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PREFACE

High Speed Guided Ground Transportation (HSGGT) systems are in the euarly stages of
development in the United States. A major safety issue affecting the feasibitity of HSGGT systems is the

protection of HSGGT facilities from intrusion hazards associated with shared rights-of-way.

Shared rights-of-way offer potential for the siting of HSGGT facilities. Adjacent transportation
modes within a shared right-of-way, however, pose potential intrusion hazards unique to these sites.
HSGGT vehicles are vulnerable to collision in the event of an intrusion of a vehicle into the HSGGT
guideway. There is also a collision hazard in the event of an intrusion of an HSGGT vehicle into an
adjacent transportation corridor. Elevated HSGGT structures are vulnerable to damage from vehicle
impact at their base (e.g., elevated guideway piers located adjacent to roadways or railroads). HSGGT
vehicles are exposed to the hazard of a vehicle on an overhead structure falling onto the HSGGT
guideway. The consequences of any of these scenarios are unacceptable, and the Federal Railroad
Administration (FRA), with the support of the Volpe National Transportation Systerns Center (Volpe
Center), has undertaken a study on the feasibility of using intrusion barriers to minimize the consequences

of these events.

This study was managed by the Volpe Center in support of the Federal Railroad Administration.
Parsons Brinckerhoff Quade & Douglas, Inc. (PB) was retained by the Volpe Center to perform the
requisite engineering services for a comprehensive program for the study of intrusion bamriers. The
objective of the study is to develop designs for barriers that can effectively mitigate intrusion hazards
associaled with shared rights-of-way, and assess their effectiveness and feasibility. Assisting PB in this
effort was the Texas Transportation Institute at Texas A&M University, which has performed much of the

recent research on the subject of intrusion barriers.

The opinions stated in this report are those of the authors, not necessarily those of the United

States Department of Transportation, the Federal Railway Association. or the Volpe Center,
The authors acknowledge the assistance and support of Mr. Ame J. Bang, former Program

Manager for the United States Department of Transportation Federal Railroad Administration, Office of

Research and Development; and Mr. Robert Dorer and Dr. Norman Knable of the Volpe Center.
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AASHTO

ACI

AREA

Barrier

Barrier Height

Bridge Railing

Barrier Offset Distance

Coefficient of Friction

Coupler

Crashworthy

Crush Stiffness

o]

HSGGT

GLOSSARY

American Association of State Highway and Transportation Officials.

American Concrete Institute

American Railway Engineering Association

A device which provides a physical limitation through which a vehicle would

not normally pass. It is intended to contain or redirect an errant vehicle.

Height of barrier above the top of rail or guideway.

A longitudinal barrier whose primary function is to prevent an errant vehicle

from going over the side of the bridge structure.

Latcral distance from centerline of vehicle guideway to face of barrier, or other

trackside or roadside object or feature.

Ratio of friction force to normal force.

Mechanism that provides connection belween railroad cars.

A feature thal has been proven acceptable for use under specified conditions

either through crash testing or in-service performance.

The force required to crush a corner of a railread car, or high speed vehicle

one foot.

Acceleration due to gravity - 9.8 m/sec? (32.2 fUsec?)

High Speed Guided Ground Transportation.
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Impact Angle

Intrusion Barrier

Kip

NCHRP

Slope

Spring Stiffness

TBIP

TGV

Warrants

WMATA

GLOSSARY (cont.)

For a longitudinal bartier, it is the angle between a tangent to the face of the

barrier and 4 tangent 1o the vehicle's {or rail car’s) path at impact.

A barrier intended to prevent an errant vehicte from entering into or exiting
out of an HSGGT guideway by redirecting the errant vehicle back into its

right-of-way.

A unit of force equal to 1000 pounds.

National Cooperative Highway Research Program.

The relative steepness of the terrain expressed as a ratio or percentage. Slopes
may be categorized as positive (backslopes) or negative (foreslopes), and as

parallel or cross slopes in relation Lo the direction of traffic.

The ratio of force (o deflection. based on the idealized model of a spring.
where force exerted by the spring is equivalent to the product of its stiffness
rultiplied by its deflection from the at rest position (Force = stiffness x

deflection).

Train Barrier Interaction Program: A dynamic computer program that models
conventional railroad and high speed guided ground transportation systems and

their interaction with an adjacent barrier.
Texas Transportation Institute
Train a Grande Vitesse. French high speed rain.

The criteria by which the need for a safety treaiment or improvement can be

determined.

Washington Metropolitan Area Transit Authority.
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EXECUTIVE SUMMARY

The intrusion hazard within shared rights-of-way is a potential safety issue for High Speed Guided

Ground Transportation (HSGGT) systems. The ability to cost-effectively mitigate this hazard will affect

the feasibility of locating HSGGT systems on and adjacent to existing transportation facilides. The

objective of this study is to evaluate the feasibility of intrusion barriers that will serve to reduce intrusion

hazards, and develop designs based on rational analysis that will perform the following functions:

Prevent a derailed railroad car or errant highway vehicie, or dislodged lead from intruding into the
operational space of the HSGGT guideway from an adjacent or overhead transportation cormidor.
Prevent a derailed HSGGT vehicle from intruding into the operational space of an adjacent
railroad or highway, when such intrusion represents a significant increase in hazard to the safety of
operations of all affected modes.

Prevent a derailed HSGGT wvehicle from leaving an efevated track or guideway, or from colliding

with some other trackside hazard.

This report summarizes an approach to intrusion barrier design, describes the findings and offers

conclusions and recommendations. The report consists of the following elements:

Study of alternative types of intrusion barriers along HSGGT guideways

Determination of the feasibility and effectiveness of the various types of intrusion barriers
Development of a design method for those barrier systems found to be feasible and effective
Development of designs to provide a basis for HSGGT intrusion barrier design nationwide
Estimation of barrier construction costs

Assessment of damage and repair costs likely to be incurred by the barriers due to vehicle impact
Evaluation of potential hazards related to the use of intrusion barriers, including vehicle damage

and passenger safety.

The scope of the study includes maglev, high speed rail, conventional railroad and highway

vehicles. The full range of operating speeds for these vehicles is considered, up to 483 km/h (300 mph)

for maglev, 322 km/h (200 mph) for high speed rail, 127 km/h (80 mph) for conventional railroad, and

105 km/h (65 mph) for highway, Three classes of barrier system types are evaluated: earthwork systems

XY



consisting of earth berms and ditches; structural systems consisting of steel and concrete barriers; and
systems utilizing components of both. A total of 22 scenarios with various combinations of vehicle and
barrier types are considered for study and analysis. These scenarios are described in Chapter 2 and are

listed in Table 2-1.

Earthwork Barriers

Earthen berms and ditches are considered for use as intrusion barriers in Section 3.3. Energy
methods are employed as the basis for the analysis of earthwork barriers. This analysis considers changes
in potential energy of the derailed vehicle from travel across slopes, and the fricticnal energy losses which
dissipate the initial kinetic energy of the vehicle. It is concluded that the earthwork berm and ditch barrier
systems are not well suited as barriers for high speed systems, for a number of reasons. The kinetic
energy of a high speed vehicle traveling at 320 km/h (200 mph) is so great that, neglecting friction, a
berm over 400 meters high would be required to convert the kinetic energy to potential energy and stop
the vehicle. Friction would dissipate some of the energy, but either high berms, long unobstructed
stopping distances, or a combination of the two would be necessary to effectively stop high speed vehicles.
Data from highway studies indicates that even slight changes in grade can cause a vehicle to become
airborme resulting in loss of control. High speed vehicles would be even more sensitive to changes in
grade. Ermrant vehicles could dig into the side of berm or ditch slopes, stopping the vehicle suddenly,
causing tumbling or airborme motion and subjecting passengers to violent forces. Earthwork barriers are

generally not effective in safely containing high speed consists.

Strucitural Barriers

Structural barriers consisting of rigid concrete or steel walls are feasible for many crash scenarios.
These barriers performn their function by preventing penetration into the protected guideway, and
redirecting the errant vehicle back into its own guideway. Tt is not the intent that structural barriers slow
the vehicle down. High speed rights-of-way have controlled terrain with flat slopes and no obstructions.
If contained within this environment, the vehicle would not be exposed to significant vertical movement.
Structural barriers can be designed to keep an errant vehicle within its guideway until friction between the
wheels and the ground gradually brings the vehicle to a stop. There is better control after derailment, and

less damage and injury.

Xvi



Struectural barriers can be used in single or dual applications. Single barriers would be located on
one side of a guideway where the hazard occurs on only one side, as in the case of high speed rail
guideway adjacent 10 a {reight raifroad. In this application, the barrier would protect the high speed
railroad from a derailed freight train, and would keep a derailed high speed train within its guideway.
Dual barriers would be located on both sides of a set of tracks where the hazard occurs on both sides. A
third barrier could be used between pairs of tracks for protection from opposing tratfic of the same high
speed facility. but they were considered to be impractical. Protection can be provided more efficiently

through proper scheduling and communication between opposing vehicles.

Structural barriers are modeled using the Train-Barrier Interaction Program (TBIP), a computer
program previously used by the Texas Transportation Institute (TTH) in a study for the Washington
Metropolitan Area Transit Authority., This program, now modified for HSGGT vehicles, simulates the
physical properties and kinematics of a moving rail vehicle which derails and then impacts a barrier. The
program performs a two dimensional (horizontal) dynamic simulation to determine the path of the tram.
and the magnitude of the forces experienced by the curs and barriers at collision. Many of the parameters
used in the analyscs were based on previous studies of barriers designed to contain highway vehicles.
Muanual calculations suppiement the program (¢ evaluate three dimensional out of plune effects, such us
rotation about the fongitudinal car axis and vertical buckhing. The analysis method and findings are

described in Section 3.1,

The analysis yields interesting results. Barrier impact loads vary from 890 10 4500 kN (200,000
to 1,100,000 pounds). Impact loads from high speed vehicles are within the range of conventional
vehickes. Loads from conventional freight trains, in facl. yield the highest loads - higher than those from
high speed vehicles, Contrary to common expectations, the highest impact loads are observed at lower
derailment speeds. in the range of 120 v 160 kr/h (75 to 100 mph). At high speeds the vehicle
experiences a "glancing” blow with the barrier. The train cars rebound from the barrier and travel down-

track without additional impacts. and come (o rest in a shallow "zig-zag' pattern. By contrast, at low
speeds. the vehictes undergo a "snagging" collision. The cars remain in contact with the barrier longer
during the collision and ensuing travel, and come to rest in a sharper "zig-zag" pattern. Dual barriers
straddling a gutdeway experience the highest loads. both for high speed and conventional vehicles. This is
due 1o the tendency of cars getting wedged between the lwo barriers. and getting pushed into the barriers

by the cars behind.
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A design methodology for structural barriers is presented which uses loads from the TBIP model
as a basis. Performance specifications are included in Appendix B describing this methodology in detail.
These specifications can be used as a basis for future designs. Twelve types of structural bartier designs
have been developed. Grouping the 22 vehicle/barrier scenarios by barrier load and developing designs
for each of the twelve barrier types produces a total of 35 different designs. The barrier alternaies include
precast concrete, cast in place concrete, structural steel, and retaining wall systems. These designs are

shown in Figures 4-6 through 4-31,

Barrier Costs

In Chapter 5, construction costs are estimated for each of the different structural harrier systems
described above, based on estimated costs of materials, labor, equipment and miscellaneous items for each
system. The costs are significant. The range of costs for the barriers are given below for each type of

vehicle:

At-Grade Barriers

Maglev $1.115M/km 10 $2.64M/km ($1.795M/mile 10 $4.25M/mile)
High Speed Rail $1.115M/km 1o $3.38M/km ($1.795M/mile to $5.44M/mile)
Conventional Rail $1.250M/km to $3.38M/km  ($2.01M/mile to $5.44M/mile)

Highway $1.170M/km to $1.320M/km  (§1.874M/mile to $2.11M/mile)

Elevated Barriers

Maglev $0.445M/km to §1.260M/km  ($0.713M/mile to $2.03M/mile)
High Speed Rail $0.530M/kimn to $2.28M/km ($0.845M/mile to $3.67M/mile)
Conventional Rail $1.160M/km to $2.7 1 M/km {$1.874M/mile to $4.36M/mile)
Highway $0.645M/km to $0.690M/kmm  ($1.056M/mile to $1.109M/mile)

The ranges above illustrate the cost variation with the type of system. The precast concrete wall
barrier designs are the least expensive alternates and are recomunended for use as structural intrusion
barriers. Cast-in-place retaining walls are the most expensive alternative. They are only recommended

where the adjacent guideways are located at different elevations and walls would be necessary to
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accomplish the grade differential anyway. The above costs are average total costs for single barriers
assuming new guideway construction in mid-1993 dollars. Elevated barriers generally require dual
barriers, and the costs should be doubled for these situations. It is important to note that the costs above
are for typical situations. Local prices, material availability and unique site features could make other

barrier types preferable in some areas.

An estimate of barrier system costs can be made for a selected train route. The costs will depend
on such factors as the mix of adjoining transportation systems, what fraction of the system is elevated, the
number of overpasses, and what fraction of the system requires barriers. Passages where the adjoining
areas are not vulnerable to deratiment nor do the areas pose a threat to the high speed line, do not require

barriers.

Using data contained in an as yet unpublished Commercial Feasibility Study of High-Speed
Ground Options, sponsored by the FRA, a cost estimate has been made of an American high-speed rail
system rangin from $4.3M/km to $29.8M/km ($7M/mi to $48M/mi) with an average of $15.5M/km
($25M/mi). Estimates of barrier cost (p. xviii) range from $0.5M/km for an elevated barrier to 33.3M/km
for an at-grade barrier ($.8M/mi to 35.4M/mi). From these data one may expect the barrier costs 10 range
from less than ten percent of the system cost to as much as tweniy percernt. Further study of siting criterta

(p. xx) will permit a betler assessment of these costs.

Hazards Evaluation

An assessment of the consequence of a derailment and impact with a structural barrier 1s made
based on the impacts observed in the TBIP runs, and using estimated repair and replacement costs.
Results indicate that barrier repair costs may range from $50,000 to $1.2M per incident. These costs do

not account for costs for repair of vehicle damage.

Vehicle damage is assessed based on impact forces estimated by the TBIP analyses. Results
indicate that most vehicle accident damage is expected to be minor, with less than 0.6 meters (2 feet) of
crushing at the impacting comer of the car. Intuitively, much more damage would be expected. The
analyses, however, iltustrate that predicted movement although rapid in the longitudinal direction, would
be somewhat limited laterally, and side impacts would be lower than expected. Observations of actual

high speed rail derailments support this finding. A recent derailment in France resulted in very litile
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lateral movement, and the train remained in a straight line with little "zig-zagging." For dual barrier
installations, where barriers are located on both sides of a pair of tracks, higher forces and more significant

vehicle damage is expected.

Passenger safety during derailment is measured by determining the acceleration of the mass center
of the cars and comparing 1t to threshold limits accepted by the automobile industry. On this basis. 1t is
concluded that accelerations during derailment and barrier impact are at acceptable levels for all but the

dual barrers for high speed trains, where current automobile standards are exceeded.

Recommended Further Study

There are many areas where further study would be beneficial to addressing intrusion hazards
along shared rights-of-way. Of critical importance is an examination of where barriers are warranied, a
lopic that was not covered in the current study. Decisions must be made to determine where intrusion
hazards warrant the cost of barmers. 1t may not be necessary to locale barriers at all [ocations on shared
rights-of-way, as was assumed in the case study. More prudent siting criteria could reduce barrier
installation costs significantly. High speed consists are designed and maintained to minimize derailments.
Actual performance indicates a good track record. It may be more reasonable to locate protection type
intrusion barriers (o exclude errant conventional vehicles from high speed guideways at locations where
there is a record of derailments of adjucent conventional trains, or errant highway vehicles. Containment
of HSGGT vehicles provided by intrusion barriers may be necessary only at HSGGT terminals and in

urban areas, and may be unnecessary in remote areas.

Further study is also needed to verify parameters used in the analysis and design of the barriers.
In the current study, many of the parameters have necessarily been based on assumptions. Although
reasonable values have been selected based on previous research in the automobile industry and elsewhere,
the assumptions should be verified. An example is the assumed vatue used in the TBIP program of the
crush stiffness of the high speed vehicle structure in a collision. This value has been extrapolated from
results of tests performed on automobiles, trucks and buses. Analysis indicates that the predicted impact
force is dependent on assumed values of crush stiffness. This and other parameters couid best be verified

with crash testing or detailed analytical techniques that are outside of the scope of this study.
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This study has developed methods for the design of intrusion barriers, and barrier designs have
been prepared. Barrier cosis have been estimaied both in terms of construction cost and damage repair
cost. The huzard 1o impacuing vehicles and their passengers have been evaluated. The conclusion of the
study is that intrusion barriers can be designed and constructed that can effectively reduce hazards and

risks associated with vehicular intrusion on adjacent transporiation corridors,
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1. BACKGROUND

In 1992, the Battelle Memorial [nstitute prepared a report, "Safety of HSGGT Systems:
Shared Right-of-Way Safety Issues," [28] which identified the protection of HSGGT facilities from
intrusion hazards associated with shared rights-of-way as a safety issue affecting the feasibility of HSGGT
systems. HSGGT vehicles are vulnerable to collision in the event of intrusion of a vehicle into the
HSGGT guideway. There is also a collision hazard in the event of intrusion of an HSGGT vehicle into an
adjacent transportation corridor. Elevated HSGGT structures are vulnerable to damage from vehicle
impact al their base (e.g., elevated guideway piers located adjacent to roadways or railroads). HSGGT
vehicles are exposed 1o the hazard of a vehicle on an overhead structure falling onto the HSGGT
guideway. Intrusion barriers may represent the most effective means for mitigation of these intrusion

hazards.

The current state of transportation technology does not include a methodology or criteria for the
design of intrusion barriers for HSGGT vehicles. Shared right-of-way hazards are similar to hazards
inherent in more conventional transportation modes such as highways and railroads. There s some
research and development that has been carried out in these areas that forms the basis of much of the work

in the current HSGGT study.

Extensive research has been performed in the area of highway vehicle barriers. The American
Association of State Highway and Transportation Officials (AASHTO) has developed design and analysis
techniques for concrete barriers, guard rails, bridge rails and crash atlenuation barriers for highway

facilities. To a large extent, their work is based on full scale crash tests.

Limited research has been performed in the area of railroad barriers. Criteria are provided by the
American Railway Engineering Association (AREA) for the design of crash walls for pier protection along
railroads. The expense associated with full scale crash tests of trains has discouraged the kind of study
that has been accomplished in the automobile industry. Until the recent development of computer models,
the complexity of the dynamics of a train derailment and subsequent crash has put the analysis of crash

scenarios beyond the reach of conventional analytical methods.



developed for transit vehicles on rights-of-way shared with railroads. A two-dimensional computer model,
the Train/Barrier Interaction Program (TBIP) was developed based on previous work by T. H. Yang to
dynamically model the train/barrier impacts and determine the forces generated by the impact. This model
has been modified for HSGGT vehicles and used for the analysis and design of structural barriers in the

current study.

The current intrusion barrier design study is intended to further current technology toward the
development of a means by which barriers can be designed that can effectively mitigate intrusion hazards
associated with shared rights-of-way on high speed guided ground transportation cormridors. The stdy
develops designs for intrusion barriers, and asscsses their effectiveness and feasibility. In Chapter 2, the
study defines the conditions for which designs will be developed. Methods for modeling and analyzing
errant vehicles and their interaction with various types of barriers are described in Chapter 3, and the
effectiveness of various barrier types is described. Structural barriers, consisting of concrete or steel walls
are found to be feasible, while earthwork berms and ditches are noi. The development of structural barrier
designs is described in Chapter 4, and detailed drawings of various types of intrusion barriers, capable of
deflecting both high speed vehicles and conventional railroad and highway vehicles are presented in
Figures 4-6 through 4-31. In Chapter 5, costs are estimated for construction of the barriers and for repair
of barriers damaged by collision.  An estimate of barrier system cost is made in Section 5.1.4. Chapter 6
evaluates the hazards associated with the introduction of barriers into a right-of-way, both in terms of

vehicle damage, and passenger safety. Conclusions and recommendations are given in Chapter 7.
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2. INTRUSION SCENARIOS

It 1s intended that thus study cover the possible HSGGT systems likely to be used in the U.S.
There are many possible combinations of vehicles, speeds and types of intrusion barriers to be evaluated.
Combinations of potential vehicle accidents have been assembled into 22 scenarios. Each scenario is
defined by values selected for different variables. This section of the report describes the rationale behind
the selection of the scenarios. Variables considered include vehicle type, barrier function, barrier type,
number of barriers, barrier offsct distance and vehicle speed. These variables are described below, along
with a discussion on how they will be used in the analysis methods presented in later sections of the

report.

2.1 VEHICLE TYPE

This study is intended 1o evaluate vebicles representative of the consists likely to be used in the
United States. Vehicle types o be studied have been narrowed down to a manageable number that is
representative and gives meaningful results. The study does not cover atypical vehicles, such as double-
stacked railrcad cars. A methodology is given, however, that can be used for the design of barriers for

any vehicle. The following vehicle lypes have been evaluated in this study:

Maglev German Transrapid 07. This vehiclte has an undercarriage structure that
wraps around the guideway, dramatically reducing derailment hazards.
Nonetheless, barriers have been designed that could contain this vehicle in
the event of a derailment. This barrier design can then represent potential
barrier requirements for other maglev vehicles that do not have the wrap-

around design.

High Speed Rail - Type 1 Articulated - TGV Atlantigue. This vehicle has articulated couplers that
limit the angular rotation between the cars. It was hypothesized that this
type of car would behave differently than the more conventional non-

articulated car in a deratlment event.
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High Speed Rail - Type 2 Naon-Articulated - ICE InterCity Express. The X2000 was also considered,
but it was determined that the ICE vehicle is a heavier, more conservative
choice. Barrier requirements would be expected to be less severe for the

X2000.

Railroad - Type 1 Uniform freight car consists. This consist would be made up of freight

cars having the same weight and dimensions.

Railroad - Type 2 Mixed freight car consists.  Derailed trains have been found 1o behave

quite differently with mixed and uniform car consists.

Highway - Type 1 36.300 kg (80,000 1b) tractor-rrailer van muck.

Highway - Type 2 36.300 kg (80,000 Ib) tracror trailer tank truck. The traclor trailer tank

truck has a higher center of gravity than the tractor-trailer van truck.

2.2 BARRIER FUNCTION

Intrusion barrier systems have been divided into two classes, depending on their intended function,

protection or containment.

HSGGT Protection For protecting HSGGT operations from intrusion by extemal railroad or
highway vehicles as shown in Figure 2-1. Prolection barriers protect

against vehicular intrusion into the HSGGT's path.
HSGGT Containment For containing an HSGGT vehicle within its guideway in the event of a
derailment, thereby reducing risks to and from adjacent hazards, as shown

in Figure 2-2.

Further, these types of barriers can perform their functions either at-grade, on elevated structures,

or at pier bases as pier protection bartiers.
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At-Grade Barriers

Elevated Barriers

Pier Protection Barriers

The usual application for both protection and containment barriers is at-
grade, where the HSGGT and adjacent facilities are approximately at the

same grade, as shown int Figures 2-1 and 2-2.

Where the two modes are at different elevations, an elevated barrier would
be used. Figure 2-3 shows an elevated barrier used for containment of a
high speed facility located on a bridge or viaduct. This bartier would
serve to contain the vehicle on the guideway and prevent it from falling
off, protecting the elevated vehicle from the falling hazard, and the

vehicles below.

Where a highway or railroad guideway is adjacent to an HSGGT viaduct
or bridge, intrusion barriers can be used for protecting the elevated
HSGGT structure from damage from an errant vehicle impacting its base,

as shown in Figure 2-4,

There are situations where one barrier will perform both protection and containment functions,

such as a barrier between an HSGGT facility and a freight railroad facility. In this case, the barrier would

serve to contain the derailed HSGGT vehicle and also protect the HSGGT facitity from derailed railroad

vehicles,

2.3 BARRIER TYPE

Barrier types have been considered 1o include structural barriers, composed of concrete and steel

components; earthwork barriers, composed of earth berms and ditches; and combination barriers composed

of elements of structural and earthwork barriers.

Structural Barriers

Structural barriers consist of concrete and/or steel barriers designed to
contain or deflect a vehicle in an impact situation. Examples are shown in

Figures 2-1 through 2-4.
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These barriers perform their function by preventing penetration into the
protected guideway, and redirecting the errant vehicle back into its own
guideway. It is not the intent that structural barriers slow the vehicle
down. Suructural barriers are designed o keep the vehicle within its
guideway until friction between the wheels and the ground gradually bring
the vehicle to a stop. Conventional and high speed rights-of-way have
controlled terrain with fTat siopes and few obstructions. Hazards can be

minimized, therefore, if the vehicle can be contained within this area.

Structural HSGGT Protection Barriers are placed adjacent to the source of
errant vehicles {i.e. near trackside of a nearby conventional railroad, which
could be located at various distances from the HSGGT guideway) or near
the HSGGT guideway, whichever is more advantageous for the protection
of HSGGT operations. Prolective barrier systems are also placed on
adjacent elevated structures 10 prevent vehicles from falling ento the

HSGGT guideway below.

Structural HSGGT Containment Barriers are usually placed near the
HSGGT guideway. because the intended function is o contasin the HSGGT
vehicles within its guideway and keep it away from nearby hazards in the
event of derailing. This is based on the hypothesis that the hazards are
nearby and therefore require protection close to the guideway. Studies
indicate that usually the impact is less violent when the barrier is nearer
the derailing vehicle. Section 3.1.3.1 describes this variation in force with

barrier distance from tracks.

When the HSGGT guideway is located close 1o another facility, a single
barrier can perform both the protection and containment functions. [n
these situations it may be more advantageous 1o place the barrier close o
the adjacent guideway if this produces a lower maximum derailment force.
Recommendations for offset distance are covered in detail in Section

4.1.2.10.
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Earthwork Barriers

Combination Barriers

Earthwork barriers consist of earth berms and ditches. or gravel beds for
energy dissipation similar 1o the runaway truck escape ramps that are used
on highways. Earthwork barriers serve as either protection basriers,
containment barriers, or both. They offer protection through redirecting

the vehicle. or by slowing it down.

Berm barriers (Figure 2-5) have been considered as either protection or
containment barriers where vehicles or their loads can be kept from
ivading the transportation envelope of another moede within a shared
right-of-way. Berms may best be used in dissipating kinelic energy

through the use of embankment slopes.

Ditch barriers (Figure 2-6) have been considered as either prolection or
containment barriers where vehicles or their loads can be kept from
encroaching into the transportation envelope of another mode within a
shared right-of-way. Ditch barriers are intended 1o contain both vehicle
and vehicle loads. The ditch’s side slope could further dissipate the energy

of an errant vehicle.

Analysis indicates that earthwork barriers are not effective or feasible as
intrusion barriers. The analysis used to reach this conclusion s included in
Section 3.3. Earthwork barrier scenarios have not been included. however,

mn the scenario list,

These barriers combine structural and earthwork components io perform
either the protection or containment functions, or bath. Possible
combination barriers include a retaining wall type barrier (Figure 2-7) and
a concrete barrier wall enclosed in an earth berm (Figure 2-8). It was
theorized that combination barriers ceuld perform the required functions
more efficiently than either structural or earthwork barriers acting alone.
As discussed in Section 3.3, combination barriers have been found to be

ineffective.
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2.4 NUMBER OF BARRIERS

In the course of the study it has been observed that derailed vehicles behave quite differently,

depending on the number and placement of adjacent barriers. Two situations have been considered, as

follows:

Single Barrier A single barrier is located on one side of the guideway if the hazard exists
on only one side, as in the case of high speed rail guideway adjacent to a
freight railroad, as shown in Figures 2-1 and 2-2. [n this appiication, the
barrier would protect the high speed railroad from a derailed freight train,
and would keep a derailed high speed train safely within its guideway.

Dual Barriers Dual barriers are located on both sides of the guideway: for example,

straddling both tracks of a high speed rail facility if hazards exist on both
sides. as shown in Figure 2-9. Dual barriers are also used on overhead
structures o protect an HSGGT facility that passes undemeath, or to

conmtain an eievated HSGGT facility as shown in Figure 2-3.

A third barrier could be used between pairs of tracks for protection from opposing traffic of the
same high speed facility, but they are considered impractical. Protection can be provided more efficiently

through proper scheduling and communication belween opposing vehicles.

