working behind the barrier and a hazard to
equipment behind the barrier. Crash testing is useful in determining
whether a connector will sufficiently prevent a barrier from laterally
displacing or not.

Crash testing also reveals connector characteristics that do not show
up in static analysis. For example, unanchored pins in pin and loop
connectors have a tendency to "jump out™ of loops during vehicle impact,
thereby destroying the integrity of the connection.

Crash tests were performed by the foliowing six agencies or
proprietors: California Department of Transportation (CALTRANS), Texas
Transportation Institute (TTI), Southwest Research Institute (SWR1), New
York State Department of Transportation (NYDOT), Barrier Systems Inc. (BSI)
and ENSCO, Inc, Caltrans performed four tests between 1972 and 1874. All
four tests were performed on the pin and rebar connector with wunanchored
pin. The first two tests were run using 7/8-in-diameter pins, and the
second two tests were run using {-in-diameter pins. In three of the four
tests the pins were severely bent. In two of these tests (one with a 7/8~-
in-pin and one with a I-in-pin), the pins actually came out of the loops,
the 7/8 1in-pin being pulled out and the l-in-pin jumping out due to
impact. The I1-in-pin jumping out caused a barrier segment to roll over.
In the two tests that had pins come out of the loops, the lateral
displacement was not an issue since the integrity of the connection was
destroyed and the vehicles penetrated the barrier system. In the two tests
where the pin did not come out of the loops (one with a 7/8-in—pin and the
other with a 1-in-pin), the maximum permanent lateral displacement was 0.52
ft.
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The Texas Transportation Institute performed sixteen crash tests
between 1980 and 1984. Connectors tested were the steel dowel (one test),
flaring tongue and groove with side plates {(four tests), flaring tongue and
groove with channel splice and steel dowels {(one test), the bottom T-lock
(eight tests) side plates (one test), and channel splice {(one test). All
the connectors performed adequately for these tests except one test of the
flaring tongue and groove with side plates. In this test, {number 3825-%9),
at an impact speed and angle of 63.4 mi/h and 25 degrees, respectively, and
with a vehicle weight of 4510 1b, several side plates were broken and the
barrier was displaced 6.5 ft.

Southwest Research Institute performed five crash tests between 1974
and 1975 and include test numbers CMB-[, CMB-8, CMB-9, CMB-18, and CMB-24.
Aithough the purpose of these tests was to test barrier shape and vehicle
reaction to impact with a barrier, these tests yielded information
pertinent to connector performance. The connectors tested In these five
tests were dowels with top plate (one test), the New Jersey Welsbach (two
tests), and the straight tongue and groove with side plates (two tests).
The dowels with top plate connector and the New Jersey Welsbach connector
sustained the impacts without damage. The straight tongue and groove with
side plates connector, however, was tested twice and failed both times.
The cracking of female joints on the impact side was the mode of connector
failure. For both tests, nominal impact speed and impact angle were 60
mi/h, 25 degrees, respectively, and vehicle weight was 4500 1b.

The New York State Department of Transportation performed six crash
tests on the I-beam connector. The I-beam connector used in the last four
tests had some slight modifications from the I-beam connectors used in the
first two tests. In all six tests, the connectors performed well, and had
a maximum permanent displacement of 1.4 ft among the six tests.

Barrier Systems Incorporated performed thirteen crash tests, all on
the hinge plate connector. Vehicle mass, impact speed, and impact angle
were varied over these tests to determine the limitations of the connector.
In one of these tests (nhumber 031986-1) the connector failed. This test
used a vehicle weight of 4850 |b, and had an impact speed and angle of 50
mi/h and 25 degrees; respectively. Three tests (numbers 031486-1, 032586-
1, and 032686-1) had excessive lateral displacements ranging from 3.125 ft
to 5.0 ft. The vehicle weights for these three tests ranged from 4020 1b
to 5100 1b, impact speeds ranged from 45 mi/h to 60 mi/h, and impact angles
ranged from 15 degrees to 25 degrees.

ENSCO, Inc. performed one test of the flaring tongue and groove
connector in 1978, For a vehicle impact of 58 mi/h and 25 degrees, and a
vehicle weight of 4240 1b, the connector failed due to one of the barrier
segments being overturned.

In general, those connectors that have been tested are not being used
in the field, and those connectors that are in the field have not been
tested. For example, no crash tests have been performed on the pin and
wire rope connector with anchored pin. Also, while several connector types
performed well in crash tests, not all of these tests were severe. For
example, the New Jersey Welsbach connector was tested with a maximum impact
angle of 15 degrees, while other connectors were tested with impact angles
as high as 40 degrees.
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V. Application and Maintenance of Portable Concrete Barriers

Although most of the portabie concrete barrier (PCB) connectors in use
in the United States have not been crash tested, they have been used
extensively in countless work zones over the last 10 to 15 vyears.
Performance of the various PCB connector systems has been observed in a
number of ways. State highway engineers and other work zone personnel have
ohserved the effectiveness and efficiency of different PCB connectors in
use. Accident reports also are a valuable source of information. This
performance record has pointed out the advantages and disadvantages of
various connectors, thereby completing the picture of the state of the PCB
connector technoloay.

This chapter documents visits made to highway agencies to determine
the field performance of PCB connectors. Problems in the application of
var ious connectors and 1in their field performance are summar i zed.
Information about anchoring portable concrete barriers is also presented
as are methods of connecting portable concrete barriers to other barrier
systems.

A. State Visits

Thirteen State agencies were visited between December 1986 and May
1987 to determine the field performance of their PCB connector systems.
Seven of the agencies visited included office visits and visits to field
sites. The remaining six agencies visited included office visits only.
Table 7 lists the State agencies visited, the connector types used by the
respective agencies visited, and the type and date of visits.

Some States were chosen based on information received in the connector
use survey. Since the pin and loop category of connector was used by more
agencies than any other type, 5tates that use this category of connector
are over-represented. Other States were selected based on the number of
different connectors they used. When information was sought on a
connector little used, the one or two States that used it also were
selected. Because some of the northern States were visited in January or
February, work 2zones with portable concrete barriers were not yet set up
and, therefore, were not visited.

A questionnaire was developed for the State visits. This question—
naire consisted of basic questions to ask about connectors used in the
State and included areas to check during field visits. The interviews

varied widely based on the type of connector used and on the number and
experience of the people interviewed. A brief description of each State
visit and the information learned are given in appendix C.
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Agency

1. Colorado

2. District of
Coiumbia

3. Illinois

4, lowa

5. Kansas

6. Maine

7. Michigan

8. Minnesota

8. Missouri

10. Ohio

11. Texas

12.

13.

(Houston Area)

Virginia

Wisconsin

Table 7. Agencies visited

Connector Types

Pin and Rebar
Tongue and Groove,
Plate Insert,

Pin and Rebar

Pin and Wire Rope
Pin and Wire Rope
Tongue and Groove
w/Dowels, FTongue

and Groove w/Side
Plates

Pin and Rebar
Pin and Eye Bolt and

Dowel

Pin and Wire Rope

Tongue and Groove
w/Continuous Cable

Pin and Rebar, Tongue
and Groove

Triple Dowel, lapped

Joint, Channel Splice,

Top-T

Tongue and Groove,
Plate Insert

Pin and Wire Rope
w/Rebar
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Type of Visit

Office

Office and 1 Site

Office and 2 Sites
Office

Office and 1 Site

Office

Office

Office

Office and 2 Sites

Office and 1 Site

Office and 3 Sites

Office and 4 Sites

Office

Dates of Visit

1/21/87

5/07/87

2/10/87
1/22/87

5/28/87

1/16/87

2/11/81

3/13/817

2/9 and 5/27/87

2/12/87

12/30 and 31/86

5/05/87

2/02/87




B. Problems in Application of PCB Connectors

Even the strongest connector is not effective if it has not been
fabricated or installed as designed. The following problems in field
application are summarized from the State visits discussed in appendix C.

* Inspectors do not have specific criteria against which to reject a
barrier segment being installed, or on when to reguire that a
barrier segment be replaced. [11inois does specify that the
offset between segments be not greater than 1| in.

* Pin and loop connectors that are too close-fitting do not allow
for installation on curves or at angles. As a result, smaller
pins are being used or pins are being left out of connectors.

* It is not possible to replace a segment in the middle of barrier
run with doweled connectors, male-female tongue and groove
connectors, or tongue and groove with cont inuous cable
connections.

* Tongue and groove and doweled connectors are difficult to inspect
once they are installed.

* Segments that are 30 ft in length are too long, too heavy, and too
cumbersome for most agencies to handle with currently available
equipment.

* Rebars used for loops sometimes crack during fabrication or
moving.

* Channel splice and plate insert connectors are not easy to curve
or angle, Some part of the connector is more likely to be left
off where {t may be most needed.

* Barriers are sometimes not connected where the barrier has to be
moved for access to the work area.

* Barriers can be hard to align vertically when they are extended
across shoulders.

* When the gap between segments in connectors such as the grid slot

or dowel 1is not controlled by specification or design, the
barriers tend to be spread farther apart in order to make it
easier to replace a segment or to make up small gaps near

permanent barriers.

* Agencies with more than one accepted connector or barrier
design sometimes find two or more types of connector or barrier
intermixed at one site.

* Changes in connector requirements would make the existing barrier
obsolete.
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* Pin and rebar connectors in many cases are not stiff enough to be
used on bridges or near drop-offs where deflection distances are
limited.

C. Problems in Eield Performance of PCB Connectors

Performance of barrier in controlled crash tests can be measured in
terms of the lateral deflection of the barrier, and in terms of damage to
the impacting vehicle and barrier system. Of course, the size, speed, and
angle of the impacting vehicle in crash tests are controlled. Also, the
barriers are installed in a manner completely in agreement with the barrier
gspecifications; for example, Jjoints are pulled tight and barriers are
placed on styrofoam pads.

Information on fincidents of vehicles striking barriers was gathered
during the State visits. In most of these incidents, the speed and angle
of the impacting vehicles were not known, and in some cases the vehicle
type was not known. The information does give, however, an idea of what
barrier systems are being knocked out of place or penetrated. Field
performance problems found from the State visits are summarized below. The
States where the problem was observed are given in parentheses after the
problem.

* Barriers connected with the grid slot overturned and rolled down a
side slope when struck by a semi-trailer truck. (Texas)

* Numbers 4 and 5 rebars used as pins bent when the barrier was
impacted. (Maine)

» Barriers connected with the tongue and groove with continuous
cable deflected 3 ft to 5 ft after a high-angie (45 degree)
impact but did not overturn. (Missouri)

* Large chunks of concrete were knocked into opposing lanes and one
of these concrete missiles struck a maintenance worker (Virginia)

» When struck by a loaded semi-trailer truck, #6 pins on pin and
eyebolt connectors "bent like pretzels." The truck had struck a
parallel run of guardrail on a bridge approach prior to hitting
the barrier. {Minnesota)

* Two incidents involving barriers with pin and eyebolt connectors
were observed in which no accident occurred. in the first, an
empty grain truck used the barrier as a braking rail to avoid a
rear-end collision. The truck was in contact with the barrier for
60 ft. The barrier deflected It in. In the second incident, a
semi-trailer truck climbed the barrier to within 3 in of the top
of the barrier. The barrier deflected 6 in and the truck was
undamaged. {Minnesota)

* Two accidents involving loaded semi-trailer trucks were observed
at barriers connected with pin and eyebolt. In the first
accident, a truck rebounded from the guardrail and went through a
barrier run. "Inserts and pins on all affected segments either
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broke off or were pulled out of contrete." (10) In the second
accident, pins and eyebolts failed and one barrier segment flew
30 ft and hit an adjacent bridge. {(Minnesota)

* In two accidents involving trucks hitting barrier connected with
pin and wire rope, lateral deflection was 8 ft., which is too
large for most applications. The trucks did not penetrate the

barriers, however. (Minnesota)

* Eteven accident reports were obtained where the barrier has been
connected with the tongue and groove with a single dowel. Work
zone roadway was comprised of an S curve with barrier on both
sides of the roadway and in the median. In one accident a pickup
truck and a car hit the barrier at different points. Both
vehicles knocked the barrier into opposing lanes of traffic. In
another accident, the car hit the barrier and overturned one
segment. The car then went over the barrier into opposing lanes.
In other accidents, vehicles flew over the barrier or overturned
after hitting the barrier. (Kansas)

D. Anchoring

Anchoring is the fastening of portable concrete barriers to the
surface upon which the barriers rest. Several States require some sort of
anchoring for portable concrete barriers, and specify anchoring for a
variety of reasons. Some reasons for using anchoring are as folliows:

* Anchoring minimizes or negates lateral movement of the barrier
when impacted by a vehicle. Minimizing lateral displacement is
necessary when the work zone behingd the barrier is narrow, such
as on bridge decks or near drop-offs.

® Anchoring is necessary for a PCB system if it is to be converted
to a permanent barrier system. In general permanent barriers must
not allow lateral displacement, and anchoring of precast barriers
is the best way to ensure this.

® Anchoring can prevent barrier overturn. Not all anchoring methods
will prevent barriers from overturning, but some methods will.
Preventing barriers from overturning is important, because
barrier overturning tends to induce ramping of a vehicle during
its impact with & barrier.

Anchoring methods fall into two categories: anchoring by pins or
dowels, and anchoring by splice plates combined with pins. The first
method involves driving steel stakes through precast holes in the barrier
base into the surface. The stakes are /2 in to 2 1/2 in in diameter, and
are embedded in the ground from 5 in to 36, in depending on whether the
surface is paved or unpaved {(the greater embedment lengths are specified
for wunpaved surfaces). New York uses anchoring of this category. One
variation of this method is the use of short dowels (6 in to 12 in in
length) which are not driven through holes in the barrier base, but rather
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are aligned with slots, or short length holes, in the bottom surface of the
barrier, and aligned with holes in the surface. Colorado uses dowels for
anchoring. Another variation of pin and dowel anchoring is driving the pin
used in pin and loop connectors into the surface., Indiana is a State which
uses this method of anchoring.

The second anchoring method involves splice plates, typically angle
iron, which both connects barrier segments and anchors the barriers to the
ground, Florida is an example of a State that specifies splice plate
anchoring. lowa specifies anchoring straps which are anchored to the
ground on one end and are connected with the pin in the locops on the other
end.

Another method which 1is not true anchoring but which should be
mentioned is the use of back-up embankments placed behind barriers. Back-~
up embankments prevent lateral displacement of the barrier, and are
typically either earth berms or short-height asphalt curbs which run the
length of the barrier system on the work =zone side of the system,
Somet imes the barrier will straddle an embankment through use of
longitudinal keyways cast into the barrier bottom. Short-height back-up
curbs, however, will not eliminate the possiblity of barrier overturn.

E. Connections to Other Barriers

Connections to other barriers involve the fastening of other highway
appurtenances to portable concrete barriers. Such appurtenances include
permanent concrete barriers, impact attenuators, and guardrails such as the
W-beam. In all observed cases, highway appurtenances are connected only to
the ends of PCB systems. Impact attenuators are generally used as head-on
crash cushions on the entrance end of PCB systems. W-beam rafls, on the
other hand, are used as flared end segments on both ends of PCB systems.
Permanent concrete barriers are used as a continuation of the PCB system.

The various appurtenances are connected by two methods: bolting and
butting. W-beam rails are generally bolted to portable concrete barriers.
The W-beam rail overlaps with the PCB for approximately 4 ft and is flush
with the side of the barrier. Bolts, which run through the width of the
PCB segment, fasten the W-beam to the barrier. In some States, the W-bezm
rail 1is mounted to the barrier segment with wooden offset blocks placed
between the W-beam rail and the barrier seagment. This allows the W-beam
rail to protrude out into the traffic side of the barrier as far as the
pbarrier base, thus reducing snagging potential in the barrier system.
Other States shave the base of the barrier on the approach end to make the
base narrower and reduce snagging potential.

Impact attenuators, on the other hand, are butted against the head-on

end of the PCB system. In some cases, the impact attenuator may also be
bolted to the barrier in a fashion simiiar to W-beam rails, as well as
being anchored to the ground. Portable concrete barriers are butted

against the sides of permanent barriers at a slight angle. A concrete
transition segment is then cast between the permanent and portable barriers
to provide a smooth transition between the two barrier systems on the
traffic side. Georgia specifies most of the methods described above.
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VI. Conclusions

This chapter presents the study conclusions drawn from the connector
use survey, strength analysis, crash tests, and State wvisits. The
conclusions are presented in the order of most to least important. At the
end of each conclusion is the page number of the report where supporting
information can be found.

* There is a wide variety both in the types of connectors used for
portable concrete barriers and in the design specifications of any one
barrier type. for example, within the basic pin and loop category
loops are constructed with reinforcing steel (rebar), wire rope, eye
bolts, and steel plates. (9)

* Most catastrophic accidents with barrier invoive heavy trucks or
vehicles striking the barrier at high speeds and at high angles.
High-angle impacts are most 1ikely when barrier is on both sides of
the road or when barrier is placed in curves. (74)

* The types of connectors most used in the field are generally those
which have had the least crash testing. The California pin and rebar
had four crash tests conducted in 1972-74. These four tests have been
the extent of crash testing of pin and loop connectors. Moreover,
although the bottom T-lock connector has been crash tested eight
times, the connector use survey revealed no agency that currently
specifies this connector. (70)

* Crash tests are still the best method of estimating connector
performance because crash testing is the closest simulation of the
actual conditions to which a connector is exposed. Crash testing also
reveals dynamic performance of connectors which does not show up in
static analysis. For example, in Caltrans grash test 293, unanchored
pins in the connectors " jumped out"™ of loops during vehicle impact,
thereby destroying the integrity of the connection. (69)

* Some varieties of the pin &and 1loop connector have strength
characteristics that are sufficient for most highway situations and
approach the requirements of permanent barriers (4500 1Ib vehicle
impacting at 25 degrees at a speed of 60 mi/h) They are not always
installed in the field, however, so that their full capabilities can
be utilized. (73)

* Even low strength connectors such as the tongue and groove used in
Virginia, are effective in redirecting many of the vehicles impacting
& barrier. (4)
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Generally, pin and loop connectors with unanchored pins and tongue and
groove connectors have about equal shear and torsion capacities.
However, the pin and loop connectors with unanchored pins are superior
to tongue and groove connectors because of the latters inability to
generate any tensile or moment capacity. (68)

Review of a limited number of accident reports shows that high-angle
impacts are most likely when the barrier is on both sides of a roadway
or when there is guardrail on one side and barrier on the cother. (75)

The most commonly used type of connector 1is the pin and loop
connector. The next most commonly used types of connector are the
tongue and groove and the plate insert. (4)

Retrofitting and modifiying of connectors to make them stiffer and
stronger are attractive options due to the amount of barrier already
cast with certain connectors. (73)

Some States stiffen and use stronger barriers for situations where
high-angle impacts are possible, high speeds are likely, or there is a
limited distance for barrier deflection. (75)

Not all connector designs are based on standardized design practices
as specified by authoritative organizations. For example, Michigan
does not provide for sufficient anchoring of eyebolts in their pin and
eyebolt connector to prevent the eyebolts from breaking out of the
concrete as specified by American Concrete Institute (ACI) codes ACI-
12.2.2 and ACI-12.5.3. as cited by Wang and Salmon. (11) (67)

Static structural analysis is valid only in that it compares one
connector’s strength with that of another connector. In application
static loads do not occur to barrier systems. (69)

Static structural analysis usually will determine the weakest component
in a connector system. This does not always indicate what actually
happens when a barrier is impacted. For example, static analysis of a
flaring tongue and groove connector showed the failing component to be
the male tongue. Crash tests performed on flaring tongue and groove
connectors with side plates, however, had the female groove fail, not
the male tongue. This was because impact was on the side of the
groove. (70)

Unanchored pins in pin and loop connectors have the danger of "jumping
out™ of the Ilopops during vehicle impacts, thereby destroying the
structural integrity of the connector. {(69)
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In the field barriers are not always fnstalied according to standard
plans. For example, smaller pins are substituted, gaps are excessive,
and broken or chipped barrfiers are used. (73)

Loops made of wire rope generally are stronger than those made of
rebar. Rebar loops also are more prone to breaking during fabrication
and handling. (73)

Published reports give conflicting figures for some connector
strengths. For example, one study (7 gives the tensile capacity of
the 1Idaho pin and rebar as 6] kips, whereas another study (4) gives
this same capacity as 23 kips. (47, 48)

Some connectors, such as dowel or plate inserts, cannot be fnspected
easily to see if all connector hardware is being used. (73)

For pin and loop connectors with unanchored pins, the pin 1is the
critical structural element, its structural capacity being an order of
magnitude less than that of other components of the connector. This
is because the pin need only be bent rather than ruptured in order to
destroy the integrity of the connection. (67)

Inspectors need guidance on when to replace a barrier due to excessfve
spalling or damaged loops. (73)

Pin and loop connectors are more prone to sloppy installation than
other types of connectors. Pins smaller than standard and loose loops
can significantly affect field performance. (73)

The larger the gap between either the top two or bottom two opposing
loops 1in a pin and loop connector, the smaller the pin’s structural
capacity. This is because the moment arm between opposing forces on
the pin is increased. (67)

Most users of pin and loop connectors do not specify gap width. - To
date, only 15 of the 46 pin and loop connector users specify a gap
width, (10)

In pin and loop connectors, iarger gap widths mean greater rotational
slack in the connector, which increases the estimated lateral
displacement of a barrier system using this connector.(10)

The pin and 1loop connector can be strengthened and stiffened by
putting a nut on the pin, by using shims, or by adding side piates,
(74)
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Connector systems in which the gap is controlled as a part of the
connector are preferable to those in which gaps are variable and can
vary from one location to another. (73)

In agencies where two types of connectors or barriers are specified,
intermixing of designs on one job 1is common. For 1instance, in
Virginia tongue and groove and plate insert connectors are mixed, and
in Michigan 6 In top and 10 in top barriers are mixed. (73)

The loop configuration of the California pin and rebar connector is
preferable to the loop configuration of the Arkansas pin and wire rope
connector, This 1is because the former configuration will prevent
barriers from vertically displacing relative to one another, whereas
the latter configuration will not.(67)

Results for connector strength analyses are lower than those given in
previous reports mainly because of different material constants. (68)

Some States are using metal guardrail behind barriers to connect
segments when the normal connector does not work. (appendix C)

Excessive gaps between barrier segments create snag points on which
impacting vehicles may get caught. This defeats the "safety shape"
design of the barrier. (appendix C)

The strength of pins in anchored pin and loop connectors generally
matches the strength of other components in the connector. (67)

Some States bevel the corners of barriers to prevent snagging of snow
plows and to allow placement of the barrier sections in curves.
(appendix C)

Several 5States specify the same precast barrier design for temporary
and permanent installations. (75)
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VII. Recommendations

The following recommendations cover items that the project staff feel

are implementable based on the state of portable concrete barrier
technology. Further research and crash tests that are recommended are
covered in the next chapter. Recommendations are listed in descending

order of importance:

* Agencies should specify strengthening or stiffening of connectors
for conditions where minimal deflection distances are available,
where high speeds or high impact angles are possible, or where
there 1is a large proportion of truck traffic. Candidate sites
inctude bridges, bridge approaches, lateral shifts or crossovers,
or any roadway where there are two or three parallel runs of
barrier.