2.5 BARRIER OFFSET DISTANCE

Impact forces have been found to be dependent on the distance and perpendicular to the track of
the barrier, from the centerline of the vehicle guideway 10 the face of the barrier (see Section 3.1.3.1).
This distance 1s known as the barrier offset distance (see Figure 2-10). A range of barmer offset distances
have been studied and forces generated for each. The minimum barrier offset distance considered is the
minimum allowed by code for clearance of the various vehicles. The forces resulting from barrier
placement at different offset distances is smallest when the barriers are located at large and small distances
from the track. Maximum values are reached when barriers are placed at intermediate distances. Barriers
expernience no force at large offset distances, where the barrier is located beyond the lateral travel of the

vehicle.
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2.6 VEHICLE SPEED

[t is intended that this study cover the full range of speeds likely to be encountered for the selected

vehicle types. The following speeds indicate the upper and lower bounds that have been considered:

Minimum Speed Maximum Speed
Maglev: &0 km/h (50 mph) 483 km/h (300 mph)
High Speed Rail: 80 km/h (50 mph) 322 km/h (200 mph)
Railroad: 80 km/h (50 mph) 127 km/h (80 mph)
Highway: 89 kmvh (55 mph) 105 kmvh (65 mph)

277  ANALYSIS METHODOLOGY

Different analysis methodologies for the establishment of design parameters have been determined

10 be appropriate for the different types of barriers. These methodologies are summarized below:

Structural Train Barriers: Train-Barrier Interaction Program: A dynamic computer modeling
program is used to model the behavior of a moving train type vehicle
(high speed rail. conventional, or maglev vehicle) as it derails and impacts
the barrier. The program determines the force applied to the barrier which
is then used for design. This methodology 1s described in detail in Section

31

Structural Highway Barriers: AASHTO Methods: The American Association of State Highway and
Transportation Officials (AASHTO) 1s currently developing new methods
for designing highway barriers for incorporation into its Standard
Specifications for Highway Bridges [1]. These methods, described in

detail in Section 3.2, are used for intrusion barriers for highway vehicles.
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Earthwork Barriers: Energy Methods: Energy equations of motion are used to describe the
imteraction of moving vehicles with earthworks comprised of berms and

ditches. This methedology is described in detail in Section 3.3.

Combination Barriers: Modifications of Above: Modifications to the above methods are used as
appropriate for the analysis of combination barriers and are dependent on
the characteristic behavior of the barrier system: whether primarily

structural or earthwork. This methodology is described in Section 3.4,

2.8 SUMMARY

Examination of the above variables suggests a large number of permutations of variables 1o be
considered. Representative scenarios have been selected to cover the cases of greatest concern for safety.

These scenarios are listed in Table 2-1.

All extraneous and unlikely scenarios have been eliminated from the list to ensure that the critical
scenarios gel adequate altention. For example, dual at-grade barriers are listed for high speed passenger
vehicles, but not for freight vehicles. Dual barrier freight scenarios are not included because the protection
of a high speed guideway requires the placement of a single barrier between the high speed and freight
guideway. Dual freight barners would only be necessary if there were high speed guideways on both
sides of a freight railroad -- an unlikely situation. High speed guideways, on the other hand, often will
have freight or other guideways on both sides, requiring dual barriers. Elevated freight barriers are
included because a common situation is a freight railroad bridge spanning a high-speed facility. Protection
is necessary on both sides of such a bridge so that freight trains will not fall off of either side of the

bridge onto the high speed guideway.
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F1-T

TABLE 2-1.

LIST OF SCENARIOS

Scen. Intrusion Barrier Offset Dist. - m(ft) | Speed - km/h(mplt) Analysis
No. | Vehicle Type Barrier Type Barrier Function Max | Min Max Min Methodology’
At Grade Barriers
! Maglev Single-Structural Containment-At Grade 12.2¢40) | 3.4011) | 483(300} BHSM TBIP
5.2 HSR-Articulated Single-Struciural Containnient-At Grade £2.2040 | 2.7(W 3220200 80(50) TBIP
3 HSR-Nonarticulated Single-Structural Centainment-At Grade 12.2(40) | 2.7(9) 322(0200) 8OO TBIP
4 Freight-Uniform Car Single-Struciural Protection-At Grade 12.2¢4() 2,719 127(80) 56(35) TBIP
5 Freight-Mixed Car Single-Structural Protection-At Grade 12,200 | 2.7(D) 127(80 56(33) TBIP
6 Maglev Single-Combination Comainment-At Grade 12.2¢40) | 3.4(11) | 483300 B8O(50) TBIP
7 HSR-Articulated Single-Combination Containment-At Grade 12.2(40) 2.7(9) 3220200 BO(50) TBIP
] HSR-Nonarticulated Single-Cambination Containment-Al Grade 12.2(40) | 2.7(9} 322(200) 80(50) TBIP
9 Freight-Uniform Car Single-Combination Protectinn-At Grade 12.2¢40) | 2.7(%) 127(80) 56(33) TRIP
10 Freight-Mixed Car Single-Combination Protection-Al Grade 12.2(40) 2.7 127(8) 56(35) TBIP
11 Maglev Dual-Structuri! Containment-Al Grade 12,2040 | 34011 | 483(200) 3030 TBIP
12 HSR-Ariculated Duai-Structurl Containment- A1 Grade 1220400 | 2.7 322200} 30(50) TBIP
3 HSR -Nonaniculated Dual-Structural Contawinment-Al Grade 1220403 | 2.7(9) 322(2000) BO(50) TBIP
Llevated Barriers
14 " Maglev Dual-Structural Contzinment-Elevaied 49016y FA011Y | 483¢300) 8050 TRIP
15 HSR-Articulated Dual-Structural Containment-Elevated 4.9(16) 2.7(9) 3220200) BO(50) I'BIP
16 HSR-Nonarticulated Dual-Structura) Containment-Elevated 4.9(16) 2.7 322(200) 80(50) TBIP
17 Freight-Uniform Car Dual-Siructural Protection-Elevaied 4,9(16) 2.7(9) 127¢(80) 56(35) TBIP
18 Freight-Mixed Car Dual-Structural Protection-Clevated 4.9016) 2.7 1 27¢(80) 36(35) TBIP
Highway Barriers
S Highway-Van Single-Stroctural Protection-Al Grade NA NA [05(63) BO(55) Analytic/Test
20 Highway-Tunk Single-Stractural Protection- Al Grade NA NA 105(65) LUTRRY Analylic/Test
21 Highway-Van Single-Structaral Protection-Eles ated NA NA FOS(65) 8O{55) Analytic/Test
22 Highway-Tank Single-Struciural Protection-Elevated NA NA 105{65) BY(55) Analylic/Test
Lo "Ofsen Dist” = Barmer offset distance nvasuzed Trom s enterime of ik to Tace of bugraer,

2 Analysis Methodology

TR

Timn-Barricr Interaction Progran developed by TTLL

Analyle Test, For highway velacles, aialytcal methods currently employed by AASHTO,




3. MODELING AND ANALYSIS OF CRASH SCENARIOS

The general design approach for intrusion barriers begins with determining the barrier requiremnents
for each type of vehicle. Then, since barriers will usually have different vehicles on both sides, a barrier
is designed that meets the requirements of both vehicles for a given location and can withstand potential
intrusion from either. Chapter 3 describes methods for determining the requirements, or parameters for the
design of intrusion barriers consisting primarily of the geometry of the barrier, and the foree that it must

resist in a crash event.

The first problem to be addressed is how to model the crash scenario numerically te arrive at these
design parameters. This chapter describes approaches and analysis results for four different barrier types:
Structural Train (Railroad and HSGGT) Barriers in Section 3.1, Structural Highway Barriers in Section

3.2, Earthwork Barriers in Section 3.3, and Combination Structural/Earthwork Barriers in Section 3.4.

The barrier geometries and impact forces developed here are used in Chapter 4 where a
methadology for the design of barriers is presented, along with barrier designs for the scenarios listed in

Table 2-1.

In addtition to discussions of modeling and analysis, preliminary findings on the feasibility of the
four categories are presented here, particularly the Earthwork and Combination Barriers which were found

to be impractical for use as intrusion barriers.

31 STRUCTURAL TRAIN BARRIERS

Structural barriers provide protection by means of a rigid barrier or wall. The analysis of
structural barriers designed to contain rrains is wreated separately from barriers designed to contain
highway vehicles because the analysis and modeling techniques used for each are quite different. A
dynamic computer model is used for modeling and analyzing the train or HSGGT vehicle as it impacts the
structural barrier. This methodology is applied to right-of-way intrusion from deratled high-speed rail
(HSR) trains, magnetically levitated (Maglev) trains, and conventional freight or passenger trains. As
described in Section 3.2, highway barriers are generally destgned and validated with the use of crash
testing. Although reasonable for highway vehicles, this technique is prohibitively expensive for the routine

design of train barriers, thus, the justification for analytical means.
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In the siructural train barrier model, a vehicle is assumed to derail and depart its guideway,
traveling along the tracks while slowing due to ground friction. The vehicle crashes into a barrier at an
angle some distance from the point of derailment, then deflects back toward the tracks and comes 1o a stop
with the cars following a zig-zag "accordion" pattem. The vehicle impacts the barrier at various locations
(see Figure 3-1). The determination of the magnitude of the forces imposed by the impacting vehicles on

the structural barrier is the primary objective of the analysis.

The movement of the train is affected by many different variables, including initial velocity,
characteristics of the couplers (whether articulated or non-articulated), ground friction, vehicle mass and
mass distribution. the structural strength characteristics of the vehicle, and the lateral distance of the barrier
from the vehicle. A computer program was developed to moedel these variables and predict the movement

of a derailing train and estimate the force of impact with a trackside barrier.

~~ Localions of impact
““ ”“ HH ” H" with barrier

rr__'_._;_.tﬂf_:éﬁA [ T 114 O I A R R R R R R R B R B

i
.

‘ Train

Point. ef Total distance traveled
derailment ~ YGm (250 rt.)

MAXIMUM IMPACT FORCE = 9B3 kN (221 kips)

| I I I I
0 100 200 300 400 500

FIGURE 3-1. DERAILMENT/IMPACT MODEL

Note: Figure shows a freight train after derailment. High-speed vehicles are characterized by
less severe zig-zag movement, but greater tongitudinal travel down the tracks (See Section

3.1.3.1)

3.1.1 Methodology

3.1.1.1 Train-Barrier Interaction Program (TBIP)
Modeling the interaction of the structural barrier and the derailing railroad or HSGGT vehicles is
accomplished using a two-dimensional computer medel simulating the derailment of train consists. In a

derailment, each car can roll, pitch, yaw, and translate in three dimensions. A review of past accidents

reveals that the pattern is, in fact, extremely complicated. This study is limited to the most significant
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motions (those in a horizontal plane) in order to simplify the simulation. The computer program models
the physical properties and kinematics of the moving vehicle, barrier, ground, and rail during derailment.
It performs & dynamic simulation Lo determine the path of the train or high speed vehicle, and the

magnitude of the forces experienced by the cars and barriers in their collisions. The analysis is based on

the following assumptions:

The cars are coupled together with a certain resisting moment between cars

Simple ground friction is applied at the trucks of the derailed cars

Emergency braking ts applied to non-derailed cars

Cars remain coupled

The rail s imerrupled by the first derailed car (3.e.. once one car derails, all subsequent cars
derail at the same point in the track)

A rigid barrier 1s located a specified offset distance from the centerline of tracks

The vehicle™s resistance o impact with the barrier 1s modeled with a spring stiffness analogy

- Simple barrier friction 1s applied at car-barrier impacl points

The computer model employed, referred 1o here as the Train-Barmrier Interaction Program, or TBIP,
criginated as a two-dimensional model of derailing freight trains developed by Yang et al. (1972) in an
attempt to study the influence of several variables and parameters on vehicle derailment behavior [2).
Vauriables studied include the number of cars in a train, car length, car weight, and initial velocity of train.
Model parameters studied include braking effectiveness, coupler moment-rotation characteristics, and

ground fricton. The Yang model did not incorporate the affects of intrusion barriers,

In 1989, the original compuler medet was maodified by TTI in a study sponsored by the
Washington Melropolitan Area Transit Authority (WMATA) [3.4]. WMATA operates trains in shared
right-of-way with freight train tracks, and the threat of derailments on the adjacent freight lines and
possible intrusion into the commuter train operational space led WMATA managers to study the feasibility
of construction of structural barriers to positively separate the WMATA trackway from the adjacent freight
tracks. The model was modified to incorporate a simple model of a rigid barrier interaction with derailing
cars through a linear spring model [3.4]. A nominal width of 3.05m (10 feet) was incorporated for the
cars. Also a graphical presentation program was developed to display the simulated derailment as a plan-
view, slow-motion presentation on a microcompuler monitor.  Other enhancements, including a model of

coupler separation and car-lo-car impact were also studied [5].
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The mode! employed 10 perform the analysis in the present study 1s essentially the same model
employed in the WMATA study. Minor modifications have been made. however. to accommodate the
high velecities at which the HSGGT vehicles travel, and to incorporate the different characteristics of the

high speed vehicles.

TBIP simulates the train movement during a deraiiment and subsequent impact with a barrier by
performing calculations of mathematical formulae at specified time intervals. The urnknowns in the
formulae consist of: (1) the movement of each car defined by translation aleng the track, translation
paraflel to the track. and rotation aboul a venical axis through the center of mass of the car. and (2) the
forces acting on each car, including forces transmitied through the couplers from one car o the nexty,
ground friction forces applied at the 1rucks, and barrier impact and friction forces applied at the cur comer
as it impacts the barrier. The feliowing calculations are performed (o solve for the unknowns at each

instant during the derailment:

Fquations Of Motion: Equate the summation of forces acting on each car o the product of the

car’s mass multiplied by the acceleration in euch of the three directions.

Eguations of Constraint: Define the location and acceleravon of the back end of one cur as being

the same as thut of the front end of the next car.

With these equations, the program can selve for the unknown movement and forces acling on each

car at each instant of time. The results form the basis for design of the barriers. as described in Chapter 4.

The parameters used in the TBIP are either built into the FORTRAN code or supplied in the input
dataset. Those parameters provided in the dataset include the following, listed in the order in which they

appear in the dataset, by the name used in the code. A sample input dataset is shown in Figure 2.2

Time Increment The fixed time ncrement (in seconds) used in the dynamic simulation. To
prevent numerical nstabitity. a short time increment is used. The critical
value depends on mass, stiffness. and velocity parameters. A parameter
study of T1 should be accomplished initially to ensure that numerical

instability is not a4 probtem.



ICENC.OUT

Time Incr. Init. Angle Barrer Frict.
0.0001i 0.05 0.40
Dist. to near barrier Distance 1o far
barrier
12 27
ICE 1P+12CC+1P! 189200 POWER? 110000 COACH"
No Cars Ground Frictuien Velocity (1ps)
14 .00 295.16
Coupler Parameter mo ml
-0.70238 1.67024
Brake parameters AD Al
217748 -267.2
Car INER. MOM. M(Slug)
1 2.165E006 5876.
2 1.822E06 3416.
3 1.822E06 346,
4 1.822E06 3416.
) | .822E06 3416.
6 1.822E06 3416.
7 |.822E06 3416.
8 |.822E06 3416.
9 1.822E06 3416,
10 1.8221:06 3416.
[ [.82ZE06 3416.
12 1.822E06 3416.
13 t.822E06 3416.
4 2.165E06 3876.

No.

Barriers

|

m?2

-0.72043

A2 A3 Ad
31351 01572 0

LL(f1) W.B (1) SKCBbry
66.5 38.0 260000.
80.0 36.0 1 70000.
£0.0 56.0 170000.
80.0 56.0 170000.
20.0 56.0 176000,
80.0 56.0 170000.
20.0 56.0 170000,
30.0 56.0 1 70000,
80.0 36.0 170000,
800 56.0 t70000.
80.0 56.0 170000.
80.0 56.0 170000.
30.0 56.0 170000.
66.5 380 260000.

FIGURE 3-2. SAMPLE TBIP INPUT DATASET (Note: program input is in English unils)

¥

"ICE |P+12CC+|P" denotes the vehicle type and the arrangement of cars in the consist {in this example, an

ICE vehicle with one power car, (welve coach cars and one power car).

189200 POWER" denotes the v

ivhtan ine power car (in this example, 189,200 pounds)

T 110000 COACH denotes the weight of the coach cars (in this example. 110,000 pounds)
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Initial Derailment Angle

Initial Derailment Angle

Barrier Friction Coefficient

Number of Barriers

Distance to Near Barrier'

Distance to Far Barrier

Number of Cars

The initial value of the derailing angle (in radians). When the first car
derails, 1t veers off the track and rotates about the vertical axis of the rear
truck, forming an angle between the longitudinal axis of the car and the
track (See Figure 3-3).

TBIP initiates the derailment sequence by imposing an to the first derailing
car. The rear truck of the car remains on the rails, and the front truck 1s
displaced in the direction of rotation. The initial velocity vector of the
mass center of the first car remains parallel to the track centerline. The
forces of the ground on the front truck tend to cause the front of the
derailing car to displace further and strike any barrier provided near the
rails (See Figure 3-3).

Maximum barrier forces appear to depend strongly on this parameter
because different initial derailment angles result in different path lengths
before impacting the barrier, with different impact angles and velocities.

A value of 0.253 is used for sieel barriers and a value of 0.40 is used for
concrete barriers. This imposes a friction force on the traveling vehicle in
a direction parallel o the barrier, nurnerically equal to the product of the
impact force and the barrier coefficient of friction.

A value of either 1 or 2 is input 1o denote the number of barriers present
in the simulation. Where equal 1o 2, a barrier is present on either side of
the pair of tracks. In this case it is assumed that the tacks are 4.6 m (15
feet) apart from centerline to centerline.

Distance (ft) from the track centerline 1o the face of the barrier on the left
side of the tracks.

Distance (ft) from the wrack centerline to the face of the barrier on the right
side of the tracks.

The total number of cars in the consist behind the point of initial
derailment. TBIP assumes that the train separates at the derailment, with
the cars in front of the point of derailment (if any) not influencing the
derailment. This assumption is based on the hypothesis that the couplers
between derailed cars and preceding cars break upon derailment so that the
preceding cars cannot influence the movement of the derailed cars. With
freight trains, typical derailments occur in mid-consist, however with high

' Note: the TBIP program uses English units. The primary units shown here. therefore. are English units, not

melric.
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Ground Friction Coefficient

Velocity

Coupler Parameters

Brake Parameters

speed vehicles. derallments of leading cars (power cars) are assumed.
Therefore. the number input 1s the total number of cars of all types in the
consist.

A simple fnction model 1s used to compute the ground friction forces on
the derailed trucks. Although a constant value of ground friction 1s not a
completely accurate representation of the discontinuous impacts of vehicle
wheels, brake discs and various other components with rails, guard rails.
ties, etc.. 1t has been found to yield results that agree well with observed
accident data. Values of ground friction have been obtained by calibration
of the model against the June 21, 1970 Crescent City, [linvis derailment
of a 90-car, mixed freight consist, and the lune 19, 1987 Washington, DC
deratlment of a 135 uniform freight car consist. In the reported
simulations, a value of ground friction of 1.0 10 1.5 was employed with
results in close agreement with the number of derailed cars and the
maximum longitudinal distance of truvel of the derailed cars actually
observed in the aclual accidents. With HSR derailing velocities, it is
speculated that a lower value of ground friction might be appropriate: ie..
if "hydroplaning” of wheels aver soil nccurs, Without other evidence or
data, a value of 1.0 is retained for the present.

Velocity of the train at the instant of derailing (ft/sec).

Coupler moment-rotation characteristics are developed for three types of
coupler connections used in freight cars, corresponding tu vanations of
typical E-type and F-type couplers: EE. I and FF [2]. The moment-
rotation curves were obtained from static tost data provided by an carlier
study [5]. Inpul is provided in the input dataser corresponding te the
appropriate type ol coupler {EE. EF, FF for freight). For high speed
vehicles. coupler parameters are modified (o belter approximate the
stiffness and strength characteristics of these vehicles, based on available
data. These modifications consist of revised coupler stiffness and
reduction in the amount of unrestricted coupler displacement and swing
angle. Two types of couplers are evalualed: for articulated consists, like
the TGV vehicle, and for nen-articulated consists. tike the ICE vehicle.

Yang et al. developed a modei of braking representative of the automatic
emergency application of air brakes to freight trains which have suffered a
mid-consist separation and subsequent deraslment of the rearward portion
of the consist. The model includes a time delay for application of brakes
and a speed-dependent braking force which is applied to each car,
independent of its weight. This resutting braking force is applied 10 those
cars still on the tracks (i.e. behind the point of derailment).
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The following data are read once for each car in the consist.

Car Mass Moment of Inertia The mass moment of inertia (1) of the car about its vertical axis through

Mass (M)
Length (L)
Wheelbase (W.B.)

Crush Stiffness (SKCB)

the car’s mass center (slug-ft:). The usual assumption is that the mass
center is at the geometric center of the car. and I=ml/[2 (where m = mass
and 1 = length of car): L.e., the car is modeled as a umform bar.

Car mass (stug).
Length of car (f1).

Wheelbase, or distance between truck kingpins (ft). It is assumed that
trucks are the point of action for ground friction forces and that kingpins
are equidistant from the car center.

A simple linear spring model is used to represent the interaction of a
barrier and impacting car. The crush stiffness is the force required to
crush a comer of a railroad or high speed vehicle car one foot in a
collision. Appropriate spring properties are used as suggested by a method
proposed by Emori [7], supported with data developed in crash testing
various vehicles into an instrumented wall [8].

Emori’s theory has been applied to develop estimales of appropriate spring
constant, based on empty vehicle mass. Values of 1168 1o 1752 kN (80
kip/ft to 120 kip/ft) are used for typical freight cars.' Values for HSGGT
vehicles are indicated in Table 3-1. This iz based on 1.5 and 1.7 times
empty weight of power car and coach respectively. Further discussion on
corner crush stiffness is provided in Section 3.1.2.

The program simulates the kinematics of the dynamic system and outputs certain information

about the derailment. Quantitative output includes the critical value of maximum predicted barrier impact
forces (oriented perpendicular to the barrier). A sample output file is presented in Figure 3-4. Analysis of

the simulation results involves viewing a graphically displayed slow-motion plan-view depiction of the
derailment and barrier impact, as shown in Figure 3-5.

The resuluing derailment pattern indicated in the output is examined for the possible presence of

numerical instability or other behavior contradictory to any of the various simplifying assumptions upon
which the model is based. In particular, it 18 possible for the model to indicate that two cars can jackknife
such that the two cars will pass through each other. Any such observed response triggers the need for a

more thorough analysis of the simulation to supplement the TBIP analysis. Finally. the simulation yields

information aboul how many cars, and what length of barrier are involved in the incident, allowing

estimates of the extent of damage to both the train and the barrier.

' The unit "kip" is equivalent to 1.000 pounds
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TABLE 3-1. PHYSICAL PROPERTIES OF VARIOUS HIGH SPEED CONSISTS

ICE TGV MAGLEV
(Express) (Atlantique) (Transrapid 07)
Classification HSR [non-articulated] HSR [articulated] Maglev
Service Speed 250 (155) [1,2] 300 (186) 401 (249)
Max. Test Speed 406 (252) (2] 515 (320)
Design Speed, km/h 322 (200) [1]* 322 (200)* 483 (300)*

(mph)

Consist one |1 to l4-car trainset [1,4] one/two 10 to 12-car trainsets one 6-car trainset
Trainset PC+9CC+PC PC+8CC+PC 6PC/CC
PC=power car PC+10CC+PC PC+10CC+PC
CC=coach car PC+12CC+PC
Wt.-Power Car, kg (Ib) 85.900 (189,200) [2] 74.600 (164.200) same as coach
Max. Power Car Axle 19,500 (43.000) [2] 17.000 (37.400) N/A

Load, kg (1b)

Power Car Crush
Stiffness, kNim (Iblft)

4,086 (280,000) |est.|

3,576 (245,000) [est.]

2,481 (170.000)

Wi.-Coach Cars (empty),
ke (1b)

50,000 (110,000) [2]

30,000 (66,000) [est.]

51,730 (113,806)

Wi.-Coach Cars
{loaded), kg (Ib)

55.000 (121,000) [est.]

33,680 (74,100)

59,000 (129.806)

Coach Car Crush
Stiffness, kNIm ([blft)

2,481 (170,000) [est.]

1,635 (112,000) [est.]

2,481 (170,000) [est.]

Passengers/Car 60 (aveg.) [1] 48.5 [avg.], 100

485 total for 1+10+1 cars 48/66
Power Car Length, 20.57 (67.5) [1] 22.16 (72.7) 25.5 (84)
m (ft) 20.16 (68) [2], 20.27 [66.5]*
Power Car Wheelbase, 11.46 (37.6) [1.2] 14.0 (45.93) 12.8 (42)
m (ft) 11.58 (38)*
Coach Car Length, 26.4 (86.6) [1.2] I18.7 (61.35) Typ. 25.5 (84)

m(ft)

26.21 (86)*

21.84 (71.65) @ PC

Coach Car Wheelbase,
m (ft)

19.0 (62.3) [1]
18.9 (62)*

18.7 (61.35)

12.8 (42)

Izz-Power,
kg-n’ (slug-fr')

3005107 (2.165x 10" )[est.]

3.11X10" (2.246x10% [est.]

3.28x10° (2.370x10°) [est.]

Izz-Car, kg-n’ (slug-fr')

3.20x10° (2.316x10" )[est.]

1.00x10" (0.722x10" )[est.]
[.36x10" (0.984x 10" [est] PC

3.28x10" (2.370x 10" H[est.]

CG Height, m (ft)

1.65 (5.42) [power],
1.67 (5.48) [coach]

1.47 (4.81) [power],
1.37 (4.50) [coach]

0.85 (2.79)

Floor Height, m (ft)

1.22 (4.00)

1.22(4.00) [esl.]

0.82 (2.69)

Car Width, m (ft)

3.02 (9.92) [typ.]

2.82 (9.25)

3.70 (12.14)

Car Height, m (ft)

3.83 (12.58) [typ.]

4.10 (13.45) [power].
3.56 (11.67) [coach]

4.06 (13.32)

Coupler Coeff. -0.702. 1.670, -0.720 -0.702, 1.670, -0.720 -0.702, 1.670, -0.720
Braking Coeff., % 5.50 5.50 5.50

Information [1] Texas Fastrack Bing 1990, SNCF, Texas TGV | Bing 1990

Sources [2] Bing 1990 *  Selected for Design Hadden et al. 1992

*  Selected for Design




IGE 1P+12CC+1P 189200 POWER; 110000 COA

14 12,000 -500.000 295.160

56.50
80.00
80.00
80.00
80,00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
86.50
001
05000
00000
00000
00000
A0 1
05003
00000
00000
00000
20 1
05037
00000
00000
00000
3.20 12
AT966
-.21230
22150
- 25800
15809
-.09696
04634
-02088
00878
-.00310
00097
-00001
00000
00000
10.95 14
37299
-.20138
52611
-.57058
39673
~31094
~ 00055
- 16895
-.01285
- 17704
09187
-.02683
-.00175
00488
99999 14

1026.458
953.250
§73.250
793.250

1055.821
982.744
902.757
822.757

1084.956
1012.086
932221
852.244

1903.285
1831.346
1752.898
1674.956
1597.047
1517.997
1438.23%
1358.422
1278.507
1198.987
1119.384
1029.758

960.147

867.238

2826.185
2755.940
2682.158
2613.939
2543317
2468.512
2390.513
2311.003
2231.748
2§52.415
2073.408
1993.644
1913.686
1840.248
216179.059

FIGURE 3-4.
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021
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.000
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-27.905
-40.008
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-32.377
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-9.375
-1.815
1.581
-1.001
142
051
3.103
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.000
.000
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000
.000
000
000

000
.000
.000
000

.000
000
.00c
187316.632
216179.059
2000
00
000
000
.000
.000
.000
000
.000

000
000
.000
000

.aoo
.00¢
.00¢
000

000
.000
000
000

.000
000
.000
Q00

.000
.000
.000
000
000
000
000
000
000
.000
.000
.000
.000
-000

Comments

information on consist {See Figure 3-2 for axplanation of terms).

14 cars, 12.000" near barrier offset, -500.000" far barrier offsat {in this case

far away to simulate single barriar), 285.160 fps velocity

Whealbase of first car

Whootbase of second car

Wheelbase of third car

Whealbase of fourth car

Wheetbase of fifth car

Wheelbase of sixth car

Whaatbase of seventh car

Wheetbase of aighth car

Wheelbase of ninth car

Whoatbase of fenth car

Wheelbase of eleventh car

Whoatbase of tweifth car

Whogtbase of thirtesenth car

Whaeibase of fourteantls car

Time, No. of derailed cars (Time = 0, No. of deralled cars = 1)

Output: Column 1 - angla of car axis to track (radians)
Column 2 - car location along track (feet)
Column 3 - car location perpendicular to track (feet)
Column 4 - impact force on left barrier {pounds)
Column 5 - impact force on right barrisr (pounds)

{... Output Truncated ...)

Maximum barrier force occurs at time = 2.80 seconds:
12 cars deralied
maximum barrier force = 218,179.059 pounds
car number §

f... Quiput Truncated ...}
Censist comes (o rest at ime = 10.35 seconds
Resuits Indicate final corfiguration

SAMPLE TBIP OUTPUT (Note: program output is in English units)
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T 17 I T 11—
Point of Total distance traveled
derailment ~ 78 (250 ft.) Pl
MAXIMUM IMPACT FORCE = 983 kN (221 kips)
I | I | | I
0 100 200 300 400 500

FIGURE 3-5. SAMPLE TBIP OUTPUT DISPLAY

3.1.2 Assumptions

The TBIP program is based on a number of assumptions in addition to those discussed above. It
is important to understand these assumptions in order to properly assess the limitations of the program,
As described in Section 7.5, these assumptions should be verified in the future with testing and/or
analytical means. The critical assumptions are described below,

2-D Motion The most important premise of this model is that the predominant motion
occurs in the horizontal plane. In actuality, a derailed train behaves in
three dimensions. Each car can move horizontally (both longitudinal and
transverse), vertically, and it can rotate in three directions. The model
does not account for vertical movement, nor rotation about any horizontal
axis. Supplemental calculations indicate that out-of-plane movements,
such as rotation about the horizontal axes of the car contribute a negligible
amount of energy to the system. Nevertheless, allowance was made in the

design of the barriers for three-dimensional effects (See Section 3.1.3.2).



Energy Losses:

Barrier Stiffness:

Effect of Rail:

Vehicle Deformation:

Track Curvature:

All energy losses occur in the form of ground friction and barrier friction.
It is assumed that there is no energy loss due to crushing of the vehicle.
Research has shown that this energy loss from vehicle crushing is less than
5% for automobiles and freight trains and it should also be low for high

speed vehicles.

No distinction is made in the model between stiff (concrete) barriers or
flexible (steel) barriers. Other uncertainties in the model make this
refinement meaningless. Vehicle stiffness, ground friction and other
parameters are more variable than the range of barrier stiffnesses that

would result from this refinement.

Once the vehicle is derailed, the effect of the rail is ignored. Any energy
losses resulting from impact with the rail and ties, or jumping the rail have

been included in the single term for ground friction.

Changes in vehicle and barrier geometry due to crushing or deformation
are not taken into account in later collisions. Throughout the derailment
and collision process, the length, width, mass and moment of inertia are

assumed to be constant.

A tangent track is assumed. The radius of curvature is so great for high
speed vehicles compared to derailing distances, that the difference between
tangent and curved track is negligible. For example, the minimum radius
for 320 km/h (200 mph) high speed rail vehicle is approximately 6000 m
(19,900 ft.). The distance from derailment to barrier impact is on the order
of 100 to 150 m (325 to 500 feet) according to the TBIP runs. This
results in an angular difference of less than 1.5 degrees at the point of
impact. The total centrifugal force of 26.7 kN (6 kips) resulting from this
radius of curvature is also insignificant compared to the barrier impact

force of 980 kN (220 kips).
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Airborne Motion:

Stiffness Model:

It is assumed that once derailing has been initiated, the vehicle remains on
the ground, and frictional forces are applied through the trucks throughout
its travel. While 1t might be theorized that an incident could occur
resulting in a derailing car striking the barrier while airborne, such
incidenis would be unlikely and have not been studied. The use of large
initial derailing angles in effect simulates partial airborne movement of the

front trucks.

One of the mosl critical assumptions i1s thal barrierfcar stiffness can be
modeled based on a linear force-displacement relationship. Stiffness is the
value of force divided by displacement. This is a linear relationship when
stiffness is constant over all ranges ol displacements. This concept.
originally employed by Emori (1968) [7] to model head-on collisions of
automobites with rigid objects, does not model the energy lost due 1o
plastic crushing. and 1herefore predicted times and total distance traveled
are expecied to be higher than actual, other factors being equal.
Nongtheless. it 1s believed that this simplifying assumption can be
effectively used 1o predict peak barrier forces, if an appropriate value is
selected for the slope of the force-displacement relationship. The difficulty
is that little data exists that allows direct calculation of an equivalent force-

displacement relationship.

Emori, however. hypothesized that stiffness was a function of the weight
of the vehicle. He developed an empirical relation between the weight of

an impacting automobile and the appropriaie stiffness, given by:

k= (125 ftyw(lb)

where k is the stiffness in kips/ft, and W is the mass of the automehbile in
kips. In various subsequent studies, as summarized by Hirsch et al. [3]
and by Deleuw, Cather [4], it was further hypothesized that this
relationship can be extended to heavier highway vehicles, up to and

including 18.200 kg (40.000 Ib) buses and 36,300 kg {80,000} tractor-
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trailer combinations, by introducing a variable coefficient A which depends

on the empty vehicle weight We in kips:

k=AW

A series of tests was conducted by TTI! (Beason and Hirsch 1989) [8]

which allowed the determination of A(W.) for numercus vehicles. The
results of the tests are summarized in Figure 3-6. From this figure 1t is
concluded that the parameter A decreases with increasing vehicle emply

weight.

In 1he absence of a more defensible method, values of the stiffness k for
high speed vehictes and freight trains were extrapolated from Figure 3-6.
based sotely on their weight. [t should be noted that these stiffness values
are higher than those used for the freight cars because the empty weight of
the ICE cars is greater than the empty weight of freight cars. The validity
of the assumptions leading io these values has not been demonstrated. and

in fact cannot be demonstrated convincingly short of a full-scale test.
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; . \: ‘\. b — m - -
ol ———— s e
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VEHICLE EMPTY WEIGHT - KIPS
FIGURE 3-6. VEHICLE STIFFNESS VS8, EMPTY WEIGHT (K = A Weapmy)

Note: Metric Equivalent ) kip= 454 kg
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The linear elastic model of car comer-barrier inleraction is a gross
simplification of a process which is inelastic and nonlinear. The basis for
this simplification s the tradinonal use of such a simplified model (in
highway barrier analysis) and the lack of required data for more
sophisticated models. Emon’s method for simplification of a motor
vehicle model has been used in ¢ medified fashion by TTI engineers for
comparative apalysis of crash test data and for analysis and design of
highway barriers. where peak crash loads are of primary concern. The
experience gained in the use of this model 15 a significant factor in the

application of it in TBIP.

During the present study of high-speed rail vehicles, three numerical
models of representative HSR vehicle structures have been discovered.
The first model, the more pertinent of the three. 18 a4 model used to
simulate an actual collision that occurred between a TGV train and a targe
machine 100l which the train struck al a grade crossing. Not all details of
the accident or the resulting modeling effort have been released to the
researchers in the present study because of (heir proprietary nature. From
the available details, which are not reported here, again because of their
propriegary nature. the modeling ctfort appears 1o be a simulation of a
direct, head-on impact. The impact force estimiated by the model 15 ploued
against displacement, or crushing distance that the vehicle experiences.
The load-displacement curves developed to represent the elements of the
TGV train presumably are based on Jongitudinal crushing of the main
longitudinal structural members of the locomotive and cars. Consequently,
the components have stiffnesses (stiffness = slope of load displacement

curve) much higher than those predicted using the modified Emori model.

The second pertinent model was developed by IABG' to simulate a

Maglev Transrapid-07 during direct head-on impact with a rigid wall (or

' IABG: Industrieanlagen-Betriebsgesellschafi mbH, a German firm involved in the development of the Transrapid-07

Maglev vehicle.
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an identical train). The model is 4 finite element model taking into
consideration buckling of the longitudinal structural members under
dynamic loading. The car 15 assumed constrained by the guideway, which
it envelopes, so gross buckling of the car is prevented. The assumed static
load displacement curve differs significantly from thal used in the TGV
model in that a large stiffness is irnmediately experienced. followed by a
rapid loss of load-carrying ability due to the buckling of the frame

members. This data is not presented because of proprietary interests.

A tiurd model which is reported in the literature [9] involves three
force-deflection curves for a double deck "Hightiner" railroad car. Each of
three structural response conditions are represenied, all involving
longitudinal crushing winh or without failure of an associated shear plate
and with or without override. Detailed structural analyses were performed
to determine force-displacement relationships resulling from a head-on
collision. While the car modeled is probably not representative of the
types of vehicles being studied in the present study, several aspects of the
madel are pertinent. Figure 3-7 shows the reported overall static axial
force-deflection characteristics for the Highliner under the three failure

modes considered.

For comparison, it is possible to arrive at an "equivalent” simplified linear
elastic model from the parameters in either of the three models discussed
above. This is done by determining the spring constant parameter in the
simplified model such that the energy of structural deformation is the same
under the two curves, up to some specified displacement. That is, the area
under the load-displacement curve is equated to that of a curve with
constant slope. This slope is the average stiffness for that range of
displacements. Table 3-2 indicates the equivalent spring constant for the

three models obtained in this way for two specified displacements.

All the equivalent spring constant values calculaled in this manner are

significantly higher than the typical values of 1.635 kiN/m to 4,090 kN/m
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TABLE 3-2.

APPROXIMATE EQUIVALENT SPRING CONSTANTS FOR SIMPLIFIED

MODEIL OF "HIGHLINER"

Specified Crush Deformation

Comparison Model

(.15 m (0.5 ft)

0.30 m (L.0 ft)

I

TGOV Loconmutive

46,700 kN/m
(3.200 kip/th)

32,320 kN/m
(2,200 kip/fu)

(4.400 kip/fu)

2. Transrapid-(7 (lower portion of car 15,180 kNym 5.260 kN/m
structure) {1.040 kip/fo) (360 kip/f)

K Highliner 64,240 kN/m 10.220 kN/m
(4400 kap/it) {700 kip/ft)

b Highliner w/ shear plate Tailure 64.240 kN/m 24820 kN/m

(1,700 kip/fu)

(112 10 280 kip/fi) suggesied for the TBIP applicanon for the vehicles
studied. A sigmficant difference in modeling objective is noted: the TBIP
altempls 10 model an impact of the car comer, while the models compared
above are based on axial crushing. The load-displacement charucteristics
of @ crushing car cormer will intuitively reflect a softer suiructure.  First. the
hard points representing the ends of the main longttudinal members will
aot be engaged immediately, as an axial impact, but only after some
significant deformation of the car comer, depending on impact angle.
Secondly, the oblhique loading will probably resull in lower buckling
resistance than that exhibited by the main longitudinal structural members
located toward the middle of the car, The quantitative effect of these

factors 1s of course unknown,

Only two methods can practically be used to quantify the obligue crushing
characteristics. and both are ouiside the scope of the present limited study,
A finite or dhscrete element apalysis of the car corner structure was
contemplated, but uncertainties in car materials and structural details (for
future designs) and effects of dynamic loading rates led to the
abandonment of this proposal. Full-scale crash iesting could allow

accurate determination of the crush characteristics, and in fact such resting
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would probably be required to calibrate uny finite glement mode)
developed. Until such test data can be obtained, it is recommended that
the values for the model parameter be determined using the modilicd
Emori upproach. Since the predicted barrier lerecs depend strong.y on the
value used for the model parameter, such testing should be required to

validate any barrier design contemplated (See Section 7.5.1).

3.1.3 Findings

3.1.3.1 Parametric Study for HSGGT Vehicles

The impact load generated by the TBIP model is affected by many different parameters, such as
vehicle speed at derailment, car and barrier stiffress, ground and barrier friction, barrier location, braking
coefficient, coupler properties, number of cars in a consist, initial derailing angle. and number of barficrs.
Some bf the parameters are well documented and values easily assigned. Qthers were not so clear al the
beginning of the study, and it was unknown what effect the values assumed for these parameters might
have on the results. Because of the large number of scenarios to be evaluwed, and the intention that study
results be representative of the full range of possible installations, 1t i1s important to understand whal values
yield conservative and reasonable results. A parametric study has been undertaken. using the [CE vehicle,
to help understand the uncertainties. The resuits allow for the judicious selection of parameters for

maodeling of ather vehicles and eliminate the needless analysis of inconsequential cases.

The TBIP program has been run for various permutations of parameters. The proeram culculated
the maximum barrier impact force. which has been plotted Tor the variations in parameter values (See
Figures 3-8 through 3-15). The following effects have been noted for variations of each of the different

parameters:

Vehicle Speed: Speeds varying from 80 knvh (50 mph) up to the ICE vehicle's top speed of 320
km/h (200 mph} have been studied for various barrier offset distances (horizontal
distance from centerline of track to face of barrier) and consist lengths. A peculiar
phenomenon is noted. Inwuition would say that the highest speed would yield the
highest impact load on the barmer. The opposite i3 observed. Figure 3-8 indicates
that the highest loads occur at fower derailment velocities. below 160 kmv/h (100

mph}.
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[t was originally theorized that the higher forces observed at lower speeds
were o result of a grealer angle of impact of the slower moving vehicle.
Companson of two cases where identical trains were modeled at different
speeds illustrates why ihis is not 1he correct explanation. Examination of
Figure 3-8 indicates an impact force of 1,206 kN {271 kips) at 120 km/h
(75 mph), and 863 kN (194 kip) a1 320 krvh (200 mph). The slower
moving train does trace a trajectory on the ground plane with a greater
angle of impact: however, the explanation for the higher forces at the
lower speeds is not this simple. If this were the governing factor, then the
peak forces for the 80 kmvh (50 mph) mmpact would be expected to be
higher than the forces in the 120 kmv/h (75 mph) impact. which is not the
case. The difference in impact angle of the trajectory would influence the
initial impuct conditions, but as noted below. the initial impacts do not
yield the highest impact forces in a derailment event. The higher velocity
vehicle. however, does yield a higher initial impact force than that of the

lower velocity vehicle.

A comparison of the two cases reveals that the peak impact forces oceur at
very different umes and Jocations. In the case of the 120 knv'h (75 mph)
derailment, the peak impact force of 1206 kN (271 kips) is created by the
impact ol the hi’th car about 7.2 sec after initial derailing. In the case of
the 320 knmv/h (200 mph) derailment, the peak force of 863 kN (194 Kips)
accurs when the third car strikes the barrier about 2.8 sec after derailing.
Lf the initial impacts of the first car in each consist are compared. the 200
mph inttial impact force of 5t4 kN (115 kips) is seen to be significantly
greater than the [20 knvh (75 mph) impact force of 227 kN (51 kips).
Therefore, the explanation for higher peak impact loads in the developing

120 knvh (75 mph) collision is not straightforward.

The collision events must be studied as a whole, rather than simply
comparing 1wo single impacts from different times within each event. A
study of the two entire events reveals differences in the chserved

movement and subsequent crashes. The higher speed collision differs from



Vehicle Crush Stiffness

the lower speed collision in one significant way - the collision with the
barrier ends comparatively more quickly, with the train cars rebounding
from the barrier and traveling down-track without additional impacts with
the barrier and in a shallow zig-zag pattern. By comparison. the slower
speed collision does not exhibit such rebounding - the collision event is
characierized by the cars remaining in contact with the barrier, wirh the
7ig-zag patlern being more exaggerated, and with the peak load occurring
much later in the evenl. The difference in collision pattemn, especially the
steeper zig-zag pattern, is apparently significant. The two impact events
could be characterized as a "glancing” blow for the higher speed event, as

opposed to a “"snagging" collision for the slower speed event.

Conclusion: The simulation should be run for all consists over a range of
speeds to determine the maximum barrier load. It 1s this load which

should be used in the barrier design.

Values of crush stiffness from 4,086/2,480 kN/m (2807170 kips/ft) 1o
146,000/87,600 kN/m (10,000/6.000 kips/ft) (power car/coach car) have
been tested for various barrier offset distances (See Section 2.5) and
consist lengths. The values of 4,086 and 2,480 kN/m (280 and 170
kips/t) correspond Lo estimates made in accordance with Emori’s methods.
Values as high as 146,000/87,600 kN/m (10,000/6,000 kips/ft) have been
lested because values in this range have been observed in a recent crash in

Voiron, France (see Section 3.1.2).

Impact loads have been found to increase significantly with increased
vehicle crush stiffness in all cases (See Figure 3-9). Increasing the
stiffness 37 times, from 4,086 kN/m (280 kips/ft) to 46,000 kN/m (10,000
kips/ft), yields an increase in impact load of 4.9 times, from {,16] kN (261
kips) 1o 5,725 kIN (1287 kips). The force increases with stiffness at a rate

of less than 0.5 to I.

Conclusion: In the absence of better empirical data, Emon’s method
should be used. It is recognized that this important parameter can best be

determined with full scale crash tests of actual high speed rail vehicles.
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Ground Friction

Barrier Offset Distance:

Section 7.5.1 makes more specific recommendations for further study of

vehicle crush suffness.

Values from 0.25 to 2.0 have been tested. Ground friction has a
significant effect. Again, intuition proves incorrect. Greater valugs of
ground friction increase the impact load. contrary to what one might
expect, as indicated in Figure 3- 10, Higher friction causes the cars (o
buckle into the accordion configuration more quickly, increasing lateral

motion and forces.

Values traditionally used for highway vehicles vary from 0.75 to 1.1.
Steel wheels would be expected 1o bave a lower coefficient than rubber
tires, but this could be offset by the wheels digging into the soil under
high vertical toad. As previously discussed in Section 3.1.1.1, a value of
[.0 was used for freight trains in a previous WMATA intrusion barrier
study [3]. This yielded results corresponding well to aciual accident data.
A value of 1.0 is a reasonable approximation of the coefficient that mighl

be expected.

Conclusion: A ground friction coefficient of 1.0 should be used.

Values of barrier offset distances (Sce Section 2.5) of 2.74 10 12.19
meters (9 to 40 feel) have been studied. Nine feet is considered a
rminimum value, since this would result in approximately 3 feet of
clearance between the side of the car and the face of barrier. 1t is unlikely

that barriers would be installed at distances greater than 40 feet.

The force exerted on the barrier is very sensitive 10 this parameter. Up to
a point, greater impact forces are observed when barriers are situated at
greater barrier offset distances (See Figure 3-11). This probably results
from the cars’ ability to achieve a more oblique impact apgle. and
therefore a larger force, when barriers are localed further from the tracks.

Impact force reaches a maximum at a certain value of barrier offset
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Barrier Friction Coefficient:

Braking Coefficient:

Coupler Types:

distance, and is less at greater barrier offset distances where frictional
farces become more predeminant. Past work on the WMATA project

[2.3] confitms this trend.

Similar results are observed using a ground friction coetficient of 0.50. but

with lower impact forces (See Figure 3-12).

Conclusion: This parameter can be prescribed by design. For rail
trackways. a barrier offset distance of 2.74 m (9 feet) should be used. in
conformance with American Railway Engineering Association (AREA)
standards. For Maglev guideways a barrier offset distance of 3.35 melers
(11 feet) should be used. Tmpact loads correspending to these barrier

offset distances should be used for design.

Values of 0.25 have been measured for steel barriers and 0.40 for concrete
barriers. This parameter has very little effeci. although higher barrier

friction increases impact forces slightly.

Conclusion: Vaiues of 0.25 should be used for steel and 0.40 for concrete

surfaces.

Values of braking friction coefficient of 5.5'7 to 7.0% have been

measured. Variation of this parameter has very little if any effect.

Conclusion: A single value should be used. 5.5% is suggested.

For freight trains, characteristics of three types of couplers have been
tested: EE, EF, and FF. For high speed consists. coupler models have
been modified to approximate the stiffness and strength charactenstics for
articulated and non-articulated vehicles. [mpact forces are affected very

little by the type of coupler.

Conclusion: EE, EF, and FF couplers will be used for freight trains.
Coupler models will be modified appropriately 10 approximate the stiffness

and strength characteristics of HSGGT vehicles.
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Number of Cars:

Initial Derailing Angle:

Consists of 11 (i.e., 1 power car, 9 coaches, 1 power car). 12 and |4 cars

have been studied.

Barrizr force increases generally with the number of cars, with the 14-car
trainsel causing grealer impact forces than the 1}- or }2-car trainsets
modeled, as indicated in Figure 3-8. This would be expected due to the
increased total kinetic energy of the consist. Due to the somewhat random
nature of the collisions, there are exceptions, and there is some scatter. It
can be generalized, however, that a longer consist produces higher impact

forces.

Conclusion: The longest anticipated consist with the most cars should be

used for design purposes.

[nitial derailing angles (see Section 3.1.1.1 and Figure 3-3) from 0.02 to
0.10 radians have been studied. For an [CE power car, the value 0.0]
corresponds roughly to a lateral displacement of the front trucks equal to
the combined width of the head of rail and flange of wheel (approximately
8", Tins is thought to be a lower bound on realistic initial angles of
derailing. An angle of 0.10 radians correspends to approximately 140
mm (45 inches) of lateral displacement of the front trucks. This i1s thought
to be an upper bound on this parameter. For small track/barrier offset
distances. the angle is constrained by the presence of the barrier (e.g., for a
2.74 meter (9 fool) barrier offset, the maximum angle i1s 0.02 radians - any

higher and the vehicle overlaps the barrier).

The maximum angle before barrier overlap has been used, up to a
maximum of 0.10 radians: 0.02 radians for a 2.74 meter (9 foot) offset or
less, 0.05 for 3.0 meters (10 feet) to 3.66 meters {12 feet) and 0.10 for
barrier offsets greater than 4.25 meters (14 feet). The larger initial
derailing angles result in larger barrier impact forces. as would be expected

(See Figure 3-13).



le-e

MAXIMUM IMPACT FORCE (KIPS)

260

250

240

220

210

200

BARRIER OFFSET DISTANCE =16 FT

|
11 cars. Cf=0.25 ‘

|
12 cars. Cf=0.25

|
. 14 cars, Cf=0.25 |
—"— llcars, CI=040

T T = - - - - | —F— {2cars, Cf =040

—=— 14 cars, C[=0.40

0.1
INITIAL DERAILING ANGLE (RAD)

FIGURE 3-13. IMPACT FORCE VS. INITIAL DERAILING ANGLE

(See Section 3.1.3.1 for explanation of results)
Note: Metric Equivalent | kip = 4.45 kN
I ft =0305m



Dual Barriers:

Triple Barriers:

While it might be theonzed that an incident could occur resuliing m a
deraiting car striking the barrier while airborne. before the front truck ever
touches the ballast, such incidents have not beep studwed. The use of large

initial deruiling angles simulates partial airborne movement.

Conclusion:  An inital derailing angie of 0.02 should be used in the case
of barrier offset distances equal to or less thun 2.74 meters (nine feet), 0.05
for barrier offset distances between 3.0 and 3.66 meters {10 and 12 feet),
and 0.10 for batier offset distances greater than 12 feet 3.66 meters (12

feet).

Dual barriers. located on both sidex of a pair of tracks, have been tesied
for various otfset distances and speeds (See Figure 3-14). Dual barmiers
are placed on either side of a set of tracks. There is, therefore. a near

barrier and a far barner for ecach track (the far barrier bemng on the other

side of the adjacent track}.

Comparisen of Figures 3-11 and 3-14 illustrate that forees are much higher
for dual barriers than for single barriers. The maximum dual barrier force
for a near barrier distance of 5.40 meters (I8 feel) is over 11.700 kN
{2.631 kips). where the muximum single barrier force 1 1.912 kN {430
kips). This 1z due to the cars getting wedged between the two harriers. and

getting pushed Into the barriers by the cars behind.

Conclusion: Use dual barriers where necessary due to huzards on both
sides. such as on overhead bridges. To mininuize forces. minimum buarrier

offset distances should be used.

Triple barriers have atso been evaluated. These barriers would be laid out
similar 1o dual barriers, but would also have & barmer between the two

tracks. Barrier distance would therefore be equal lor any one track.
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Like dual barriers. triple barrier loads are higher than single barriers, but
they are lower than dual barmiers at the small offset distances that would be
used in practice (See Figure 3-15). Triple barriers could be effective
where loads must be kept to a mimmum, for example where attachment 1o
bridge decks would otherwise overload the bridge deck structure. They
could also be used between on-coming HSGGT tracks to protect HSGGT

vehicles from opposing HSGGT vehicles.

[t was decided. however, nol to pursue triple barriers further for a number
of reasons: (1) they would intrude into established vehicle clearance
envelopes requiring more right-of-way: (2) they would cost substantially
more than dustl barriers; i.e., they would not decrease the loads so much us
w reduce their size enough to offset the cost of the third barner; (3) the
prohability of derailing at the instant an on-coming vehicle approaches is
maore remote than other scenarios: (4) HSGGT systems are considered o
be safer and better maintained and are less likely to derail; and (5)

opposing HSGGT vehicles, being on the same system. would have the

henefit of direct communication thereby giving more advance warmning in

the event of derailment of one of the vehicles.

Conclusion:  Triple barriers should not be used and have not been

considered further.

[n summary. the fellowing conclusions have been drawn from the parametric study and have been

fotlowed for all other vehicle 1ypes:

Vehicle Speed: Speeds from 80 knvh (50 mph) to maximum speed shouid be studied
Vehicle Crush Stiffness The Emori model should be used

Ground Friction [0 <should be used

Barrier Friction Coefficient:  0.25 should be used for steel. 0.40 for concrete

Barrier Offset Distance: 2.74 m (9 fu for railroad vehicles, and 3.35 m {11 fi) for Maglev vehicles
Braking Coefficient: 5.5% should be used

Coupler Types: EE. EF. FT types sheould be used for freight. modified models for HSGGT
Number of Cars: Maximum number of cars should be used

Initial Derailing Angle: 0.10 radians should be used. or maximum before overlapping barrier
Dual Barriers: Railroad vehicles: 2.74 m (9 ft) near barrier, 7.32 m (24 feet) far barrier
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Triple Barriers:

3.1.3.2 Qut-of-Plane Effects

Muglev vehicles: 3.35 m (11 ft) near barrier. 8.46 m (27.75 feet) far
barrier

Should not be used

The TBIP Program models two-dimensional effects in the horizontal plane. These effects

represent the majority of the energy and forces Involved in the derailment incident. Supplementary

calcutations have been performed to determine the effects of three-dimensional movements. including

rotation about the Jongitudinal car axis and vertical buckling or override. It has been concluded that the

effects of out-of-plane motion on impact forces are minor.

Vertical Buckling

Rollover

Rotation

The tendency of the train to buckle vertically, or overnde, under axial
compression loads has been checked. The compression loads vare found
to be insufficient to Nifi the cars. The car weights are grewt enough 1o
resist any vertical nstability. The tendency of huckling horizontally is

deterniined by TBIP.

Calcutations have been performed to determine the burmier height necessary
to prevent the vehicle from rolling over the top of the barrier. A stable
condition is achieved when the restoring moment exceeds the overturning
moment. The overlurning moment is egual to the horizental impact Torce
multiplied by the vertical distance of the vehicle’s mass center above the
1op of the barrier. The restoring moment is ¢qual 1o the weight of (he
vehicle multiplied by the horizontal distance 1o the harrier (Sec Section
4.1.1.5 and Figure 4-5). Results indicate that heights varying from 1.52 m
1o 1.83 m (5 10 6 feet) above the top of the guideway will be sufficient to
prevent overtopping of the barmier. This calculated height is the busis ror
establishing barrier height for the designs shown on the design drawings in

Section 4.1.2.

Rotation about the car’s longitudinal axis will result as the car travels
laterally down the ballast slope toward the barmer.  This rotation results

when the car’s wheels on the barrier side iravel down the slope causing the



car to tilt. Calculations have been performed to determine the angular
velocity of this tilting, and estimate the resulting contribuiion 16 barrier
impact ioad. Results indicate that this rotation will not cause a significant

increase in impact force with an estimated increase of less than 2%.

Kinetic Energy Increase After derailment, as the vehicle loses potential energy during its wravel
down the ballast slope toward the barrier, kinelic energy is gained by the
systemi and the vehicle's speed would be expected to increase. The

increase 1t kinetic energy that results i1s estimated Lo be less than 1%.

Since models for three-dimensional behavior are less rigorous than the two-dimensional models. a
factor of 20% has been added to the impact force generated by TBIP 1o allow for any out-of-plane
etfects. This factor is certainly conservative. yet still yields reasonable burrier sizes, nol unlike

barriers developed for highway and railroad use.

3.1.3.3 Barrier Design Forces

With the insight gained in the parametric study, additional TBIP runs have been made for the
remaining scenarios and other vehicles. Numerous runs were made 1o determine maximum forces for each
scenario. The results of these runs are included in Appendix €. The maximum forces generated are
summarized for each scenaric in Table 3-3. These forces include the 20% allowance for three-dimensional

effects.
3.2 STRUCTURAL HIGHWAY BARRIERS

This section describes methods used to design highway bartiers - barriers designed 1o deflect errant
highway vehicles and protect adjacent high speed corridors from these vehicles. These barriers are
intended to mitigate hazards to high speed vehicles from collisions with errant highway vehicles. The
barriers are also intended to mitigate hazards from damage sustained in highway vehicle collisions with
high speed vehicle support structures such as bridge piers. As described in Section 3.1, this is distinct
from the design of structural train barriers which are designed to deflect derailed trains and high speed

vehicles.

Much research has already been done on the anaiysis and design of structural highway barriers.