* Inspectors should use the checklist given in table 8 for
determining the adequacy and condition of PCB connectors.
Inspection of the connectors during installation is particularly
important for tongue and groove, plate insert, and doweled
connectors.

* Pins in pin and loop connectors should be anchored at both ends
of the barrier segment. Anchoring by drilled hole with cotter
pin or slotted end with driven pin will prevent pins from jumping
out on impact. Only nut and washer anchoring will prevent pins
from being bent out of the loop when the pin is loaded, and is
therefore the recommended anchoring method.

* Plan sheets covering the pin and locop type of connector should
specify the permissible gap width between barrier segments. The
ptan sheets are clearer concerning the connection if two segments
of barrier are shown.

* The permissible gap between barrier segments should be specified
for tongue and groove, plate insert, and doweled connectors, For
plate insert and doweled connectors it is preferable tc¢c have a
minimum gap of at least 1/4 in to allow for verification that
all connector hardware is present.

* Wire rope is generally preferable to steel rebar for forming
loops in pin and locop connectors. Also, loop configurations
should be like the California pin and rebar connector, to prevent
vertical displacement between barriers.

* The goal in design of connectors is to match the strength of alt
components of the connector.
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General

l.

Table 8. Inspectors checklist

Check for segments that have chipped or broken places that could
create snag points. Broken places are critical near joints when
the gap adds to the distance between segments. Total gaps of 5
fn or greater should be considered critical.

Check for cracks near 1ifting points and around drainage channels,

Focus on the condition of connectors at angles, curves, or where
segments have been replaced.

Check for acceptable width between barrfer segments.

For Pin and Loop Connectors

Check that pins are installed and are the proper design and
diameter.

Check for cracked, broken, or bent loops.

Check that tongue on tongue and groove connector has at least two-
thirds of its length in good condition.

Check for presence of dowel bars and plates fn connection.
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States should use PCB connectors only if they have been
structurally analyzed and sucessfully crash tested (see chepter
VIII for needed crash tests).

States should adopt a regional connector design, as Iltinois,
Minnesota, and Wisconsin have to decrease the number of different
designs that fabricators and contractors must stock.

Crash tests of PCB connectors should use a point of impact near
the PCB connector.
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VI1l. Additional Research Needed

Additional research is needed to resolve some Issues related to
portable concrete barrier (PCB} connectors. A major concliusion of this
study was that the most used connectors are the least crash tested. It is
unlikely, however, that enough crash tests could be conducted that would
resolve all issues of connector design. Additional accident data also
should be analyzed.

Needed research on PCB connectors, comes under four categories: (1)

computer simulation (2) impact tests, (3) crash tests, and (4) accident
studies.

A. Computer Simulation

Computer simulation involves the programming of static and dynamic
properties of portable concrete barrlers and their connectors and using
these properties to simulate and predict barrier reactions for certain
impact conditions. This is an attractive research tool since it is
relatively inexpensive and since sensitivity analysis can be performed on
various components of the barrier at no extra cost. Also, much of the
undesirable randomness of actual crash tests is eliminated in simutation
programs .

While work has been done in the simulation area for portable concrete
barriers, however, no comprehensive effort to use these models for
analyzing barrier connectors is known. It is recommended that previous
simulation research on portable concrete barriers be reviewed to locate the
most promising results and software. This software should be used to
predict estimated barrier displacement for those connectors that are
specified by the State. Sensitivity analysis should also be performed on
these barrier systems for different ground or surface conditions, different
segment lengths, and various dimensions of connector components.

B. Impact Testing

Impact testing involves connecting several barriers and impacting them
with a bogie in order to determine the connector’s reaction on impact, One
suggested configuration for a test of this sort is shown in figure 42,

To test the moment capacity of the connector, the bogie would strike
the barrier system at point 1, on a level with the center of gravity (C.G.)
of the barrier system. Back—-up structures would be added as shown in the
figure. To test the shear capacity, the bogie would strike the barrier
system at point 2, on a level with the C.G. of the barrier system. To test
torsion capacity, the bogie would again strike the barrier system at point
2, but this time at a level well above the C.G. of the barrier system.
Back—-up structures for these last two tests would be added as shown in the
figure.
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backup structure
{optional, for
shear test only)

backup
/—_structure

i

1 2 /
portable concrete barrier

Figure 42. Impact testing configuration

The main advantage of impact testing is that it tests the connector’s
reaction to moment, shear, and torsion dynamic loading alt on an individual
basis. Crash tests have several other variables involved, and connector
reaction is often a secondary consideration. Since most of the present
connectors used in the field have not been crash tested, it is recommended
that impact tests be performed on some of these connectors. Of particular
interest is the pin and loop connector. Tests should be run wusing
unanchored pins, pins anchored with cotter keys, and pins with nuts on the
threaded portion to determine how the connector’s reaction changes with
different pin configurations. Impact testing could also be used to screen
out undesirable connectors, with only promising connectors being fully
crash tested.

C. Crash Testing

Crash testing is still the best method to test comnnector design, since
crash testing 1is still the closest approximation of conditions to which
connectors are exposed in the fieid. Crash tests in the past have vyielded
valuable information on connector performance that neither static nor
dynamic analysis was able to predict. However, as mentioned in the
Conclusions chapter, the most used connectors are also the least tested
ones. Crash testing is recommended, therefore, for these connectors.

Foremost among these connectors is the pin and wire rope connector,
since it is so widely used. Pin configuration for this test (whether
anchored or unanchored) could be determined through analysis of impact
tests. At least one test should be run on a pin and loop connector which
has a stiffener in the gap, such as the Ohio shim shown in figure 46 or
the GME pinned spacer as shown in figure 43, to see how stiffening the
connector affects the performance of the barrier system. Other connectors
which need testing are the pin and eyeboit, and plate insert connectors.
It is also recommended that a rumn of unconnected barriers with both 6~in
and 10-in tops be tested to determine what part the mass of the barrier
itself plays in redirecting vehicles and protecting the work zone.
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Figure 43, GME pinned spacer
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D. Accident Studies

Because of the alarming number of severe barrier-related accidents
which took place in Kansas (see appendix C), it is recommended that an
accident study of barrier-related accidents throughout the States be
performed. While GME did receive some information on this topic, this
project’s budget only allowed a limited number of GState visits. of
particular interest should be connector structural performance in the field
and how connector performance affects barrier Jlateral deflection and
overturn.

it is difficult to sort barrier-related accidents from a statewide
computerized accident records system. An alternate approach would be to
review all accidents for projects that employ PCB. Another step would be
to supplement information on barrier accidents in a manner similar to
information obtained by NASS teams (for example, estimated speed, Impact
angle, vehicle damage, injury and connector damage).
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No. A{in) B(in)
1 8 6
2 8 6
3a 7 172 6
3b 7 5
3c 7 5
4 8 6
5 7 5
6 7 172 [
7 8 )
8 7 5
9 1-1/2 6
10 9 6
lla 8 6
i1b 8 6
12 8 6
13 8 6
14 8 6
15 7-1/2 6
16 8 6
17 B 6

NS - Not Specifled

C(in)

7172

7172

7-1/2

10

D(in}

E{in)

374
5/8
3/4

5/8

5/8
3/4
3/4
5/8
5/8
3/4
3/4
3/4

5/8
3/4
3/4
4
5/8

5/8

APPENDIX A - Connector Design Details

F(in}

1 1/4

11/4

/8

1/8

i 1/4
i1-1/4

7/8

1-1/4

I-1/4

7/8

1-1/4

1-1/4

7/8

Connector Type

Pin and Rebar

(Figure 2)

G(in) State or
Agency

24 Alabama

25 Alaska

26 Catifornia

26 California

26 California

28 Colorado

32 Connecticut

24 Dist. of Columbia

30 Florida

26 Georgia

26 Hawai {

31 indiana

25 Kentucky

25 Kentucky

27 Maine )

25 Mississippi

30 Nebraska

26 Nevada

31 New Hampshire

28 New Mexico

Crash
Tests

291,292

293,294

Segment
Length(ft-in}

10 +1/2
10

19-10

NS

NS

12 min
10
19-9 1/4
10
10 & 1/2
13 + 172

10
10 +1/2
10

19-9 1/4

Gap
Width{in)

NS
NS

2

NS
NS

0 to |
(Taper)

NS

2

NS |
NS
2-3/4

NS

NS

NS
NS
NS
1-1/2
NS

0 tol
{Taper)

Notes

has been
modified to 3a
has been
mod! fied to 3a

loops formed
from two bars

Type 3

34 in high PCB,
Type J

32 in high PC8,

9 or 12 In wide top,
Types 9, 12k
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No. Alin) B{In)
{8a 8 6
18b 8 6
19 10 8
20 8 6
2t 7 5
22 8 7
23 10 8
24 8 6
25 a 6
No. AlIn) B(in)
1 3 5
No. Al(in) B(in)
1 9 7

NS -~ Not Spectified

Connector Type

Pin and Rebar
(Figure 2, continued)

C(in) D{in) E(in) F{in) G{in) State or Crash Segment Gap Notes
Agency Tests Length{ft-in) Width{in}
6 a8 3/4 | 24 Morth Carolina 10 NS 32 In high PCB
8 10 3/4 1 24 North Carolina 10 NS 34 in high PCB
9 7 3/4 1-1/4 27 Ohio 10, 12 NS
7 9 3/4 I 24 Ok lahoma 10 NS
5 7 5/8 I 35 Rhode lsland 10 3
6 7 1 1-1/4 NS South Carolina 12 4
[ 8 5/8 1 32 Vermont 10 NS
6 8 1/2 1 30 Wisconsin 10 NS
6 8 5/8 7/8 26 Wyoming 10 0tol
(Taper)
Connector Type
Pin and Triple
Reber
(Figure 3)
c{in) D(in) E(in) F{in) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width({in)
5 3 | 38 Tennessee 8 to I2 2
Connector Type
Pin and Twin Double
Rebar
{(Figure 4)
c(in) D(in) E(in) F({in) G(in) H{in) State or Crash Seagment Gap Notes
Agency Tests Length(ft-in) Width(in)}
5 7 4 5/8 1-3/8 24 South Dakota 10 NS



Connector Type

Pin and Wire

Rope
(Figure 5)
No. Alin) B8(in) Ciim) gein) E(in) Flin) G(in) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width({in)

1 8 6 7 9 172 1 29 Arizona 12-6 or 20 NS

2 8-1/4 7-1/4 9-1/4 10-1/4 5/8 1-1/4 2i Arkensas 10 2 max.

3 8 6 6 8 1/2 1 1/4 30 Florida 12 min NS Type 4

4 specifications not available Idaho

5 a 6 6 8 1/2 1/8 32 [H1inois 10 NS

6 7 6 9 8 172 I 26 lowa 10 3 172

7 7-1/2 6 7-1/2 ) 172 1 29 Loufsiana 15 1/4
8 8 10 8 6 8 1/2 1-1/4 24 Hinnesota 10 NS

9 10 8-1/2 10 1-172  1/2 1 26 Montana 10 NS

10 10 8 6 8 NS 1 1/4 24 North Dakota 10 NS

1 8 6 5 7 5/8 7/8 25-1/2 Oregon 12 6, 25 |

12 9 6~1/2 7 9-1/2 1/2 1 29 Utah 10, 12 6, 20 NS atternate

13 7-1/2 6 7-1/2 6 5/8 | 26 Washington 10, 12-6 NS

t/2
14 8 6 6 8 5/8 7/8 26 Wyoming 10 0tol
(Taper)
Connector Type
Pin and Eye Bolt
(Figure 6)
No. A{in) B{in) C(in) D(in) E(IM) F{in) G(in) State or Crash Segment Gap Not.es
Agency Tests Length{ft-in) Width(In)
| 10 8 6 B 3/4  3/4 32 Michigan 10 NS
2 8 6 .8 10 3/4 7/8 30 W. Virginia 10 NS alternate

NS - Not Speciflied
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Ne. Alin) B{in)
1 9 6-1/2
No. A({in) B(in)

1 T-172 2-1/2

2 T-1/2  2-1)2

3 7-1/2 2-1/2

4 7-7/8  2-1/4

5 7-7/8 2-1/2

6 7-7/8  2-1/4

No. Alin) B8(deg)
1 3 4.5

2 NS NS

k] 2 5.4

4 3 4.5

NS - Not Specified

c¢in)  DCin)
7 9-1/2
C(in) D(in)
8 2-1/2
8 2-1/2
8 2-1/2
8 2-1/4
8 2-1/2
8 2-1/4
€(1n)  D{deg)
3 4.0
1-7/8 14.90
2-3/4 5.1
3 4.0

E{in)

i/2

E(in)

E{in)

i-1/8

NS

1-1/8

F(in)

F(in)

172
i/2
172
1/2
1/8

1/2

F{in)

i-1/8

1-1/4

2-1/8
1-1/8

Connector Type

Pin and Piate

{Figure 7)
G(in) H{in) I(in) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width(in)
1 29 i-1/2 Utah 10, 12,
12-6 , 20 NS
Connector Type
Flaring Tongue
and Groove
(Figure B}
G(in) H(ln) 1{in) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width{in)
1/8 I-3/4 23 Florida 12 min NS Type |
1/8 1-3/4 23 Ohto 10, 12 NS alternate, Type B
1/4 1-3/4 23 Pennsylvania 30 max NS
1/8 4-3/4 26 Texas 30 + 4 NS alternate
1/8 1-3/4 23 Virginia 12 1 max. gap width is specified
for curves only
i/8 1-3/4 23 W. Virginia 12 NS
Connector Type
Straight Tongue
snd Groove
{Figure 9)
G(in) State or Crash Segment Gap Notes
Agency Tests Length{ft-In) Width{in)
32 Florida 12 min NS Type 2
3t New Jersey 20 NS 2 in wider at
bottom than top, Type Z
32 New Mexico 12 -6 NS alternate
32 Ohio 10, 12 NS alternate, Type A
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No.

No,

A{in)

B(in)

C(in) D(in)

specifications not available

spec|fications not available

speclflcations not avallable

7
7

A(inm)

Alin)

6

4

NS

B(in)

B(in)

14

25-1/2 5/16

25-1/2 5/16

C(in) D(in)

18 1/2
C(in) D(in)
28 1

28 t

specifications not available

NS - Not Specified

E(in)

E(in)

E(in)

18

F(in)

1/2
1-1/2

F(in)

24

F(in)

2-1/2

G(fin)

7/t6

NS

G(in)

10

10

Connector Type

Plate Insert
(Figure 10}

H(in) 1(in)

9/16 5/16

1/8 1/2

Connector Type

Grid Siot
(Figure 11)

Connector Type

Steel Dowel
{Figure 12}

H(Yes or No)

State or Crash
Agency Tasts
Delaware

Dist. of Columbia

Haryland

Pennsylvania

Virginia

State or Crash
Agency Tests
Texas

State or Crash
Agency Tests

Kentucky

Texas CMB-2

Michigan

Segment
Length(ft~-in)

30 max

20

Segment
Length{ft-in)

30 14

Segmant
Length(ft-in)

20, 30

30

e

Gep
Width(in)

NS

NS

Gap
Width{In)

1/2

Gap
Width(in)

1/2

172

Notea

alternate

alternate

Notes

alternate

Note;

35 In high
barrier; 9 in,
12 in, or 14 in
wide top, Types
L, M. SH, 12M

atternate

alternate



£6

No. Altn) B{in}
1 5 42

No. A(in)} B(in)
1 3 18

2 5 42
No. A(in) B(in)
1a 2 2-1/4
1 2 3-1/4
No. A(in) B(in)
1 3 4

NS ~ Not Specified

Cc D{no)
(channel}
C5x9 4
C{in) D{in)
1/2 2
t/2 4
C(tn) D(in)
0 26
6 20
C(in) D
(Channel)
c4
27

x5.4

E{in)

27-1/4

E{in)

27

26

E(in)

172
t72

E(in)

18

F{in)

1-1/8

F(in)

5/8

i-1/8

F(in)

F(in)

1/4

Connector Type

Channe} Splice
(Figure 13)

State or Crash
Agency Tests
Texas 2262-2

Connector Type

Side
Piates
{Figure 14)

State or Crash
Agency Tests
Florida 12
Texas 2262-2 15
Transportation

Institute (TTI)

Connector Type

Vertical
1-Beam
(Figure 15)

G{in) H(In) State or
Agency
4 1/2 New York
4 /2 New York
Connector Type
Top T-Lock
(Figure i6)
G(in) H{in) 1{in) State or
Agency
1-5/8 NS NS Texas

Seagment
Length{ft-in)

14 - 11

Seagment
Length(ft-in)

min

Gap Notes
Width{in)
25 max.
Gap Notes
Width(in)
NS alternate
NS
Crash Segment
Tests Length(ft-1in)
NY=~17 20
NY-18
NY-44 8,10,12,
NY-45 t4,16,18,
NY-46 20
NY-47
Crash Segment
Tests Length(ft-in)

12

Gap
Width{in)

NS
N5

Gap
wWidth(in)

NS

Notes

has been
modified te b

Notes



v-]
i

No. A(in) B(in) C({in) D(in)

| specifications not available

No. A{in) B(In) C(in} D(in)
1 2 6 36 31-1/2
No. A(in) B(in) C(in) D{in)
1 s-1/2 7172 1 16

No. A(in) B(in) C{in) D{in)
1 NS NS NS NS

NS -~ Not Specified

Connector Type

New Jeraey
Wetsbach Interlock

(Figure 17)
E(in) F(in) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width({in)
New Jersey alternate
Connector Type
Bottom T-Lock
(Figure 18)
E{in)  F(in) G{in) H({In) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width{in)
27-1/2 174 8 3 7L 3825-10 12 NS
thru
3825-17
Connector Type
Lapped
Joint
(Figure 19)
State or Crash Segment Gap Notes
Agency Test Length(ft-in) Width
Texas 30 + 4 2 alternate
Connector Type
Hinge Plate
{(Figure 20)
E(In) F{in) G(in) H({in) 1{in) State or Crash Segment Gap Notes
Agency Tests Length{ft-in) Width(in)
NS 6-1/2 4 6 1-1/8 Barrier 13 3-3 2-3/8 all tasts
Systems inc. different conducted by
tests manufacturer,

see Table 4
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Connector Type

Straight Tongue and
Groove with Side Plates

(Figure 21)
No. A(in) B(deg) C{in) D(deq) E(in) F(in) G{in) H(in) I{in) J{In) K(in) State or Crash Segment Gap Notes
Agency Tests Length{ft-in) Width{in)
la 2 9-1/2 2-t/2 9-1/2 1-1/2 1-1/72 32 4 66 172 2 Kan=as 10 t/4 to 1/2 alterpate
b 2 9-1/2  2-1/2 9-1/2 -1z 1-1/2 32 4 126 1/2 2 Kansas 10 1/4 to 1/2 @slternste
2 3 a-1/2 3 4 1-1/8 1-173 32 4 12 i/8 2 Kentucky 20 *i/2 NS 9 or 12 in
12 wide
3 NS NS 1-1/8 14 NS 1-1/4 31 top 3 12 1/4 2 New Jersey 20 NS Type 3
4 3 14.5 3 NS 1-1/4 1-174 32 3 12 1/4 2 Southwest CHB-18 20 /4 max
Research CHB-24
Institute
(SWRI)
Connector Type
Flaring Tongue
and Groove with
Side Plates
{Figure 22)
No. Atin) B{deg) C{(In) D{deg) E(in)y  F{in) G{in) H(in} H{in} J{in) K{in) L{no) State or Crash Segment Gap Note:
Agency Tests Length(ft-in) Width(in)
1 1-1/8 2-1/4 8 2-1/4 1/8 1/8 1-374 23 4 36 172 6 TT1 3925-7 12 NS
2 1-7/8  2-1/4 B8 2-1/4 1/8 1/8 1-3/4 23 4 36 3/8 [ ™m 38256 12 NS
3 7-1/8  2-1/4 B 2-1/4 1/8 1/8 1-3/4 23 4 36 i/8 [ TT1 3825-9 12 NS
4 7-1/8  2-1/4 8 2-1/4 1/8 1/8 1-374 23 4 36 174 6 LILE! 3825-5 12 NS
Connector Type
Straight Tongue
and Groove with
Steel Dowels
{Figure 23)
No. A{In) B(deg) C{in) Di{deg) E(in) F{in) G{in) H({in) 1(in) J(no} K(in) State or Crash Segment Gap Notes
Agency Tests Length(ft-in) Width{in)
1 2 9-1/2 2-1/2 9-ifz2 1-1/2 t-t72 32 1 24 t Kansas 10 1/4
to 1/2

NS - Not Specified



el
(o2

No. A(in) B(deq)

1 2 9-1/2

No. A(in) B{(deg)

1 5 42

NS - Not Specified

c(in)

2-1/2

C{in)

0.325

D(degq)

9-1/2

D(no)

4

E{in)

=172

E(tn)

27-1/4

F{in)

1-1/2

F(in)

24

G(in)

32

G(in)

Connector Type
Straight Tongue
and Groove with

Cont inuous Cabte
{Figure 24)

H({in) f(in)

172 2

Connector Type

Flaring Tongue
and Groove with
Channel Splice
and Double Dowels
(Figure 25)

H{ln) I(in)

6 12

State or
Agency

Missour}

State or
Agency

TTi

Crash Segment Gap Notes
Tests Length{ft-tn) Width(in)

10 1/4

Crash Segment Gap Notes
Tests Length{ft-in) Width{in)

3625-8 15 NS



Appendix B
CRASH TEST DETAILS

This appendix describes crash tests performed on portable concrete
barriers in the past. A summary of these crash tests is given in table 9.
The ENSCO, Inc. crash test on the flaring tongue and groove connector is not
included in the descriptions, since the only available information on that
test is already given in table 9,

Table 9 is modeled after the NCHRP 230 format for reporting crash test
results. Some of the parameters in NCHRP 230 were jeft out of table 9,
however, because the information was not available from the 1iterature, or
because these parameters were not considered important to the evaluation of
connector performance. The parameters used in table © are: date the test
was performed, connector type, installation length, segment length, profile
type, maximum dynamic deflection, maximum permanent deflection, vehicle
model, gross vehicle weight, nominal impact speed, nominal impact angle,
actual impact speed, actual impact angle, exit speed, exit angle, impact
point, vehicle reaction, vehicle damage, barrier damage and reaction,
connector damage, and soil type and condition. Connector types are
followed by numbers in parenthesis which correspond to numbers listing the
connectors in appendix A.

The following detailed descriptions of each crash test performed are
presented by conducting agency. [t should be noted that some crash test
descriptions have more information than others. This 1is because some
references give more information in their accounts of crash tests than
others. These descriptions from other references were left basically intact
in this appendix so that the reader would have a thorough description for
any given crash test. Hence, there is information in the descriptions that
is not in table 9. The most important of these is the narration and time
sequence of the crash events.

A. Southwest Research Institute

1. Test CMB-1

The connector used 1In test CMB-l was dowels with top plate. The
barrier segments were freestanding and connected by shear keys at the
bottom and by steel plates at the top. Barrier segment length was 10 ft,
and the total system lenath was 150 ft. A 4,370 1b vehicle impacted the
barrier at an actual speed of 60.3 mi/h and at an actual impact angle of
7.5 degrees. The vehicle was smoothly redirected. Lateral translation of
1 in was observed at the juncture of segments 5 and 6; no other Jjoint
locations showed evidence of barrier movement.

Damage to the installation was limited to scarring of the concrete
surface due to vehicle contact. The left side of the vehicle’s front
bumper was bent and some local damage to its left fender was noted.
Otherwise, the vehicle was undamaged and drivable.

g7



Table 9. Crash test summary

hgency

Test No. Chg-1

Date of Test e/
Dowels w/

Connector Type® top plate

Install. Length{ft) 158

Segment Length{ft) N[ ]

Profile Type N.d.

Mox, Dynamic Defl.(ft) 6.08

Mex. Pera. Defl.(ft)

Vehicle Model

Gross Veh. Wt.{1bs) 4170

Nom. lmpact Sp.(mph) ]

Nos. Impact Ang.(deg) 1

dctusl Impact Sp.(wph) &0.3

Actual lapact Ang.(deg) 1.5

Exit Speed(aph)

Exit Angle(deg)

Impact Point 4'-10" down from
Joint 5-6

Vehicle Reaction Smoothly
redirected

Vehicle Damage Slight

Barrier Damage Scarring

and Reactlon of barrler

Connector Damage Kone

Soll Type and Concrete pad

Conditlon

Legend

Southvest Research Ipstitute (SURI)
cha-8 Ch8-9 Chi-18
1774 14 1978
NS Welsbach  NJ Welsbach
{n (1 STLGU/SP(S)
160 186 i
30 N |
N.Jd, n.J. f
0 ] ]
0 0 ]
Tl Vega 11 Yega 1971
Hatchback Hatchback
2250 2250 49
55 571
1 IS
55.9 58.9 62
8.0 15.5 25
11.6' up from 14.2° wp 5 wp froa
Jolat 2 from Joint 2 joint 3
Sagothly Smoothly Redirected
redirected redirected
Slight Noderate Severe
Slight Slight Fallures
scraping scraping 11 ft barrier
section
dislodged
Hone None NA
Styrofoaa
pad
on asphalt

* Specific dimensions of the connectors can be found in Appendix A.
The numbers in parenthesis by the connector type in this table
correspond to numbers 1isting the connectors in Appendix A.

STRGH/5P - Stralght tongue and groove with side plates

STi6 - Straight tongue and groove
SD Steel Dowel

FTAGH/SPRDD - Flaring tongue and groove with side plates and double dowels

BT-Lock-Bottom T-Lock
SP-Side Plate

CS - Channel splice
PR - Pin and rebar
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CHB-24
1915

STAGH/SP(4)
100
2
f

3.4
"
Mbassador

56
60
IS
56.4
bW |

4.7 w fro
Joint 2
Redirected

Severe
on left
side
Significant;
concrete
falled at jt.
Iy 2y and 3
Fatlures
Joints 1, 2,
3

Styrofoan
pad on
asphalt



Table 9. Crash test summary (cont.)

Agency New York State Department of Yrapsportation (MYSOQT)
Test No. NY-4d NY-45 NY-46 W47 -7 w-18
Date of Test 1/21/81 1/31/81 8711481 8/25/0t 1/ 9/1%/78
or(3)
Connector Type* I-Bean{ Ib) |-Beam(Ib) 1-Beaa{1b) I-Beaa (I1b} 1-Besw (Is) 1-Besnm {la)
Install. Length{ft) 160 160 160 160 168 [
Segasnt Length(ft) 8 8 8 20 20 b |
Profile Type N LN N (N [ 1) w
Hat, Dynaale Defl.(ft) 1,33 "%
flax. Perm. Defi.(ft) 1.4 0.23 0.56 0.3 1,33 6.9
Vehicle Hodel 70 Plymouth 71 Chevy 1 Chevy 12 Chevy 15 Plymouth 13 ANC Natador
Fury Vega Impala Yega Sedm Station Hagon
Gross Yeh. Wt.(ibs) 4300 2175 4350 IS 5 230
Noa. Ispact Sp.(mph) 60 60 60 60
Nom. lapact Ang.(deg) 25 15 25 (1]
Actug! lepact Sp. (mph} 64.9 65.5 6.1 61.4 52.4 54.0
Actual lzpact Ang.(deg) 21.1 16.1 25.2 15.2 Fil | 25.0
Exit Speed{mph) 30.8 55.4 , 4.3 53.2
Exit Angle(deg) 10 5 8 5 5 1%
lapact Point 2' down from 2' up from 1.5 up from 3" up from  Center of Center of
joint 7-8 joint 7-8 Joint 7-8 jolnt 7-8  Fourth Section Fourth Section
Vehicle Reaction fedirected Redirected Redirected Seoothly Redivected Violently
then rollover could have redirected redirected
rolled over then rollover
Vehicle Damage TAD-/RT-1 TAD-RFQ-4 TAD-RFQ-4 TAD-RFQ-4 YAD-RFQ-3 TAB-R+T-]
SAE-012DA09 SAE-12RFEWS SAE-BIRYANG SAE-OIRFEWS  SAE-OIRFENS SAE-DIRDAOY
Barrler Damage Spalling, Cosmetic Hoderate, Light Hoderate Light spalling
and Reaction cracked base Scratches, Scratches spalling
Sec. 1 hairline gouges, hair-
cracks sec. 8,9 line cracks
Connector Damage None None None None None None
Soil Type and Dry Ory Ory bry Ory Ory
Conditlon cospacted compacted compacted cospacted asphalt gsphalt
granular granular granylar granular pavement pavesent
Legend

* Specific dimenslons of the connectors can be found in Appendix A.
The numbers in parenthesis by the connector type in this table
correspond to numbers listing the comnectors in Appendix A.
STAGH/SP - Stralght tongue and groove with side plates
ST&G - Stralght tongue and groove
SD Stee! Dowel
FT&GH/SPADD - Flarlng tongue and groove with side plates and double dowels
BY-Lock-Bottom T-Lock
5P-Side Plate
€5 - Channel splice
P&R - Pin and rebar g9



Agency
Test Mo,
Oate of Test

Connector Type*
install. Length{ft)
Segaent Length(ft)
Profile Type

Max. Dynaalc Defl.{ft)
Nax. Perm Defl.(ft)
Vehicle Nodel

Gross Veh, W#t.(lbs)
Nom, Impact Sed.

Noa. Impact Ang.(deg)
Actual lapact Spd.
Actual lmpact Ang.(deg)
Exit Speed(mph)

Exit Angle(deg)

lapact Point

Vehicie Reaction

Vehicle Danage

Sarrier Damage
and Reaction

Connector Damage

Soll Type &
Conditlon

Legend

Table 9. Crash test summary (con.)

Texas Transportation lnstitute (TII)
Test 2 3825-5 3825-6 0287 3N25-8
1/19/88 1Y/ i70/08 4/3/08
SD{2) FYSGH/SP(4)  FTUGH/SP(2) FTaGH/SP(1)} FTAGHJCSEDD(1)
90 120 1] ¥, 104
30 H "n 12 5
modified ] [ ] L ] dod. of NJ(6)
M
1.6 2.4 2.3 -
1.1 1.8 1.8 1.8 1.8
€5 74 Piymouth T4 Plymouth 74 Plymowth 16 1M
Otdsmobl e Fury Fury . Fury Sehool Bus
4540 4500 4508 4500 24,900
60
25
& 60.7 60.1 59.2 §7.1
1| 25 a 25 15
) NA --- NA
3 A 6 13 WA
¥ up from Center, 5.9 down 5.8’down 1.2"down
doint 1-2 Sec. 4 from jt. 3-4 from jt. 3-4  from jt. 45
Smoothly Rode top Rode top Rode top Rotlover
redirected of systea of system of system
TAD-FL-4-5 TAD-11FLA TAD-10LAT5  TAD-10FL3 Slight
SAE-| IFLEW2 SAE-11FLMEI 10FLEN2 I9FLEN2
10LBESI SAE-101D€51
SAE-0OULXNI
Cracked both Ninor, Flexurai Slight due Flexyral
sides around flexural cracking & to smooth crack. on
Joint, groove cracking & spalling defl, as a back, tight
Joint fractured spalling unlt; sinor spalling
crack. & spall
Kone Spatling Spalling Tongue & Kone
near tongue at tongue & groove damage
i groove groove Joints minor crack ¢
conn. that had large spall. at side
rot plates
Dry level Ory level Level conc. Level conc.
coner. surf. concr. surf.  surf.(PCC) surface

* Speclfic dimenslons of the connectors can be found in Appendix A.
The numbers In parenthesis by the connector type In this table
correspond to numbers 1isting the connectors in Appendix A.
STeGH/SP - Straight tongue and groove with side plates

§Te6 - Straight tongue and groove

SD Steel Dowel

FTLGU/SPADD - Flaring tongue and groove with side plates and double dowels

8T-Lock-Bottom T-Lock
Sp-Side Plate

€5 - Channel splice
PtR - Pin and rebar
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Agency
Test WNo.
Date of Test

Connector Type®
Install. Length(ft)
Segment Length{ft)
Profile Type

Hax. Dynaalc Defl.(ft)
Max. Perm Defl.(ft)
Vehicle Wodel

Gross Veh, ¥t.{lbs)
Wom. [mpact Spd.

Nom. Impact Ang.(deg)
Actus! Jmpact Spd.
Actual lapact Ang.(deg)
Exit Speed(mph)

£xit Angle(deg)

inpact Polnt

Vehicle Reactlon

Vehiclie Damage

8arrier Damage
and Reaction

Connector Damage

Sofl Type &
Condition

Legend

Table 9, Crash test summary (cont.)

Texas Transportation Institute (TTI)

3825-9 3825-10
1/11/80 i/11/84
(4)
FTLGH/SP(3) BT-LOCK(1)
120 i20
12 12
N N
6.5 0.05
6.5 0.02
16 Plymouth 66 Ford
Fury Bronco
4510 3598
60
1
63.4 60,6
25 6.5
52.6
8 0
6.8’ down 1" uw
from jt. 3-4 from jt. 3-4
Violently Smoothly
redirected redirected
TAD-01RFQ6 TAD-11LFQ1

SAE-01FREN9 SAE-11FLENI

Severe damage Hinor

most at jt. cosmetic
4-5 damage
Side plates None
broken at
Jts. 4-5,
5'61 6'1
Dry level

coner  surf.

3825-11
1711784

BY-LOCK(1)
120

12

L]

.Ul
0
66 Ford
Bronco
3598
]
15
60.7
14.5
52
Ilz
2’ down
from jt. 3-4
Smoothly
redirected
TAD-11LFQ3
1§FLEX2
SAE-11LFES?

Upper
corners of
Jts. 3-4 8
4-5 broken

None

* Gpecific dimensions of the connectors can be fourd in Appendix A.

The numbers in parenthesis by the connector type in this table
correspond to numbers listing the connectors in Appendix A.

STAGR/SP - Straight tongue and groove with side plates
STAG - Straight tongue and groove

SD Steel Dowei

FTRGW/SPLDD - Flaring tongue and groove with side plates and double doweis

8T-Lock-Bottom T-Lock
SP-51de Plate

€S - Channel splice
PR - Pin and rebar
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3825-12
1/11/84

BT-LOCK(1)
120
12
N

0
0
14 Datsun
Pickup
2434
60
15
61
1§
54
2
3’ down
from Jt. 3-4
Seoothly
redirected
TAD-11LFQ3
1IFLEK2
- SAE=MILFES2

Ninimal
cracking at
Jts. 3-4 4

-5

None



Table 9. Crash test summary (cont.)

Agency

Test MNo. 3825-13
Date of Test 1713784
Connector Type® BT-tock(1}

Install. Lengt(ft) 120

Segment Length{ft) 12
Profile Type L ¥}
#ax, Oynanic Def,(ft} 4.1l
Nax. Peram Def.(ft) 0
Yehicle Hodel 17 ford
F250 P/U

Gross Yeh, Wt.(1b) 4490
Nom. Impact Sp.(mph) &0 mph
Nom. Impact Ang.(deg) 1 deg
Actual Impact Sp.(mph) 57.3 aph
Aetual Impact Ang.(deq) 1 deg
ExIt Speed(mph) 50.6 wph
Exit Angle(deg) 4 deg
Impact Polnt 2'down
from §t. 3-4
Yehicle Reactlon Smoothly
Redirected
Vehlcle Damage TAD-11FLEN
SAE-11FLERI
Barrier Damage Upper corners
and Reaction of Jts, 3-4
§ 4-5 cracked
§ broken
Connector Damage None
Soil Type &
Conditlon
Legend

Texas Transportation Instityte (TT1)

3625-14
1/13/84

BT-Lock(l)
128
¥4
¥
8.12
'
17 ford
F250 PAU
4%
60
15
58.1
15
46.8
4
4 down
from jt. 3-4
Sacothly
Redirected
TAD-1ILFQ4
1 IFLEKI
SAE-1ILFES3
Upper corners
of jts, 3-4
L 4-5 cracked
{ broken
None

3825-15 3825-16
1726784 1/24/84
8T-Lock(1) BT-Lock(1)
126 120
12 12
(¥ L 1
0.63 0.4
0.48 0.03
4 Ford 12 Chevy
F250 40 PN
540 4760
60 60
22 15
60.2 59.7
& t5
WA 51.17
NA 0.5
3.5’ down 3’ down
from Jt. 3-4  from Jt, 3.4
Rollover Smoothly
Redirected
TAD-1IFQS TAD-11LFQ3
HIFLEK2 1 IFLEK]

SAE-]ILFES3 SAE-1ILFES3
Segaent 4 Jts. 3-4,
tilted; break- 4-5 chipped

age at Jts, 1 broken
3-4, 4-5, 5-6

Joints 3-4, None
4-5, 5-6,

exposed

* Speclfic dimenslons of the connectors can be found in Appendix A.
The numbers in parenthesis by the connector type in this table
correspond to numbers llsting the connectors in Appendix A.
STLGH/SP - Stralght tengue and groove with side plates

STEG - Straight tongue and groove

SD Steel Dowel

FT&GW/SPLDD ~ Flaring tongue and groove uith side plates and double dowels

BT-Lock-Bottom T-Lock
5P-Side Plate

€5 - Channel spllce
P4R - Pin and rebar
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Agency
Yest No.
Date of Test

Connector Type!