The current AASHTO Standard Specifications for Highway Bridges [1] and Guide Specifications for
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TABLL 3-3. BARRIER FORCLE SUMMARY - STRUCTURAL RAILROAD AND HSGGT BARRIERS

Vehicle Type No. of | Ranpe of Derailment Speeds | Derailment Maximum 3-D Effects: |Total Barrier Barrier
Barriers Studied Speed at Impact Force | 20% of MIF Force Design Load
MIF' (MIF)
Min. Max.
km/h (mph) | knvh (mph) | kamv/h (mph) kN Kkips kN Kips kN (kips) | kN (kips)
ICE Single 80 (5M 322 (200) (21 (75) (063 {239) 213 (48 | 1276 (287) | 1334 (300)
ICE Dual 80 (50) 322 (200) (61 (100) 3892 (KT5) 778 (175) | 4671 (1050)| 4893 (1100)
TGV Single 80 (50) 322 (200 l6d (100) 543 (122 109 (24) 651  (146) | 890  (200)
TGV Dual 30 (50 322 (200 61 (100) | 2189 (492) 438 (98) | 2626 (390} | 2669 (600)
Maglev Single 80 (50) 483 (300) 121 (75) 730 (164) 146 (33) 875 (197y | 890 (200)
Maglev Dual & (50) 483 (300 121 (7% 956 (215) 191 (43) | 1148 (238) | 1334 (300)
Freight - Uniform | Singie 56 (35) 129 (30} 89 (55) I6R8 (829) 738 (166) | 4425 (995) | 4893 (1100)
Freight - Uniform DCual 56 (35) 129 (80) 105 (65) 9417 (2117)| 1883 (423) | 11300 (2540)| F1298 (2540)
Freight - Mixed Single 56 (35) 120 (80) 89 (55) 1072 (241) 214 (48) | 1286 (289) | 1334 (300)
IFreight - Mixed Dual 56 (35) 129 (80) 126 (BO) 8581 (1929)| 1716 (386) | 10297 (2315)| 11298 (2540)

MIF = Maximum limpact Force




Bridge Railings [11] include a design methodology for bridge railing. The AASHTO Roadside Design
Guide [12] includes recommendations for guard rails adjacent to at-grade roadways. Bridge and guard
railing systems are usually proven through crash testing. Many tested designs currently exist such as
concrele New Jersey ~dfety shapes, steel bridge rails, concrete parapets, and combination steel and concrele
systems, Most of these designs, however, have been developed and tested for light trucks and
automobiles. HSGGT intrusion barmiers must also be capable of resisting larger vehicles, weighing up 1o

36.300 kg (80.000 Ibs) (the maximum legal highway limit).

AASHTO is currently developing new specifications for bridge railings, 10 be incorporaled into their
LRFD Bridge Design Specifications and Commentary. These specifications give a methodology for
designing barriers capable of resisting 80,000 pound trucks. It is recommended that the methadology
described in this new cede be adopted for Intrusion Barriers for Highway Vehicles. The provisions can be
applied directly where the barrier is located on a bridge. The provisions can be modified to incorporate

new provisions for foundations where the barmier is located at-grade.

Much of the {ollowing section is taken from the AASHTO Standard Specifications for Highway Bridges.
the Roadside Design Guide and the Draft LRFD Bridge Design Specifications and Commentary, March
1993 [13].

3.2.1 Methodology

The primary purpose of al} roadside highway barriers is to prevent a vehicle from leaving the roadway and
striking a fixed objec! or terrain feature thar is considered more hazardous than the barrier itself. HSGGT
structural highway intrusion barriers are also intended to protect the high speed vehicle from intrusions
from errant highway vehicles. This is accomplished by containing and redirecting the impacting vehicle.
Since the dynamics of 4 crash are complex, the most effective means of assessing barrier performance for
highway vehicles is through full scale crash tests. The new methodology for modeling and analysis used

by AASHTO is. in fact, based on crash testing.

1.2.1.1 Crash Test Criteria

A study was made by the National Cooperative Highway Research Program (NCHRP) in Report

No. 230. "Recommended Procedures for the Safety Performance Evaluation of Highway Appurtenances"
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i14]. This repon currently recommends rwo tests on standard sections of longitudinal barriers. one with an
820 kg (1800 Ib} vehicle impacting at 96 knvh (60 mph) and 20 degrees 1o evaluate occupunt nisk, and
one with a 2050 ke (4500 tb) vehicle impacting at 96 knvh (60 mph} and 25 degrees o evaluate the

structural imtegnty of the barrier. After collision vehicle trajectory is alve evaluated in these tevrs

NCHRP Report No. 230 alse gives recommendations for a series of optional tests using cars,
buses, and trucks with weights up to 36.300 kg (80,000 Ibs) to evaluate the effectiveness of safety
features. The heavy truck impact test uses a vehicle speed of 80 km/h (50 mph) and a 15 degrees impact
angle. It should be noted that NCHRP Report 350 "Recommended Procedures for the Safety Performance

Evaluation of Highway Features' [15], has now replaced NCHRP Report 230.

Crash tests have been performed on various prototype barrier designs,  [nstrumerntalion systeimns
measured the forces experienced by the barriers, while the performunce of the barriers was visually
observed. Thus. barrier designs have been developed thal have performed satisfactornily under the impaci

of the various vehicle Lypes.

3.2.1.2 Warrants

Barrier swarrants are the criteria by which the need for a safely treatment or improvement can be
determined. They are based on the premise that a traffic barrier should be installed only if 11 reduces the
severity of potental accidents. 1t is important 1o note that the probability or frequency of run-off-the-road
accidents is not directly related to the severity of potential accidents. Typically, guardruil warrants have
been based vn a subjective analysis of certain roadside elements or conditions. I the consequences of
vehicle striking a fixed object hazard or running off the road are believed o be more serious than hitting a
traffic barrier, then the barrier is considered warranted. While Lhis approach can be uxed often, there are
instances where it is not immediately obvicus whether the barrier or the unshielded condition presents the
greater hazard. Furthermore, the subjective method does not directly consider the probability of an

accident oceurting nor the costs associated with the shielded and unshiclded conditions.

Thus, warrants may alse be established by using a benefit-to-cost anaiy<is whereby 1uctors such as
design speed and raffic volume can be evaluated in relation to barrer need. Costs issociated with the
bartier (installation cost, maintenance costs, and accident ¢osts) are compared to similar costs associated

with the unshielded hazard.



Highway hazards that warrant shielding by a roadside barrier ¢can be placed in one of three basic

categoriex: embankments, roadside obstacles, or bystanders.

Embankments

Traditionally, barriers have been used for protection of highway vehicles from hazards related 1o
embankments. Embankment height and side slope are the basic factors considered in determining barrier
need. These critenia are based on studies on the relative severity of encroachments on embankments

versus impacts with roadside barriers.

Roadside Obstacles

Another traditional use of barriers is for protection from roadside obstacles. Roadside obsiacles
may be nontraversable hazards or fixed objects and may be either man made (such as culvert inlets) or
natural (such as trees). Barrier warrants for roadside obstacles are a function of the obstacle itself and the
likelithood that it witl be hitl. However, a barrier should be installed only it i1 is clear that the result of a
vehicle striking the barrier will be less severe than the accident resulting from hitting the unshielded
object. HSGGT guideways are a new type of obstacle hazard, since they present mere of a hazard o the

highway vehicle than the presence of the barrier itself.

Bystanders

A bystander is any adjacent presence that should be protected [rom the errant highway vehicle.
Examples include pedestrians and buildings. HSGGT guideways adjacent 1o highway facilities also fall

into this category.

3.2.1.3 Performance Level Selection Procedures

Traditicnally, most roadside barriers were developed, tested and installed with the intention of
containing and redirecting passenger motor vehicles weighing up to 2050 kg (4500 pounds). Properly
designed and installed barrier systems have proven o be very effective in reducing the amount of damage
and lessening the severity of personal injuries when struck by automobiles and similar-sized vehicles at

relatively shallow angles (less than 25 degrees) and at reasonable impact speeds, less than 112 km/h (70
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mph). However, it has long been understood that barriers designed for automobiles should not be
expected to perform equally well for larger vehicles, such as buses and trucks. Recognizing this fact,
several highway agencies have developed and used barrier systems capable of redirecting vehicles as heavy
as 36,300 kg (80.000 pound) tractor trailer combination trucks. Although objective warrants for the use of
higher performance traffic barriers do not presently exist, subjective factors most often considered for new

construction or safety upgrading include:

high percentage of heavy vehicles in traffic stream
adverse geometrics such as sharp curvature oftentimes combined with poor sight distance

severe consequences associated with penetration of a barrier by a large vehicle.

Five performance levels have been defined to account for different types of highways and the
anticipated type of vehicle ncluding its weight and geometry (height). The crash testing requirements
vary by performance level. The performance fevels are given in Table 3-4. Crash testing requirements are

given in Table 3-3.

The hazards inherent in adjucent HSGGT facitities requires a performance level of either PL-4. or
PL-5, depending on the nature of the mghway raffic. It is generally recommended that the PL-5
performance level be used. unless the volume of tank trucks 1s extremely low. such as may result from

traffic restrictions.

3.2.2 Findings

Figures 3-16. 3-17. 3-18 and 3-20 show the dimensions, weights, and center-of-gravity
(C.G.) heights of typical automobiles. buses and trucks. Also shown are several longitudinal
barriers which have successfully redirected them in crash tests [16]. It can be seen that to
redirect a 36,300 kg (80.000 1b) van-ltype iractor-trailer takes a barrier approximately 1.27 m to
1.37 m (50 to 54 in) high. The barrier should push on the hard point or floor of the van to
redirect it. It can be seen that o redirect a 36.300 kg (80.000 Ib) fluid tank truck will take a
barrier 2.13 to 2.29 m (84 to 90 in) high. The barrier should push on the fluid tank which is
frequently a cylinder. These heights are required to prevent the truck from rolling over the

barrier. Figures 3-19 and 3-21 show barmner heights in graphical form.
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TABLE 3-4. PERFORMANCE LEVEL SELECTION CRITERIA

Pertormance Level One - Used for short. low level structures on rural highway
svslems, seeondary expressways, and areas where a small number of heavy
sehwles are expected and speeds are cither posted or reduced.

PL-1

Performance Level Two - Used for high-speed main line structures on freeways,
aapressways, highways, and arcas with a mixture of heavy vehicles and
maximum wlerable speeds.

PL-3 Performance Level Three - Used for freeways with vanable cross slopes,
reduced radivg ot curvature, higher volume of mixed heavy vehicles and
maximum lolerable speeds. Site specific justitication shall be made for use of
this performunce level.

Performance Level Four - Used where there are a high percentage of heavy vaa
Ivpe vebicles in the traffic strcam and where there are severe conscquences
assuciated with penctrution of a barrier by a large vchicle.

Pil-5 Performance Level Five - Used where there arc a mgh perceniage of heavy rank
typc vehicles in the raffic stream and where there are severc consequences
associated with penctration of a barrier by a large vehicle.

TABLE 3-5. BRIDGE RAILING PERFORMANCE LEVELS AND CRASH TEST CRITERIA

Test Vehicle Descriptions and Impact Angles
Small Pickup Truck Medium Van-Typc Large Van- Large Tank
Automobile Single-Unit Tractor- Type Tractor Trucks
Truck Trailers Traiiers
Weicht | 820 kg 2430 ke g.160 kn 22.680 kg 36.300 kg 36,300 kg
{1.8 kips) 5.4 kips (18 kips) {50 kips) (%0 kips} (80 kips)
Track .67 m 1.98 m 229 m 2.44 m 244 m 2.44 m
(5.5 f1) (6.5 f1) (7.5 fu) (8.0 fv) (8.0 fu) (8.0 f)
C. G. 308 mm 686 mm 1245 mm 1626 mm 1626 mm 1981 mm
Height [ {2000 in) (27.0 in) {49.0 in) (64.0 in) {64.0 in) (78.0 im)
Impact | q = 20° g =20° gy = 15° q=13% g=15° g=15°
Angle
Perf. Test Speeds - ki/h (mph)
Level
PL-! 72 (45) 72 (43) NA NA NA NA
PL-2 97 {60) 97 (60) 80 (50) NA NA NA
L 97 (6 07 (600 20 (50 &0 130 NA NA
PL-4 NA NA NA NA 80 {50) 50 (50)
PL-5 NA NA NA NA 80 (50 80 (50)
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Figure 3-19 shows the approximate vehicle impact force imposed on a rigid barrier by these types
of vehicles. The magnitude of the impact force and s distribution on the barrier 1« very complex because
of the numerous points of collision with the vehicle body. as well as 118 variation over rime. The "Druft
LRFD Bridge Design Spectficanons and Commentary,” March 1993 [13] recommiends the design forees
shown in columns PL-1. PL-2 and PL-3 of Table 3-6. Columns for PL-4 and PL-5 for the 36.300 kg
(80,000 1b) van and fluid tanker respectively have been added based on subsequent studies. Reference

3] shows how these desien forces are to be used to design a loneitudinal barrier.
13] sh how these design fi ey b d o desig longnitudinal b
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FIGURE 3-19. COMPARISON OF VEHICLE IMPACT FORCES AND TOTAL VEHICLE
WEIGHT. THEORY AND TEST RESULTS FOR STIFF RAILS [16]

Note: Metric Equivalent | 1h = 445N
1in = 254 mm
1 mph = 1.609 kmvh
1 kip = 454 kg
B
B/2 W = weight of vchicle
T —_{ maxGlat = maximum lateral deceleration of vehicle
C T  height to vehicle center of gravity
Womax Gy CG. H = effective height of barrier nil. in.
(= center of overtumning sotation located at centroid
) W of rail or lop of concrete parapet
Pomt 01‘ B width of vehicle. in.
Fat g Flat = resisting railing force located ai effective rail
2 height
= x maxGlat
H [ Mo = Overturning moment about point "O"
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FIGURE 3-20. APPROXIMATE ANALYSIS OF BRIDGE RAIL EFFECTIVE HEIGHT
REQUIRED TO PREVENT VEHICLE FROM ROLLING OVER RAIL [16]

Note: Metric Equivalent] Ib= 445 N
i 254 mm
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TABLE 3-6. DESIGN FORCES FOR HIGHWAY BARRIERS

I mph= 1,609 knvh

Railing Performance Levels
Design Forces 2430 kg 8,160 kg 22,680 kg 36,300 kg 36,300 kg
and Designations (5,400 [b) (18,000 1Ib) (50,000 1b) (80,000 1b) (80,000 1b)
Units Truck Truck Van Van Tank
PL-1 PL-2 PL-3 PL-4 PL-5
F, kN (kips) 120 (27.0) 240 (54.0) 516 (116.0) 552 (124) 778 (175)
F; kN (kips) 40 (9.0) 80 (18.0) 173 (39.0) 182 (41) 258(58)
E kN (kips) 24 (5.4) 80 (18.0) 222 (50.0) 356 (80.0) 356 (80.0)
L, and LI mm (in.) 102 (4.0) 89 (3.5) 203 (8.0) 203 (R.0) 203 (8.0)
L. mm (in.) 457 (18.0) 457 (18.0) 1016 (40.0) 1016 (40.0) 1016 (40.0)
H,, mm (in.) 508 (20.0) 813 (32.0) 1016 (40.0) 1067 (42.0) 1422 (56.0)
H, mm (in.) 508 (20.0) 813 (32.0) 1016 (40.0) | 1372 (54.0) | 2286 (90.0)
F, - Transverse force on barrier
F, - Longitudinal force on barrier
F, _ Vertica) force on barrier
L,.LLL = Distribution length of transversc, longitudinal and vertical forces
H,, = Effcctive height of vehicle rollover force
H = Rail height



3.3 EARTHWORK BARRIERS

3.3.1 Methodology

This analysis evaluates the effectiveness and feasibility of using engineered ditches, berms. and
various combinations to create functional intrusion bartiers for HSGGT systems placed in shared corridors.
These barriers are considered for use as protection barriers, containment barriers, or both. Past research
performed with passenger vehicles and modeling performed by the Texas Transportation Institute (TTI) is

the basis for this evaluation.

In the past, various earthwork configurations have typically been associated with highway
engineering. Upslopes and downslopes have been used 1o adapt roadways to exisling terrain with cuts and
fills. Ditches have been used to channelize drainage, and berms have been used as prolection from
hazards such as readside signs. Usually, however, ditches and berms are considered 1o be roadside
hazards. The severity of the hazard depends upon the degree of slope over which a vehicle would be
forced to traverse. Generally, errant highway vehicles are prevented from traveling on these slopes
through the use of guardrails, concrete barriers or the tike. The use of ditches and berms as intrusion

barriers is a new concept.

Other earthen systems have been used 1o dissipale energy. An example i1s the truck runaway
escape ramp. These ramps are typically sand or gravel filled 10 a depth of 305 mm (12 inches). It was
initially proposed that the earthwork barrier utilize two primary concepts to prevent intrusion. First, the
earthwork barrier should provide a means of redirecting the vehicle. That is, it should provide a barrier to
contain the high speed vehicle within its right-of-way or deflect an intruding vehicle o protect a high
speed right-of-way. Second, it should, in some fashion, dissipate the kinetic energy of the derailed train

set.

The dissipation of energy must occur without substantially damaging the trainset. While this
concept may be difficult to achieve in combination with the redirection aspects of the barrier. it remains a

goal of this study.

A review of NTSB accident reports for conventional railroad derailments shows that substantial

forces are applied during derailment. In some cases, unbalanced forces have been sufficient to force the
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train to flip end over end, or roil on its longitudinal axis. Qur examination of energy dissipation

recognizes this condition and attempts to identify where this hazard is a concern.

Energy dissipation has been used primarily by the Federal Highway Administration for rur-away
trucks. Similar technology could be used as a means of dissipating energy during derailment. Further. by
creating a verlical slope adjacent to the track or guideway, a derailed vehicle would convert at least some
kinetic energy to potential energy as it travels uphill. Both energy dissipation and redirection are

considered as the primary components for the earthwork barrier.

The work-energy principle is the basis for analysis and modeling of earthwork barriers. This

principle states that the change in kinetic energy (DKE) equals the work performed on the system (U), or:

AKE =U
which reduces to:

Yo x MV} + WH, - W(H,) -(Fd) = 0

where:

V.= initial velocity at derailment

M= mass of vehicle

W = weight of vehicle

H, = initial elevation of vehicle

H, = final elevation of vehicle

(Fid) = summatton of all friction forces multiplied by their distance of application

In the case of high speed vehicles, the potential energy contribution is minimal as compared to

kinetic energy, and the equation reduces 1o:
A x MV = (Fd)

This simple formula is used to predict the total distance traveled by the vehicle before it comes (o

rest.

To complete the analysis, research on highway barriers has been reviewed to evaluate the

redirection characteristics of berms and ditches.



3.3.2 Findings

Earthwork berm and ditch barrier systems are not well suited as intrusion barriers for high speed

systemns for the following reasons:

High Vertical Accelerations:

High Vehicle Deceleration:

Roliover Hazard:

Poor Energy Dissipation:

Al velocities of 320 kmv/h (200 mph), even slight changes in the vertical
aradients of the earthwerk would result in substantial vertical accelerations.
Previous testing of highway vehicles, and modeling of the high speed
vehicles suggest that shoulder gradients greater than 6:1 would create a
condition where the high speed vehicle would become airborne. Once
airbemne the vehicle would [ose control, creating unpredictable and violent
movement. In addition, vertical accelerations and decelerations would

create unacceptable forces for passenger safety.

Changes in grade could cause the vehicle to dig into the side of slopes,
stopping the vehicle suddenly, creating unacceptably high deceleration and
causing tumbling or airborne motion. This would subject passengers to

violent forces and would increase rather than decrease hazards.

For highways. the maximum recommended slope for an earthwork berm
without guard rails is 3:1. Steeper slopes produce vehicle rollover. At
speeds of 320 km/h (200 mph), the maximum slope would have to be
much flatter to prevent rollover, perhaps flatter than 8:1. These fiat slopes

would not be effective for redirecting high speed vehicles.

Given that earthwork barriers would be incapable of redirecting high speed
vehicles, their effectiveness at dissipating energy through translation to
potential energy and frictional heat was studied. Caleculations using the
energy formulae given above indicate that predicted performance of

earthwoerks barriers for dissipation of energy would also be poor.
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Right-of-Way Requirements:

The kinetic energy of a high speed vehicle traveling at 320 km/h (200
mph) is so great that both frictional losses and potential energy
components require great dimensions to be effective, Neglecting the
effects of potential energy over 400 m (1300 ft) would be required to stop
the train through ground friction alone. Without effective redirection of
the vehicle, this distance would translate into large horizontal movements

requiring wide rights-of-way.

Assuming all kinetic energy is translated 10 potential energy (neglecting
ground friction), a berm over 400 meters (1300 ft) high would be required

to convert the kinetic energy to potential energy and stop the vehicle,

Even considering the combination of frictional losses and potential
components, earthwork systems would not be effective as energy

disstpators.

Earthwork barriers with gradients acceptable for vertical accelerations
(more shallow than 6:1, say 8:1), would require substantial right-of-way.
For example, a 3 m (10 ft) vertical displacement would require a
horizontal distance ot 24 m (80 ft). The lateral distance required for
deceleration of the vehicle would also be large. Acquisition costs would

make this type of barrier impractical.

Earthwork barriers would be impractical, costly and would create unacceptable safety hazards.

They have not been considered further in this study. Structural barriers, by contrast, do not impose the

vertical movement and sudden deceleration that earthwork barriers would. They remain the more practical

choice for intrusion barrers.

3.4 COMBINATION STRUCTURAL/EARTHWORK BARRIERS

Earth berm and ditch-type combination barriers are not recommended because of the safety

concerns cited above. A more feasible design alternative is the use of engineered earth retaining walls, as

shown in Figure 2-7. This is a combination barrier design that takes advantage of the retained earth

behind the wall to increase the structural resistance of the wall, and forms an effective intrusion barrier.

The barriers would behave essentially as rigid barriers. The vertical face of the wall would reduce hazards
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related to any loss of vehicle contrel due to overturning and airborne movement. Right-of-way costs

would also be reduced for this barrier system.

The methodology to be followed for the modeling and analysis of combination barriers will
therefore use theories developed in the TBIP modei and will also apply to combination barriers. The TBIP

model has been used for the determination of forces that are used for the design of the retaining walls.
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4. INTRUSION BARRIER DESIGN

The objective of the design effort 15 1o define engineering solutions and 1o 1dentify provisions
which must be made in the design and construction of intrusion barriers. A general discussion is given
here. Complete requirements for the design and construction of intrusion barriers are given in the

Performance Specifications (Appendix B).

The derailment barrier impacl forces generaled by the TBIP computer analyses were used Lo
develop intrusion barrier designs for the various scenarios. Systemn components have been laid out and
sized to resist the loads and requirements developed in the analysis. Detailed drawings have been prepared
for each barrier design indicating barrier layout, geomeltry, and componeni size 1o a level of detail
adequate for the preparation of cost estimates. Barrier loads and requirements are grouped, and alternative

designs developed thal are representative of scenarios with similar requirements.

As discussed in the previous section, earthwork barriers are deemed to be impractical and
ineffective, as are combination barriers using earth berm or ditch concepts. The designs presented in this
section, therefore, are limited to structural barriers and retaining wall type combination barriers.

Earthwork barriers are not considered.

4.1 TRAIN BARRIER DESIGN

4.1.1 Methodology
4.1.1.1 General

This section summarizes and presents the major structural design aspects and methods used for the
determination of the physical requirements of an effective barrier structure. The barrier structure is
designed to perform the function of preventing a derailed vehicle from intruding into an adjacent right-of-
way without collapse of the barrier and withoul the vehicle rolling over it. In addition (o resisting the
fateral tmpaci forces imposed by a derailed vehicle, the wall must be strong enough to redirect the vehicle

and resist further multiple impacts by the following derailed vehicles.

Three major items of barrier behavior are of practical interest for design:
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1. The ultimate strength of the barrier system, i.e., that magnitude of the maximum impact ioad from

a derailed vehicle that a structure can sustain without failure,

2. The deformations, such as deflections and extent of cracking, which the structure will undergo

when impacted by a vehicle, and

3. The geometry of the barrier as it relates to that of the vehicle such that the vehicle is prevented

from rolling over the top of the barrier.

Since collapse of the barrier structure is not allowed under dynamic impact loads, while damage
and repairs are anticipated, the total ultimate capacity of the structure is of concem, and the design of the
barrier will consist of determining the ultimate strength capacity of the various structural members
necessary to resist the total ultimate vehicle impact load. Therefore, failure mode analysis is used and is
the recommended method of design since stability may be maintained well beyond the elastic deformation
of concrete or steel {during inelastic behavior). This failure theory also known as the uitimate strength
design method or the vield-line theory is used for concrete wall barriers, and the plastic theory for

structural steel wall barriers.

The ultimate strength method and the plastic theory evaluate the structure’s ability to withstand
loads based on the capacity of structural elements at their point of failure. For example, the ultimate
moment capacity of a concrete beam is the bending moment that initiates yielding (stretching beyond safe
limits) of the reinforcing steel and/or crushing of the concrete. For a steel beam the ultimate moment
capacity (also known as the plasric moment) is the bending moment that injtiates yielding of the steel
beam. Further bending beyond these limits causes continued movement without significant increase in
load. This ultimate strength approach is in contrast to allowable stress methods, used for other types of
structures, that evaluate the structure's ability to withstand loads based on the capacity of structural

elements at safe or allowable stress levels (e.g., ultimate stresses divided by some factor of safety).

Deformations, or deflections, are checked to ensure that they are not so great that adjacent
transportation corridors would be intruded upon by the deflected barrier. Otherwise, deflections are not
critical to the design. Because the barrier is designed for ultimate strength, much larger deflections can be

tolerated than with conventional building or bridge design.



The barrier's geometry is based on the vehicle geometry, including its center of gravity and the
hard point of the vehicle structure, or the location of the stiffest and strongest framing (usually the floor).
The height of the barrier is sized to prevent overtopping by the vehicle, and to resist the impact forces at

the vehicle's hard point.

The barrier structure, whether concrete or steel, is designed to resist the effects of nmpact load,
including flexure, shear, and torsion behavior. Eight alternative barrier designs have been developed (five
at-grade and three elevated barrier designs) utilizing cast-in-place concrete, precast concrete and structural
steel. These designs demonstrate that a structural barrier system is feasible and capable of deflecting a

derailed high-speed vehicle.

4.1.1.2 Concrete Wall Barriers

Figure 4-1 shows a concrete wall supported on concrete caissons or piles, and subjected 10 a
horizontal impact load near the top of the wall. Figure 4-2 shows a similar wall on an elevated structure.
This ioad will tend to bend the wall into a dished shape surface in two directions: (1) horizontally between
supports; and (2) vertically as a cantilever at support points (wall/column). The bending and deformation

of the concrete wall indicates the capacity of the wall to be a function of its moment capacity.

The total ultimate moment capacity of the concrete barrier wall (see Chapter 4.1.1.1) is a function
of the moment capacity of the localized beam at the top of the wall, the moment capacity of the wall
below the beam, the cantilever moment capacity of the wall/cclumn at the support, and the moment
capacity of the supporting foundation or deck slab. The failure mechanism for this wall with a partially
uniform distributed load (wl) will develop plastic hinges at the center and at supports. The plastic
moments or moment capacities are determined by the ultimate strength method in accordance with ACI
318. The capacity-moment equations shown are arrived at by eguating the external work with the internal
energy absorbed. These equations are based on a study entitled "Analytical Evaluation of Texas Bridge
Rails to Contain Buses and Trucks" [17], modified for at-grade barriers to account for the lack of fixity

between foundations otherwise provided by a bridge deck.

In order to achieve a failure mechanism or formation of plastic hinges, the concrete sections must
be able to rotate and deform considerably. Therefore, the sections should be lightly reinforced in order to

achieve yielding of the reinforcement and avoid crushing of the concrete.
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Beam

Wall

Even Spans: Rw
Odd Spans; Rw

16Mb/(2ZNL-Lt)+16 Mw/(2NL-L{)+(N-2)NMcL/(H(2NL-L0)+4McB/H(2NL Lo+-Me/H
16Mb/(2NL-LO+16 Mw/(2NL-LO)+(N-1){(N+DMcLAH(INL-L1)+4McB/H(2NL-L)

where:

maximum impact force, kN (kips)

distance from top of foundation to impact force, meters (fect)
foundation centerline spacing, meters {fegt)

critical length of wall failure, meters (feet}

number of spans in falture mechanism

total ultimate load capacity of barrier wall. kN (kips)

ultimate moment capacity of beam at top of wall. kN-m (fi-kips)
ultimate longitudinal moment capacity of wall, kN-m (ft-kips)
uitimate vertical moment capacity of wall/column at foundation, kN-m (ft-kips)
trangverse length of distributed vehicle impact load. meters (feet)

width of foundation, meters (feet)

FIGURE 4-1. YIELD LINE ANALYSIS OF AT-GRADE CONCRETE BARRIER WALL
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Beam

Wall

"
7

LU2 + ((Le'2) + sH(Mb+Mw)yMc)"”?
16MbB/(2L-L1) + 16 Mw/2L-LD) + 2McLY(H(2L-L1)

Rw/P¢

where:

F= maximum impact torce, kN (kips}

H = distance from top of slab to impact force, meters (fect)

L = critical length of wall failure, meters (feet)

Rw = total ultimate load capacity of barrier wall, kN (kips)

Mb = ultimate moment capacity of beam at top of wall, kiN-m (ft-kips)

Mw = ultimate longiwdingl mement capacity of wall, kIN-m (fr-kips)

Mc = ultimate vertical moment capacity of wall cantitever up from bridge deck per unit length of wall,
kN-m/m (ft-kips/ft)

Lt= transverse length of distributed vehicle impact load, meters (feet)

LR = total length of wall resisting impact load. meters {fee1)

FIGURE 4-2. YIELD LINE ANALYSIS OF ELEVATED CONCRETE BARRIER WALL
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4.1.1.3 Steel Wall Barriers

Figure 4-3 shows some possible failure modes for a steel beam and post barrier. As with the
concrete barrier system. the total ultimate moment capacity of the steel barrier wall is a function of the
moment capacily of all the structural eiements that must work tegether o produce the uwitimate strength of
the barrier: namely, the 10p beam. posts, base plate and foundation or deck slab. [n order to determine the
otal ultimate vehicle impact load, all possible failure modes shall be considered, including weak beam-

strong post and strong beam-strong post systems.

The plastic moement or moment capacity of the beam and post members is calculated by the

following equation:

M, =F,Z

Where: M, = Plastic Moment in inch-pounds
F., = Specified Minimum Yield Stress of Steel in pounds per square inch
Z = Plasiic Section Modulus in in*

4.1.1.4 Foundations

Figure 4-4 shows a typical deep foundation used 1o support the barrier wall system with the typical
soil parameters thal were used o design the piles, It should be noted that foundation conditions could
differ dramatically based on actual site soil or rock occurring at a given site.  Actlual foundation designs
should be developed based on actual site conditions determined with a subsurface exploration program.
Like the steel and concrele components described above, the depth of embedment of the concrete caisson,
precast concrete or steel pite foundation is determined by failure mode analysis. The ultimate lateral
resistance in cohesionless (sand and gravel) and cohesive (clay) soils is based on Brom’s pressure
distributions [18]. The embedment depth required 10 safely resist the applied loads is determined based on
the static load, and then accounting for the increased dynamic strength of the soil. The following equation
relates the dynamic load to the static load [19]:

P

P (L +JV)

Dvmamic Stanic

Where: V = Impact velocity in m/s (f/s)
J = Damping constant = 0.46 s/m (0.14 s/ft)

(a measure of the energy dissipating characteristics of the soil)
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{A) SINGLE SPAN FAILURE MODE, N = [

(C) THREE SPAN FAILURE MODE, N = 3

Rw = [6Mb/(2NIL-Lt) + Mc(N-1)/H

where:
F= maximum impact force. kN (kips)
H = distance from top of stab/foundation to impact force. meters (feer)
L= postcolumn centerline spacing, meters (feet)
NL = critical length of wall failure, meters (fect)
N = number of spans in failure mechanism

Rw = 1o1al ulimate load capacity of barrier wall, kN (kips)
Mb = plastic moment capacity of beam, kN-m (ft-kips)

Mc = plastic moment capacity of post/column. kN-m (fl-kips)
PC = ultimale load capacity of single post/column, kN (kips)

[.1 = transverse length of distributed vehicle impact load, meters (feet)

FIGURE 4-3. POSSIBLE FAJLURE MODES FOR STEEL BEAM AND POST BARRIER
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FAILURE MODE FOR LATERALLY LOADED PILES/CAISSONS

Brom’s procedures to design piles for laleral loads shall be used
based on the following {assumed) soil parameters:

Cohesion. ¢ =71 kN/m” (1.50 ksh
Average effective soil unit weight, ¢ = 1766 kg/m’ {110 pch
Angle of internal friction. f = 30 degrees

FIGURE 4-4. ULTIMATE LATERAL RESISTANCE OF FOUNDATION FOR SOILS RELATED

TO EMBEDMENT DEPTH
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4.1.1.5 Overturning Analysis

Figure 4-5 shows a typical vehicle-barrier height relationship and analysis. 1t is not sufficient tha
a wall be strong enough to resist the impact forces generated by a derailed vehicle. 1t must alse be high

enough to prevent the vehicle from overturning and rolling over the wall.

The analysis is consistent with that performed for the WMATA swdy [17], and 1s considered
conservative. However, regardless of the barrier height determined by analysis, a minimum barrier heighl
of 300 mm (1 foot) above vehicle floor level 1s recommended since this is usually the location of the hard
point created by the floor framing system. This criterion should be modified appropriately if the vehicle
framing system is not consistent with this assumption. The barrier height ideally should not impede an on
objectionable line of vision from the train windows. Therefore, consideration shall also be given 1o

maximum as well as minimum barrier height.

4.1.1.6 Deflections

General

The horizontal deflection of the barrier resulting from the impact is important i determining
whether adjacent corridors are affected. Deflections have been calculated o determing the magnitude of
deformation that the barriers underge during an impact event. This analysis applies the impact loads
determined from the TBIP runs onto the barrier, incorporating the physical properties of the structure.
Resulting deflections are calculated using standard elastic theory. Since the barriers are designed to yield,
however, the elastic deflections have 10 be modified to account for the plastic deformation thal occurs as
the portions of the structure deform beyond the elastic region. Maximum deformations have been

estimated to a point just prior to collapse of the barrier.

The general procedure consists of the following steps:

1. Structural analysis to determine member elastic and plastic stresses and strams.

2. Determination of the regions of the member that undergo plastic deformations.
3. Calculation of the combination of elastic and plastic deflectien uging the mament arca
method.
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*Note: X = 0 upon impact

Semming mements gbout poiat "0

L Mo = Fh-H)-W(B/2)=10

Fh - FH = W(B/2)

H = Fh- W({B/2
F

FIGURE 4-5. MINIMUM BARRIER HEIGHT TO PREVENT OVERTURNING
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4. Check of displacement ductility (the ratio of tetal deflection to the deflection at first yield)
w ensure that eollapse of the barrier does not occur prior 1o engagement of the required

number of posts based on the failure mode analysis.

Concrete Barriers

Maximum deformations of the reinforced concrete barrier are directly dependent on the ductility of
the members, The curvature ductitiiy 1s a measure of the 1nternal stresses and strains and can be expressed
as the ratio of the uliimate curvature to the curvilure al. first yield. This ductility is strongly inﬂuenced— by
the amount of compression reinforcement and by the use of reinforcing steel hoops within the plastic
hinge. Both of these faciors are used to increase the maximum concrele strain in the compression zone o
allow tor larger deflections prior 1o collapse. The ACI 318 Building Code Requirements conceming

Special Provisions For Seismic Design can be used to ensure adeguate ductility.

The deformation ductility (pd) is 4 measure of a member’s deflection just prior to collapse to its
deflection at first yield {Ay} and is dependent on the estimated length of the plastic hinge {Ip) that can
form. The deformation ductility ratio can be used to ensure that collapse of the barrier does not oceur

prior o engagement of the required number of posts based on the failure mode analysis.

The towl deflection of the post is determined by modeling 1t as a cantilever fixed at its buse with a
height. H. The plastic hinge will form at uts base for a height approximaitely equal to one half of the
thickness of the post. Therefore the total deflection is:

Atotal = pay. where pd = 1+3{(p-131p 7H)(1-0.5(tp/H)),

where pe 15 the curvature ductility ratio and 15 defined in Appendix D.

The oal deflection is the summation of the maximum deformations due to the post and the

beamvwall members.



Steel Barriers

Maximum deformations of the steel barrier are highly dependent on the ductility of the members.
The curvature ductility based on the internal stresses and strains are maost affecied by the struin-hardening

properties of the steel and on the inelastic rotations that can occur.

The deformation ductility (pd) 1s a measure of a member’s deflection just prior to collapse to its
deflection at first yield (Ay) and is dependent on the length of the plastic hinge (Ip) that can occur. This 1s
affected by strain hardening as well as by local buckling considerations of the member. The deformation
ductility ratio can be used to ensure that collapse of the bharrier does not occur prior to engagement of the

required number of posts based on the failure mode analysis.

The total deflection of the post is determined by modeling it as a cantilever fixed atl 1ts base with a
height, H. The plastic hinge will form at its base for a height approximately equal 1o Ip = (H as defined

in Appendix ). Therefere the total deflection is:

Atotal = pdy. where ps = 1+3(pe- D(p /HY(1-0.5). and

where e is the curvature ductility ratio and is defined in Appendix D.

The total deflection is the summation of the maximum deformations that occur in the post and the

beam members.

4.1.2 Findings

Allemative barrier designs capable of reducing intruston hazard are described here in detail to
reflect the differences between alternates and to demonstrate their feasibility from an engineering and
constructability standpoint. The designs have been developed to a high level of detail. not only
determining required concrete sizes, for example. but also determining reinforcing steel requirements and
critical connection details. This detail is sufficient to enable estimating of construction costs and to
evaluate constructibility. This detail should not create a false sense of trust in the designs. however. As
stated in Chapter 3.1.2, the analysis methodology used to estimate impact forces is based, of necessity, on

a number of assumptions. Many of these assumptions have never been tested: for example. the crush
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stiffness of the HSGGT or railroad vehicles. One of the recommendations of this study. made in Chapter
7.5.1, is that these assumptions be verified through a testing program before the designs presented in this

report are used in practice.

Barrier design loads were determined using the TBIP computer program (See Chapter 3.1) for all
of the railroad and HSGGT scenarios shown in Table 2-1. The loads, summarized in Table 3-3, represent
the maximum loads resulting from literally hundreds of TBIP runs made for different values of the
variables previously discussed. Allowance has been made for rotational-induced loads resulting from

three-dimensional effects as described in Chapter 3.1.3.2 1o arrive at the loads shown in the 1able.

Eight alternative railroad and HSGGT types of barrier desigas, each capable of resisting the loads
in Table 2-1 applied at the top of the barrier, are presented below. Five aliemates are for at-grade
applications, and three for elevated structures such as bridge decks. These designs represent common
construction techniques that have been widely used for other types of structures throughout the United
States. All of the designs can effectively resist intrusion from errant vehicles. The choice of alternate will

be made primarily based on local economies of the different construction materials and methods.

The 18 train vehicle/barrier scenarios have been grouped by impact force magnitude resulting from
the TBIP analyses, and designs have been developed for each force level for the cight barrier types. A

total of 31 different designs have thus been developed.

Figure 4-6 shows the intrusion scenarios associated with each barrier type. The designs are shown
in Figures 4-7 through 4-3). Preliminary plans. sections and details are shown for a longitudinal free-
standing wall or railing system supported by an at-grade deep foundation system, or by an elevated bridge
deck. Retaining wall barriers are also shown. The eight barrier design aftematives developed in this study

consist of:

At-Grade Barriers

AG-1: Precast Concrete Wall and Foundation (See Figures 4-7 through 4-8)

AG-2: Precast Concrete Wall and Steel Foundation (See Figures 4-10 through 4-12)
AG-3: Cast-In-Place Concrete Wall and Foundation (See Figures 4-13 through 4-15}
AG-4: Structural Steel Rajling and Foundation (See Figures 4-16 through 4-18)
AG-5: Cast-In-Place Concrete Retaining Wall (See Figure 4-19)
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Elevated Barriers

EL-1: Precast Concrete Wall (See Figures 4-20 and 4-21)
EL-2: Cast-In-Place Concrete Wall (See Figures 4-22 and 4-23)
EL-3: Structural Sieel Railing (See Figures 4-24 and 4-25)

Figure 4-26 summarizes all the intrusion scenarios. barrier types. design alternates, design Joads,

and structural dimensions.

Ali designs utilize an essentially linear wall structure minimizing the need for right-of-way
acquisition, in contrast to fraime type structures. Another teature common Lo all alternates is the detailing
of the reinforcement and the connections. Since maore than one column or post 1s relied on to effectively
distribute the impact foad, all members of the barrier structure (wall - column - foundation) are
continuously tied together and the reinforcement is continuous throughout each member and at the
supports. This serves 10 provide the continuity needed to bridge the damaged or yielded support. By
making the reinforcement continuous and the connections capable of resisting shear and moment reversals.
the integrity of the overall structure is greatly improved and thereby better able 1o maintain its

effectiveness as an intrusion barrier, even after impact.

4.1.2.1 At Grade Alternate 1 (AG1): Precast Concrete Wall and Precast Concrete
Foundation

In this alternate, which is shown in Figures 4-7 through 4-9, the entire barrier structure is

constructed of precast concrete, with the following components:

Prestressed square piles below grade with either a solid or hollow core
- Square columns above grade with conventional (not prestressed) reinforcing steel

«  Concrete wal] panels with conventional reinforcing steel

The piles are driven into the ground al a spacing ranging from 2.74 meters (9 feet) to 4.57 meters
{15 feet} and project 150 millimeters (6 inches) above the subgrade. The piles vary in size from 559 mm
X 559 mm (22" x 22" solid sections to 914 mm x 914 mm (36" x 36") hollow core sections. They are

driven o embedment depths ranging from 4.27 meters (14 feet) 1o 7.31 meters (24 feet). The connection
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between the pile head and the base of the column is achieved through the use of mechanical connections
consisting of splice sleeves filled with high-strength epoxy grout. These connections must be designed 10
be capable of achieving vver 125% of the yield strength of the reinforcement both in tension and

compression.  This cennection is shown in Figure 4-23. The top of the pile has reinforcement embedded

in aversized sleeves cast-in o allow for construction tolerances.

The columns assume the same spacing as the piles and vary in size from 457mm x 457mm (18" x
18" 10 762 mm x 762 mm (30" x 30"). The height of the columns above grade is the same for all at-
grade altemates and varies according 1o scenario from 2.44 meters (8 feet) above subgrade, typically, 10
2.74 meters (9 feet) for the larger impact forces (1.52 meters (5 feet) and 1.83 meters (6 feet) above the

ep of the rail).

The wall panels vary in thickness from 457 mm (18") to 762 mm (30™) and are installed beiween
the columns with a 25 mm (! inch) joint spacing at each end. The wall-le-cofumn connection, shown in
Figure 4-29, is accomplished with four rows of plates along the height of the column. These plates are
welded to plates embedded in the column and the panels. To achieve continuity of reinforcement and
fixity at the joints. the embedded plates are provided on both faces of the joint and the herizontal wall
reinforcement is welded to the embedded plates. After the plates are welded, the joint between the column

and the wall Is filled solid with non-shrink grout and sealed zll around (o prevenl water intrusion.

4.1.2.2 At Grade Alternate 2 (AG2): Precast Concrete Wall and Steel Foundation

This alternate, shown in Figures 4-10 through 4-12, is similar to Alternate 1 except that the
columns and piles are structural steel wide flange sections. The barrier structure consists of the following

COMPONENIS;

- Wide flange structural steel piles
Wide flange siructural steel columns encased in concrete

+  Precast concrete wall panels with conventional reinforcing steel

The piles wme dnven o the ground at spacing ranging from 4.27 meters (14 feet) to 4.57 melters
(15 feet) and project 152 mm (6 inches) above the subgrade. The piles sections vary from W254 x 89
kg/m (W10 x 60 1bs/ft) to W356 x 635 kg/m (W14 x 426 Ibs/ft). and have a welded cap plate at the top 10

4-19
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support the steel columns. The connection between the pile top and column base is achieved by field
welding the base of the ¢olumn to the pile cap plate (o facilitate the welding. The column base extends
beyond the concrete encasement by 51 millimeters (2 inches) and this joint is drypacked with non-shrink

grout after welding i~ completed.

The column size and spacing are the same as for the piles. The top of the steel columns is set 76

millimeters (3 inches) below the 10p of concrete encasement for corrosion protection.

Wail panel construction and characteristics are the same as for Alternate | except that thickness
varies from 457 mm (18" 1o 711 mm (28"). This shghtly reduced thickness is atiributed to the greater

sirength provided by the steel column sections.

4.1.2.3 At Grade Alternate 3 (AG3): Cast-in-Place (C.I.P.) Concrete Wall and C.I.P.
Concrete Foundation

This allernate design is shown in Figures 4-13 through 4-15. [t consists of an all cast-in-place

concrele barrier siructure with the following compenents:

» Reinforced concrele pier foundations (caissons)

Reinforced cast-in-place concrete wall

The caissons are installed in the ground at spacings ranging from 3.66 meters ({2 feet) o 4.88
meters (16 feet). As with the first two allernates they project 152 millimeters (6 inches) above the
subgrade. Caisson diameter varies from 762 mm (30') to 1219 mm (48"). with embedment depths ranging

from 3.96 meters (13 feet) to 6.71 meters (22 feetl).

The wall is cast on top of the caissons with reinforced column sectlions at the caisson locations as
shown in Figure 4-27. The wall/column reinforcement extends into the caisson for fixity. The wall
thickness varies from 508 mm (20") to 1016 mm (40"} with the column section sizes ranging from
610 mm x 508 mm (24" x 20') to 914 mm x (016 mm (36" x 40"). The height of the wall barrier is the
same as the other alternates. As before the horizontal wall reinforcement is continuous through the

will/column sections to provide moment transfer and fixity.

423
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4.1.2.4 At Grade Alternate 4 (AG4): Structural Steel Post, Railing and Foundation

This all structural steel alternate is shown in Figures 4-16 through 4-18 and consists of the

following components:

Steel pipe piles
Steel pipe columns
Steel pipe beams and raiis

Steel stffener wall plate

The piles are driven into the ground at spacings ranging from 3.05 meters (10 feet) 1o 5.79 meters
(19 feel) and. similar to all alternates, they project 152 millimeters (6 inches) above the subgrade.
Embedment depths range from 5.18 meters (17 feet) 1o 8.84 meters (29 feet). The pile, column and top
beam sizes are the same for economy, and to minimize snagging hazards. This also simplifies field
connections which are all welded to achieve fixity and contiruily and to ensure the proper load
distribution. These member sizes vary from 406 mm diameter pipe by 16.7 mm walt thickness (16"
diameter by 9.656 inch wall) {o 610 mm diameter pipe by 31 mm wall thickness (24" diameter by 1.218
inch wali). Pipe sections were selected because they have the same strength in all directions, they are
efficient sections with the ability of achieving great structural capacity with relatively small sizes, and their

smooth profile minimizes snagging polential.

The pipe rails and the stiffener wall plate are provided to brace the top beam in the vertical and
longitudinal directions as well as to prevent intrusion and snagging on the columns or beams. Where this
system is used beiween HSGGT and RR guideways 10 prevent intrusion from both sides, the stiffener plate

would be provided on both sides.
The connection between the pile top and the column base 1s accomplished by field welding the

base of the column 1o the pile cap plale. The beam-to-column connection is a field welded full moment

connection. These details are shown in Figures 4-28 and 4-29.

4-27
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4.1.2.5 At Grade Alternate 5 (AGS): C.I.P. Concrete Retaining Wall Barrier

This altemnate. shown in Figure 4-19, consists of a conventional cast-in-place concrete retaining
witll designed (o resist both the lateral earth pressures and the impact forces generated by a derailed train.
Unlike the structural barriers. this is a combination structural/earthwork system. The lateral impact loads
are resisted by a combination of earth pressure (developed lhrough a passive lateral earth pressure force)

and the ultimate moment capacity of the reinforced concrete wall ilself.

The typical wall reinforcing details are shown in Figure 4-27. The wall thickness varies from
305 mm (127 iypically 1o 457 mm {18") for the larger impact forces. The bottom of the wall footing 15
sel al 1219 mm (48") below the top of subgrade for frost protection in cold weather areas (note: this depth
will vary by local climale, as will the other dimensions along with it). The footing width varies from 2.44

meters (8 feet) typically (o 2.74 meters {9 feel) and the thickness from 457 mm (18" to 610 mm (24").

The retaining wall heighl above subgrade varies from 2.44 meters (8 feet), typtcally, to 2.74
meters {9 feet), and the width of solid backfll required to resist the design impact loads is 9.14 meters (30

feel) measured horizontally from the back face of the retaining wall.

Overall, this prototype design illustrates a typical two-lane highway situation within a shared right-
of-way with a high speed rail line. Here the HSGGT guideway layout is shown vertically depressed in
retationship 1o the elevation of the highway. Further, two possible cases are presented with respect to the
vertica) elevalion of the adjacent readway. Case I illustrates the condition where the vertical alignment of
the adjacent roadway is higher than the HSGGT guideway. Case 1 illustrates the condition where the

existing roadway 15 lower - closer to the elevation of the HSGGT,

These barriers are designed utilizing loads from the TBIP. Parameters for active earth pressures
behind the wall are used for resistance of these loads, assurming granular soil. The walls are designed as
normal retaining walls, resisting lateral earth ioads acting in one direction, and are also designed to

distribute the impact loads in the longitudinal direction.

A minimum setback distance of 9.1 meters (30 feetl) to the adjacent guideway is specified. Tt is
anticipated that soil in this area would be disturbed by an impact from an errant HSGGT vehicle. In order

(o minimize disruption (0 the adjacent facility, it should be located outside of this zone. Whaere this is
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geometrically impossible or difficult 10 accomplish, the setback could be reduced. with the understanding

that a vehicle impact could cause damage to the adjacent facility.

Although cast-in-place reinforced concrete retaining walls are shown, precast concrete Reinforced
Earth or Doublewal designs (both proprietary) are other options that may prove 1o be cost effective in
certain areas due to local practices and availability. Also the precast elements could prove beneficial for

modular replacement of damaged elements.

Reinforced Earth walls are composed of precast wall panels with metal reinforcing strips extending
backward into the soil. These barriers have the disadvantage that more right-of-way is required for their
construction. Doublewal systems are composed of large precast concrete blocks similar to masonry
blocks. Both of these types could offer the additional benefit of quick repair via replacement of the

modular precast components,

The designs for the Reinforced Earth and Doublewal designs have not been shown. Both of these
proprietary types of walls are commonly designed by the manufacturer for the loading conditions specified
in the contract documents. Costs are Lypically approximately equivalent Lo the cast-in-place design shown,
again with local variation. For the purpose of constructability and cost estimating, therefore, the

presentalion of only the cast-in-place retaining wall is adequate.

4.1.2.6 Elevated Alternate 1 (EL.1): Precast Concrete Wall

The elevated alternates would be installed on overhead bridge structures. When barrier structures
are instalted on existing construction, the existing slab or supporting members must be strong erpugh to
resisl the forces imposed by the barrier on the slab or supporting member. Depending on the scenario
involved, the existing construction may have to be modified and strengthened. Due 1o the magnitude of

impact forces involved, the modifications would likely be significant.

The EL1 alternate which is shown in Figures 4-20 and 4-21 consists of precast concrete wall
panels continuously attached (o the reinforced concrete bridge deck slab or beam. The wall thickness
varies from 305 mm (12") to 1016 mm (40") and is fixed 10 the slab with mechanical connections
consisting of splice sleeves filled with high-strength epoxy grout. as shown in Figure 4-30. This connector
is similar to that used with the precast concrete at grade alternative AG-1. In the case of an existing

concrele deck slab, dowels would have to be installed by drilling and grouting in the slab.
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The total height of the wall from the top of the slab is the same for alf elevated aiternates and
varies depending on the vehicle type from 2.44 meters (8 feet) 10 2.90 meters (97 - 6") 1o [.52 meters (§
feet) and to 1.98 meters (6°-6") above the lop of the rail). The leneth of each wall panel is only limited
by weight and transportation requirements. The wall-lo-wall connection as shown in Figure 4 0 s also
achieved using mechanical connections similar 1o the wall base connector. In both connections. the joint

is filled solid with non-shrink grout and sealed all around 10 prevent water intrusion.

4.1.2.7 Elevated Alternate 2 (EL2): C.1.P. Concrete Wali

The cast-in-place concrete aliernate shown in Figures 4-22 and 4-23. and detailed in Fizure 4-30
consists of a reinforced concrete wall cast on top of a concrete deck slab. The wall thickness varies from
356 mm (14") 1o 106 mm (40" and 15 anchored to the slab with projecting dowels.  An with the previows
alternate EL1, in the case of an existing deck slab. dowels would have 10 be instafled by drilling and

grouting nto the slab.

4.1.2.8 Elevated Alternate 3 (EL3): Structural Steel Post and Railing

The structural steel altemnale is shown in Figures $-24 and 4-25. and detailed in Figure 4-30. It is
similar 10 the at-grade steel aliernate AG4 with the exception that the columns are fixed to a deck slab
instead of a deep pile foundation. The conncction to the deck slab is achieved through the use of haxe
plates and anchor bolts as shown on Figure 4-30. Modification und strengthening of the deck structure
may be more significant for this elevated atternate because the load applied by the posts is a concentrated

load, in contrast o the uniformly distributed load applied by a wall type barrier.