Instalil. Lengt(ft)
Segment Length(ft)

Profile Type

Bax. Dynamic Def.(ft)
Hax, Pera Def.(ft)

Vehicle Nodel

Gross Yeh, WUt.(lb)
Nom. tapact Sp.(mph)
K¥on. [mpact Ang.(deg)
Actua! lapact Sp.(mph)
Actual [mpact Ang.(deg)

Exit Speed(mph}
Exit Angie(deg)
Impact Point
Vehicle Reactlon
Vehicle Damage

Barrier Damage
and Reactlon

Connector Damage

Soil Type &
Condition

Legend

Table 9. Crash test summary (cont,)

Texas Transportation [nstitute (IT1) Barrier Systems log, (BSI)

3825-17 2262-1 2262-2 022686-1 022786~1
2/24/84 8/22/82
(5}
8T-Lock(1} SP(2) €s(1) Hinge Plate(l) Hinge Piate(l)
120 180 200 2
12 i5 15 3.1 3.1
L H] LN f(h (N
0 1.94
0 0.9 1.33 0.3 0.1
13 Ford 14 Plysouth 12 Plynouth 17 Honda
2 1/2 Ton Trk. Fury Scamp-2 dr, Clvic CYCC-2dr.
18,240 $0 410 N 1800
60 ] 60 $ 45
15 15 25 i 1
69.1 6.9 56 'L 'Y
15 15 26 1 1
NA NA
NA NA 2 2
1’ down Sec. 4
from jt. 3-4
Slide off end Smoothly Smoothly Saoothly Saoothly
and Rollover Redirected Redirected Redirected  Redirected
Severe Noderate TAD-LFQ-5 Slight Siight
SAE-16FLEQI
dts. 3-4,  Superficial  Surface Siight No damage
4-5. 5-6, 6-1, scarring scarring spalling at
chipped ¢ corners of
cracked several bases
Hone Hajor Light None None
deformatlon
in 3 spiice
plates

* Speciflc dimensions of the connectors can be found In Appendix A.
The numbers in parenthesis by the connector type in this tabie
correspond to numbers listing the connectors In Appendix A.
STLGW/SP - Straight tongue and groove with side plates
STAG - Straight tongue and groove

S0 Steel Dowel

FT36¥/SPLDD - Flaring tongue and groove with slide plates and double dowels

8T-Lock-Bottom T-Lock
SP-Side Plate

€5 - Channel splice
PR - Pin and rebar
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022886-1

Hinge Piate(1)
200

3.1
F(7)

0.44
66 ANC

Station Wagon
3189

52
T

Sacothly
Redirected
Slight

No demage



Table 9, Crash test summary (cont.)

Barrier Systems inc. {(BSI)

Agency
Test No. 022886-2 036386-1 038486-) 030686-1
Date of Test

Hinge(1)
Connector Type* Hinge Piate(l)Hinge Plate(l1)Hinge(l) Plate
Install. Lengt(ft) 260 208 200 208
Seoment Length{ft) 3.1 3.1 3.1 3.1
Profile Type F(T) F(1) F(1) F(7)
Nax. Oynamic Def.(ft)
Hax. Perm Def.(ft) 1.28 0.94 1,88 1.3
Vehicle Model 69 Ford 77 Honda 12 Plymouth 77 Honda

Ranch Wagon

Civic CYCC-2dr

Scamp-2dr Civic CV(C-2dr

Gross Yeh, Wt.(Ib) 24 1800 3200 1800

Nom. Impact Sp.(mph) 45 45

Nom. Impact Ang.[deg) 1 15 15 15

Actual Impact Sp.(mph) 50 )] 46 57

Actual Impact Ang.(deg) 1 15 15 15

Exit Speed(mph)

Exit Angle(deg) 2 8 6 4

Impact Point

Vehicle Reaction Smoothly Smoothly Smoothly Smaothly
Redirected Redirected Redirected Redirected

Vehicle Damage toderate Slight Roderate Noderate

Mo damage

Barrier Damage No damage No damage No damage

and Reaction

Connector Damage None None None None

Soil Type &
Condition

Legend

* Specific dimensions of the connectors can be found in Appendix A.
The numbers In parenthesis by the connector type in this table
correspond to numbers listing the connectors in Appendix A.
STRGW/SP - Straight tongue and groove with side plates
STLG - Stralght tongue and groove
30 Steel Dowel
FTaGU/5PLDD ~ Flaring tongue and groove with side plates and double dowels
8T-Lock-Bottom T-Lock
SP-Side Plate
CS - Channel splice
PER - Pin and rebar 104

930686-2

Hinge (1)
Plate
200

3.1

F(T)

2.60
14 Ford
Gran Torino

4320

45

5

43

15

3

Smoothly
Redirected
Stight
Horizontal,
longitudinal
crack in
downstrean
half of Sec.
26 neck
None

030686-3

Hinge(l)
Plate
200

3.1

Fin

2.48

10 Plymouth
Fury
3650

15
56
15

]

Smoothly
Redirected
Severe
Slight
spalling
one corner

None




Agency

Test No.

Date

Cornector Type*

Install. Length{ft)
Segment Length(ft)
Profile Type

Nax. Dynamic Defl.(ft)
Nax. Pera Defl.{ft)
Vehicle Nodel

Gross Yeh. Wt.(lbs)
Nom. Impact S5p.(mph)
Noa. Impact Ang.(deg)
Actual Impact Sp.(mph)
Actual Impact Ang.{deg)
Exit Speed{mph)

Exit Angle{deq)

lepact Point

Yehicle Reaction

Vehicle Damage
Barrier Damage
and Reaction

Connector Damage

Soll Type & Condition

Legend

Table 9. Crash test summary (cont.)

031486-1

Hinge(1)
Plate
200

3.1

F(7}

]
&1 01ds
88 Sedan
4280

60

i5

60

£5

Smoothly

Redirected
Severe
Slight
corner
spalling;

Sec. 47, | ft
crack

None

farrier Systems Inc, (BS1)
031986-1 032566-1
Hinge(1) Hinge{l)
Plate Plate
200 200
3.t 3.1
{1 F(7}
3.128
68 Cadililac 11 Plymouth
Coupe Deviile Fury
4850 4020
45
25 is
50 (7}
25 15
0
Smoothly Smoothly
Redirected Redirected
Noderate Noderate
Moderate No damage
spalling

near failed
Joint

Fafled
at Joint
21-28

None

* Specific dimensions of the connectors can be found in Appendix A.
The numbers in parenthesis by the connector type in this table
correspond to nuabers 1isting the connectors in Appendix A,

STLGH/SP ~ Straight tongue and groove with side plates

5TAG - Straight tongue and groove

SD Steel Dowel

FYLGN/5PR0D - Flaring tongue and groove with side plates and double dowels
8T-Lock-Bottom T-lock

5P-Side Plate
€S - Channel splice
PR - Pln and rebar

105

032686-1

Hinge{i)
Piate
200

3.1

F(7)

5.06

69 Chryster
Station Wagon

5100
25
Y
25

15

Seoothly

Redirected

Severe
Moderate
spalling

3 pins

Hoderately

bent, 1 pin
severely bent



Table 9. Crash test summary»(cont.)

Agency California Department of Iransportation (Caltrgns) ENSCO, Inc

Test No. 291 292 293 294

Date 3fne 31 5113 H/ 12/18

Connector Type® PtR (3b) PiR (3b) PR {3c) PR {3c) 'FT4G(5)

Install, Length(ft) 108

Segment Length(ft) 12 12 20 20 12

Proflle Type N B 0. w.J. N.Jd.

Nax. Dynamic Defl.(ft) NA NA

Hax. Pera Defl.(ft), 0.52 NA ¥A 1.4 i-5

Vehicle Nodel 69 Dodge 69 Dodge 69 Dodge 1968 72 Ford
Polara Polara Polara 4 dr.

Gross Veh, Wt.(lbs)’ 4860 4860 4860 4509 4240

Nom. Impact Sp.(mph) 65 65 60

Noa. lwpact Ang.(deg) 1 25 25

Actual Impact Sp.(mph) 1] 68 66 39 58

Actual lmpact Ang.(deg) 1 23 9 25 25

Exit Speed{mph) A

Exit Angle(deq) 18 WA 8

lmpact Point segaents

Airborne and
Vehicle Reaction Redirected Penetrated Alrborne Redirected, Redirected
rotlover but airborne

Vehicle Damage for 16 ft

Barrier Damage Cosmetic Failure Failure one

and Reaction Scarring,  one section  seg. knocked  slight spalling  gne segment
siight cracked in over rolled over

spatling half

Connector Damage None pins Connections Pins bent
pulled bent severely
out

Soil Type & Condition

Legend

* Specific dimensio.. of the connectors can be found in Appendix A.
The numbers in parenthesis by the connector type in this tabie
correspond to numbers listing the connectors in Appendix A.
STLGW/SP - Stralght tongue and groove with side piates
ST4G - Straight tongue and groove
SD Steei Dowel
FT3GW/SPRDD - Fiaring tongue and groove with side piates and double dowels
BT-Lock-Bottom T-Lock
SP-Side Plate
€5 - Channe! splice
P&R - Pin and rebar 106




2. szt CiB-8

The conniector used in test CMB-8 was the New Jersey Welsbach (1).
Barrier segment length was 30 ft, and the total system length was 180 ft.
In this test & 2.250-1b vehicle impacted the barrier 11.6 ft upstream from
Joint 2 at an actual speed of 55.9 mi/h and an actual impact angle of 8.0
degrees. The vehicle was smoothly redirected with a maximum rotl angle of
20 degrees. A second impact occurred after the vehiclie lost initial
barrier contact.

Damage to the installaticn was minimal; some scraping of the concrete
surface resulted from rim contact with the barrier. No transiation of the
barrier occurred. The vehicle’s left front tire lost pressure and some rim
damage was noted, otherwise, the vehicle was undamaged, and no evidence of
sheet metal /barrier contact was noted.

3. Test CHMB-9
The connecter used in test CMB-9 was the New Jersey Welsbach (1). The
vehicle wused in this test was the same as that used in test CMB-1. A new
tire and rim replaced the damage left front wheel. In this test a 2,250~-1b-
vehiclie impacted the barrier 14.2 ft upstream from joint 2 at an actual
speed of 58.9 mi/h and an actual impact angie of 15.5 degrees. The vehicle
was smoothly redirected with a maximum roll angle of 20 degrees.

Some scraping of the concrete surface occurred, but no translation of
the barrier was noted. The vehicle damage was limited to the front and
left quadrant. The left front tire remained inflated and moderate front
end damage was noted in driving the vehicle after the test.

4. Test CMB-18

The connector used in test CMB-1B was the straight tongue and groove
with side plates (4). Barrier segment length was 20 ft, and the total
system length was 100 ft. The barriers were placed on styrofoam pads for
the purpose of establishing a mechanical interlock with the asphalt surface
to maximize sliding resistance. Such a concept has been employed in Oregon
for several vears. In this test a 4,500~1b vehicle impacted the barrier 5
ft upstream from joint 3 at an actual speed of 62 mi/h and an actual impact
angle of 25 degrees. The barrier failed when a crack % 1/2 ft upstream of
joint 3 was detected at 0.07 second after impact. A second crack 5 1/2 ft
downstream of joint 3 was detected at 0.1 second after impact. Although
the barrier sustained structural failure, the vehicle was redirected.
Considerable vehicle damage occurred when the vehicle’s underside contacted
the downstiream exposed end of the barrier at the failure location.

An li-ft-long barrier segment was dislodged from the barrier system.
These flexual failures occurred at the stress concentration point c¢reated
by the 12-in by 12-in-lifting voids cast in the barriers. [t coulid not be
readily determined if failure of the joint precipitated the barrier
failure; however, the diagonal cracking of the female joint on the impact
side of barrier element four (between joints 3 and 4) coulid have initiated
the failure. The area of the joint was obscured from camera coverage by
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the overhang of the impacting vehicle. Concrete strength of test cylinders
for the two failed barrier segments was 3995 psi and 4220 psi; concrete
testing was accomplished one day before crash testing.

The connector used in test CMB-24 was the straight tongue and groove
with side plates (2). Barrier segment length was 20 ft, and the total
system length was 100 ft, Each barrier segment was placed on styrofoam
pads on grade. The original 3/4-in-thick pads were crushed approximately
50 percent by the weight of the barrier. The purpose of the pads was to
establish a mechanical interlock with the asphalt surface to maximize
sliding resistance.

In this test a 4,500 ib vehicle impacted the barrier 4.7 ft upstream
from joint 2 at an actual speed of 56.4 mi/h and an actual impact angle of
24.1 degrees. The barrier segments remained attached by the steel plates
although failure occurred at joints 1, 2, and 3. The vehicle was
redirected with a maximum roll angle of 26 degrees away from the barrier.
Redirection of the vehicle occurred with a total barrier contact of 44.5
ft.

Installation damage consisted of severe damage to joints 1, 2, and 3.
The concrete at the base of these three joints failed around the connecting
steel plates, Diagonal cracking of the female joint on the impact side of
segment 2 at Jjoint 2 and the back side of segment 4 at joint 3 also
occurred. No cracking of the concrete along any other segments was noted.
Lateral translation of the barrier measured a maximum of 41 in at joint 2.

Vehicle damage was considerable. Major damage was sustained by the
left front quadrant of the vehicle. Extensive frame damage resulted. The
left front wheel was deflated and the rim deformed.

B. New York State Department of Transportation
1. Test NY-17

The connector wused in test NY-17 was l-beam (la). Barrier segment
length was 20 ft, and the total system length was 160 ft. The barrier
system was placed on a dry asphalt pavement. In this test, a 4250 1b, 1975
plymouth sedan impacted the barrier at the center of the fourth segment, at
52.8 mi/h and 25 degrees. On impact, the vehicle climbed to the top of the
barrier, and within 15 ft was redirected parallel to the barrier. Upon
initial redirection, while the right side tires were up on the barrier, the
left side was airborne. When the vehicle left the barrier, the front end
pitched forward, dragging on the pavement, while the rear was still
airborne for some time. The vehicle remained in contact with the barrier
for 34 ft, 1leaving it just beyond the joint between the fifth and sixth
segments. Because its right front suspension was severly damaged and the
tire flattened, the vehicle turned back into the barrier, again striking
the bottom 3 in high vertical barrier face about 6 ft into the seventh
segment. The bumper rode about halfway up the slope barrier face, and the
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vehicles right side was in contact with the barrier for the entire length
of the eighth segment. The vehicle came to rest about 40 ft beyond and
perpendicuiar to the barrier.

The vehicle sustained heavy damage to the front end sheet metal, right
front suspension, and aleng the entire right side. Barrier damage was
minor and maximum deflection was 1.33 ft. The third, fourth, and fifth
segments were displaced laterally, but there was no barrier overturn.
Segment 4, where impact occurred, sustained three vertical hairline cracks
on the backside. Corners on the barrier base were spalied slightly at
Joints 2, 3, and 6 on the front, moderately at joint 4 on the front, and
extensively on the back at joints 2 and S.

2. Test NY—-18

The connector used in test NY-18 was [-beam (la). Barrier segment
length was 20 ft, and the total system length was 160 ft. The barrier
system was placed on a dry asphalt pavement. The first barrier seament was
pinned to the ground, joints were pulled tight, and each joint was packed
with a stiff portland cement mortar to a height of 6 in, about 6 in into
the joint. In this test, a 4230-1b, 1973 AMC Matador station wagon
impacted the barrier at the center of the fourth segment, at 54.8 mi/h and
25 degrees. On impact, the right side tires quickly climbed to the barrier
top, and on redirection, both tires were well above its top. At 26 ft
after impact, the vehicle had rolled 36 degrees to the left and was
airborne with the left side about 8 in off the ground, and the right side
about 8 ft off the ground. The vehicle’s rear yawed right so that the
right rear wheel was about 3 ft above and 2 ft behind the barrier. The
vehicle recontacted the barrier 63 ft downstream of impact with the right
rear wheel on top of the barrier, the right front and l1eft rear wheels on
the barrier face, and the left front wheel and bumper dug into the
pavement. When it returned to the pavement 71 ft after impact, the rear of
the vehicle yawed sharply right and it rolled over, coming to rest on its
wheels about 60 ft beyond and perpendicular to the barrier.

The vehicle suffered extensive damage during both impact and rollover.
There was heavy damage to all of the front end and right side sheet metal
and to all right side wheels and suspension parts. Also, the frame was
bent and the windshield broken. The rollover popped out the windshieid,
dented the roof, and crushed the engine compartment.

The barrier moved laterally a maximum of 0.92 ft at the downstream end
of the impacted (fourth) segment, with less movement of the second, third,
and fifth segments. Again, there was no barrier overturn. The only
significant barrier damage was confined to some base corner spalling and
some cracks in the impacted section ranging from hairline fractures to 1/8
in wide. Joint spalling in this test was noticeably less than in the
previous test because the mortar helped transfer impact forces across the
joints more uniformly.
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3. JTest NY-44

The connector used in NY-44 test was I-beam (1b). Barrier segment
length was 8 ft, and the total system length was 160 ft, The barrier

system was placed on a dry compacted granular surface. In this test, a
4300-1b vehicle impacted the barrier 58.0 ft from the beginning at an
actual speed of 64.9 mi/h and an actual angle of 27.1 degrees. On impact

the vehicle’s right side immediately climbed to the barrier top, the hood
opened and the vehicle pitched up 8 degrees while deflecting the barrier
about 17 in. The vehicle was redirected, but because it was at a high
roll angle of 54 degrees left and had its underside against the barrier,
redirection was not smooth. It contacted the barrier a number of times,
and the right rear tire caught behind the barrier top when its right side
came down. The left front tire initially directed the vehicle’s front away
from the barrier with a 10 degree left exit angle, but when the damaged
right front tire recontacted the ground, the front end pitched down to a
maximum of 23 degrees and increased its deceleration. The rear end lifted
and rolled right 180 degrees and yawed 90 degrees left about its front end,
coming to rest on its rocof.

Vehicle damage was severe. The roof and hood were dented, front
suspension was heavily damaged, there was frame damage, the right side
sustained- sheet metal damage, and both right tires had blown out. Roof
crush was probably exaggerated because the target concentrated the impact
in the center of the roof. Barrier damage was moderate, consisting mostly
of scratches and spalled areas. Segment 7 had a cracked base and segments
8 and 9@ had hairline cracks in the back side surfaces.

4, Test NY-45

The connector used in test NY-45 was [-beam (1b). Barrier segment
length was 8 ft, and the total system length was 160 ft. The barrier
system was placed on a dry compacted granular surface. In this test, a
2,175~-1b vehicle impacted the barrier 54.0 ft from the beginning at 65.5
mi/h and 16.1 degrees. The vehicle’s right side immediately climbed the
barrier top and pitched up 2 degrees while deflecting the barrier 2.75 in,
The right front tire blew out and the steering and suspension were damaged
on impact. It was redirected with an exit angle of 5 degrees left and
maximum pitch down of B degrees, with a maximum roll left of 64 degrees.
it appears that the vehicle would have rolled over had the l-in-square data
cable bar mounted on the rear not contacted the ground and acted as a
counterforce to its roil. After leaving the barrier, the vehicle’s full
weight came down on its left side, its right side recontacted the ground,
and the damaged front end caused it to swerve to the left, where it was
stopped by a cable and safety fence.

Vehicle damage was moderate, consisting of steering and front
suspension damage, a blown right front tire, sheet metal damage to the
front end and right side, and cracking of the right hand edge of the
windshield. Barrier damage was only cosmetic with scratches and tire
marks.
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5. Test NY-46

The connector used in test NY—-46 was l-beam (1b) with grouted joints.
Barrier segment length was 8 ft, and the total system length was 160 ft.
The barrier system was placed on a dry compacted granular surface. In this
test, a 4,350-1b vehicle (sedan)} impacted the barrier at 54.5 ft from the
beginning at 61.1 mi/h and 25.2 degrees. Upon impact, the vehicle’s right
side climbed to the barrier top and pitched up 5 degrees whiie deflecting
the barrier 6.75 in., The vehicle was redirected with an exit angle of 8
degrees left and a maximum roll of 42 degrees left. The right rear tire
caught behind the barrier as the vehicle lost roll angle, causing its
weight to be shifted to the left front tire with a maximum pitch down of 10
degrees and yawing to the left. Its rear end remained on the barrier while
yaw increased and the roll changed to the right, bringing the damaged right
front tire and suspension down to the ground, further decelerating the

vehicle, and causing an increase in yaw. Its rear end reached the end of
the barrier instaljation and came off the barrier, and then bounced on the
ground and continued to yaw until it was stopped by the cable and safety

fence at a maximum yaw of 270 degrees left.

Vehicle damage was severe, with front and rear suspension particularly
affected. Both right tires were blown, there was front sheet metal and
bumper damage, and the windshieid was cracked. Barrier damage was moderate
with scratches, gouges, hairline cracks, and broken corners.

6. Test NY-47

The connector used in test NY-47 was an I-beam (1b). Barrier segment
length was 20 ft, and the total system length was 160 ft. The barrier
system was placed on a dry compacted granular surface. In this test, a

2,175-1b vehicle (the same that was used in test NY-45) impacted the
barrier 53.0 ft from the beginning at €1.4 mi/h and at 15.2 degrees. On
impact, the wvehicle climbed half way up the barrier, and pitched up less
than 3 degrees. Maximum roll was 11 degrees right, and the vehicle was
redirected quite smoothly. A maximum pitch of 3 degrees down preceded its
losing contact with the barrier. It left the barrier 82 ft from the
beginning with an exit angle of 5 degrees left. No yaw was observed and it
continued its exit until stopped by safety cables.

Vehicle damage was moderate, mostly involiving sheet metal and the
front suspension and steering. Except for scratches and tire marks, the
barrier was not dameged. Maximum barrier deflection was 3 1/2 in.

C. Texas Transportation Institute (TTI)
1. Test 3825-5

The connector used in test 3825-5 was the flaring tongue and groove
with side plates (4). Barrier segment length was 12 ft, and the total
system length was 120 ft. The system was placed on a dry level concrete
surface. in this test, a vehicle weighing 4,500 Ib (including telemetry
equipment) Iimpacted the barrier at an actual speed of 60.7 mi/h and an
actual angle of 25 degrees.
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The vehicle impacted the barrier initially at the center of segment 4.
The force of the impact disengaged the hood, causing it to fly up and
become folded back against the windshield. The left front wheel contacted
the barrier 1.2 ft downstream from impact and began to ramp, c¢ausing the
vehicle to roll and yaw to the right and the barrier to deflect. By 0.331
second the left front wheel was up and over the barrier with the vehicle
continuing to roll and yaw. As this yaw continued, the left rear tire
swung into the barrier 4.8 ft downstream from joint 3-4 and also cleared
the barrier. The motion of the vehicle became parallel to barrier by 0.264
second as the vehicle skidded along the top of the barrier and continued to
yaw to the right. The vehicle exited when it siid off the end of the
barrier and skidded sideways to a stop 253.0 ft downstream from the initial
impact point. During the test the vehicle penatrated a maximum of 4.6 ft
into the construction zone as measured from the initial center 1ine of the
barrier. This occurred when the rear of the vehicle went over the top of
the barrijer. The maximum dynamic deflection of the barrier was 1.6 ft, as
was the maximum permanent deflection, both occuring at joint 4-5,

Minor damage occurred due to flexural cracking and concrete spalling
at the base of the joints near the impact area. Major spalling occurred at
some of the joints due to the tongue and groove connector undergoing large
deflections.

2. Test 3825-6

The connector used in test 3B25-6 was the flaring tongue and groove
with side plates (2). Barrier segment length was 12 ft, and the total
system length was 120 ft. The system was placed on a dry level concrete
surface. In this test, & vehicle (the same that was used in test 3825-5)
weighing 4500 1b (the same that was used in test 382Z5-5) impacted the
barrier at an actual speed of 60.1 mi/h and an actual angle of 24 degrees.

The vehicle impacted the barrier initially 5.9 ft downstream from
Joint 3-4 on segment 4. The force of the impact buckled the bhood and
crushed the left front fender back to the wheel. The left front wheel
ramped on the barrier, and by 0.225 second was over the top of the barrier.
During this time, the barrier was deflecting laterally and rotating while
the vehicle began to yaw to the right and redirect. As this yaw continued,
the rear of the vehicle swung into the barrier 5.7 ft downstream from joint
3-4 and also moved over the top of the barrier. The motion of the vehicle
became parallel to the barrier 0.243 second after impact as the vehicle
settled on the barrier, with both the left front and rear wheels over the
barrier, and skidded along the top. The vehicle exited when it slid off
the end of the system at approximately 6 degrees to the barrier and
continued to vyaw to the right. After sliding off, the vehicle then rolled
one and a half times, eventually ending upside down 178.0 ft downstream
from the initial impact point.

The testing agency felt that although the vehicle did roll after
losing contact with the barrier, that this test alone should not be used to
disqualify this connector, since several factors contributed to the vehicle
rollover. (12)
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During the test, the vehicle penetrated & maximum of 2,9 ft into the
simulated construction zone. The maximum dynamic deflection of the barrier
system was 2.0 ft, occurring 12.3 ft downstream from the impact at joint 4-
5. The maximum permanent defliection was 1.8 ft, also at joint 4-5.

Minor damage to the barrier occurred due to flexural cracking and
concrete spalling near the base of the joints in the vicinity of the impact
point. Most damage occurred at the joints that underwent the largest
rotation due to the tongue and groove connector interaction.

3. Test 3825-7

The connector used in test 3825-7 was the flaring tongue and groove
with side plates (1). Barrier segment length was 12 ft, and the total
system length was 120 ft. The system was placed on a level concrete
surface, In this test, a 4,500-1b vehicle (the same that was used in test
3825-5 and 3825-6) impacted the barrier at an actual speed of 59.2 mi/h and
an actual angle of 25 degrees.

The vehicle first contacted the barrier at a distance 5.8 ft down-
stream from joint 3-4 on segment 4. The force of the impact caused the
hood to disengage and open, and eventually to fold back against the wind-
shield. The left front tire rode up the barrier, and by 0.172 second was
over the top of the barrier. During this time, the vehicle was yawing to
the right and eventually became parallel to the barrier system at 0.24
seconds. As this yaw continued, the rear of the vehicle swung into the
barrier 8.3 ft downstream from joint 3-4, causing the left rear tire to be
sheared off and the entire car to underge moderate counterclockwise roll.
The loose tire continued on a course behind the barrier roughly parallel to
it and penetrating 5.4 ft into the construction zone while the vehicle
settied and skidded along the top of the barrier and continued to vyaw to
the right. The vehicle exited at approximately 13 degrees to the barrier
system. The maximum dynamic deflection of the barrier system was 2.3 ft,
occurring 11.9 ft downstream from the impact point at joint 4-5, while the
maximum permanent deflection remaining in the barrier was 1.8 ft at joint
4-5. However, the vehicle penetrated a maximum of 5.6 ft into the
construction zone when the rear of the vehicle went over the top of the
barrier.

Damage to the barrier was slight due to the smooth defliection of the
barrier segment acting as a unit. The major portion of the damage that
occurred was due to the tongue and groove interaction at the joints. Minor
cracking and spalling occurred near the initial impact point at the base of
the Jjoints where the side plates were bolted. The side plates were all
intact, and no tensile yielding was apparent.

4. Test 3825-8

The connector wused in test 3825-8 was the flaring tongue and groove
with channei splice and double dowels (l). Barrier segment length was 15
ft, and the total system length was 180 ft. The barrier system was placed
on a level concrete surface.
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In this test, a school bus weighing 20,000 1b, including telemetry
equipment, anthropomorphic dummies, and sandbags, impacted the barrier at
an actual speed of 57.7 mi/h and an actual angle 15 degrees.

Impact occurred 1.2 ft downstream of joint 4-5 on segment 5. The
right front wheel impacted initially, and the right fender rode up onto the
barrier. The vehicle began to roll while its rear impacted the barrier.
The vehicle continued to roll as it slid off the barrier and came to a rest
on its side 168.0 ft beyond the downstream end of the test instaliation.

The maximum permanent deflection of the barrier was 1.8 ft and
occurred in segment 5 adjacent to joint 5-6. Damage to the barrier
consisted primarily of flexural cracking on the back bases. Some spalling
occurred on the top end of segment 5 adjacent to segment 6. A crack from
the top of the dowel in segment 4 (Jjoint 4-5) also formed.

The testing agency believes that this test illustrates the structural
capacity of portable concrete barriers to redirect vehicles as large as
school buses. The reaction of the bus was not ideal, but this relates to
the geometry of the barrier rather than to structural capacity. Modifi-
cation of barrier geometry will improve the reaction of 1large vehicles
during redirection. (12)

5. Test 3825-9

The connector used in test 3825-9 was the flaring tongue and groove
with side plates (3). In addition, a bilock out W-beam rail was installed
on the simulated traffic face of the barrier system. Barrier segment
length was 12 ft, and the total system length was 120 ft. The barrier
system was placed on a dry level concrete surface. In this test 4510-1b-
vehicle impacted the barrier at an actual speed of 63.4 mi/h and an actual
angle of 25 degrees. ’

The vehicle impacted the barrier 6.8 ft downstream from joint 3-4 on
barrier segment 4. The force of the impact crushed the right front fender
back to the wheel and caused the hood to begin to fly up. Due to the W~
beam segment rail blockout attached to the barrier system, there was no
tendency for the vehicle to ramp on to the barrier. As the vehicle yawed
and redirected, its motion became parallel to the rail 0.247 seconds after
impact. The vehicle exited the barrier system at approximately 8 degrees.
Due to severe damage to the right part of the vehicle, it skidded and yawed
180 degrees, ending up 138.0 ft downstream from the initial impact point.
The maximum vehicle penetration into this simulated construction zone was
2.0 ft. The maximum dynamic deflection of the barrier was 6.5 ft.

Damage to the barrier segments was significant, with the most severe
damage occurring at Jjoint 4-5. This was due to the large deflection
causing large rotation of the tongue and groove joints. The 1/B-in-base
plates were broken at joints 4-5, 5-6, and 6-7.

The testing agency believes that this test illustrates the inadequacy
of the 1/8 in base plates due the large deflections and faflure of several
Joints. The concept of mounting the W-beam on the CMB segment was shown to
be quite effective in preventing the vehicle from ramping onto the CHMB
segments.
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6. Test 3825-10

The connector used in test 3825-10 was the bottom T-lock (1). Barrier
segment length was 12 ft, and the total system length was 120 ft. In this
test, a 3,598-1b vehicle impacted the barrier at an actual speed of 60.6
mi/h and an actual angle of 6.5 degrees. The vehicie was free-wheeling and
unrestrained at impact.

The vehicle impacted the barrier 1.0 ft upstream of the joint between
segments 3 and 4. The tire path moved up the side of the barrier, reaching
a maximum height of 2.1 ft, approximately 12.0 ft from impact. Total
length of contact was approximately 24.0 ft. The vehicle was redirected
and exited the barrier at 0.305 second with exit angle of (0 degrees.
Subsequently, the vehicle impacted the barrier again at 0.727 second, rode
off the end of the barrier, and spun around. The vehicle sustained slight
damage to the left front quarter. The left end of the bumper was bent back
slightly,

The barrier received minor cosmetic damage to segments 3 and 4. There
were also tire marks on segments 9 and 10 where the vehicle impacted the
barrier a second time. The top of the barrier moved 0.05 ft during the
test but was permanently displaced oniy 0.02 ft.

7. Test 3825-11

The connector used in test 3825-11 was the bottom T-lock (1), Barrier
segment jength was 12 ft, and the total system length was 120 ft. In this
test, a 3,598-1b vehicle (the same as that was used in test 3825-10)
impacted the barrier at an actual speed of 60.7 mi/h and an actual angle of
14.5 degrees. The vehicle was free-wheeling and unrestrained at impact.

The vehicle impacted the barrier approximately 2 ft downstream of the
Joint between segments 3 and 4. The top of the path reached the top of the
barrier approximately 2.0 ft downstream of the impact point. Tire marks
extended to the upper edage of the barrier for a distance of about 7.0 ft
and the bottom of the tire marks formed a curved path. Total length of
contact was approximately 13.8 ft. The vehicle was redirected and exited
the barrier at 0.286 second with an exit angle of 1.2 degrees. The speed
of the vehicle at loss of contact was 52.0 mi/h.

The barrier received damage to segment 4. The upper corners of joints
3-4 and 4-5 were cracked and broken. The top of the barrier moved 0.1]1 ft
during the test but returned to its original position afterwards. The
vehicle sustained minimal damage to its left front quarter. I1ts left front
tire was defiated and the rim was bent. The left corner of the rear bumper
was also pulled back. The barrier redirected the vehicle, and detached
elements did not penetrate the occupant compartment. The vehicle remained
upright during and after impact. Exit angle was 1.2 degrees and vehicle
change in speed at loss of contact was B.7 mi/h.
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8. Test 3825-12

The connector used in test 3825-12 was the bottom i-lock (1). Barrier
segment length was 12 ft, and the total system length was 120 ft. In this
test, a 2434-1b vehicle impacted the barrier at an actual speed of 51 mi/h
and an actual angle of 15 degrees. The vehicle was freewheeling and
unrestrained at impact.

The vehicle impacted the barrier approximately 3 ft downstream from
the joint between segments 3 and 4. The tire path on the face reached the
top of the barrier approximately 0.5 ft downstream of the impact point.
Tire marks - extended to the upper edge of the barrier a distance of about
7.5 ft before fading out. Total length of contact was approximately 10.5
ft. The vehicle was redirected and exited the barrier at 0.284 second
with an exit anglie of 2.0 degrees. The speed of the vehicle at loss of
contact was 54 mi/h,

The barrier received damage to segments 3 and 4 with minimal cracking
at Joints 3-4 and 4-5. The barrier showed no measurable movement during
the test. The vehicle sustained minimal damage to its left front quarter.
Ilts left front tire was deflated, and the rim was slightly bent.

9. Test 3825-13

The connector used in this test was 3825-13 the bottom T-lock (1).
Barrier segment length was 12 ft, and the total system length was 120 ft.
In this test, a 4490-1b vehicle impacted the barrier at an actual speed of
57.3 mi/h and an actual angle of 6.5 degrees. The vehicle was freewheeling
and unrestrained at impact.

The vehicle impacted the barrier approximately 2 ft downstream of the
joint between segments 3 and 4. The tire path on the barrier face reached
a maximum height of 2.2 ft at 11.6 ft downstream of the impact point.
Total length of contact was 16.8 ft. The vehicle was redirected and exited
the barrier at 0.363 second with an exit angle of 4.0 degrees, The speed
of the vehicle at loss of contact was 50.6 mi/h.

The barrier received damage to segments 3 through 5. The upper
corners of joints 3-4 and 4-5 were cracked and broken. The top of the
barrier moved 0.11 ft during the test but returned to its original position
afterwards. The vehicle sustained minimal damage to its left front
quarter. The left front corner of the bumper was pushed back.

10. Test 3825-14

The connector wused in this test 3825-14 was the bottom T-lock (1).
Barrier segment length was 12 ft, and the total system length was 120 ft.
In this test, a 4490 |b vehicle (the same that was used in test 3825-13)
impacted the barrier at an actual speed of 58.1 mi/h and an actual angle of
5 degrees. The vehicle was freewheeling and unrestrained at impact.
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The wvehicle impacted the barrier approximately 4 ft downstream of the
joint between segments 3 and 4. The vehicle’s tire path on the barrier
face reached the top of the barrier 6.5 ft downstream of the impact point.
Tire marks extended to or near the upper edge of the barrier for a distance
of about 6.0 ft, Total length of contact was 17 ft. The vehicle was
redirected and exited the barrier at 0.418 second with an exit angle of 4.0
degrees. The speed of the vehicle at loss of contact was 46.8 mi/h.

The barrier received damage to segments 3 through 5. The upper
corners of joints 3-4 and 4-5 were cracked and broken. The top of the
barrier moved 0.12 ft during the test but returned to its original position
afterwards. The vehicle sustained damage to its left side. Its left front
and left rear tires were deflated and the rims were bent.

11. Test 3825-15

The connector used in 3825-15 test was the bottom T-lock (1). Barrier
segment length was 12 ft, and the total system iength was 120 ft. In this
test, a 4540 1b vehicle impacted the barrier at an actual speed of 60.2
mi/h and an actual angle of 2{.5 degrees. The vehicle was freewheeling and
unrestrained at impact.

The vehicle impacted the barrier 3.5 ft downstream of the joint
between segments 3 and 4. The vehiclie rode up the face of the barrier and
started rolling away from the barrier. The vehicie left the barrier at
about 0.370 second after impact and had rolled approximately 30 degrees.
As the vehicle left the barrier it continued to roll and subsequently
touched ground on its right side and s1id approximately 150 ft.

The wvehicle’s tire path on the barrier face reached the top of the
barrier 3 ft downstream of the impact pcint. Tire marks extended to the
upper edge of the barrier for a distance of over 12.0 ft. Total length of
contact was 6 ft,

Segment 4 had tilted back during impact, causing the concrete at the
joints on each end to break off, exposing the channel in the T-lock, The
segment came to rest on some of these pieces of concrete, elevating it
approximately 2 in. The T-lock was also exposed at joint 5-6. The top of
the barrier (seagment 4} moved 0.63 ft during impact and retained a
permanent deflection of 0.08 ft. The vehicle sustained damage to the
undercarriage. The Jleft I-beam {axle) was bent back, the left strut
attachment bracket was sheared from the frame, and both main frame rails
were bent. The left front tire was deflated and the rim was bent.

12. 3825-16

The connector used in test 3825-16 was the bottom T-lock (1). Barrier
segment length was 12 ft, and the total system iength was 120 ft. [n this
test, a 4,760 ib vehicle impacted the barrier at an actual speed of 59.7
mi/h and an actual angle of 14.5 degrees. The vehicle was freewheeling and
unrestrained at impact.
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The vehicle impacted the barrier 3 ft downstream of the joint between
segments 3 and 4. The vehicle’s tire path on the barrier face reached the
top of the barrier 2 ft downstream of the impact point. Tire marks
extended to the upper edge of the barrier for a distance of over 14.0 ft
and the bottom of the tire marks formed a curved path. Total tength of
contact was [8 ft. The vehicle was redirected and exited the barrier at
0.40 second with an exit angle of 0.5 degrees toward the barrier. The
speed of the vehicle at loss of contact was 51.7 mi/h.

The barrier received damage to segment 4. Joints 3-4 and 4-5 were
chipped and broken. The top of the barrier moved 0.14 ft during the test
and retained a permanent set of 0.03 ft. The vehicle sustained damage to
its left front qguarter. Its left front tire was deflated and the rim was
bent. The front axle and wheel assembly also were damaged.

13. JYest 3825-17

The connector used in test 3825-17 was the bottom T-lcck (1), A steei
backup structure was added to the rear side of the barrier to prevent
significant deflection of the barrier when impacted by the heavy vehicle.
Barrier segment length was 12 ft, and the total system length was 120 ft.
In this test, a vehicle weighing 18,240 1b impacted the barrier at an
actual speed of 60.1 mi/h and an actual angle of 15 degrees. The wvehicle
was freewheeling and unrestrained at impact.

The vehicle impacted the barrier 1 ft downstream of the joint between
segments 3 and 4. The vehicle’s tire path on the barrier face reached the
top of the barrier approximately 5.0 ft downstream of the impact point.
Tire marks extended to the upper edge of the barrier for a distance of over
6 ft. Marks were also made on the rear of the barrier. Total length of
contact was approximately 86 ft. The vehicle was redirected, but it rolied
onto the barrier and silid off the end at about 1.224 seconds. Maximum rotli
was approximately 94 degrees. The speed of the vehicle at 1.000 second
(end of data processing) was 54.1 mi/h.

The barrier recefved damage extending from the downstream end of
segment 3 to the downstream end of the barrier (approximatety 86 ft).
Joints 3-4, 4-5, 5-6, and 6-7 were chipped and cracked. The top rear of
segment 6 and the steel framework were scraped. Vehicie tire marks started
on the top rear of segment 7, moved along the rear of segment 8, and ended
up near the ground 1.8 ft upstream of joint 9-10. The rear of segment 10
was scraped. The barrier showed no measurable sign of movement.

The vehicle was severely damaged. The U-bolts attaching the axle to
the frame were broken and the frame was bent. The motor mounts, springs,
and shacklies were severely damaged.

14, Test 2262-1
The connector used in test 2262-1 was the side plate (2). Barrier
segment length was 15 ft, and the total system length was 180 ft. In this

test a 4,500 1b vehicle impacted the barrier at an actual spsed of 60.9
mi/h and an actual angie of 15 degrees. The vehicle was smoothly
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redirected and was not severely damaged. The vehicle’s projectory after
impact would not have been a hazard to other traffic.

The barrier was displaced only 6.9 ft and was not damaged

significantly. Damage to the barrier installation was limited to
superficial scarring of the concrete surface and measured deformations in
three splice plates. However, there was significant differential

horizontal movement between barriers. At large impact angles, this
differential movement can prove to be a snag point for impacting vehicles.
The testing agency considered this test very successful since the test
vehicle was_ safely redirected and both barrier and vehicle were 1ightly
damaged.

15. Test 2262-2

The connector used in test 2262-2 was a channel splice (1). Barrier
segment length was 15 ft, and the total system length was 180 ft. In this
test a 4500-1b vehicle impacted the barrier at an actual speed of 56 mi/h
and at an actual angle of 26 degrees. The test vehicie which was
redirected smoothly, and was not badly damaged for a test of this
severity,

The maximum deflection of the barrier was only 1.33 ft. Damage to
concrete barrier segments was again limited to surface scarring. The
channel splices were lightly damaged, and only six channels required
replacement. There was no differential motion between barrier ends. The
testing agency considered this test very successful due to the safe
redirection of the test vehicle and |imited damage to the barrier. (12)

D. Barrier Systems Incorporated (BSI)

I. Test 022686-1

The connector used in test 0226B6-1 was the hinge plate {l}. Barrier
segment iength was 3.1 ft, and the total system length was 200 ft. In this
test, a 3200-ib vehicle impacted the barrier at an actual speed of 45 mi/h
and an actual angle of 7 degrees. The car was smoothly redirected. The
only roll during the collision was the gradual }ean away from the barrier
as the vehicle’s left front and rear tires climbed up the Jower sloping
face of the barrier. Tire scuff marks indicate that the maximum vertical
rise of the left tires was approximately 8 in. The right tires maintained
contact with the pavement.