4.1.2.9 Deflections

Deflections were calculated as described in Section 4.1.1.6. Calculations were nol performed for
all barriers. Instead, representative barriers were analyzed to determine the order of magnitude deflections
that could be expected. The AG3 and AG4 barriers, under a loading of 1335 kN (300 Kips) were
considered 10 be representative of the usual loads that the steel and concrete barriers would sustain. A
summary of the deflection results is given in Table 4-1. The calculations, and u denivation of the

analytical approach Is included in Appendix D.
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TABLE 1 - INTRUSION SCENARIO AND BARRIER TYPE TABLE 2 - BARRIER ALTERNATES DESCRIPTION
SCENARIOD BARRIER DESIGN BARRIER HEKIHT DESKIN AQ1 |AY QRADE - ALTERNATE 1 |PRECAST CONCRETE BARRIER AND FOUNDATION
HC. VEHIGLE TY¥YPE LOCATION FYPE ALTERMATES HR HT LOAD AQZ |AT GRADE - ALTERNATE 2 |PRECAST CONCRETE BARRIER AND STEEL FOUNDATION
{my T (FTE] tm} [ (FT) | (%N) [(KiPS AG3 |AT ORADE . ALTERNATE 3 |CASTIN-PLACE CONCRETE BARRIER ANO FOUNDATION
1 MAGLEY AT GRADE [SINGLE-STRUCT, [AG+ AQ2 AG) AG4 | DBE | 283 | 229 75 830 200 AGA | AT GRADE - ALTERNATE 4 |STRUCTURAL STEEL BARRIER AND FOUNDATION
2 HSR-ARTICULATED [TQV] AT QRADE |SINGLESTRUCT, |AG1 _AG2 AGY AG4A | 1.37 | 4.3 | 229 75 83 | 200 AGS |ATGRADE - ALTERNAYE § |CASTAN-FLACE CONCRETE RETAINING WALL BARRIER
3 HSR-NONARTICULATED (ICE) AT QRADE |SINGLE-STRUCT. |AD1 AG2 AG) AG4| 137 | 43 | 2.29 75 1334 | 300 EL1 ELEVATED - ALTERNATE | |PRECAST CONCRETE PARRIER
4 FREIQHT-UNIFORM CAR AT QRADE |SINGLE-STRUCT. |AG1, AG2 AGY AG4 | 1.68 | 85 | 2.59 Lk} 4803 | 1100 EL2 |ELEVATED - ALTERNATE 2 [CASTIN-PLACE CONCRETE BARRIER
3 FREIGHTMIXEQ CAR AT GRADE |SINGLE-STRUCT. [AG1, AGZ AGI AGA | 137 | 43 | 229 1B 1334 | M0 EL3 |ELEVATED - ALTERNATE 3 [STRUCTURAL STEEL BARRIER
4 MAGLEV AT QRADE | SINOLE-COMB. AGS 1.02 ] 333 | 244 80 830 | 20
7 HSR-ARTICULATED {TGV) AT GRADE |SINOGLE-COMB. AQS 1.82 3.0 | 244 8.0 a0 | 200 ..j '-T-_ e T Th
[ HSR-NONARTICULATED (ICE} AY GRADE |SINGLE-COMB. AGS 182 5.0 | 244 80 1334 | 300G —— '1
] FREIGHTUHNIFORM CAR | AT GRADE |SINGLE-COMB. AGS 183 | 6.0 | 274 3.0 4893 | 110 | e E N o
10 FREIGHT-MIXEDCAR ] AT GRADE |SINOLE-COMB AG3 152 | 5.0 | 244 8.0 1334 | 300 5 = b
11 IMAGLEY | ATGRADE |UUAL-STRUCT. [AG!, AGZ AG3 AGA| 086 783|279]| 74 | 1334 300 | 1y 0
12 HSR-ARTICULATED (TGV} AT GRADE | DUAL-STRUCT. AG1, AG2, AG3, AG4 [ 1.37 45 | 229 75 2669 | 800 1Ryl | ! o
13 HSR-NONARTICULATED [iCE) AT GRADE |DUAL-STRUCT. [4G1,AG2, AG3 AG4 | 168 | &5 {25971 85 | 4853] 3160 i } L i
14 |[MAGLEV ELEVATED |DUAL-STRUCT. | L1, EL2, EL3 1.02] 3.33 | 244 80 | 1334 300 | K .
18 HSR-ARTICULATED (TOV} ELEVATED |DUAL-STRUCT  |EL1, EL2 EL3 152 50 [244] 80 | 2669 600 . i B B 1 T Tl | A
14 HSR-NONARTICULATED {ICE) ELEVATED |DUAL-STRUCT. |EL1, ELZ EL3 183 ] 60 [274] 90 1 4893 ] 1100 | ¥ ks '
17 FREIGHT-UNIFORM CAR ELEVATED |OUAL-STRUCT ELY, EL2 EL3 198 ) 65 | 250 9.5 111288 2540 ] - L -
18 FREIGHT-MIXED CAR ELEVATED |CUAL-STRUCT, ELY, EL2 EL3 198 | 63 | 230 9.5 11298 2540 i L
[ i HIGHWAY - VAN TRUCK AY GRADE |STRUCTURAL HAG1, HAGS —_— = | 1.27| 447 332 | 424 1yt A al* L A
[ 20" |HIGHWAY - TANK TRUCK AT GRADE |STRUCTURAL _ |HAG?Z, HAGS — | —l2xm] 75 |78 ] 115 lotha
[ 21—~ [HIGHWAY - VAN TRUCK ELEVATED |STRUCTURAL HEL1, HAGS — | — [ 27| 497 | 552 | 124 KEY SECTIONS — SCENARIOS NQ. 1 TO NO. 18
r k73l HIGHWAY - TANK TRUCK ELEVATED |STRUCTURAL HELZ, HAGY —_ — | 228 73 778 173
TABLE 3 - BARRIER DATA SCHEDULE
SR AT GRADE _ALTERNATES - AG1, AG?, AG3, AG4_ AGS
SCENARIGT UNITS AGI E AG2 AG3 A4 j AQ3
NO. wALL[ €0 L] FOUNDATION WALL COLLWN WIE FOUNGATION wiall, | coLumm FOLNDATION wail | aEam RAL | couuwm FOUMDATION WAL FOUNGA NOH
MWE | s E $FA |EMBED) BUE | [D¥CAS.) | (TEEL] (3 TPA |EMGED| e | X | EOx | SPA |EWBED.| IUE 0 e HIE W WA | DWRED. | BIE [WOTH GEPTH| MRS
T T o L LE 1 [T {BTELL) L LE T BT [ L LE t | pvemy | gsremy | peremy | (sTeEL) L LE 1 o LE HT
[ METRIC| aar [ asrensr[ sswessn | €57 [ a2 a7 asaas? | wasoxte | owosoxt | oasr [ owee | osod [asowsty] ver | Aws | 437 | 44 | a0eatr | d2axi0 | aMed7 wer17 | LSz (X ¥ [ ra | @) e
87 (US) |- ey paery |ops-eglps- eyl e | o) ork0) | (reforae) [(as- o)l aoe ol g3 i pzatezeny] (00 | (v o)) ra ap] (1 0| (tea 05| 120 aee)| (Ertete) | (1mao 0sg) (15 o [ e (0] (e
3,58 [METRIC| sop | wmxsen| wroente [ 477 [ 4 ] saxstr | wrseanas| wiasoxtan | azr | oret [ osse [weswn] rez [ S ] A [ asr T oasrem | sseens | a5t [T SO [ wi | ra | 1| 24
[T US) | i) j2ore2e)| q2avezdn) | ety o] gy |ogaeccie) | owrowiso)|  pwieoxdow) | (1a oty (e o 1o | ety (307 [oareon] gsae o) v a0 (savendny| praxoaar)| puaseaany | (sssenan - en) oo [oeolae el el e
2 METRIC| a1 [ Foterst [ mammanc | 437 [ 427 ) ey [waeoris| wastake | a2 | su | pn [ aean] s el 3e | osse T ossan | sy | st ySare | AS? 543
(U.S) |iz- 47| (28720 (W r3e ) Be (157 97y {5497 (- &) (T2707) | (AdI2))  {WIdat32y | (4. @) (17 00N (7 4 (30T 2i0)] {367 (4807 (13- 00) | (v 00ty (2avn s29y| rewe S00)| (2231428 | a2 828) | {500y (IT-07)
4,043 | METRIC| 7o | 782x782 | Ban14HC | 274 raz ™ TA1aZ11 | W3E0x634|  WIBDxBML 437 | $L40 | 401k | FLeas| a2t 386 (21} (1] 8 45T 214 [3L133} 810x1 LM L 7 L] 1@ 174
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S2E .3 W suE STE STE PR LAAGER DIMENSIONE ARE SHOWN N METERS |E. G, 1.15), TYPICAL UWLERS OTHERWHE HOTED
T 1 7| |sTeEL | (sTEEL} | IS TEEL) L
1" METRIC 308 384 487 | iz | wbxts | ashaa | a8t 7 UNTE OF BTEEL SES, £.G W250xh (AGZ) ARE N menxKg/m (W10x80 I Inchxf ounceF o), ’70 W R DEPARTMENT 0OF TRANSPORTANON
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_{us. (347 (T-07) | (Mx1.925)] {20e0.593] | {JEx1 125)|  {u-07)
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FIGURE 4-26. BARRIER DATA AND REINFORCING DATA
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TABLE 4-1. SUMMARY OF DEFLECTION CALCULATION RESULTS

Deflections
Type Alternate Impact Load Post Beam Total
Concrete AG2I 1333 kN (300 [16 mm 358 mm 475 mm
kips) (4.6 in) (14.1 in) (18.7 in.)
Steel AGY 1335 kN (300 112 mm 168 mm (6.6 279 mm
Kips) (4.4 in.} in.) {(11.0 in.)

The deflections, although extreme for struetures designed by elastic theory, are not considered
excessive for these structures designed using limit stale theories. The deformations are not large enough 1o

compromise the barrier’s ability to prevent intrusion.

4.1.2.10 Barrier Offset Distances

As discussed in Section 3.1.3.1, the distance from the centerline of the guideway to the face of the
barrier has a great affect on the impact forces exerted on a barrier. Forces are low when the barrier is
close to the guideway, they increase as the barrier location 1s moved away from the guideway, reaching a
maximum at some disiance, and then decreasing evenlually to zero at large barrier offset distances in the

vicinity of approximately 13 meters {50 feet).

The issue gets more complicated when (he barrier doubles as a protection and containment barrier,
such as when located between railroad (RR) and high speed rail (HSR) guideways. The forces imposed
by the RR are higher than those impased by the HSR. 1t is advantageous. therefore, to locate the barrier
close 1o the RR, aliowing the HSR forces 1o increase with higher offsets from the HSR. until they surpass
the RR forces. Beyond this offset distance, the barrier design in question would not work, because its

design load would be exceeded.

For those HSGGT applications adjacent to conventional railroads analysis, results indicate that i1 is
advantageous 10 locate the barrier as close to the railroad as possible. The designs shown are valid for the
case where the barrier is located 2.74 m (9 feet} from the railroad track centerline, and any distance from
the high speed guideway. There is one exception, however. for ICE consists where dual containment
barriers are required. Analysis indicates that impact loads from the ICE trainset for this scenario are very
high. In these situavons. the design is valid only for an offset from the railroad of 2.74 m (9 feet) and

offsels from the ICE centerline of 2.74 m (9 feet) for the near barrier, and 7.32 m (24 feet) for the far

4-46



barrier. For other offsels, the impact force from the 1CE trainset exceeds that from the railroad, and a sile-

specific barmer design would have 10 be developed.

42  HIGHWAY BARRIER DESIGN

4.2.1 Methodology

As previously discussed. it is proposed that intrusion barriers be designed in accordance with
provisions currently under development [13] that will be incorporated into the AASHTO Standard
Specifications for Highway Bridges [1). The methodology, as described in a draft of these provisions, is
summarized below. It must be stressed that this procedure has not been officially adopted by AASHTO.

The acival design procedure should follow recommendations given in the final document when it is issuved.

Establish Warrants: Determjne the need for intrusion barriers considering the conditions at the
site including adjacent hazards; volume and nature of vehicular, HSGGT,
and pedestrian traffic: geometry of the site and location of relevant
features. Additional guidance is provided in AASHTO's Roadside Design
Guide [12]) and Guide Specification for Bridge Railings [11].

Select Performance Level: In consideration of the established warrant, select the performance level,
PL-1 through PL-5, as described in Section 3.2.).3 and Table 3-5. It is
recommended that PL-4 or PL-5 be used as a minimum for highways
adjacenl to HSGGT guideways. PL-S should be used where Tank truck
traffic is common. Where this traffic is infrequent, such as where there are

iraffic restrictions, PL-4 can be used.

Select Crashworthy Designs:  Use designs already proven through crash testing to be capable of
deflecting the vehicles identified by the selected performance levels. The
highway barrier designs described herein have been crash tested for the
elevated (bridge deck) application. but not for at-grade. If these designs
are selected for at-grade use, they will have 10 be tested.

or:
Develop New Design: New designs can be developed for the selected performance level using the

loads given in Table 3-6 and the methodology given in the AASHTO
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specifications (or the current draft [123]). This is simitar o that described

for structural barriers in section 4.1 of this report.

and:

Crash Test: In order to comply with AASHTO specifications. new designs must be
crash tested using the testing criteria set forth in Table 3-3 (0 conflirm that
they meet (he structural and geometric requirements of the specified
performance level.

Detail End Trearments: An untreated end of a roadside barrier is extremely hazardous 1o the

highway vehicle if hit, since the beam element can penetrate the passenger
compartment and will generally stop the vehicle abruptly. A crashworthy
end treatment i$ therefore considered essential if the barrier temminates
within the clear zone and/or is in an area where it is likely to be hil
head-on by an errant motorist. To be crashworthy. the end treatment

should not spear, vault. or roll a vehicle for a head-on or angled impacts.

4,2.2 Findings

The designs presented in this reporn were developed for elevated bridge deck application n
previous studies [20,21]). These studies included crash lests of the designs. As previously slated.
therefore, the designs are considered crashworthy as clevated barriers. The designs have been modified in
this study with the incorporation of foundation elements for use at-grade. In order 1o comply with

AASHTO requirements, these modified designs must be tested for crashworthiness as al-grade barriers.

Figure 4-31 shows a 1.27 m (50 in) high concrete safety shape with a metal rail on op which
successfully redirected a 36,300 kg (80,000 1b) van truck traveling 80 km/h (SO0 mph) and impacting at a
1S degree angle [20]. Figure 4-31 also shows 2 2.29 m (90 in) high concrete barrier which successfully
redirected an 36,300 kg (80,000 Ib) fluid tank truck at 80 km/h (50 mph) and a |5 degree angle {21).

This barrier design has been constructed on 1-10 in San Antonio, Texas. A bamer very similar to it has
been installed on [-68 near Cumberland, Maryland. This barrier has been impacted several limes by trucks

[22), and has effectively redirecied them away from the adjacent hazard.
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5. INTRUSION BARRIER COSTS

5.1 CONSTRUCTION COSTS

5.1.1 Methodology

Order-of-magnitude cost estimates for the HSGGT intrusion barriers and scenarios developed
under this study have been prepared using the designs contained in Figures 4-6 (hrough 4-31, which serve
as the basic source documents., Unit prices have been developed from standard references, including
Means Building Construction Cost Data [23]. Engineering News Record [24], and other similar indices;
discussions with material suppliers and vendors; recent bids for similar elements of work; and from current
engineermg cost estimates for projects with similar items of work. All estimated costs are stated in mid-

1993 dollars.

Linear unit costs of intrusion barrier designs and altematives have been estimaled for each of the
crash scenarios developed for this study. Estimates for cach barrier design have been broken down and
summarized imto four separate elements of cost: material, labor, equipment, and miscellaneous. These
elements of cost are provided in Appendix E of this reporl. Material cosis are based on quantities
computed from the applicable barrier design figure(s). Labor and cosresponding equipment costs are based
on production ratcs developed from the aforementioned standard references and indices. The
miscellaneous cost elements include allowances for expendable construction materials, agency or abutting
transportation system flagging protection costs as appropriate, railroad protective liability insurance cost as
applicable, and contractor’s mobitization and demobilization costs. Al elements of cost are intended o

include contractor’s overhead and profit.

A contingency factor has been included in all estimates. The contingency selected for this study is
20 percent and is considered standard in the industry for this leve] of analysis. No allowance has been
provided for the cosis of final engineering design of specific application’s engineering design support

during construclion management services, nor agency/owner administration costs.
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5.1.2 Assumptions

The following assumptions have been used in the preparation of construction cost estimates:

. Cost estimates have been prepared for 1993 costs. [nflation faciors should be imcorporated

for the anticipated construction dates of particular installations.

. National average costs have been used. Geographical cost variations should be considered

in evaluating the use of barriers in particular areas of application.

. Inasmuch as the extent and location of intrusion barriers are unknown, ecotechnical data
has been assumed for average condinons of cohesionless soils (sands and gravels) for
foundation requirements. Estimates have been prepared using these soil condibons.
Preliminary assessments indicate that linear unit costs of intrusion barriers supported on
foundations construcled in cohesive soils {clays) will be approximately five percent less
than those presented here. No assessmenls have been made for foundanons i yock or in

poor quality sotls.

Estimates are based on construction of 1.6 km (1.0 niile) of continuous barriers.

. For estimating purposes, HSGGT systems are considered (o be new construction, and
activities (o construct intrusion barriers are assumed to have minimal impact or
interference on operations of an adjacent transportation system. Based on these
assurmmptions, average access (0 the construction site(s) and normal §-hour daytime work

shifts have been used for estimating production rates.

. Where intrusion barriers are to be installed between 1wo adjacent operating transportation

systems, i.e., freight and commuter rail systems, costs will be increased resulting from:

- limited access

- construction adjacent 10 existing operating systems

- limitation of construction windows, i.e.. night lime and weekend work
- premium wages

- working in territories with catenary and other overhead structures
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The premium costs for construction of intrusion barriers belween (wo existing adjacenl
operating (ransportation systems has been estimated at 25 percent, When HSGGT barrier
systems designed for operating corridors and shared with other transportation systems are
completed or further defined, comparable order-of-magnitude cost estimates for installation
of intrusion barrier can be made based on the aforementioned assumptions. Al such time,
cost estimates can be developed 1o approximate the differential costs of intrusion barriers

for these variable conditions.

5.1.3 Estimated Intrusion Barrier Construction Costs

Estimated construction costs of intrusion barrier designs and altematives for the crash scenarios
developed under this study can be classified into three general categories: (1) at-grade barriers, (2) elevated
barriers for elevaled structures, and (3) highway barriers. [n the first two categories, design of intrusion
barriers and alternates are based on maximum impact loads (as determined from (he TBIP) resulting from
derailments of designated HSGGT equipment consist scenarios enumerated in Table 5-1. Highway barrier
designs are based on crash lested designs accepted by AASHTO, although (wo have been modified for at-

grade applications.

In the cosl summary lable that follows, al-grade barriers are designated with the prefix AG. With
the exception of the retaining wall barrier (AGS), four separate structural design alternatives were studied
for at-grade ntrusion barriers. The unit costs for such at-grade barrier allernatives are included in the cosl

summary table.

Similarly, barriers on elevated stuctures are designated with the prefix EL in the cost summary
table. For barriers on elevated structures, three design alternatives were siudied for ¢ach of the HSGGT
equipment crash scenarios on siructures. The unit costs for such alternate barriers on elevated structures
are included in the cost summary table. 1t should be noted that the unit costs are for harrier elements only
on new ¢levated structure construction. This study does not address (he additional foundation and
superstructure cost required to support the increased loads and forces of an intrusion barrier system on an

existing structure.

Highway barriers are split into two categories: at-grade, with an HAG prefix: and elevated. with an

HEL prefix. The two types have been designed for the two types of highway vehicles considered in this
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TABLE 5-1. SUMMARY OF ESTIMATED INTRUSION BARRIER CONSTRUCTION COSTS

At-Grade Train Barriers Scenariox
1.2.6.7.19.20 asx1041 | 12 | FORES
Alternate Unit Costs in $Million/kilnmeter (3Million/Mile)
AG) Precast Pile Foundations w/ Precast Conerete Si11S $1.250 $1.490 $2.76
Wall Panels (S1.795) (§2.01) (S2.40) ($4.44)
AG2 Stee) Bearing Pile Foundations w/ Precast S1.200 S1.410 $1.605 $3.27
Conerete Wall Pancls (S1.927) ($2.27) (52.59) ($5.25)
AG3 Caisson Foundations w/ Cist In-Place Concrete $1.275 $1.490 $1.605 S2.71
Walls Panels (52.06) ($2.40) (§2.59) (54.36)
AGH4 Sicel Pipe Pile Foundations w! Sicuctoral Stee) $1.365 $1.430 $1.900 $3.28
wall ($2.19) (52.30) (§3.06) (85.28)
AGS Cast-m-Place Concrete Retamning Wall Barner $2.64 §264 | $3.38
(scencrio 6-10 only) ($4.25) 38425y | 0000 = (8$5.44)
Elevated Train Barriers Scenarios
147 15" 16" 17°.18
Alfernale Unit Cosls in $Milliorvkilometer ($SMillion/Mile)
ELI Precast Concrete Wall Panels S0.445 S0.530 $0.745 S1.160
(30.713) (80.845) (S1.188) (S1.874)
EL2 Cagt-in-Place Concrete Wall Pancic S0,785 $0.950 $1.370 S2.38
(S1.214) (S1.531) (52.19) (S3.83)
ELX Struciaral Steed Wall Barricr 51.260 $1.475 $2.28 S2.7
(52.0% (8238 (33.67) (S4.36)
Hiphway Barriers Scenarios
19 20 21 22
Alternate Unit Costs in $Milliokilometer (3Millior/Mile)
RAGI Cast-In-Place Concrete Wall Panel wo Steel (1 ¢ O (U [
Railing, for Van Truck (S1.874) - - e
HAG?2 Cast-In-Place Concrete Wadl Panel wi Coner. | =-ee- $1.320 -
Railing. for Tank Truek | eeeses O T I
HELI Cast-ln-Place Concrete Wall Pancel wi' Steel | e | s $0.645 |
Railing. for Van Trock —eeee | e ($1.056) -
HEL2 Cast-In-Place Concrete Wall Pancl w? Coner, | weee | ceeeee | SO.690
Raibng. for Tank Track | ceee --ee- -- (S1.109)

' Refer to Table 2-1 for scenanio list.

* Scenario numbers designaied by asicrisks are dual barricr systems.

estimated construction costs of dual barrier systems.

Unit cosis should be doubled 10 obtain 1otal




study. a 36,300 kg (80,000 pound) tractor trailer van truck. and a 36,300 kg (80,000 pound) tractos trailer

1ank truck.

Table 5-1 xummarizes the linear costs of intrusion barrier designs and alternatives for crash
scenarios considered in this study. Separate sub-lables are given for at-grade train barriers, ¢levated train
barriers, and lighway barmers. A list describing the scenarios identified by the scenario numbers 1s given

in Table 2-1.

Costs vary according (o the scenario for which the design is intended. For each sub-table,
scenarios have been separated into four groups. or columns. These groups are based on the barrier forces
expecled for the various scenarios. Different designs have been developed for each of these groups in
Chapter 4, and costs have been developed for each of these designs. The first column represents scenarios
wilh the lowest loading; the last column, the highest loading. The 1ables indicate that single barrier
maglev and articulated high speed rail scenarios require the least costly barriers, whereas dual barriers,

freight and non-articulated high speed rail scenarios require the most expensive barriers.

Cosls also vary according 1o the barrier alternate indicated in the different rows. Clearly, the
precast concrete panel alternatives are (he least expensive. They cost less than other alternatives because
they are less labor intensive. Precast panels can be shop-fabricaied using efficient mechanized processes,
and labor requirements in the field are reduced. In terms of difficulty of construction, (he precast wall
panels provide additional advantages when compared to the construction operations of forming and
casting~in-place walls. and to a lesser extent, by the structural steel altermatives due to the continuously
welded construction. Other advantages which appear to make the precast wall panel barrier construction

the system of choice are summarized in Section 7.1.

The cast-in-place concrete retaining wall barrier (alternate AGS) is the most expensive allernate
because of the large quantilies of concrete. reinforcing steel, excavation, and backfill. This alternate
should only be used where naturally occurring grade differentials occur between the adjacent corridors. In
these situations, there is little or no differential in cost between conventional retaining walls and those

designed as intrusion barriers.
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5.1.4 Estimated Intrusion Barrier System Costs

An estimate of barrier system cosis can be made for a selected train route. The costs will depend
on such factors as the mix of adjoining transportation systems. what fraction of the system is elevated. the
number of overpasses. and what fraction of the system requires barriers. Passages where the adjoining
areas are not vulnerable to derailment nor do the areas pose a threat (o the high speed line. do not require

barrjers.

Using data contained in an as yet unpublished Commercial Feasibility Study of High-Spced
Ground Options, sponsored by the FRA, a cost cstimate has been made of an American high-speed rail
system ranging from $4.3M/km 10 $29.8M/km ($7M/mi 1o $48M/mi) with an average of $15.5M/km
($25M/mi). Estimates of barrier cost (p. xviii) range from $0.5M/km for an elevated barrier 10 $3.3M/km
for an at-grade barrier ($.8M/mi 10 $35.4M/mi). From these data one may expect the barrier costs 10 range
from less than ten percent of the system cost (0 as much as twenty percent. Further study of siting crnteria

(p- xx) will permit a better assessment of these cosls.

5.2 BARRIER DAMAGE AND REPAIR COSTS

S.2.1 Methodology

The structural barrier designs and alternatives for each of the crash scenarios presented in this
study have been assessed for probable maximum barrier damage sustained by a collision. The extent of
barrier damage was based on interpretation of TBIP outpul displays. The output displays unalyzed for
each of the crash scenario incidents were for those runs which indicated the maximum mpact forces as
determined by equipment consist, speed, distance from centerline of the guideway o the barrier. and other

paramelers as defined in Chapter 3 of this report.

For purposes of preparing order-of-magnitude repair cost estimates for each crash scenario
incident, the following must be determined: (1) length of barrier sections that require lotal replacement
(critical lengths of wall failure as described i Chaptler 4.1), (2) length of barrier sections that require
minor repairs and restoration, and (3) length of barrier sections within the crash length that are not
impacted by the vehicle and require neither total replacement nor minor repairs. The extent of probable
barrier damage is therefore a function of length of a crash scenario incident and can be determined from
inlerpretation of the TBIP display outputs which indicate the location of collision impacts and magnitudes

of impact force.



Based on scaled measurements of TBIP output displays (e.g., Figure 3-4). the length of each crash
scenario incident is defined as the distance between the initial and final impact points plus one-half of the
critical wall failure length al each of these end points. Similarly, but more subjectively, the length of
barrier sections that are not damaged can be estimated from scaled measurements. The difference in these
measurements is the replacement/repair length. In the case of dual barrier scenarios, the replacement/repair
lengths are determined separately for each wall. As indicated, the output displays assessed for each of the
crash scenario incidents were those which showed maximum forces and, logically, would subject the

barriers (o greater damage.

For determining repair quantities, it has been assumed that 75% of the total damaged leng(h
determined as above would be totally replaced, and 25% would need only minor repairs. These quantities
are reduced to linear meters (feet) of total replacement and square meiers {feel) of minor repairs (measured
in the vertical plane of the barrier wall), and cost esGmates are based on the extension of unit prices for
these repair elements. The estimated repair costs estimated herein for each of (he scenarios represent a

lump sum lotal of barrier replacement and repair costs and are stated in mid-1993 dollars.

5.2.2 Assumptions

In additon to the construction cost assumptions, the following assumptions have been used in the

development of repair cost estimales:

. Estimated repair costs are for structural barrier elements only. No costs have been
estimated for repair of guideway damage, superstructure damage on elevaled structures, or

other right-of-way infrastructure elements.

- Estimated repair costs are lump sum repair costs for each crash scenario incident, and

include 1otal replacement and minor repairs of barrier sections as required.

Because of limited access, reduclion in construction windows, requirements for demolition
and removal of damaged barrier sections, and general reduction in repair efficiencies. the
premium cost for total replacement has been estisnated at an addinonal 50% of the
previously estimated base unit costs for initial construction of barmer design and

altematives.



. Unit costs for minor repairs have been estimated at $81 per square meter {$7.50 per square
foot) for concrete wall barriers and $108 per square meter ($10.00 per square foot) for

structural steel barriers (square foot areas are vertical areas of barrier, i.e.. length x height).

5.2.3 KEstimated Repair Costs

Table 5-2 summarizes the repair costs for each barrier design alternative and crash scenario
considered in this study. The elements of cost are provided in Appendix E to this report. Estimated repair

costs have been rounded (0 the nearest five thousand dollars for each scenario.

As staled, the tolal repair cost for each scenario is composed of two separate ¢lements: total
replacement and minor repair costs. Minor repairs are generally assumed to include patching and/or
shotcreting damaged surfaces in the case of concrete barriers. and straightening and painting in the case of
structural steel members that may be reused without reducing the structural integrity of the barrier system,
The costs for minor repairs are rather small when compared 10 the costs for total replacement. With the
exception of Scenarios || through |3, minor repair costs represent a range of 2 to 4 percent of the total
repair costs for each scenario. In the dual barrier altcrmatives of Scenarios |1 through 3. the minor repair
cost component is in the range of 3 10 8 percent of the Lotal repair cosls of the alterations. This is
indicative of the greater distance between impact points for the high speed equipment and proportionally

less major damage 1o the barrier system.

Again, the precast concretle panel barrier aliernatives are the leasl expensive, in terms of repair
costs resulting from wall collision damage. The quick erection possible with precast concrete wall

consiruction represents a marked advantage when repairs must be accomplished on operating facitities.
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TABLE 5-2. SUMMARY OF INTRUSION BARRIER REPAIR COST ESTIMATES

Al-Grade Barriers

Total Replacement/Repair Costs for Barrier Alternatives

' Refer w Table 2-1 for scenario list.

5-9/5-10

Scenario Number! AGl1 AG2 AG3 AG4 AGS
1 $150.000 $160.000 $165,000 $155,000
2 $2335,000 $250,000 $265,000 $265,000
3 $160,000 $180,000 $210,000 $175,000
4 $295.000 $195,000 $285,000 $305,000
5 $160.000 $180,000 $215,000 $175,000
6 $280,000
7 $490,000
8 $305.000
9 $315,000
10 $315,000
i $180,000 $205,000 $265,000 $185,000
12 $490,000 $555,000 $545,000 $625,000
13 $1,025.000 $1.130.000 $1.,025.000 $1,170.000

Elevated Barriers

Scenario Number EL1 EL2 EL3
14 $55,000 $90,000 $175,000
15 $175.,000 $305.000 $490,000
16 $270.000 $480.000 $820,000
17 $320,000 $645,000 $775,000
18 $325.000 $650.000 $780.000

Highway Barriers

Scenario Number HAGI1 HAG2 HEL1 HEL2
19 $10,000.00 | - | e[ e
20 | eeeee- $50.00000 | - |
20 e e $10,000.00 | = ---e--
22| s | ssme [ e $50.000.00




6. HAZARDS EVALUATION

6.1 VEHICLE DAMAGE ASSESSMENT

The accurate determination of vehicle damage and costs is a complicated, time-consuming
problem, requiring finite element analyses and other such cost mtensive techniques that are beyond the
scope and objeclives of this study. For this reason, costs have nor been estimated for repair of vehicle

damage.

Ap estimate of the damage anticipated for the (rain, however, may be obtained from the simulation
by idenufying the number of cars which strike the barier(s), and the correspondimg maximum impact
force experienced by each car. From this data, the expected crush distance may be estimated, allowing an

order of magnilude determination of the severity of damage.

The barrier/car interface is approximated in the TBIP codc by a linear elastic spring. While this is
nol a very sophisticated approach, given the lack of knowledge about the constitutive properties of the car
bodies and the required precision in barrier design practice, it is believed 1o be an acceptable model for
estimaling barrier design forces. The resulting predicled forces can be used to develop a qualitative, first-
order estimate of the level of vehicular damage associated with each impact scenario. For purposes of this
section, 1t 1s assumed that corer crushing of 300 to 600 mm (1 to 2 f1) or less is repairable, or minor,
vehicle damage; while crushing of much more than (his level 1s termed major damage. which may be more

expensive or irreparable.

Figures 6-1 through 6-6 show the predicted maximum impact force sustained by each car
impacting against each barrier for each of the HSR simulations selected as the design case. The damage
sustained by the vanous cars can be determined by identifying those cars for which the force exceeds the

value of 600 mm (2 feet) multiplied by the car’s spring stiffness value.

The maximum impact force for the ICE cars impacting a single barrier ranges from 445 kN (100
kips) to nearly 1113 kN (250 kips). The assumed linear spring stiffness used in the simulation was 2481
kN/m (170 kips/ft). The anticipated structural damage to the car bodies is comer crushing of less than 300

mm (| f1) (minor damage) on seven of the cars, with somewhat greater damage (o one car. The last eighl
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cars in the consist do not contact the barrier in this scenario. When dual barriers are involved, the forces
and deformations are greater, with comcr crushing deformations of more than 600 mm (2 ft) in six cars.
Two of these six cars experienced forces of more than 3650 kN (800 kips). corresponding to an anticipated

crush deformation on the order of 1.5 m (5 ) (inajor dainage).

In the single barrier scenario, all of the TGV cars experience forces expecled to cavse only minor
damage. In the case of TGV cars and dual barriers, major damage is expected on three cars, and minor
damage is expected to all other cars except the last, which does nol impacl either barrier in the scenario
studied. The acceleration experienced by the lasl car is due to forces acting on the coupler and through

the trucks, not due to barrier impact.

The first five cars in the eight-car Maglev consist are expected to sustain only minor damage when
derailing in the presence of a single barrier offsct 3.35 m (11 ). When dual barriers are used. higher
impact forces. and a second crushed comer, are predicled for two of the five cars, although the antcipated

comner crush is sdll less than 600 mm (2 f1).

Major/minor vehicle damage is tabulated in Table 6-1 for a selected group of scenarios.

TABLE 6-1. SUMMARY OF ESTIMATED HSGGT VEHICLE DAMAGE

Damaged Cars

- Vehicle Barrier Type Minor Major
14 car ICE Single 7 --
Dual 3 6
12 car TGV Single 11 --
Dual 10 3
6 car Maglev Single 5 -
Dual 5 --
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6.2 PASSENGER SAFETY ASSESSMENT

6.2.1 Introduction

Relationships between occupant safety and vehicular dynamics during a collision are extremely
complex and difficult to quantify because they mmvolve such important but widely varying factors as
occupant physiology, size, seating position, degree of restraint, and compariment geomelry and padding.
Guidelines for evaluating vehicular impacts with roadside safety appurtenances are contained in the

National Cooperative Highway Research Program (NCHRP) Report 350. "Recommended Procedures for

the Safety Performance Evaluation of Highway Features" (Ross, et al. 1993) [15]). This docunient uses a
simplified point mass, flail-space model for assessing risks to occupants within an impacting vehicle due 10
vehicular accelerations. For unresirained conditions. two measures of risk are addressed: (1) (he velocity
at which a hypothetical occupant impacts a hypothetical interior surface, and (2) ridedown acceleration

experienced by the occupant subsequent to contact with the nterior surface.

The extent or severity of injury is primarily dependent on the occupant-1o-compartment impact
velocity and the intensity of forces to which the occupant is subjected thereafter. The occupant
experiences essentially no absolute acceleration prior 1o impacting some part of the compartment interior.
At occupant impact, the degree of injury sustained by the occupant is indicated by the magnitude of the
occupant/compartment impact velocity which is determined by assuming the occupant moves as a free
body across the compartment space. Following this impact, the occupant is assumed 10 remain in contact
with the impacted surface and then directly experiences any subsequent accelerations imparted 10 the car.
The maximum average acceleration occurring in any 10 millisecond (ms) period is used to evaluate

occupant risk during this phase.

Threshold occupant impact velocity (OIV) and occupant ridedown acceleration have been
determined from several sources including human volunteer testing, sled tests of animals, cadavers, and
dummies, and automotive accident statistics. An attempt has been made t0 set the threshold values at a
level equivalent to the American Association of Automotive Medicine Abbreviated Injury Scale (AIS) of 3

or less. AIS-3 classifies the resulting injury as severe but nol life threatening.

Table 6-2 shows the recommended occupant risk values as adopted by NCHRP Report 350.




TABLE 6-2. RECOMMENDED OCCUPANT RISK VALUES [15]

Severitv Measure Preferred Value Maximum Acceptable Value
Occupant Impact 9 m/s (30 fus) 12 nvs (39 tUs)
Velocity

Occupant Ridedown tS 20

Acceleration (g)

A threshold value of 20 g is used for both the laleral and longitudinal directions. This value is
considered survivable (i.e., AlS-3) for even long durations [25, 26, 27). The design or preferred value is

obtained by dividing the limit or threshold value by a factor of 1.33.

In order for the acceleration to produce occupant injury, it must have a minimum duralion ranging
from 0.007 to 0.04 sec., depending on the body component [25]. Thus. acceleration spikes of less than
0.007 sec. duration are not critical and are averaged from the pulse. Ap arbitrary duration of 0.010 sec.
was selected as a convenient and somewhat conservalive lime base for averaging vehicle accelerations for

occupant risk assessment.

6.2.2 Assessment of Passenger Risk

As the above recommendations reflect current practice in occupant risk analysis for occupants of
automobiles involved in collisions and other highway accidents, they may not be appropriate for the
analysis of risk to high speed rail passengers during derailments. Several factors contribute to the
differences in the \wo ypes of events. First, the vehicle interior may be significantly different from that
of a typical automobite. Because of this. different seating patierns. different treatment of interior surfaces,
the presence or absence of occupant restraint systems. eic.. will mean that the occupant impact velocity for
passengers in an HSR vehicle may be significantly different from that of an automobile occupant. Second,
the duration of the event causing the hazard is much longer for the HSR derailings than in a (ypical
automobile collision event. For instance, consider the collision of an automobile with a roadside barrier.
The duration of the portion of the event during which injuries are caused is short — on the order of 1 sec.,

compared with the duration of the events evaluated in this study which are on the order of 10 sec.
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In spite of the differences between automobile roadside barrier collisions and the HSR deratling
events studied here, the well established standards applied 1o highway vehicles are used in a first-order
analysis of passenger risk. To accomplish this, the predicted acceleration histories of the cars in each
derailing wain have been determined from the TBIP runs that were used for barrier design. These runs
represent the selection of variables (speeds, offsets, etc.) thal produce maximum impact forces. The
assumption made here is that (he variables that produced the rmaximum barrier impact force would also
produce the maximum vehicle accelerations. The resulting acceleration time histories are shown in Figures
6-7 and 6-8, for the )12-car ICE consist. at the speed and offset selected as being critical for barrier design.
[n these figures, the data plotted is the acceleration output at 10 ms intervals. The standard practice for
automobile collision analysis calls for a 10 ms moving average. which cannot be generated from the 10 ms
daa represented. The 10 ms data can be used as an approximation of the 10 ms average data, however,
for purposes of estimating maximum acceleration values and maximum barrier force values. Using the 10
ms data. the maximum resullant acceleration for each car is calculated and plotted in Figures 6-9 through

6-14.

From Figures 6-9 through 6-14, using the criteria listed above, the following conclusions may be
drawn. For all single barrier cases studied, the peak accelerations for all cars do not exceed the 15 g
recommended as maximum during the entire events. Dual barrier cases result in significantly higher peak
accelerations, except for the Maglev cases, where the dual barrier collision is not appreciably different
from the single bamer collision. The dual barrier, 12-car TGV model peak resultant car accelerations do
not appreciably exceed 15 g, bui 6 of the 12 cars experienced acceleration levels at approximately hat
value. The 14-car JCE model, when impacting dual barriers, experience significantly higher acceleration
values. Nine of the fourteen cars experience peak accelerations above 15 g, and five experienced peak
accelerations above 20 g. It is noted that these values are mass-center accelerations, and those passengers
scated away from the mass center will experience greater or lesser values, depending on their location and
the simultaneous magnitude of angular velocity and angular acceleration valucs for the car in question.
The 14-car ICE dual barrier case represents the most critical scenario from the point of view of occupant
safety, with potentially (wo-thirds of the passenger space experiencing acceleration levels which would be

considered unacceplable by automabile collision standards.

To provide some insight into the quesnon of how much increased hazard is represented by the
presence of a barrier (0 a HSR consist in the event of a derailment, a simulation of a derailment of the }4-

Car ICE studied above has been accomplished in the absence of a barrier. This has been accomplished by
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simply moving the barrier in the simulation to a distance great enough (30 m) from the track centerline so
that the derailing vehicles do not interact with the barrier. The speed selected for (his simulation is 160
knvh (100 mph), making this case identical to the dual-barrier [CE design case discussed above. except for
the absence of the barriers. This case has been selected because of the high observed acceleration values

in the presence of the dual barrier.

Figures 6-15 through 6-19 are selected resulis of this simulation. A comparison of Figure 6-15
with Figure 6-10 shows that the peak resultant accelerations are roughly doubled in the presence of the
dual barrier. The maximum peak accelerations are still over 10 g in the absence of barriers., winch 15 at
first a curious result, given that the input coefficient of ground friction is only 1.0. An examination of
Figures 6-16 through 6-19 leads 10 the observalion that a lot of noise is present in the acceleration signal.
A mean (direct current or DC) value of acceleration could be estimated from these figures which is not
inconsistent with the 1.0 Coefficient of ground friction value. Noise of a similar nature is cbserved in
automobile/barmer crash tests. because of "ringing." or excilation of bigher frequency structural modes of
the car structure. which is superimposed on the DC value in the measurements. The presence of the noise
in the simulated signal is from different sources — excitation of various modes of vibration in the train
structure.  Structural damping was nol modeled. so it is reasonable to expect thal a more rigorous model

might yield lower peak accelerations.

The acceleration values shown in the figures suggest that the presence of a barrier increases peak
car accelerations by more than 100%. Based on engineering judgment. this is a reasonable prediction for
the effect of the duval barrier. Since the single barrier sunulation was carried out at 120 knvh (75 mph) (an
initial speed which is believed to be critical for barrier loading for that case). a dircct comparison of
Figure 6-15 with Figure 6-9 is made more difficult. Sall, it js reasonable 1o conclude that the presence of
a single barrier, as in Figure 6-9, does not adversely affect peak car accelerations nearly as much as does

the presence of dual barriers.

A summary of passenger safety assessment is given in Table 6-3. The conclusion to be drawn
from these data is that the presence of crash barriers results i an increased acceleration that passengers
must endure. Passenger safely is not compromised. however. based on automobile standards. except for

dual barrier high speed rail installations. where accelerations exceed the threshold of ) S g.
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TABLE 6-3. SUMMARY OF PASSENGER SAFETY ASSESSMENT

Acceleration Experienced by

Passengers
Vehicle Barrier Type Cars Exceeding | Cars Exceeding
15¢g 20¢g

14-car ICE Single -- --
Dual 9 S

12-car TGV Single -- -
Dual 6 i

6-car Maglev Single -- -
Dual -- --
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 RECOMMENDED INTRUSION BARRIER TYPES

In this study, methods for the design of intrusion barriers have been developed, and bartiers have

been designed. Barrier costs have been estimated both in terms of construction cost and damage repair

cost. The hazards to impacting vehicles and their passengers have been evaluated. The conclusion of the

sludy is that the design and conslruction of effective intrusion barriers is feasible. It is clear that some

types of barriers are more effective and feasible than others, and some should not be used at all.

Structural Barriers

Dual Railroad Barriers:

Highway Barriers:

Structural intrusion basriers similar 10 the designs presented in Figures 4-6
through 4-31 are recommended. These barriers are feasible and
recommended for all scenarios except where dual barriers would be used

for railroad vehicles.

The forces estimated by the TBIP runs are so large for dual barriers
containing conventional railroad vehicles that unreasonably large barriers
result. They would only be required in elevated applications, such as on
overhead railroad bridges. The derailment impact loads, however, would
create large scale damage to the bridge superstructure and substructure. It
is therefore recommended that these locations use some means other than
intrusion barriers for reducing intrusion risk, such as speed restrictions,
sensors, and increased mainlenance procedures. Later studies on siting of
barriers can make a better assessment after further study of the increased
risks associated with this approach in comparison with the costs sited in
this report. At this stage, however, the use of dual railroad barriers

appears impractical.

Highway barriers capable of resisting 36,300 kg (80,000 pound)

trucks, such as those shown in Figure 4-31 should be wsed.
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Earthwork Barriers: Earthwork barriers such as berms and ditches are not recommended. They
present an increased hazard for violent motion during derailment of high

speed vehicles and do not prevent intrusion effectively.

Combination Barriers: Due to its high cost, the retaining wall combination barrier system shown
in Figure 4-19 should only be used where grade differengals between the
HSGGT system and adjacent transportalion system require a retaining

structure to maintain cut or fill requirements.

Alternative bartier types have been suggested in an attempt to provide the flexibilily 1o take
advantage of local practices and material availability. All of those listed will effectively perform the
intended intrusion function. Careful consideration of many issues is critical to lhe selection of an intrusion
barrier design that will be most effective, cost efficient, and appropriate to a specific site. The more
obvious factors are costs (first cost, damage repair costs, and maintenance costs), speed of erection. right-
of-way cosis, environmental impacts, and ease of maintenance repairs from vehicle impact. Local issues
notwithstanding, among all the aliernate designs considered in this study. the recommended barrier sysiem
from an engineering, constructability and replacement/repair point of view is the precast concrete barrier
system, with either precast concrete or steel foundation (AG-1 or AG-2). The precast altemates offer the

following advantages:

Lower construction cost, depending somewhat on geographical cost differences.

Superior concrete quality compared 10 cast-in-place. Service life will be extended due 10 the increased

protection of reinforcing steel offered by the higher quality, denser concrete.

Less cracking and maintenance for concrete.  Almost all of the elastic shoriening, shrinkage. and creep

will have taken place in the precast plant prior to construction.

Quick erection. No formwork will be required. Only temporary lateral bracing of the columns and

walls will be required until the connections between precast components have been completed.

Quick repairs with minimal impact to operating facility. The modular nature of precast construction

will lend itself to quick and inexpensive construction of repairs in the event of impact damage. This
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case and speed of removing and replacing a porhon of the barrier in the event of a train derailment or
mishap is cniical o restoring the service of all eftected transporiation systems in the <hired right-of-

way.

7.2 RECOMMENDED INTRUSION BARRIER DESIGN METHODOLOGY:

The recommended methodology for design of mirsion barriers ix summarized as follows:

Establish Design Forces: For HSGGT und railroad vehicles a dynamic compuler analysis such as the
TBIP model described here sliould be used to estimate barrier impact
forces. For highway vehicles, the methodology <pecified in the new
AASHTO LRFD Bridge Design Specifications [13] (a draft of which i

now ander development) should be lollowed.

Design Barriers: After the barrier type has been selected. the barrier 1< designed.
Performance Specifications are included in Appendin B for the purpose of
establishing critena for design. They can also be used o evaluate (uture

barrier Jesigns,

Construct Barriers: The barriers should be constructed according (o local accepled practice. in
accordance with the designs developed. and in accordance with governing

local) and nauonal codes.

7.3 OTHER ISSUES TO BE CONSIDERED IN BARRIER DESIGN AND
CONSTRUCTION

Beyond the lechnical issues described above, there are many others that must be addressed.
Before a facility owner selects. designs, and construc(s a barrier system i is important 10 consider the

additional design. construction. and operational issues described below.
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7.3.1 Design
« The actua) soil condibons exisung at the proposed site must be determined with a subsurface
exploration program. Foundations must be dexigned 1o accommodate the in-situ soil conditions

cncountered.

- The extent of construction to be included in a specific project and the conditions which are to exist at

the completion of thal project must be defined.

+  Environmental impacts must be considered and mitigated. especially in sensitive arcas.

- The proximity of currently operating rights-of-way must be evaluated. and methods developed for

continuing operations during construction,

- The culculations and construction documents produced by the desiener should be reviewed to verify

the adequiicy of the dexign of the intrusion barmer system.

7.3.2 Construction and Operation

» Right-of-Way acquisition costs must be evaluated. Agreement must be reached on casements, rights,

and responsibilities for inspection and maintenance of the intrusion barrer.

< Existing rights-of-way and structures (¢.g. utilitivs, catenary wires and supports, bridges. culverts.
retaining walls, buildings and trackwork) must be protected during mtrusion barrier construction and
the responsibility for repair of any damage must be established prior (o the commencement of

construction.

-+ Restrictions on construction activities must be cstablished. including loads impo<ed on existing

structures, access 10 intrusion barrier jocations, and traffic detours.

- Insurance requiremenis must be determined and specified (o the contracior.
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Administration and inspection personnel must have access to the construction site for the purpose of

ascertaining that the work is proceeding in accordance with the contract documents.

The reviewing agency must have the opportunity to review and comment on any change orders which

have polential effects on intrusion barrier construction.

The reviewing agency must have access to conslruction records, such as erection schedules, pile or
caisson lest results, driving logs. concrete Lest results, and other pertinent data affecting the intrusion

bartier construction.

The reviewing agency must have the right to review and approve the intrusion barrier construction

procedures for construction adjacent to and above existing rights-of-way.

Construclion impacts requiring night and weekend work with limited working hours should be

evaluated, in conjunction with the preparation of a detailed traffic maintenance plan.

CONCLUSIONS AND RECOMMENDATIONS FOR MINIMIZING INTRUSION
HAZARDS

Certain conclusions can be drawn related to safety of different types of HSGGT systems, and

recommendalions ¢an be made on \ays (0 minimize intrusion hazards.

Intrusion Barriers: [t is a foregone conclusion that constructing a barrier will reduce hazards

associated with deraiting HSGGT, or adjacent, vehicles. The barriers
should effectively prevent intrusion that would result in a catastrophic
accident. The passenger assessment discussed in Chapter 6, however,
illustrates that there are hazards associated with the barrier itself. A
derailed HSGGT vehicle, if fortunate enough 10 miss any adjacent vehicles,
would experience higher accelerations with a barrier than without a barrier.

Nevertheless. intrusion barriers clearly reduce, rather than increase hazards.

Conclusion: Intrusion barriers should be used 1o reduce intrusion

hazards.
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Dual Barriers:

Number of Cars:

Vehicle Speed:

Barrier Offsel Distance:

For all consists. dual barners result in higher impact loads. High speed
raif and freight consists impose extremely high forces onto dual barriers.
and subject vehicles and passengers to strong forces and movements. In
the caxe ol high speed rail scenarios. velnele uccelerations are expected 1o
exceed threxhold fimits for passenger safely cumently accepled by the
automobile industry. Barrier and vehicle damage in (he event of a
deraitment are expected o be high for HSGGT, as are repuir costs.
Strengthening of bridge superstructures in elevated barriers would be
significant and could add significantly 10 the coxt of the mstllaton.
Maglev vehicles imparl higher forces op dua) barriers also. and the same

observations hold true as above, except that they are not as serjous,

Conchivion: The use of dual harriers <hould be avoided where

possible far high speed rail consists and freight conviain,

It has been found that forees ingrease dramatically with longer conaists.

Conclusion: Shorer consists should be used where (casible.

Vehicles are found to impart higher impact loads 1o the barricrs when
traveling at lower deratlment speeds. with the maximum load vecorrme al
a derailment speed of 120 10 160 km/h (75 1o 100 mphy for HSGGT

consists, and 88 1o 104 kmvh (55 1o 65 mph) tor treisht consists,

Conclusion: HSGGT aumdeways should be located such thai

barriers are not necessary in low design speed ureux. In low speed

areas, where possible. HSGGT guidewayx xhould be sited as far ax
pracucal (farther than 15 m) from adjacent corridors to eliminate the need
for barriers, HSGGT consists should be operated at higher <peeds where

pussible adjacent to barriers.

Impact forces increase with increasing offset distances from the centerline
ol guideway up (o a point, after which they decrease eventally to zero for

large offset distances.
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Conclusion: Avoid offsets where forces are maximum (from 2.74 m
(9 feer] 1o 12 m [40 feet]). Instead, site barriers either very close 1o the
guideway or very far from the guideway. Where barriers are located
between two guideways, they should be located closest 1o the guideway

that produces the highest forces.

7.5 RECOMMENDED FURTHER STUDY

7.5.1 Testing to Verify Assumptions

Further study is also needed to verify parameters used in the analysis and design of the bamriers,
In the current study. many of the parameters have necessarily been based on assumptions. Although
reasonable values have been selected based on previous research in the automobile industry and elsewhere,
the assumptions should be verified. An example is the assumed value of crush stiffness used in the TBIP
program. This value has been extrapolated from results of tests performed on automobiles, trucks, and
buses. Analysis indicates that variation of crush stiffness yields a wide variation in impact force. This
and many other parameters could best be verified with crash testing or detailed analytical techniques that

are outside of the scope of this study. The following lechniques could be used:

1. Full scale crash testing: This testing would involve full scale crash testing of a high speed vehicle
(ideally) against an instrumented barrier. This test would record aclual forces generated in the impact
from which stffness values could be generated. While a full-scale crash testing approach would
provide valuable information, total reliance on il would be an expensive proposition. If prohibitively
expensive, testing of convemiional freight or passenger trains would also provide useful information,
pecthaps al a lower cost than for high speed vehicles. Preliminary investigation indicates that

performance of these tests for 40-car freight trains would cost approximately $1.5 M.

2. Single car testing: Tmpact tests of single cars against instsumented barriers can be used to better
evaluate car crush stiffness and calibrate the TBIP models. Such tests are less expensive than full-

scale consist tests and should be carried out first.

3. Scale model resting: Small scale (for example 1/8 full size) crash tests could be carried out as

described above. The cost may be more reasonable and the results still instructive. There are
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inaccuracies in the scale models. however, that must be accounted for analytically. This would
introduce more uncertainty in the results than either of the above test methods. but it may prove to be

a more cosl effective approach.

4. Analyrical techniques: Finite element analysis could be undertaken to determine force deformation
characteristics of specific vehicles. Due to the uncertainties in failure modes, however, the results

would be suspect.
These studies would provide additional information for FRA consideration in further evaluating
safety issues in shared rights-of-way and would verify some of the unknowns that sull exist after

completion of this study.

7.5.2 Siting of Barriers

It 1s beyond (he scope of this study to recommend where intrusion barriers should be used to
minimize intrusion hazards. On (he contrary. this study is intended to determine the physical requirements
for intrusion barriers once the need for a barrier has been established. It should not be construed that the
barriers developed in this study must be installed in all locations where high speed guided ground
transportation systems are located adjacent to other transportation modes. The criteria for siting of

intrusion barriers should be the subject of future studies.

Decisjons must be made to determine in which locations, intrusion hazards warrant the cost of
barriers. I may not be necessary to locate barriers at all locations on shared rights-of-way, as was
assumed in the case study. More prudent siting criteria could reduce barrier installation costs significantly.
High speed consists are designed and maintained to minimize derailments. Actual performance indicates a
good track record. It may be more reasonable (o locate protection-type intrusion barriers to exclude errant
vehicles from high speed guideways at locations where there is a record of derailments of adjacent
conventional trains, or errant highway vehicles. Containment of HSGGT vehicles provided by intrusion
barriers may be necessary only at HSGGT terminals and in urban areas, but may be unnecessary in remote

arcas.
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The costs associated with intrusion barriers are significant.  They must be evaluated in
combination with risks of intrusion in order to make decisions on where barriers are needed and where
they are not. Structural intrusion resistance requirements could vary according to risk. AASHTO's use of
warrants for highway design, along with performance levels which vary with traffic expectations, may be a

reasonable approach (o use n the siting of intrusion barriers.

7.5.3 Corridor-Specific Risk Analysis

A study of the siting of barriers should be performed that is specific to proposed cocridors in order
to more accuralely determine where barrieys are warranted. It should incorporate an evalvation of
derailment risks associated with the specific equipment and guideway geometries 1o be used in the
proposed high speed corridor, Considerations should include maintenance standards and maximum speeds.
Also the operational environment. infrastructure condition. accident history and maintenance standards of
any adjacent rail or highway corridors should be considered. This evaluation should be accomplished
early in the development of the proposed corridor design because the cost and location of barriers may

influence the final corridor geometry.

The risk analysis should consider all relevant aspects of the facility that affect the risk of intrusion
in order that valid decisions can be made with respect lo barrier placement. When assessing the need for
barrier placement. an operating "profile" for the HSGGT facility and the adjacent transportation facility
must be developed. ltems of interest that make up this profile and influence the “risk" of operations and

likely placement of barriers should be identified. Some examples are given below.

HSGGT Facility: . proposed operations
2. maximum operating speeds
3. guideway geometry
4. traffic type and mix
5. operaling environment (weather conditions, trespassers, wildlife, etc.)
6. maintenance standards

Adjacent Transportation 1. raffic type and mix
Facility: 2. maximum operating speeds

3. local geometry of adjoining easement
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© N oo

operating environment
infrastructure condition
maintenance standards
accident history

planned operations
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Chapter A

GENERAL

INTRODUCTION

The design criteria contained in this section have been utilized in the design of all structures or parts
of structures for the HSGGT Intrusion barrier Study Project, including barrier struciures, at-grade and

elevated structures, and foundations.

In addition to requirements stated herein, the design of a structure owned and maintained by a

particular agency. shall also be in accordance with standards utilized by (hat agency.

The values stated berein are shown in SI (metric) units and yn U.S. Customary (English) units. with

English units in parentheses.

CODES, MANUALS, AND SPECIFICATIONS

The following codes. manuals, and specifications shall be utilized in the siructural design, unless
otherwise specified berein. In case of conflicling provisions. the more restrictive shall govern unless

justified by analysis or otherwise stated herein:

a. "Standard Specifications for Highway Bridges." Fourteenth Edition, 1989, including "AASHTO
Interim Specifications, Bridges, 1991." of the American Association of State Highway and
Transportation Officials, referred o in these criteria as "AASHTO Bridges."

b. “Manual for Railway Engineering,” of the American Railway Association, Volumes | and 2. 1993

or latest edition, referred to in theses criteria as "AREA Manual."

c. "Building Code Requirements for Reinforced Concrete, ACI 318-89." of the American Concrete

Institute, including its commentary, referred to in these criteria as "AC] 318-89."

d. "Analysis and Design of Reinforced Concrete Guideway Structures, AC] 358.1R-86." of the

American Concrele Institute, referred to in these criteria as “"ACJ 358-86."
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e. "Specification for the Design, Fabrication, and Erection of Structural Steel for Buildings," Ninth
Edition, 1989, of the American Institute of Steel Construction, referred to 1n these criteria as

"AISC specifications."

DESIGN GUIDELINES

In addition (o the Intrusion Barrier Design Study Report (the "Study Report”) of which these
specifications are a part, the design of the barrier wall structure shall use the guidelines and codes

indicated herein:

Plastic Design for Structural Steel.

Yield-Line analysis for Reinforced Concrele.

TTI[ Report (see List of References).

WMATA Report (see List of References).

AISC Specifications (Steel).

AC] 318-89 (Reinforced Concrete).

DIN 1072 (German Siandard, see List of References).
DIN 1075 (German Standard. see List of References).
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Chapter B

MATERIALS

GENERAL

All materials shall conform to the applicable specifications and codes listed in Chapter A. If. in the
opinion of the designer, significant economies can be achieved by the use of different materials than
those specified in this section, while providing at least the same level of performance and durabiljty,
the designer may substitute alternate material standards after receiving written approval from the

appropriate authority.

STRUCTURAL STEEL

Unless otherwise specified, structural steel shall conform to ASTM A36M (A36), Grade 250 (36), or
to ASTM A588M (A588), Grade 345 (50).

High strength bolts and anchor bolis for structural steel connections shall conform to ASTM A325

(AASHTO M164) or to ASTM A490.

REINFORCED CONCRETE

Unless otherwise specified, concrete shall have a minimum specified compressive strength (f°¢) of 27.5

MPa (4,000 psi) at 28 days.

All reinforcement shall be ASTM AGISM (AG1S) or A706M (A706) Grade 400 (60).

PRECAST PRESTRESSED CONCRETE

Unless otherwise specified. concrete for prestressed members shall have a minimum specified
compressive strength (fc) of 41.2 MPa (6.000 psi) at 28 days. and a minimum compressive strength at
time of initial prestress (f'ci) of 27.5 MPa (4,000 psi).

Prestressing reinforcement shall be high-strength steel wire, high-sirength seven-wire strand, or high-

strength ailoy bars.
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High-strength steel wire shall conform to ASTM A421.

High-strength seven-wire strand shall conform Lo the requirements of ASTM A416, Grade 1860

(270). including supplement for low relaxation strand.

High-sirength alloy bars shall conform to the requirements of ASTM A722. Bars with greater
minimum ultimate strength but otherwise produced and tested in accordance with ASTM A722
may be used provided they have no properties that make them less satisfactory than the specified

malerial and are approved by the appropriate authority.



Chapter C

LOADS

{. DEAD LOADS

Dead load shall consist of the weight of the complete structure and al) material permanently fastened
to and supported by it, including but not Jimited to, trackwork, barriers, walls. foundations. soil. water,

and all other permanent loads.

2. LIVE LOADS

a. General

Live loads shall consist of any non-permanent loads. including the weight of the vehicle and the

weight of the passengers, construction loads. and loads due 10 maintenance operations.

b. Vehicle Loads

For design purposes. lhe live loads applied 1o rail or guideway-supporting structures, such as
bridge decks, shall take into account the axle loading and spacing. and car spacing for the
equipment to be used on the facility. Dala for some HSGGT vehicles are given in Table 3-1 of
the Study Report. The number of cars in a consist shall be taken as that number which produces
the most critical loading for the element under consideration. not 10 exceed the masimum number
for which the system is designed. Critical Joading shall be checked for axial. bending, shear and
torsional stresses, deflections, and siability. Axle loads on track ties, or direct fixanon are to be
uniformly distributed longitudinally over not more than 2.29 meters (7.5 feet) when on 132-pound
RE rail.