There was longitudinal movement in the barrier in hinges 32 through
37, and was due to longitudinal siip in the hinges. The unanchored end of
the barrier did not move in any direction. There was no physical damage to
the barrier other than the very slight spalling at the corner of the base
of several concrete segments. Other than bending of the left end of the
front bumper and moderate bending of the left front fender, the vehicle was
undamaged and was used again in a later crash.
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2. Test 022786-]

The connector used in test 022786-]1 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. In this
test, an 1800-1b vehicle impacted the barrier at an actual speed of 47 mi/h
and an actual angle of 7 degrees. The vehicle was smoothly redirected.
The only rolls of the vehicle during the collision were its lean away from
the barrier as the left front and rear tires rode up the lower sloping face
of the barrier and its lesser reverse roil when its rebounded and the left
wheels landed back on the pavement. Tire scuff marks on the face of the
barrier indicated that the vertical rise of the left tires was
approximately 9 in. The right tires maintained contact with the pavement
throughout the event.

There was no longitudinal movement in the barrier at either any of the
hinges or the unanchored end. There was no physical damage cr distress to
the concrete segments, to the steel hinge pins, or to the welded plate
hinges. Other than minor scuff marks and scratches on the left corner of
the front bumper and several 1ight scratches on the left side, the vehicle
was undamaged and was used again in a iater test.

3. Test 022886-1

The connector used in test 022886-1 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system tength was 200 ft. In this
test a 3180-Ib vehicle impacted the barrier at an actual speed of 52 mi/h
and at an actual angle of 7 degrees. The vehicle was smoothly redirected.
The only roll of the vehicle during the collisfon was its gradual lean
away from the barrier as the front and rear ieft tires mounted the Ilower
slope of the barrier face. Tire scuff and rub marks on the barrier face
indicate that the maximum vertical rise of the left tires was approximately
10 in. The right tires maintained contact with the pavement throughout the
collision. There was no visual evidence that any of the barrier segments
tilted during the impact.

There was no more than 1/8 in of longitudinal movement in the hinges
in the primary impact area or at the ends of the barrier. Nor was there any
physical damage or signs of distress to any of the concrete segments, steel
hinge pins, or welded steel plate hinges. Except for minor bending at the
left end of the front bumper and minor scratches on the left side of body,
the vehicle was undamaged and scheduled for use in a later test, which was
aborted because of collision with the barrier,

4. Test 022886-2

The connector used in test 022886-2 was the hinge plate (i). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. In this
test a8 4,240 1b vehicle impacted the barrier at an actuail speed of 58 mi/h
and at an actual angle of 7 degrees. The vehicle was smoothly redirected.
The only roll of the vehicle during the collision was the gradual lean away
from the barrier as the left front and rear tires mounted the lower sloping
face of the barrier. Tire scuff and rub marks on the barrier face
indicated the maximum vertical rise was about 10 in. The right tires
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maintained contact with the pavement throughout the collision. There was
no visual evidence that any of the barrier segments tilted during the
impact.

There was longitudinal movement in the barrier, due to longitudinal
slip in hinges 28 through 35. The unanchored ends of the barrier did not
move in any direction. There was no physical damage or signs of distress
to the concrete segments, the steel hinge pins, or the welded steel piate
hinges. There was a long scratch or narrow groove along the lower left
side of the vehicle body and some scratches on the left end of the front
bumper. There was also some upward distortionail bending of the vehicle
body above and forward of the front wheels, but this was on both sides and
developed after the barrier impact when the car ncsed into the earth and
boulder mound and came to a stop on it.

5. Test 030386-1

The connector used in test (030386~1 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. In this
test, an 1800-1b vehicle (the same that was used in test 022786-1) vehicle
impacted the barrier at an actual speed of 47 mi/h and an actual angle of
15 degrees. The vehicle was smoothly redirected. The vehicle rolled to
the right as the left front and rear wheels climbed the lower sloped face
of the barrier, Tire scuff and rub marks on the face of the barrier
indicated that the maximum vertical rise of the left front tire was about
10 in. The right tires maintained contact with the pavement throughout the
collision. Although the vehicle yawed first to the right and then to the
left on the pavement after it teft the barrier, it never exhibited any
serious rotling. There was no visual evidence that any of barrier segments
tilted during the impact.

There was longitudinal movement in the barrier due to longitudinal
slip in hinges 25 through 32 The unanchored end of the barrier did not
move jin any direction. There was no physical damage or signs of distress
to any of the concrete segments, steel hinge pins, or welded steel plate
hinges. Other than slight bending of the left end of the front bumper and
minor lower body scratches, the left side of the vehicle was undamaged. It
was used again for the third time in a later impact test in this series,

6. Test 030486-1

The connector used in test 0630486-1 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. In this
test, a 3200-1b vehicle (the same that was used in test 030386~1) impacted
the barrier at an actual speed of 46 mi/h and an actual angie of 15
degrees. The vehicle was smoothly redirected. The vehicle rolled to the
right as its left front and rear wheeis climbed the lower slope of the
barrier face. Tire scuff and rub marks on the barrier face indicated that
the maximum vertical rise of the left tires was about 12 in in the primary
impact area. The left end of the front bumper rose almost to the top of
the barrier for the first time in this test series. In the preceding test
{number 030386-1), the projecting cap restrained the rise of the bumper and
the vehicle. The right front and rear tires maintained contact with the
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pavement throughout the collision. The vehicle never showed any serious
roll difficulties. Nor was there any visual evidence that any of the
barrier segments tilted during impact.

There was longitudinal movement of the barrier due to longitudinal
slip in hinges 23 through 33 in the primary contact area, and in hinges 48
through 54 in the secondary impact area. The unanchored ends of the
barrier did not move 1n any direction, Nor was there any physical damage
or signs of distress to any of the concrete segments, steel hinge pfns, or
welded steel plate hinges. The left end of the front bumper was bent and
the left corner of the vehicle was moderately crushed. The left front tire
was flat and the left front wheel suspension was damaged.

7. Test 030686-1

The connector used in test 030686-1 was the hinge plate (1). Barrier
segment fength was 3.1 ft, amd the total system length was 200 ft. In this
test, an 1800-1b vehicle (the same that was used in tests 022786-1 and
030386-1) impacted the barrier at an actual speed of 57 mi/h and an actual
angle of 15 degrees. The vehicle was smoothly redirected. The only roll
of the vehicle during the collision was its lean away from the barrier as
the left front and rear tires mounted the lower slioping face of the
barrier. Tire scuff and rub marks on the face of the barrier indicated
that the maximum vertical rise of thé left tires was approximately 10 1in.
Abrasion marks under the projecting cap of the concrete segments 1in the
impact area and the left end of the front bumper indicated that the cap did
restrict the ciimb of the vehicle in this high speed |5 degree impact. The
right front and rear tires of the vehicle maintained contact with the
pavement and the vehicle exhibited no serious roll throughout the
collision. There was no visual evidence that any of the concrete seagments
tilted during impact.

There was longitudinal movement in the barrier due to longitudinal
slip in hinges 19 through 33. The unanchored ends of the barrier did not
move in any direction. There was no physical damage or signs of distress
in any of the concrete segments, steel hinge pins, or welded steel plate
hinges.

/

Although this 1800-1b vehicle had now been through three impact tests
{(namely 7 degrees/47 mi/h, 15 degrees/47 mi/h, and 15 degrees/57 mi/h), it
was still judged to be drivable except for a flat left front tire,. The
feft front corner of the vehicle was moderately crushed and the left end of
the bumper was bent. There were also some minor dents and scratches on the
left side of the body.

8. Test 030686-2

The connector used in test 030686-2 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. In this
test, a 4,320-1b vehicle impacted the barrier at an actual speed of 43 mi/h
and at an actual angle of 15 degrees. The wvehicle was smoothiy
redirected. The onty roli of the vehicle during the impact was its lean
away from the barrier as the left front and rear tires mounted the lower
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sloping surface of the barrier. Tire scuff and rub marks on the barrier
face indicated that the maximum vertical rise of the left tire was about 9
in. Scraping marks under the projecting cap of concrete segments 26
through 30 and abrasion marks on the top of the left end of the front
bumper indicated the cap had restricted the climb of the vehicle. The
right front tire of the vehicle maintained contact with the pavement
throughout the coltision. However, the right rear tire rose above the
pavement when the right end of the vehicle rebounded from its secondary
impact with the barrier. There was no seriocus rollting situation throughout
the collision., Nor was there any visual evidence that any of the concrete
segments tilted during the impact.

Longitudinal movement in the barrier was in hinges 17 through 35. The
unanchored ends of the barrier did not move in any direction. There was a
horizontal longitudinal crack in the front face at the bottom of the 5 1/8
in thick neck of the downstream half of module number 26. This was the
concrete module where the cap received the initial upward thrust of the
relatively heavy, rigid bumper end of the impacting vehicle. The high
combined forces caused the bending crack at the critical moment. There was
no other damage or signs of distress in any of the concrete segments, steel
hinge pins, or welded steel hinge plates.

There was very little damage to the vehicle other than a light
crushing at the left front corner above the bumper, abrasion on the left
end of the front bumper, and light scratches and damaged moiding on the
left side of the vehicle,

9. Test 030686-3

The connector used in test (030686-3 was the hinge piate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. 1In this
test, a 3,650-1b vehicle impacted the barrier at an actual speed of 56 mi/h
and an actual angle of 15 degrees. The vehicle was smoothly redirected.
Its only roll was when the left front and rear tires climbed up the lower
sioping face of the barrier. Tire scuffs and rub marks and bumper scrape
marks on the barrier face and under the cap indicated that the maximum
vertical rise of the left tires was about 9 in. Scraping marks under the
projecting cap on concrete segments 28 through 33 and abrasion marks on the
left end of the bumper clearly showed that the module cap limited the
vertical rise of the vehicle was similarly restricted in the secondary
impact area. The right front tire of the vehicle maintained contact with
pavement throughout the entire collision. The right rear tire left the
pavement only when the rear end of the vehicle rebounded in the primary
impact area. There was no serious car roll at any time during the test.
Nor was there any visual evidence that any of the concrete segments had
tilted during the impact.

The unanchored stream end of the barrier did not move in any
direction. There was longitudinal movement in the barrier from hinges 21
through 38 in the primary Iimpact area and between hinge 48 and the
downstream end of the barrier in the secondary impact area. There was no
physical damage to the concrete segments except that a triangular-prism-
shaped chunk of concrete 6 in by 6 in by 6 in was knocked off the
downstream corner of the cap on module 54. The horizontal longitudinal
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crack that developed in the preceding test (number 030686-2) in the
downstream half of the lower neck of module 26 did not enlarge. There was
no damage to any of the steel hinge pins or to the welded steel plate
hinges.

The left front corner and the left front end of the front bumper of
the vehicle were crushed and bent in. The left side of the body was
scraped and grooved, the left end of the rear bumper was bent away from the
body of the car and the left front tire was flat.

10. Test 031486-1

The connector used in test 031486-1 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. 1In this
test, a 4280-1b vehicle impacted the barrier at an actual speed of 60 mi/h
and at an actual angle of 15 degrees. The vehicle was smoothly redirected.
The only roll of the vehicle during the collision was its lean away from
the barrier as the left front and rear wheels climbed up the lower sloping
face of the barrier. Tire scuff and rub marks on the face of the barrier
indicated that maximum vertical rise of the left tires was about 13 in.
The right front tire maintained contact with the pavement throughout the
collision. The right rear tire lost pavement contact only when the rear
end of the vehicle rebounded off the barrier face. There was no visual
evidence that any of the concrete segments tilted during the impact.

The wunanchored upstream end of the barrier did not move in any
direction. The unanchored downstream end was laterally displaced 1/4 in.
There was longitudinal movement in hinges 7 through 41 in the primary
Impact area and between hinges 43 through 56 in the secondary impact area.
There was no damage or signs of distress in any of the steel hinge pins or
welded steel plate hinges. A1l the concrete segments were still intact
tack and functional, but the segments in the impact areas were starting to
show signs of accumulated distress due to the impact and abrasion from the
ten vehicle crashes that had now been absorbed and resisted by the same
barrier without any concrete segments, steel hinge pins, or welded steel
plate hinges, being replaced.

The horizontal longitudinal crack in the lower neck of the downstream
half of module 26 still had not enlarged. However, some corner spalling
had now deveioped at the base of segments 26, through 28. Skid pads had
broken loose from the bottom of segments 28 and 31. There was a |1-ft-long
diagonal crack in the bottom of the cap at the upstream end of medule 47,
Concrete spalling had developed around the upper hinge inset at the
downstream ends of seaments 49 and 50. Also, the downstream corner of the
cap of module 54 was still broken. Therefore, it was decided to remove and
replace the most severely damaged and structurally distressed concrete
segments before the next crash test, which was scheduled to be a heavy
vehicle impacting the barrier at 25 degrees. Modules 26, 47, 49, and 54
were replaced.
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The left front corner of the vehicle was severely crushed. The left
half of the front bumper was severely twisted and bent. The doors on the
left side of the vehicle were scraped and th2 left front tire was flat.
Nevertheless, the occupant compartment was entirely undamaged and thers
were no protrusions of the steering wheel in the compartment.

11. JTest 031986~}

The connector used in test 031286-1 was the hinge plate (1). Barrier
segment length was 3.} ft, and the total system length was 200 ft. In this
test, a 4850~1b vehicle impacted the barrier at an actual speed of 50 mi/h
and at an actual! angle of 25 degrees. The vehicle was nearly redirected
and about paralliel to the line of the barrier when the hinges failed at
hinge 28 and the barrier completely separated at that point. The vehicle
glanced off already partially displaced module 34 and finally came to &
stop against the barrier with the vehicle’s front end opposite hinge 35.
Thus, even though the barrier had faited structurally, the failure was
delayed long enough to contain and redirect the vehicle and bring it to a
stop against the impact side of the virtually undisturbed downstream
portion of the barrier. However, the two loose ends of the barrier at the
break were thrown out about 17 ft behind the barrier. A 22-ft wide opening
was formed between the two broken ends. Tire scuff and rub marks on the
face of the barrier showed that the front of the vehicle was past hinge 33
when hinge 28 failed. The marks also showed that the maximum vertical rise
of the left front tire was about 9 in before the barrier failed. The right
front and rear tires maintained contact with the pavement at all times.
The vehicle never rolled excessively.

Inspection disclosed that the fajled hinge 28 occurred in the welded
hinge components attached to the upstream end of module 27. Failure was
due to undersized fillet welds attaching the hinge plates to their back
plates. Inadvertently, a set of prototype hinge weldments were used that
had been discarded because earlier developmental tests had disclosed their
inadequacy and Jiarger fillit weldswere used thereafter, Surprisingly,
these undersized welds withstood the preceding ten less critical tests.
This barrier was laterally displaced between hinges 12 and 40,
Longitudinal movement occurred between hinges 13 and 41. The unanchored
ends of the barrier did not move in any direction. A considerable amount
of concrete spaliing occurred at the corners of the base on the back side
of segments on each side of the break due to excessive hinge deflection
after the barrier failed. Some spalling also occurred on the upstream ends
of segments 26 and 27 around the upper hinge inset. Concrete segments 57
and 58 were cracked in the lower neck area at the upstream end, but these
cracks undoubtedly had occurred in an earlier test. The steel hinge pins
at hinges 28, through 30 were slightly bent. A moderately crushed left
front of the vehicle was the only significant damage.

12. Test 032586-1

The connector used in test 032586-~1 was the hinge plate (1). Barrier
segment length was 3.1 ft, and the total system length was 200 ft. 1In this
test, a 4020~1b wvehicle impacted the harrier at an actual speed of 44 mi/h
and at an actual angle of 15 degrees. The vehicle was smoothly redirected.
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The only roll of the vehicle was its lean away from the barrier as the left
front and rear tires climbed the sloping face of the barrier, and its
lesser counter-roll that occurred after all wheels returned to the
pavement. Tire scuff and rub marks indicated that the maximum vertical
rise of the left tires was about 18 in. The roll angle induced in the
vehicie was the largest in any of the tests to date but was still not great
enough to cause rollover. The right front tire was in contact with the
pavement throughout the collision, and the right rear tire lost contact
only lost contact when its rear end rebounded from the barrier. There was
no visual evidence that any of the barrier segments tilted during the
impact.

There was no movement in any direction at the unanchored ends of the
barrier. Nor was there any physical damage or signs of distress in any of
the concrete segments, steel hinge pins, or welded steel hinge plates. The
left front end of the vehicle was moderately crushed and there were some
scratches on the left side of body.

13. Test 032886-1

The connector used in test 032886-1 was the hinge plate (1). Barrier
segment length was 20 ft, and the total system length was 200 ft. 1in this
test, a 5100-1b vehicle impacted the barrier at an actual speed of 57 mi/h
and at an actual angle of 25 degrees. {The vehicle was smoothly redirected.
The vehicle leaned away from the barrier as its left front and rear tires
mounted the sloping face of the barrier. Tire scuff and rub marks
indicated that the maximum vertical rise of the left front tire was about
18 in. There was some reverse roll and both rear tires lost contact with
the pavement when the rear of the vehicle rebounded from the barrier.
However, the vehicle at no time came c¢lose to rolling over. There was no
visual evidence that any of the concrete segments tilted during the
collision.

The unanchored upstream end of the barrier moved 4 5/16 in
longitudinally. The unanchored downstream end of the barrier did not move,
but longitudinal movement in the hinges extended downstream to hinge 47.
Concrete spalling occurred at the lower base corners of the segments at
hinges 25 through 32. The skid pads were knocked loose from segments 32
through 34. The steei hinge pins were slightly bent at hinges 26, 27, 28,
and 33. At hinges 29, 30, and 32 the pins were moderately bent and at
hinge 31 the pin was badly bent. There was no sign of distress in the
welded steel! plate hinges or in their attachment to the 7/8-in-diameter
steel through rods.

The left front of the vehicle was severely crushed and its left front
wheel suspension system was damaged. The left front tire also was flat,
and there were some scratches and grooves on the left side of the body.
The occupant compartment however, was intact and undamaged and there were
no protrusions of steering wheel in the compartment.
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E. California Department of Transportation

1. Test 291

The connector used in test 291 was the pin and rebar (3b) with a 7/8
in diameter unanchored pin. Barrier segment length was 12 ft. In this
test, a 4860-1b vehicle impacted the barrier at an actual speed of 64 mi/h
and an actual angle of 7 degrees.

The vehicle was smoothly redirected although the left side tires rode
near the top of the barrier during redirection. The maximum permanent
deflection of the barrier system was (.52 ft. Barrier damage consisted of
cosmetic scarring and siight spalling.

2. Test 292

The connector used in test 292 was the pin and rebar (3b) with a 7/8
in diameter unanchored pin. Barrier segment was 12 ft. In this test, a
4860~-1b vehicle impacted the barrier at an actual speed of 68 mi/h and an
actual angle of 23 degree.

The vehicle was launched airborne partially into the work zone, and
came down on top of the barrier system before completely landing on the
ground. Deflection of the barrier was not applicable since the vehicle was
airborne well into the work zone. Barrier damage consisted of the impacted
segment being cracked in half and one of its pins coming out of the loops.

3. Test 293

The connector used in test 293 was the pin and rebar (3c) with a 1-in-
dfameter unanchored pin. Barrier segment length was 20 ft. 1In this test,
a 4860-1b vehicle impacted the barrier at an actual speed of 66 mi/h and an
actual angle of 40 degrees.

The vehicle was launched airborne partially into the work zone, landed
on the ground then rolled over once, coming to rest on its wheels.
Deflection of the barrier was not applicable since the vehicle was airborne
well into the work zone. Barrier damage consisted of the impacted segment
overturning and the pins of this segment being bent out of the loops as the
segment overturned.

—

est 294

4.

The connector used in test 294 was the pin and rebar {(3c) with a i-in-
diameter-unanchored pin. Barrier segment length was 20 ft. In this test a
4509 1b vehicle impacted the barrier at an actual speed of 39 mi/h and an
actual angle of 25 degrees.

The wvehicle was redirected, although it was airborne for 16 ft and
came close to rolling over. The maximum permanent deflection of the
barrier system was 0.46 ft. Barrier damage consisted of stight spalling,
although some of the pins were severely bent.
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Appendix C

State Interviews

. Colorado Department of Highways

Connector Type: Pin and rebar

Type of Visit: Office

Date of Visit: January 21, 1987

Personnel Interviewed: Standards and specifications engineer

Colorado’s pin and rebar connector has the 7/8 inch diameter by 28
inches long pin and the #5 bar for loops. Colorado has used this connector
for the last 10 vyears and the same design is used for temporary and
permanent installations. The hook and bar connector that was previously
stated as being used in Colorado was used in 1974 but later abandoned
because of its poor structural strength.

Colorado personnel beljeve that the pin and loop connector’s biggest
advantage 1is when barrier is being moved or replaced. The pin and loop
connector does make it easy for damaged segments to be removed or replaced,
or if an area needs to be opened in the barrier run. A slight change in
the horizontal grooves on the end of the barrier would further facilitate
removal of a barrier section from an inner location in a barrier run.

The pin does not have a nut on the bottom. Colorado makes the pin
longer so it does not pull out of the bottom 1loop. Although Colorado
personnel are aware of California research that shows that the pin pulls
out of the bottom loops on impact, they do not think they have a problem
with their design because their pin projects approximately 7 in through the
bottom loop.

Colorado’s design has a 1/2 in batter (1:12) on each segment end,
measured from the segment center to each outside edge. This batter helps
in placing the barrier on curves. They believe that the barrier can be
placed on 100-ft-radius curves. This also gives some slack for putting the
pin in the barrier. The segment length they use is 10 ft.

The bottom corners of Colorado’s barrier do get damaged occasionally.
They remove these segments and patch the corners in their maintenance yard.
They believe the damage is caused most often by impacts from heavy
vehicles, and not by the normal impacts from cars.

For end treatments on their barriers Colorado uses the 12 ft ramped
end segments when barrier is outside the 30-ft clear zone. When barrier is
inside the 30 ft clear zone, they use an impact attenuator.

Colorado does not have an anchoring detail for its temporary barriers.
They place and move segments around using a small crane mounted on a flat-
bed truck. Their connectors are not grouted when being used in temporary
fashion in the field. They also have a taper on the corner of the barriers
to avoid snagging by snowplows, When placing barriers in the field, they
do not pull the connectors tight.
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Since it has gone to the pin and rebar connector, Colorado has had
excellent experience with its portable concrete barrier.

2. District of Columbia Department of Public Works

Connector Type: Tongue and grocove, plate insert, pin and rebar

Type of Visit: -0Office and one field site

Date of Visit: May 7, 1987

Personnel Interviewed: Design and construction departments (no field
personnel interviewed)

The District of Columbia recently changed its specification for
portable concrete barrier connector to the pin and rebar type. None of
this type of connector, however, is currently in the field. The field site
visited showed that the tongue and groove and plate insert connectors were
still being used. Many of the barriers at the site visited, which was a
city street, were not connected.

The engineers in the District of Columbia believe there could be some
problems in breaking the loop rebars during handling. They believe the pin
and rebar connector would be efficient for curves and angles. They have
experienced some difficulty with the plate insert connector for curves and
angles.

The District of Columbia has no written procedures specifying a
surface treatment when barriers are placed. They think the I 1/4 in pin is
probably over-designed. They do not know how they would get a nut on the
bottom of the pin as shown in the plans.

Since they are using the tongue and groove and plate insert connectors
currently, they believe the prices to furnish barrier will go up
substantially when they specify the new pin and rebar type connector. Ffrom
bids on the first jobs that included the new connector, the prices will go
up $10 to $15 per linear foot for furnishing the pin and rebar connector.
They already have a large supply of tongue and groove connectors in the
area, as well as some of the plate insert connectors. These connectors are
used in the surrounding States of Maryland and Virginia.

The current plans state that approved alternates can be used, and they
feel that probably the plate insert would be an approved alternate.

The construction engineer believes that many times the tongue on the
tongue and groove connector is broken off from handling and any impacts
that might have occurred on the barrier.

They are not aware of any anchoring that is used with the barrier
segments.
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3. [11inois Department of Transportation

Connector Type: Pin and wire rope

Type of Visit: Office and two field sites

Date of Visit: February 10, 1987

Personnel Interviewed: Standards and specifications engineer

Illinois wuses pin and wire rope connector that was developed in 1978
based on a review of the FHWA report "Concrete Median Barrier Research,"
No. FHWA-RD-77-4. {(13) [n addition, Illinois reviewed standards from 25
other States. The FHWA report recommended a pin and loop connector.
Illinois decided to use wire rope rather than rebar for the loops because
the wire rope was expected to be more reusable.

The first connectors used in 11linois were on the Edens Expressway 1in
Chicago. In these connectors the #4 rebar rather than the wire rope was
used for the loops.

It1inois specifies that three styrofoam pads be placed underneath the
barrier segments. These styrofoam pads lock the barrier in place, thereby
cancelling the rolling effect that occurs when gravel lies between the
barrier and the pavement underneath. For each segment [11inois specifies
three 24-in-by—-24-in styrofoam pads. These pads are placed underneath the
barrier but not across the connection. They are not used for leveling;
they simply are used for increasing the friction between the barrier and
the pavement underneath.

For additional support the [llinois connector specification calls for
a vertical #5 rebar. It keeps the wire rope ioops from being pulled out of
the end of the barrier. If the loops have been fabricated so that they go
through the barrier, then this additional bar may be omitted.

Itlinois generally uses 10 ft segments for barrier, although 12 ft
and 20 ft segments have been used. All of the State’s portable concrete
barriers are precast. I11inois has no cast-in-place barriers.

An engineer in Chicago who works for the I1l11nois DOT was contacted
concerning impacts on the barrier. In Chicago impacts to the barrier have
moved the barrier by up to 2 ft, but have not penetrated the barrier. The
engineer who was contacted called portable concrete barriers "the greatest
thing we’ve done for construction safety.”

I11inois has three different anchoring methods. On bridge decks with
less than 2 ft of space behind the barrier, they use an anchoring system
consisting of angles. The plate of the angle is bolted to the concrete and
then the barrier is placed against the angle. The second method is a pin
that goes into the barrier itself and down into asphalt pavement. The third
method calls for a l-in-asphalt base to be placed behind the barrier.
I1linois has used the pinned barrier for permanent instaliations. It has
used all these anchoring methods for the last 7 or B8 vyears with good
success.
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The connector detail plan for 11linois does not specify a gap, but the
loops are set so that when the connection is made there is about a | 1/2 in
gap between the segments. I111inois specifies not more than | in of offset
between the barrier segments to prevent any snagging of vehicles.

One of the problems of application in 11linois arises on two-lane

bridges. In these narrow situations, contractors often leave connectors
out of some segments of the barrier in order to furnish access to the work
area. Il1linois has developed a detail using barrels and attenuators that

will furnish some contractor access to their sites, but still feels they
have a problem keeping these barriers connected.

Across bridge decks, Iliinois uses a 3-in-by-12-in tube. A connection
detail ties this tube barrier into the PCB. In this detail, a W-beam
coming from the end of the tube is blocked out from the barrier to prevent
snagging and then is bolted into the side of the barrier.

Sometimes, smaller rebars are substituted for the usual 7/8 in pin.
The design engineer who was interviewed had heard of substitutions as small
as #4 rebars where additional space was needed.

Barriers are often replaced in the field after impacts or when they
are damaged by handling. When these replacements are necessary, it is not
difficult with the pin connectors to replace a segment in the middle of a
barrier run.

Illinois does not have specific criteria relating to maintenance of
the barrier. It would replace barrier if chunks are missing or realign
barrier if there is an offset of more than ! in from segment to segment.

Illinois barriers are reinforced with rebar and also wire mesh. Part
of the reason for this type of reinforcement is that it prevents large
chunks of concrete from becoming flying missiles if the barrier is impacted
by a heavy vehicle.

I1linois has used its connector detail since 1978 without major
modifications. From field experience, personnel believe that their barrier
and the connector are withstanding vehicle impacts, even in the Chicago
area, and have no plans at this time for further modifications to their PCB
connector.

4, lowa Department of Transportation

Connector Type: Pin and wire rope

Type of Visit: Office

Date of Visit: January 22, 1987

Personnel Interviewed: Construction Section

No site visits were made in lowa because of lack of work zones during
the winter season.

lowa has used the pin and wire rope connector for portable concrete
barrier for about 7 years. Before 1978, it used timber barricades and
various other types of barrier, but onty the pin and wire rope connector
has been used for portable concrete barrier.
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Iowa specifies a gap width between its PCB of 3 in, plus or minus 1/2
in. They believe they need this width for the fabrication of the portable
barriers. They believe in this compromise of the gap width between having
a tighter segment and the workability or constructability of the barriers.

fFor placing barriers in curves, lowa standards allow for corners to be
clipped somewhat for placement in especially tight curves. Since these
corners must be cast already clipped for placement in curves, there is not
a lot of use of them in the field.

lowa personnel do not believe there is a probiem in the field of a
lack of connectors in their portablie concrete barriers. They encourage
inspectors to make sure that the segments are connected at all times. The
only time they do not have this connection is when opening up a gap to
allow contractor access into a work area. Normally these areas are on two-
lane roads around bridge construction where the barrier takes up room and
fs run across the shoulder causing the contractors difficulty in getting
their equipment in and out of the work area.

Neither are there probtems with the pin connectors in moving for
access or to replace a damaged segment in the middie of a barrier run.

Iowa normalily uses standard 10-ft segment but they are allowing up to
20-ft segment believing these may be used more in the future. Normally
their PCB is the standard New Jersey size and cross-section. In order to
reduce glare for opposing traffic, they are buiiding some permanent barrier
that is up to 42 in high. Also, they have gone to wider tops {(up to 9 in.)

lowa uses an anchoring strap. This strap, anchored into the surface
below, runs to just above the bottom set of loops in the connector and
connects with the loops in the pin into the barrier to prevent overturning.
They rely on the anchoring system at a bridge structure where they are
using one lane at a time and when they have little deflection distance
{less than 2 ft behind the barrier).

lowa has probiems with leveling segments when it runs the barrier out
across an earth shoulder. Scmetimes they have to hollow out some of the
shoulder to make the segment level. There is a small amount of play for
differences 1in vertical alignment, but they would normally level the
barrier on a shoulder.

Most of the impacts that lowa sees on its barrier system deflect the
barrier only a few inches, and then the barrier can be realigned using skid
loaders. They have limited experience in having to replace a segment due
to an accident. They believe that most of their impacts are at a angle
much flatter than 15 or 25 degrees.

lowa has a specification for connecting PCB to a stee} barrier rail
that is used on bridges. The barrier cross-section is made vertical and
then tapered intc the normal safety shape. PCB is used on the approach and
the steel rail is used across the bridge.
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Overall, Ilowa personnel are very satisfied and confident with their
pin and wire rope connectors. They believe the gap of 3 in plus or minus
I/2 in 1is the best compromise for ease of fabrication and workability in
the field, and believe the barriers are performing well.

5. Kansas Department of Transportation

Connector Type: Tongue and groove with dowels; with side plates
Type of Visit: Resident office and one field site

Date of Visit: May 28, 1987

Personnel Interviewed: Resident construction engineer

Kansas uses the tongue and groove connector with the single dowel bar,
a l-in-diameter bar 2 ft 2 in long. As an alternate connector, they use
the tongue and groove with side plates when a segment has to be replaced
and the dowels cannot be put back in the barrier run. Barrier segments are
10 ft long.

Kansas contractors use a hydraulic system to lift barrier segments,
using two rubber pads around the upper portion of the barrier.

A major construction project was visited. There had been many impacts
on the barrier system in this project. The configuration of the barrier
was two or three parallel runs forming an S curve through the project. In
viewing barrier in the field, there was evidence of many impacts, some near
the top of the barrier. The resident engineer believes small cars overturn
with the barrier because of their narrow wheel width. He believes also
that gas tanks are subject to rupture when cars go up on the barriers.

At the resident engineer’s office, 11 accident reports were obtained
that involved vehicle contacts with the barrier. A summary of these
accidents is given in table 10. It is quite evident from looking at the
accidents that barriers are being pushed out of line and overturned. One
vehicle hit the barrier segment, overturned the segment, and entered the
opposing lane of travel. A diagram of this accident (No.l11) is shown in
figure 44. Also, in accident No. 1, two vehicles hit the barrier and
pushed segments of the barrier into opposing lanes, causing two cars in the
opposing direction to become involved in the accident. The diagram of this
accident is shown as figure 45.

Whiie at the site, the barrier near the start of the taper was
inspected. Twenty-five connections were observed. Of these 25
connectors, 5 did not have a gap, so whether the dowel bar had been
instalied could not be determined; 19 had been installed with the dowel
bar as specified; and | had not had the dowel installed. The one
connection where the dowel bar had not been installed was a segment that
appeared to have been replaced after the barrier run had been installed.
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No.

Date

9/30/86

11/19/86

2/1/87

2/7/87

2/1/87

2/13/87

2/15/87

2/20/87

Table 10. Kansas visit accident summary

Time of
Day

9:00am

11:05pm

3:50am

4:03pm

T:05pm

T:54am

1:00am

11:10pm

l.
2.

4.

l.

i.
2.
3-

Vehicle Type

Ford Pickup
Mercury Comet

Audi

Honda

Ford Mustang

Chevy Truck
(4WD)

Buick Sedan
Chevy E1 Camino
Chevy S10 PU
Cadiliac

Honda

White Semi-
Trailer

Chevy SI10 PU

Chevy Camaro
Chevy Celebrity
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Circumstances

Southbound vehicles |

and 2 slid into barrier
while attempting to stop
for traffic. Barrier was
pushed into path of north-
bound vehicles 3 and 4.

Northbound vehicie 1 hit
barrier on right at approx-
imately 55 mi/h while avoiding
uninvolved vehicle. Vehicle
then crossed roadway, struck
barrier on left, then re-
crossed roadway and struck
right barrier run again,

Northbound vehicle 1 struck
center barrier, vehicle
stradled barrier and traveled
200 ft, then vehicle came off
of barrier and traveled
another 50 ft.

Northbound vehicle | skidded
in S curve hit barrier and
flew over into southbound
lanes striking vehicles 2,
3, and 4.

Southbound vehicle 1 was
forced into barrier, became
airborne and overturned.

Truck overturned in curve
and struck barrier.

Northbound Pickup struck
barrier at 55 mi/h, then
crossed both lanes and

struck opposite barrier.

Northbound vehicle 1
struck barrier at 55-60,
burst into flames and
struck vehicle 2.




10.

110

Table 10. Kansas visit accident summary (concluded)

Time of
Date Day
2/24/87 3:55am
3/6/87 11:45pm
3/14/87 6:40pm

Vehicle Type
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Mack Truck
(empty trash
truck)

Dodge Aspen

Buick Rivera

Isuzu Pickup
Toyota Corolla

Circumstances

Northbound vehicle
1 struck barrier,
destroying two sections.

Southbound vehicle 1
struck left barrier,
spun out and then

struck right barrier.

Southbound vehicle | hit
center barrier, overturning
1 segment. Vehicle | then
went over barrier into
northbound lanes. Debris
from barrier and vehicle |
struck northbound vehicles
2 and 3.
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Kansas does specify a 1/4-in-to-1/2-in-gap between the  barrier
segment, but the resident engineer stated that it is difficult placing
the barriers to control the gap that closely. The resident engineer also
stated that they normaily have inspectors on the site when the barriers are
being placed to be sure that all the dowel bars are installed. The
resident engineer also stated that dowel bars installed are normally the I-
in dowel bar with the washer in the middle, but aiso that other rebars are
used if it is not possible to find the regular dowel bar.

A review of the accident reports in Kansas shows that there are some
problems when vehicles strike the barriers connected with the dowel bar.
Particularly, it seems that in the S curve there are some high-angle
impacts where cars are overturning the barrier segments and then going over
. the barrier into opposing lanes. The single dowel probably has little
torsion strength to resist overturning moment once a car is up and on the
barrier. Other accident reports show that the barriers redirected and
contained trucks in some accidents involving the barrier.

There are no plans to change or modify the connector at this time.

6. Maine Department of Transportation

Connector Type: Pin and rebar

Type of Visit: Office

Date of Visit: dJanuary lé, 1987

Personnel Interviewed: Construction, design, and bridge maintenance
sections

Maine uses a pin and rebar connector with #5 rebar for locps and the
7/8 in pin. One problem Maine has had in the application of its PCB
connector is installation of the 7/8 in pin. The design for the connector
as shown on Maine’s standard plan leaves very little gap between segments,
making it difficult to install the 7/8 in pin in the field. Personne! in
Maine admit that few of the pins actually used are #7 or 7/8 in. Much more
common is use of #5 rebar and in some cases even #4 rebar for the pin.

The barrier segments are tapered |/4 in on both sides. Even with this
taper, the segments are very difficult to install in curves, and estimates
are that the barrier cannot be set on a 300-ft-radius curve.

Maine has had some minor hits on its barriers. At times, cars have
hit the ramped end segment and have ramped. Normally, with car impacts,the
barrier system gives about a 6 in deflection. In Maine, segments have not

been replaced in the field after accidents. Impact angles are usually low,
and personnel! have not seen impacts on unconnected barrier systems.

In Maine the segments are normally placed with a hoist on a truck bed.
For this reason, Maine personnel think that sections longer than 10- ft

would be a problem to handle and haul. The booms used on the truck would
have difficulty 1ifting longer and heavier segments and in being able to
place them in traffic. ~

For modifications, Maine personnel think they need to change the depth
of the drainage slots in the barrier.
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Because of problems with snow plowing and with being covered, side
del ineators are rarely used. Del ineators are used instead on the top of
the barriers. '

The pin has a bend in the end of about 2 in. This pin is at variance
with what is shown on Maine’s plan. A nut is tack welded onto the top of
the 7/8 in pin. Bars used in the field are normally #5 to #4 rebars.
These bars are usually bent when the barrier system is impacted.

Maine has many circumstances where connectors within existing systems
are needed or where two runs of barrier Jjoin together. In the field, the
application is seen where a W beam with fishtail is put _across the gap
between the two barrier segments. The structural integrity of this kind of
connector is not known.

Overall, Maine personnel believe that they have no problems with the
design of their barrier system. However, as used in the field and for
their type of roads, which have many curves and tight geometry, the use and
application of the barrier are problems because of the substitution of
smaller pins for the 7/8 in pin called for in design plans,

7. Michigan Department of Transportation

Connector Type: Pin and eyebolt and dowel

Type of Visit: Office

Date of Visit: February 11, 1987

Personnel Interviewed: Barrier advisory committee

Michigan was visited during a regular meeting of the department’s
barrier advisory committee. Although no field sites were visited,
considerable correspondence and memoranda were received that covered some
field inspections of barrier connectors.

In Michigan the pin and eyebolt is the specified connector. Michigan
also has used a cast in—-place barrier that is, after the first use, cut
apart and used subsequently as a doweled connector using two 22 in §8 steel
bars.

Much of Michigan’s barrier has a 10 in top. The reason for using this
wider cross-section is to furnish an overturning moment of inertia similar
to that afforded by the GM-shaped barrier which Michigan had used
previousiy. Personnel in Michigan believe this size barrier top also gives
barrier additional strength to resist impact by heavy trucks.

Michigan has been reviewing its connector design/in order to come up
with an improved design that will soclve some of the problems associated
with both the pin and eye bolt and dowel connectors.

About 50 percent of the barrier in Michigan is being slip—formed or
cast in-place. After the first use it is sawed up in pieces and becomes
precast without a method of connection. The dowel bars are then
retrofitted to the sawed-up barrier segments.
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Michigan is finding that usually when eye bolt loops are broken off in
the field, the spacing of the replaced loops has been changed. If a
segment 1is replaced or moved for contractors’ access, the dowel bars are
sometimes omitted., When they have to replace a segment sometimes the dowel
connector can be converted to an eye bolt connector.

The only surface treatment Michigan specifies 1is placing building
paper underneath barrier that is being cast in-place,

In order to compute the strength of their barrier system, Michigan
reviewed barrier research carried out at the Texas Transportation
Institute. No calculations for the weight of the system and the surface
friction were given in this research. Because of its heavier barrier
segments and wider cross—section, Michigan belifeves these factors were
critical to computing the overall strength of their barriers. They also
have acquired information from Minnesota relating to how Minnesota changed
from a eye bolt system to a pin and wire rope system.

Michigan has not looked at cost in considering connector systems.
Contractors can furnish any acceptable barriers. Normally, if contractors
have old barriers these are usually pin and eye bolt, and this is what is
used. If the contractor has to furnish new barrier, then it is usually
cast in—-place, and for later applications the dowel connectors are used.

Michigan uses anchoring when there is less than 4 ft from the traveled
edge to a drop-off or other excavation. They are considering alternate
methods of anchoring at this time.

Although Michigan believes they have a potential connector problem,
they believe their present system is not resulting in catastrophic
accidents. Sometimes trucks do go through their barrier, but they have not
gathered any accident data that show a real problem with either of their
connectors.

Michigan f{s considering doing some crash testing to lcok at alternate
connectors. The crash tests that they envision would probably start off
with a wider cross—-section barrier without any connector, and then move to
a test of the dowel connector, to a test of their eye boit connector, and
finally to a test of pin and wire rope or pin and continuous wire rope
connector.

Michigan believes such crash tests may resolve 1its probiems with
existing connectors, and may give it some grounds to require use of
additional connectors. They believe that before any change could be made
they would have to consider how the older barriers could be retrofitted, as
well as the fabrication of new barriers.

Also obtained in the Michigan interview were a number of memoranda
prepared since 1980 by the department’s barrier advisory committee. These
memcranda discussed design changes for new stock, existing stock, slip form
design, and precast design. They are also looking at grouting in some wire
rope and eye bolts and at conducting simple pull-out tests 1{in their
materials lab. Following is a verbatim report from a field inspection team
that had observed the two types of barrier connectors in the field in
Michigan. (14)
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Pin-and-eyebolt connection were used on 7 projects, A total of
284 joint connections were inspected on six of these projects, and
compared to the design shown on Standard Ptan [1-52D.

Forty-three (15%) of the connections were recorded as substandard
to the design, as follows: pin missing (5), one or more eyebolts
missing (31), pin not through all four eyebolts (7). An additional 35
— 50 connections (9 - 18%) were noted as substandard for the following
reasons: eyebolt projecting too far from barrier face (3 in - 6 in
projection, as compared to 1l 1/2 in on the standard); excessive
vertical separation between paired eyebolts (4 in to 110 in, as
compared to 2 in on the standard); connecting pin cleared top eyebolt
by one in or less (6 in implied by standard); 1/2 in diameter
reinforcing steel used for connecting pin (3/4 in diameter required by
standard).

Many of the joint deficiencies noted above are due, in our
opinion, to the ease in which these eyebolts break off in shear.
Although these barrier units are originally precast with eyeboits
correctly positioned, the team observed many older-locking barrier
segments with odd-placed eyebolts. These eyebolts were obvious
retrofits, as the stubs of the original eyebolts remained - at the
optimum location — in the barrier face.

At the three project sites having dowel-connected PCB, a total of
105 Jjoint connections were inspected. According to the approved
design, the team should have observed 210 I-in connecting steel bars.
In fact, they observed 150 bars of 1-in diameter, 8 bars of 3/4~in
diameter, 26 bars of 1/2-in diameter, and 26 joints with a bar
missing. Fortunately, the one project which accounted for 80 percent
of the total barrier footage was correctiy doweled. The 26 joints
having 1/2~in connecting bars and the 26 Jjoints having no
connecting bars were, in fact, the same 26 joints, which occurred all
on one project.

Observation of these substandard connections brought out an

important point concerning horizontal dowels: where the wrong
connector (or none) has been used, there js no easy way to correct the
situation. The connection could involve repositioning the total
barrier line from the defective Jjoint to one end of the 1ine.

Although we are experiencing very little in the way of accidents, we
could expect similar repositioning problems after an accident.

The gap between barrier segments in a dowelled barrier line
affects the ease of repositioning an individual segment, because
theoretically only enough barrier segments need be moved to develop a
22~in gap. Therefore, a contractor might be expected to place as wide
a gap as the project engineer will permit. However, joint strength is
dependent on keeping the gap small.

Gap size was observed and recorded on two projects. On the 1-
mile project, maximum gap observed was 2 1/2 in, with most gaps at |
in or less. On a much smaller project (190 ft), maximum gaps of 5 in
were observed with many gaps near 2 in. On this project, it was noted
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that the dowel holes in adjoining barrier faces did not always align
with each other. The contractor’s solution was to use bendable 1/2-in
bars with larger gap spacing between segments. At these joints the
team could not tell how much penetration was cbtained by the steel
bars into either barrier segment.

Continuous slipformed barrier (first use) was viewed on one
project (2 miles). The barrier has been slipformed in place with
three continuous steel bars. Immediately after concrete placement,
the green concrete was chipped away with claw hammers at 10-ft
intervals, creating a vertical separation approximately 3 in wide in
the concrete. The gapping operation worked around the continuous
steel bars, however, so that these bars remained uncut during the PCB
use on the project. '

When viewed by the motorist at highway speeds, this barrier line
presented a neat, clean appearance. At lower speeds, however, it was
obvious that the gapping operation (above) produced PCB sections with
jagged faces, some of which were not entirely vertical. This could
produce connection problems when these 10-ft segments are prepared for
re-use on another project.

8. Minnesota Department of Transportation

Connector Type: Pin and wire rope

Type of Visit: Office

Date of Visit: March 13, 1987

Personnel Interviewed: Standards Engineer (St. Paul office)

Minnesota performed two studies (April 1979 and May 1980) in which its
barrier systems were evaluated as a result of accidents. A conclusion of
the 1979 study was that the eyebolts (in concrete inserts) used for the
loop in their pin and loop connectors were the weakest point of the system
and they needed an improved anchoring method. The barrier performed well
except where heavy trucks impacted it. The State recommended that Minnesota
go to the wire rope loops in place of the eyebolts. Minnesota aiso
recommended that in areas of narrow clearance (for example, bridgedecks) in
which there is little room to allow the barrier to move at impact, the
barrier should be anchored to concrete decks or pavements. Where lateral
displacement was not a problem, it was recommended that no anchoring was
needed. Based on a recommendation of the 1979 study, Minnesota started
using the wire cable connector.

At the time of the 1980 study, Minnesota had two types of barriers: a
revised one with the eye bolts, and the type 111, with the newer wire rope
loops. The second study concluded that both types of barriers performed
acceptably in the field, although there were large displacements from iarge
truck accidents. As a result of these large displacements, Minnesota
developed a technical memorandum which specified when to use 8323A and type
ITl barriers. The type 1IIl barriers werz to be used along bridge
construction sites or along deep drop-offs. Minnesota also developed
specifications for anchoring the type 1!l barriers when used in such
instances. The type older barrier had no means to be anchored to pavement
surface. Minnesota alsc found that although type 111l barrier with wire
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loops were not penetrated by large vehicles, the barrier had large
deflections, Portable concrete barrier was still the most effective
temporary barrier. The recommendation was to continue using 8323A and type
I[1l barriers and to develop guidelines for acceptable damage.

9. Missouri Highway and Transportation Department

Connector Type: Tongue and groove with continuous cable
Type of Visit: Office and two field sites
Date of Visit: February 9, 1987 (office)
May 27, 1987 (field sites)
Personnel Interviewed: Planning and construction sections

Besides the tongue and groove connector with continuous cable,
Missour{ also uses a connector that has anchoring pins. The diameter of the
cable threaded through the barrier {s 1/2 in. The same design barriers are
used for permanent and temporary instaltlations. The cabte that runs
through the barrier segments is secured at the ends with a wedged anchor.
Cable s not tied to the ground or to any permanent fixture on the roadway.

Missouri personnel believe the cabie system is easy to install and
gives the strength needed for a temporary barrier system. With this type
of connector they do not have to worry about exact spacing or about damage
to pins, such as would be the case with a pin and loop connector.

In replacing a barrier, they have to take the cable out and then re-
tension it. In some cases, if there is a long run of cable to be removed.
the cable can be cut and spliced later.

This system was originally designed in connection with fabricators in
Missouri and has not been changed since it was developed. All temporary
barrier is now precast.

Barrier segments are 10-ft long in Missouri. They considered 20-ft
segments but decided their maintenance workers and small contractors would
have trouble in bhandling longer sections. They also felt that 20-ft
barrier would be a problem in curves, such as where they have temporary by-
pass roadways.

Missouri specifies a l/4-in gap between the segments faces in their
barriers. They feel that the tongue and groove connector with cable allows
encugh play for curves and angles and that it is not considered a problem
in their State.

The construction section personnel are aware of some impacts where
barrier was moved but not destroved. The barrier usually moved less than
one ft. On one of the field site visits a segment that had been struck at
about a 45 degree angle was viewed. The speed of the vehicle that had
struck the barrier was not known. For this high-angle hit, the deflection
was 3 ft to 5 ft. The car was re-directed, but some chunks of concrete had
been knocked out of the barrier around the end of the segment,

143



The operation of moving barrier also was viewed in the fieild, In a
moving operation, Missouri wuses one truck and a boom operator. Three
persons are used on the ground to move the barrier segments. A ctlamp is
used for 1ifting barrier segments.

Field personnel believe it is not difficult to realign barrier after
it has been struck. If necessary they can cut the cable and restring it.
Overall, Missouri personnel in both the office and the field are satisfied
with their tongue and groove connector with continuous cable and believe
they are getting good performance from their connector in the field.

10. Ohio Department of Transportation

Connector Type: Pin and rebar, tongue and groove

Type of Visit: Office and one fieid site

Date of Visit: February 12, 1987

Personnel Interviewed: Construction, maintenance, design and
location, and research and development
sections (no field personnel interviewed)

Ohio prefers the pin and rebar connector but the tongue and groove
connector is permitted as an alternate except on bridge decks. The tongue
and groove connector, which was used first, is a proprietary design from a
company in Virginia. When local people started fabricating barriers, they
used the pin and 1oop design. Now, in Ohio, the pin and loop predominates.

The minimum iength specified for Ohio barrier segments is 10 ft, but
the lengths found in the field range from 10 ft to 15 ft. Ohio specifies
that a 10-ft or 12-ft section be used on heorizontal curves having a radius
sharper than 400 ft.

During installation the pin and rebar connectors are pulled tight,
leaving about a 1 3/4-in gap between segments. During installation of the
tongue and groove connectors, no gap is left between the segments.

Ohio personnel in looking at their design, reviewed California crash
tests that showed that unanchored pins pull up and disengage on I{mpact.
Ohio personnel believe California now uses a bolted pin to keep the pins
from pulling out. Personnel in Ohio belfeve that {if there is 8 nut on the
bottom of the pin it should be called a "bolt and loop" connector.

For high-impact conditions, Ohio has designed a modification that
stiffens and strengthens the pin and rebar connector. This modification is
shown in figure 46. The modification calls for an angle to be added to the
connection on the non-traffic side and either grout or a steel or hardwood
shim on the traffic side to pick up connector slack., Also, for these high-
impact conditions where there is a minimal deflection distance available,
Ohio personnel believe the connection should be bolted.
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TRAFFIC SIDE

//———hardwood shim, steel or grout

Ry

i~ splice with an angle

i0' to 4'-1"

Edge of Bridge ,

3/4-in bolts embedded 5 in to 6 in
AN

Figure 46. Ohic joint stiffener
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Ohio personnel believe there is a need to crash test anchored segments
and also segments with stiffened and strengthened connectors. Many think
that any time barrier is put on a bridge near an unprotected edge the
connectors should be stiffened and strengthened; and further that it is
important to bolt the barrier and stiffen the joints as much as possible.

Ohio believes that, overall, the pin and rebar connectors are
performing well. Because of their concern about bridges, Ohio has designed
and is still working on a medification for stiffening and strengthening
their connector on barrier that is piaced on bridges.

The field site visited employed the tongue and groove connector.

ti. Iexas State Department of Highways and Public Transportation
(Houston District Office)

Connector Types: Triple dowel, lapped Joint channel splice, top-T

Type of Visit: Office and three field sites

Date of Visit: December 30-31, 1986

Personnel Interviewed: Construction and Design Section (Houston
District Office)

Texas has used more connector types than any other State. In the
Houston district, they have used grid slot, lapped Joint, triple dowel,
tongue and groove, top-T, dowel and V, and the channel splice at various
times. Of all these connectors the channel splice connector is believed to
perform best. In fact, they sometimes use the channel splice connector in
permanent barrier systems.

The sites visited employed the grid slot and channel splice
connectors. Texas is going to the channei splice as much as possible on
new jobs. The grid slot is easy to place, but they think that for Houston
expressways this type of connector does not perform adequately. For the
grid slot a grid of #6 and #4 rebars is dropped into a slot in the ends of
adjacent barriers, and the siot is then filled with grout. The grout,
however, wusually shrinks up and cracks and then pops out when the barrier
is hit. At one site, a semi-traller truck struck barrier connected with
the grid slot, Two segments of barrier were overturned and rolled down a
side slope onto a frontage road.

The design of the channel splice has been changed to recess the
channel so it does not protrude beyond the barrier face. With the older
design there was a snag point with the channel beyond the barrier face.
Inspectors saw evidence of tires and treads and motorists complained.
Texas also has widened its drainage slots to 2 ft by 3 in to keep the
drainage slots from being blocked.

Use of 30-~ft segments of barrier is popular. Ten-foot segments have

also been used but the engineers interviewed bel ieve the shorter sections
are too iight except in special circumstances.
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Even with 30-ft segments the connector is important because the
engineers think the connector gets hits when the segments are placed at
sharp angles. The barrier segments are displaced even with the channel
splice and 30-ft sections. One impact incident that had destroyed a
barrier segment appeared to have been hit at almost 90 degrees.

Texas has a standard for transition segments. It ties guardrail into
the barrier end as a safety end treatment. The full barrier shape was
causing a snag point because the lower part of the barrier was outside the
face of the W-beam guardrail. Texas is developing a barrier segment that
has a vertical face where the guardrail attaches. They also are "blocking
out" the MW-beam to prevent snagging at the transition. The engineers
interviewed believe the ramped end section was useless and should be
discarded.

In using barrier, Texas sometimes has both directions of traffic
separated by a barrier and another barrier on the right side of the road.
Sometimes the traffic may be in a 20 to 30-ft cross section. They also may
close ramps and continue these barriers for 2 to 3 miles. They reported an
accident involving a fuel truck on a slope where its spilled fuel had begun
running under vehicles that were stopped behind the truck. Because it iIs
very difficult to get emergency vehicles into such areas, the personnel
interviewed would like to find a way to provide a gate or movable barrier
segment within a barrier run to allow access for emergency vehicles,
contractors, etc. They have used gates in some areas but are not happy
with the design. They now are required by FHWA to maintain a shoulder in
these areas.

Using the channel splice with 30-ft segments is sometimes difficult in
horizontal curves. Their plans have a note that the channel may be heated
at the midpoint and pre-bent for curves. There is also about a 1l-in
cushion between the barrier segments that allows for some angling. In the
field, barriers at angles usually appeared to have a channel on only one
side. Also, if there is too much difficulty a metal guardrail is used in
the back to make the connection. They also use the metal guardrail
alternative to allow for use of obsolete barriers such as those with the
lapped joint and bolt connector.

As far as maintenance is concerned, the 30-ft sections are easier to
maintain because they do not move or they move less in a normal hit.
However, if they are moved they are harder to reatign.

Overall, the personnel interviewed in Texas were very happy with the
channel splice connector. It works better than all the other connector
systems they have tried. A lot of labor is required to make the
connections using bolts, and removing the connectors coften requires cutting
the nuts off the bolts. However, with the channel splice,field personnel
have considerable confidence in the barrier and feel they need a strong
system on Houston urban expressways. The channel splice for them has an
additional advantage because: in using that connectorsthe space between
barrier segments is controlled, With other connectors, barriers were
sometimes spread out to make up more distance to some fixed point.
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12. Virgainia Department of Highways and Transportation

Connector Type: Tongue and groove, plate insert

Type of Visit: Office and four field sites

Date of Visits: May 5, 1987

Personnel Interviewed: Design Maintenance and Construction personnel

Virginia uses the tongue and groove connector and the plate insert
connector as an alternate. Virginia specifies a maximum of | in between
barrier segments. This width 78 based on an evaluation by the Virginia
Highway and Transportation Research Councit. They do not grout between
their joints.

In Virginia, 12-ft segments usually are used, but on curves 8-ft or
10-ft segments may be used. In the middlie of a barrier run, female-female
segments can be lifted out if replacement of segments is necessary.
Engineers in Virginia believe that segments are replaced only after impacts
by trucks.

Virginia had a request for use of the pin and loop connector as used
in North Carolina, but rejected this request because of the width of the
Joint opening in the North Carolina barrier. Virginia was afraid that this
Joint opening would become a snag point for vehicles impacting the barrier.

for 1lifting and placing barrier, Virginia uses a sling that goes in
drainage slots under the barrfer. Their plans show a thin, 1/16~-in—-steel-
tongue protector that goes on the male part of the barrier. This protector
was not seen, however, on any of the barrier at the sites visited.

Virginia believes its barrier performs well in accidents as documented
by reports from the Virginia Highway and Transportation Research Council.
Virginia did receive a request to develop small animal escape routes
through its barrier to prevent the animals from being trapped on the
roadway.

Virginia also uses some plate insert connector. I[n visiting a site in
Northern Virginia, the tongue and groove and plate insert barriers were
intermixed. In this case, when the connector would not work as it was
designed, the connector between the two different barrier segments was made
with about a 4-ft length of W-beam bolted to both segments. Virginia uses
the GREAT system for end treatment.

Those interviewed in the turnpike authority stated that when semi-
trailer trucks impact the barriers, the trucks usually go through the
barriers and totally destroy segments. In some of these accidents, chunks
of concrete have even been knocked into opposing lanes. Also, a
maintenance worker was struck with a flying piece of concrete during one of
these barrier accidents.

The turnpike maintenance engineer believes barrier segments do need
reinforcement as well as a change in the position of the steady-burn 1light
that 1is placed on top. The present position of this 1ight coincides with
the 1lifting sling placement and therefore, at times, the light has to be
taken off for each installation of the barrier.

148




Engineers in Virginia believe contractors have large stockpiles of the
current barrier, and that to replace all of this barrier would be very
costly.

Overall officials in Virginia think their tongue and groove connectors
are performing well except for truck impacts. There is some thought that
their barrier segments should be reinforced for collisions with heavier
vehicles.

Virginia does have a standard plan for reinforcing barrier segments
that are used as exterior barrier on bridge parapets. This standard also
calls for the barrier to be anchored to the surface.

13. Misconsin Department of Transportation

Connector Type: Pin and wire rope with rebar

Type of Visit: Office

Date of Visit: February 2, 1987

Personnel Interviewed: Standards engineer, engineer in construction
department (cost information)

In Wisconsin’s pin and loop wire rope connector, the pin is a 1 1/4-in
diameter-steel bar. The loop is formed from a wire rope that runs the
entire length of the barrier seament. Prior to this design, Wisconsin
formed 3-in-diameter 1loops from a #4 reinforcing steel bar. When the
reinforcing steel was being bent, many times it would fracture,. Another
problem encountered while using reinforcing steel for loops was that the
large diameter 1lcops did not allow the barriers segment to mate
sufficiently c¢lose to each other. A 3-in gap between the barriers was
possible even when they were pushed up against each other. This gap
allowed for up to ! 1/2 - to 2-in of misalignment between the adjacent
units, which could lead to snagging probiems when impacted by vehicles.

Wisconsin had previously used #6 reinforcing steel for the pin, but
upon learning from accidents in Minnesota that these #6 pins bent easily,
they converted to the 1 1/4-in-diameter-steel pin. Wisconsin had also used
the 5/8-in-diameter-wire rope, but after an analysis they went back to the
1/2-in-diameter-wire rope, which [1linofs and Minnesota use. This allowed
Wisconsin to have a standard barrier that could be used throughout the
three-State region. The t/2-in—diameter-wire rope was analyzed by the
bridge department, who determined that the 1/2-in-diameter-wire rope
provided adequate strength.

Wisconsin uses {0-ft-barrier segments with #4 reinforcing steel
throughout. The wire rope that forms the 1oop is connected to the #4
rebars with wire sizing. The cable is embedded 3 ft into the concrete,
which provides enough bond resistance to keep from being pulled out, even
with only the sizing on it. The Minnesota design discussed also in this
appendix, shows a cable running the entire length of the barrier segment
and that loops back on the ends, and is also a Wisconsin option. MWisconsin
uses reinforcing steel because they believe that the rigid bar makes
fabricating a concrete barrier easier.
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In horizontal curves the barriers can be used in curvatures up to 5
degrees. In vertical curves the barriers are a probiem near shoulders or
ditches where there is a break in the vertical alignment. Generally, there
are no problems in horizontal curves. The barrier is used for +temporary
use only. On bridges, a channel is mounted to the bridge deck and the
barriers are ptaced on top of the channet to anchor them and to keep them

from sliding horizontaltly.
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