The weight of the loaded vehicles used for structural design should be based on “crush loading,"
i.e.. Ihe vehicle loaded with all seats full. The average passenger weight shall be taken as 75 kg

(165 pounds): an average which includes provisions for luggage and other items.
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3. DERAILMENT IMPACT FORCES ON VEHICLE INTRUSION BARRIERS

Impact forces resulting from derailment shall cause no collapse and no overturning of the barrier
system or the elevated guideway structure. For elevated guideways, these forces may act

simuitaneously on the deck outside the hmits of the tracks and on the vehicle restraint barriers.

Very little existing criteria address derailment loads for rail transit structures and railroad structures,
and none for high speed rail. AC! 358 provides recommendations for transit vehicles of moderale
speed [up to 160 knvh (100 mph)). Since high speed rail service with speeds up to 483 knmvh (300
mph) are considered in this project, the magnitude and line of action of derailment forces will be
determined by a detailed analysis based on a two-dimensional computer program. Refer to section 3

(Study Methodology) of this Study Report.

Minimum design 1mpact forces shail be as given in Table 3-3 of the Study Report.

4. VEHICLE IMPACT (OTHER THAN FROM DERAILMENT)

a. General

For design of those structures or structural elements listed below, the live loading shall be
increased for dynamic, vibratory and impact effects from moving loads. These loads do not

include horizontal impact forces from collision with a barrier.

Items to Which Impact Applies

Superstructure, including steel or concrete supporting columns, legs of rigid frames, and

generally those portions of the structure which extend down to the main foundalion.

The portion of concrete or steel piles above the ground line when they are rigidly

connecled (o the superstructure as in rigid frarmes and continuous structures.



ltems to Which Impact Does Not Apply

«  Abutments, retaining walls, wall-type piers.
- Foundations and footings.

. Safety walks. stairways, station platforms or other pedestrian areas.

b. Vertical Impact Force

Impact considerations for bridges shall be tn accordance with Article 3.8 of "YAASHTO Bridges."”
or the AREA Manual. The impact factor shall be applied to the vehicle loading. Alternatively,
vertical impact may be (aken as 30 percent of the live load, with a 20 percent minimunm for long

spans.

c¢. Transverse Horizontal Impact Force

Provisions shall be made for a transverse horizontal impacl force due 1o lateral swaying of the
vehicle or due to rail misalignment and uneven wear of the wheels, equal to 10 percent of the
vehicle Joading. This force shall be applied horizonially in the verlical plane containing each axle
and shall be assumed 10 act, normal 10 the track. through a point at least 3.0 feet (check center of

gravity of vehicle) above the 1op of the low rail.

The transverse horizontal impact force and the ceptrifugal force shall be assumed to act

simultancously and are addilive.

CENTRIFUGAL FORCE

In horizontal curves. a centrifugal force shall be applied horizontally to rail supporting structures. in
the ventical plane containing each axle. The force shall be assumed to act through a line at the center
of gravity of the particular vehicle under consideration. The magnitude of the centrifugal force shall

be computed by the following formula:
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CF= _PV’
32.2R

Where: CF = Centrifugal force in pounds
= axle load in pounds
= Velocity of train in feet per second
R = Radius of curvature in feet

The velocily shall be the maximum design velocity of the train except as limited by maximum

allowable cuperelevation, grades, etc., of the track for the location of the structure.
This force is a radial force and shall be applied o the train as concentrated loads at the axle locations.

The horizontal force component transmitted to the rails and supporling structure by an axle shall be

concentrated at the rail having direct wheel-flange-to-rail-head contact.
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Chapter D

BARRIER STRUCTURES

1. GENERAL

The barrier structure consists of a longitudinal wall made of precast or cast-in-place reinforced
concrete or structural steel built for the purpose of withstanding the lateral impact forces imposed by a
derailed vehicle. The wall must also be strong enougb to redirect the vehicle, and high enough 10

prevent the vehicle from overturning and rolling over the wall.

The barrier structure shall consist of the following two systems:

Single-barrier: One barrier Jocated on one side of the tracks between the two right-of-ways.
Dual-barrier: Two separate barriers, one located on each side of the dual tracks of the train consist
under consideration. This type of barrier shall be used on elevated structures, in arcas where shared
right-of-way is located on both sides of the tracks under consideration, and as required by analysis or

other operational requirements.

2. ANALYSIS AND DESIGN

The determination of impact forces caused by a derailed vehicle on a barrier wall 1s a very complex
problem due (o their highly indeterminate nature. The theoretical analysis of determining these [urces
shall be based on the Train-Barrier lmpact Program (TBIP). a two-dimensional computer program as

mentioned in Chapter 3 (Study Methodology) of this reporl. or a similar dynamic model.

The design of the bartier consists of determining the ultimate strength capacity of the various structural
members 10 resist the total ultimate vehicle impact load. Failure mode analysis <hall be used for the
design of the barrier, refer 10 Chapter 3 (Study Methodology) of (his report. The yield-line theory

shall be used for concrete walls. and the plasric theory for structurat sceel walls.

Concrete walls: The total ultimale moment capacity of a free-standing concrcte barrier wall is a

function of the moment capacity of the localized beam at the top of the wall, the moment capacity of
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the wall below the beam, the cantilever moment capacity of the wall/column at the support. and the

moment capacity of the supporting foundation.

Steel walls: The total ultimate moment capacity of a free-sianding steel barrier wall is a function of
the moment capacity of all the structural elements that must work logether 1o produce the ultimale
strength of the sysiem, namely, the top beam, the posts, the base plate and the foundation. In order to
determine the total ultimate vehicle impact load. all possibilities of failure modes shall be considered,

including weak beam-strong post and strong beam-strong post sysiems.

DESIGN CONSIDERATIONS

Since derailment scenarios vary greatly by nature, the manner in which a vehicle impacts the wall
varies accordingly. Rotational effects should be analyzed and additional consideration given 1o veriical
that may result on the wall. These forces can be significant in the case of a structural steel beam and
post system since weak-axis bending or biaxial bending may occur. The use of tubes and/or pipes

may be the optimum structural members because of their strength in two directions.

In addition to resisting the horizontal impact forces normal to the barrier, the wall must also resist the

resulting horizontal longitudinal forces as follows:

where: F_ = Longitudinal impact force on barrier
m = Static coefficient of fricton: 0.40 concrete to concrete, 0.25 concrete to
steel
Fy = Normal impact force on barrier

The barrier wall finished surface shall be smooth and flush with the columns and at joints to prevent

the vehicle from snagging or entangling with the barrier causing higher forces than predicted.
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Elevaled Struclures:

The design of barrier walls located along the edges of a concrete deck slab on an elevated guideway
structure must also take into account the rotation and capacity of the deck slab. If the deck stab is
weak. it may control or limit the cantilever moment capacity. However, the vield-line and the plastic
theories indicate that the 10tal load capacity of the wall can be increased by strengthening the beam
and wall/post by adding more longitudinal reinforcement or increasing the size, which in tum will
increase the critical length of failure and engage more deck area, Nevertheless, the assumption that
the deck can be reinforced if necessary to develop the strength of 1he barrier should be checked by

taking into account the capacity of the deck.

DETAILS OF REINFORCEMENT

The lateral impact forces on the barmer wall tend to bend the wall into a dished shape surface in two
directions. horizontally between supports and vertically as a cantilever at support points (wall/column
or post). As a result, the wall must be reinforced in both directions. Torsion should also be

considered and the reinforcement or connections properly detailed.

Since the yield-line theory takes into account the inelastic behavior of the concrete section (but the
design of these sections are done using moment capacities based on ultimate strength method which
are found by elastic analysis). it is recognized that the in¢lastic design is not consistent, although it is
assumed safe and conservative. In order 1o achieve a failure mechanism or formation of plastic
hinges. the concrele scclion must be able to rotate and deform considerably. Therefore, the sections
should be lightly reinforced in order to achieve yielding of the reinforcement and avoid crushing of the
concrete. Reinforcement limits should be confined to approximately 50 percent of maximum values
allowed by ACI 318. In general, good practice will be 1o use smaller size bars at a smaller spacing.

rather than large size bars at a larger spacing.
Since the impacl force from a derailed vehicle occurs near the 10p of the wall. vertical reinforcement

in that area should extend as far as cover will pennit and bend around 10 ensure continuily and

development of the reinforcement in (ension.
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Longitudinal reinforcement in columns, wall-columns, beams, and deep foundations shall be enclosed
by spirals and hoops (or stirrups for beams) extending at least 6 feet beyond the developed length in
tension. and spaced not more than 4 1o 6 inches on center with a minimum spiral steel (or stirrup) of
}/2 inch diameter. The ends of stirrups (hook part or Jap) must overlap by the least dimension of the

member or anchored ouiside the impacted layer.

Where a column merges into a foundation pile or caisson, the reinforcement shall be extended into the
foundation far enough (0 achieve at least a lap splice with the foundation reinforcement. Judgment
shall be used In determing the extent: however, 1he intent is 10 be rather conservative on the detailing
with the foundation system in order to insure a stronger foundation than the wall/column/post system

and achieve fixity as well as ductility between the two members during plastic hinge formation.

In summary, care shall be exercised in reinforcing and detailing members and (heir connections to
ensure continuity, ductility, and linkage of all members acling together, with the intent of providing a

monalithically behaved and stable barrier system.



Chapter E

FOUNDATIONS

1. GENERAL

Design of foundations shall be in accordance with "AASHTO Bridges" for Bridges, and "ACI] 318-89"

for concrete.

The Types of foundations include:

«  Spread Foating
Drilled Caissons

Piles: concrete or steel

Foundation capacity and lateral resistance of deep foundations are 10 be delermined in conjunclion
with a study of the in-site subsurface conditions al the proposed site performed under the direction of
a qualified Geotechnical Engineer. Sufficient soil borings shall be taken 10 allow the analysis of

results and development of parameters for the foundation design.

A deep foundation shall be used when a shallow foundation cannot be designed 1o carry the applied
loads safely and economically. It shall also be used where scour, erosion, or settlement Imnay occur,
and the soil conditions permit it1s use, even though the bearing capacity of the soil is sufficient 10 make

practical the use of shallow foundations.

2. DEEP FOUNDATIONS

a. Desien Allowance for Installation Tolerance

Design should allow for an accidental construction misplacement of the center of gravity of the

foundation, the lesser of three inches or 5% of the caisson/pile diameter in any direction.



Lateral Resistance

Primary consideration shall be gjven to the ability of piles or drilled caissons to resist laleral loads.
A Geotechnical Engineer shall be consulted 10 determine the point of fixity below grade, and the
caisson/pile designed as a reinforced concrete column 1o develop the required capacity (o resist
Jateral loads in bending. The reinforcing steel shall be continuous and shall extend sufficiently

below the plane where the soil provides adequate lateral restraint.

Procedures and Sequence of Installation

Any limi@tions on construction operations inherent in the design considerations and assumptions
shall be noted on the contract drawings and referenced in the special provisions. These are

especjally important along existing structures or shared rights-of-way.

Drilled Caissons

Caissons shall include those members constructed with or without a lemporary steel casing,
removed during conc¢reting operations, under slurry, or altemative methods of lemporary ground
support. Minimum reinforcement in caissons shall be as specified in "ACl 318-89" Chapters 10.8

and 10.9 and its commentary.

Piles

Steel or concrete piles shall have adequate capacity to accommodalte driving stresses.
Pile splices are not recommended. However, when absolutely necessary and upon approval by the
engineer, they shall be adequate o develop the full driving capacity and ultimate moment capacity

of the pile. The web and flanges of sieel piles shall be spliced by full penetration butt weids.

Piles subject to uplift shall be provided with adequate anchorage, such as studs welded to the pile,
or reinforcement passed through the section to resist the design uplift load. The bond between the
H-pile steel surface and the surrounding concrete shall not be included when evaluating vphifi

capacity. The factor of safely against uplift shall be 1.25.
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3. SPREAD FOOTING AND PILE FOOTING

Analysis and design shall conform 10 "AASHTO Bridges.”" the AREA Manual, and as modified herein.
[t is recognized that compliance with the crilena specified above may result in undesirably thin
footings. To ensure adequate {ooting thickness, the minimum thickness of footing to support a barrier

structure shall be determined from the following {ormula:

D>2+1L/6
Where: D =  For spread footing: Thickness of concrete in feet, from top of footing to bottom
of footing.
D= For pile or Drilled Caisson Footing: Thickness of concrete, in feet, from top of
pile cap to lop of pile or drilled caisson.
L= Horizontal distance, in feet, from face of wall at top of fooling, to adjacent edge of

fooling.

In no case, however, shall the total concrete thickness of a footing be less than 2'-6" for a spread

footing or less than 3°-0" for a pile or dnlled caisson footing.

Botlom of footing shall not be less than 4’-0" below finish subgrade.
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APPENDIX C - SIMULATION RESULTS

The results of the numerous TBIP analyses are summarized in the attached tables.

The first analyses were run to determine the affect of various parameters on resulting impact force.
A paramelri¢ study was underiaken using the ICE vehicle to help understand the affect of vehicle speed at
derailment, car and barrier sliffness, ground and barrier friction, barrier location. braking coefficient,
coupler properties, number of cars in a consist, initial derailing angle, and number of barriers. The TBIP
program was run for various permutations of these paramelers, and lhe results are tabulaied in the
following tables for the "[CE" vehicle. This information is also shown graphically in Figures 3-8 through
3-15. The parametric study results are described in detail in Section 3.1.3.1, along with an explanation of

some of the observed trends.

With the insight gained in the parametric study, additional runs were made for the remaining
scenarios and other vehicles. Numerous analyses were made to determine maximum forces for each
scenario. The results of these runs are included in the attached tables for the "TGV," "Maglev," and

"Freight" vehicles.

The forces calculated as described above, and shown in the attached tables were then used 0
design the intrusion barriers. The methodology used to design the barriers is described in Section 4.1.

The designs are shown in Figures 4-7 through 4-31.
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ICE TRAIN

TABLE 1. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE SPEED

c) Power/Coach Slhffness
d) Ground Friclion

* Base Run

Il

1.00

2801170 kips/fi

NO. OF SPEED BARRIER OFFSET DISTANCE
CARS (MPH) 12 FEET | 14 FEET | 16 FEET % DIFFERENCE FROM BASE RUN
50 180.1 1194 | 24586 g2 | -14 6
75 189.4 246 6 2816 101 77 8
11 100 206.3 192.9 230 119 39 42
150 1392 169 4 2456 48 22 -6
*200 94 139.2 260.9 0 0 0
50 180 210 245 6 40 83 15
75 1856 2385 290 44 108 16
12 100 2364 | 2617 316.6 84 128 48
150 177.5 183.6 240.3 38 60 12
200 1286 114.8 213.9 0 0 0
50 200.3 167.9 268.7 3 -23 58
75 | 770% 305.3 3155 39 40 85
14 100 200 8 286.8 302.8 8 32 78
150 185 8 1952 2693 -4 -10 58
- 200 194.3 218 170.3 0 0 0
a) Inilial Derailing Angle =005rad
o) Vehicle-Barner Friction =0.40Q




ICE TRAIN

TABLE 2. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE POWER/COACH STIFFNESS

POWER/COACH
NO. OF STIFFNESS BARRIER OFFSET DISTANCE
CARS (KIPS/FT) 12 FEET | 14 FEET | 16 FEET % DIFFERENCE FROM BASE RUN
*280/170 94 139.2 260.9 0 0 0
500/300 125.9 174.7 3361 34 26 29
11 1000/600 184.4 2409 451.2 96 73 73
5000/3000 421.8 525.4 927.2 349 277 255
10000/6000 568.5 740.4 1287.2 505 432 393
*280/170 128.6 114.8 231.9 0 0 0
500/300 176.8 184.8 288.8 37 61 25
12 1000/600 268.9 251 380 109 119 64
5000/3000 581.7 532.8 788.1 352 364 240
10000/6000 825.8 7451 1098.7 542 549 374
*280/170 194.3 218 170.3 0 0 0
500/300 257.5 272.6 271.7 33 25 60
14 1000/600 357 1 380 358.4 84 74 110
5000/3000 765.2 797 834.6 294 266 390
10000/6000 1078.3 1127.2 1220.4 455 417 617
a) Speed = 200 rnph
b) Initial Derailing Angle =0.05 rad
¢) Vehicle-Barrier Friction = 0.40
d) Ground Friction =1.00

®* Base Run
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ICE TRAIN

TABLE 3. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE GROUND FRICTION

% DIFFERENCE FROM BASE RUN

NO. OF GROUND BARRIER OFFSET DISTANCE
CARS FRICTION 12 FEET | 14 FEET | 16 FEET
0.25 23.6 236 20.8
0.5 691 79 78.3
1 *1.00 94 139.2 260.9
1.5 217.9 226.6 308.9
2 303.1 270 371.2
0.25 30.5 27.2 3
0.5 78.7 67.2 111.4
12 *1.00 128.6 114.8 231.9
1.5 218.1 320.2 277 4
2 293 349 4 366.1
0.25 38.2 40 29
0.5 96.2 98 83.8
14 *1.00 194.3 218 170.3
1.5 298.9 266.7 323.9
2 368.8 377.4 427
a) Speed = 200 mph
b) Initial Derailing Angle =0.05 rad
¢) Vehicle-Barrier Friction =0.40

d) Power/Coach Stiffness

* Base Run

= 280/170 kips/ft

12 FEET 14 FEET 16 FEET
-75 -83 -92
-26 -43 -70

0 0 0
132 63 18
222 94 42
-76 -76 -86
-39 -41 -52

0 0 0

70 179 20
128 204 58
-80 -82 -83
-50 -55 -51

0 0 0

54 22 90

90 73 151




ICE TRAIN

TABLE 4. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE BRAKING FRICTION COEFFICIENT

SPEED BRAKING BARRIER OFFSET DISTANCE
MPH FRICTION 12 FEET | 14 FEET | 16 FEET
COEFFICIENT (%)
*5.8 209.8 286.2 3028
100 5.8 208.3 306.5 311
7.2 2291 264 1 286.1
*5.5 194.3 218.7 170.2
*200 5.8 193 214.3 170.6
7.2 187.6 210.7 177.6
a) Number of Cars =14
b) Initial Derailing Angle = 0.05 rad
c) Vehicle-Barrier Friction =0.40

d) Power/Coach Stiffness

* Base Run

= 280/170 kips/ft




ICE TRAIN

TABLE 5. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE OFFSET DISTANCE
(GROUND FRICTION =1.00)

BARRIER OFFSET SPEED (MPH)
DISTANCE (FT) 100 *200

8 153 124.7
9 239™
10 184.7 181.2
12 209.8 194.3
14 286.8 218
16 302.8 170.3
18 367.1 221.6
20 418.3 296.4
24 421.1 180.9
28 430.2 165.5
32 366 92.9
40 259.3 0

a) Number of Cars =14

b) Initial Derailing Angle = 0.05 rad

¢) Vehicle-Barrier Friction =0.40

d) Power/Coach Stiffness = 280/170 kips/ft

e) Ground Friction =1.00

* Base Run

** 75 MPH
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ICE TRAIN

TABLE 6. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE COUPLER MOMENT COEFFICIENT

TYPE OF COUPLER SPEED (MPH)
(COUPLER MOM. COEFF.) 100 200
EE
(-0.415, 0.985, -0.336) 296.5 219.1
*EF
(-0.702, 1.670. -0.720) 286.8 218
FF
(-1.529, 3.837, -2.048) 282.6 221.5
a) Number of Cars =14
b) Initial Derailing Angle = 0.05 rad
c) Vehicle-Barrier Friction =0.40
d) Power/Coach Stiffness = 2801170 kips/ft
e) Ground Friction =1.00
f) Barrier Offset Distance =14 ft

* Base Run



ICE TRAIN

TABLE 7. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE OFFSET DISTANCE

NO. OF GROUND BARRIER OFFSET DISTANCE
CARS FRICTION 12 FEET | 14 FEET | 16 FEET
11 15 299.4 303.5 387.7
12 1.5 294.4 323.6 408.7
14 15 398.3 473.7 444.9
a) Speed =75 mph
b) Initial Derailing Angle =0.05rad

c) Vehicle-Barrier Friction = 0.40

d) Power/Coach Stiffness

= 2801170 kipslft




ICE TRAIN

TABLE 8. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE OFFSET DISTANCE
(GROUND FRICTION = 0.50)

BARRIER OFFSET SPEED (MPH)
DISTANCE (FT) 100 200
8 99.7 88.9
10 150.5 72.9
12 130.8 96.2
14 163.4 98
16 180.6 83.8
18 194.7 126.5
20 202.2 135.9
24 205.4 57
28 147 .4 0
32 127.4 0
40 0 0
a) Number of Cars =14
b) Initial Derailing Angle = 0.05rad
¢) Vehicle-Barrier Friction =0.40

d) Power/Coach Stiffness

e) Ground Friction

= 280/170 kips/ft

=0.50
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TABLE 9. MAXIMUM IMPACT FORCE (KIPS)

ICE TRAIN

VARIABLE TRIPLE BARRIER OFFSET DISTANCE
(GROUND FRICTION = 1.00)

TRIPLE BARRIER OFFSET SPEED (MPH)
DISTANCE (FT, FT) 50 75 100 150 *200
8, 8 103.8 114.4 119.3 140.1 127.2

10, 10 128.6 221 211.8 234.6 187.2
12,12 225.4 253.4 316.6 384 304.9
14, 14 296.5 375.3 510.8 689.2 598.4
16, 16 349.1 539 615.1 1302.3 752.3
18, 18 330.3 593.6 838.4 2044 4 1455.4
20, 20 476.2 760.4 14457 2600 2194.7
24, 24 581.8 13421 3122 3159.5 3508.1
28, 28 928.5 2175.4 2942 .1 2690.6 1724.6
32,32 980.8 1863.3 2180.3 1621.9 289.6
40, 40 354 418.6 348.7 90.9 0

a) Number of Cars =14

b) Initial Derailing Angle =0.05 rad

=0.40

¢) Vehicle-Barrier Friction
d) Power/Coach Stiffness
e) Ground Friction

* Base Run

C-1C

= 2801170 kipsilfl

=1.00




TABLE 10. MAXIMUM IMPACT FORCE (KIPS)

ICE TRAIN

DUAL BARRIER VARIABLE OFFSET DISTANCE

BARRIER DISTANCE

SPEED (MPH)

NEAR, FAR (FT, FT) 50 75 100 150 200
8,23 275.5 374.5 537.6 471.4 210.6
9, 24 874.6 654.9
10, 25 349.9 673.9 874.5 982.2 225.5
12 ;27 432.6 675.8 1076.7 1238.4 3356
14, 29 519 745.6 1256.2 1560.9 375
16, 31 580.1 1309.9 2241.7 1487.3 495.5
18, 33 848.9 1564.7 2631.9 1991.8 839
20, 35 995.8 1731.3 2541.9 2027.7 1049.9
24,39 911.9 1920.4 2138.6 1900.7 712.2




TABLE I . MAXIMUM IMPACT FORCE (KIPS)

TGV TRAIN

VARIABLE OFFSET DISTANCE AND SPEED

NUMBER BARRIER
OF OFFSET SPEED (MPH)
CARS DISTANCE 50 | 75 100 | 150 *200 320

8 496 65.6
10 74 .4 946 816 78 56.96 56.2
12 100.1 159.9 131.37 95.8 104.53 306
14 117 125.9 155.57 137.2 115.37 449
16 146.9 2025 157.7 119 84.87 13.2

10 18 185.1 223.4 171.65 110 96.4 9.8
20 207.8 177.8 180.56 103.9 71.39 0
24 205.9 155.1 120.89 72 41.86 0
28 101.6 121.7 56.2 0 0 0
32 0 6 0 0 0
40 0 0 0 0 0
8 546 925 101 81.5 75.8
9 89.4 121.8
10 92.5 128.8 117.7 1171 92.88 101
12 115.1 166.7 132.14 115.5 95.67 95.9
14 126 168.6 165.59 125.3 125.67 40
16 180.5 220 169.09 112.7 99.74 55.7

12 18 189.3 217.2 169.53 93.8 77.36 25.7
20 205.2 242 165.08 107.4 92.52 36.6
24 220.4 231.2 182.6 74.2 42.96 329
28 146.4 170.1 176.14 47.5 0 0
32 0 68.4 108.78 0 0 0
40 0 0 0 0

a) Initial Derailing Angle =0.05 rad

h) Vehicle-Barrier Friction
c) Power/Coach Stiffness
d) Ground Friction

* Base Run

=0.40
= 2451103 kips/ft
=1.00




TGV TRAIN

TABLE 2. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE DUAL BARRIER OFFSET DISTANCE AND SPEED

{15 FT TRACK SPACING)

NUMBER NEAR
OF BARRIER SPEED (MPH)
CARS DISTANCE 50 75 | 100 150 200
8 54.48 165.31 178.42 68 50.63
10 69.59 151.88 253.76 78 56.96
12 104.58 321.87 262.17 96 104.53
14 134.66 287.65 237.7 137 116.37
16 132.27 333.32 330.75 119 84.87
10 18 134.39 223.4 270.16 G 96.4
20 139.38 177.8 180.56 104 71.39
24 102.05 155.1 120.89 72 41.86
28 0 121.7 56.2 0 0
32 0 6 0 0 0
40 0 0 0 0
8 99.54 354.04 479.35 145 68.53
9 492
10 93.57 407.22 536.84 293 92.88
12 165.74 413.62 602.26 237 95.67
14 183.63 472.53 803.14 323 125.67
16 165.15 591.47 775.18 279 99.74
12 18 169.17 478.34 585.03 220 77.36
20 151.96 249.71 587.78 181 92.52
24 152.7 231.2 198.76 74 42.96
28 85.18 170.1 176.14 48 0
32 0 68.4 108.78 0 0
40 0 0 0 0
a) Initial Derailing Angle =0.05rad
b) Vehicle-Barrier Friction =0.40
c) Power/Coach Stiffness = 245/103 kips/ft
d) Ground Friction =100




TGV TRAIN

TABLE 3. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE TRIPLE BARRIER OFFSET DISTANCE
(GROUND FRICTION = 1.00)

NO. OF TRIPLE BARRIER OFFSET SPEED (MPH)
CARS DISTANCE (FT, FT) 50 75 100 150 *200

8 58 71 86 65 57
10 89 107 180 78 57
12 139 232 268 157 105
14 164 260 497 166 115
16 195 455 445 128 85

10 18 185 223 270 111 96
20 286 633 650 104 71
24 206 360 207 72 42
28 102 122 56 0 0
32 0 6 0
40 0
8 67 85 95 82 76
10 106 156 196 177 100
12 158 247 295 232 149
14 182 366 512 347 153
16 255 511 834 286 135

12 18 189 478 585 220 77
20 374 812 961 365 100
24 343 548 639 147 43
28 146 204 477.9 116 0
32 0 68 108.8 54
40 0 0 0

a) Initial Derailing Angle = 0.05 rad
b) Vehicle-Barrier Friction =0.40

c) Power/Coach Stiffness
d) Ground Friction

®* Base Run

= 245/103 kips/ft

=1.00




SI-0

MAGLEV TRAIN

TABLE 1. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE SINGLE BARRIER OFFSET DISTANCE AND SPEED
(16.7 FT TRACK SPACING)

NUMBER | BARRIER SPEED (MPH)
OF CARS | DISTANCE 50 75 100 | 150 ] 200 300
11 35 24 46 26 28 21
12 37 83 41 37 39 18
14 62 82 67 45 33 17
16 82 100 84 41 25 21
18 92 117 101 42 43 20
6 20 105 141 87 27 21 10
24 128 143 91 0 0 0
28 129 128 58 0
32 0 76 0
40 0 0
11 113 164 102 31 28 28
12 106 159 108 68 49 38
14 155 191 129 68 59 34
16 194 203 137 104 50 31
18 250 249 169 84 38 34
8 20 224 216 147 94 54 27
24 247 252 169 59 36 0
28 184 215 150 63 0
32 204 163 102 0
40 0 0 0
a) Initial Derailing Angle =0.05rad
b) Vehicle-Barrier Friction =0.40
c) Power/Coach Stiffness = 1701170 kips/ft
d) Ground Friction =1l.00




MAGLEV TRAIN

TABLE 2. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE DUAL BARRIER OFFSET DISTANCE AND SPEED
(16.7 FT TRACK SPACING)

NUMBER NEAR
OF BARRIER SPEED (MPH)
CARS DISTANCE 50 75 100 | 150 | 200 300

11 25.27 23.63 46.5 25.95 27.6 211
12 37.24 83.27 41.3 37.49 38.9 18.4
14 61.96 81.51 67.4 44 .97 33.1 16.9
16 82.32 99.55 84.5 41.13 20.5 20.7
18 91.59 117.34 101.1 42.24 0 20.3

6 20 104.63 141.35 86.6 2711 9.9
24 128.13 142.54 91.2 0 0
28 128.72 127.81 58.1 0
32 0 76.34 0
40 0
1 112.89 215.38 101.6 30.731 28.1 28
12 105.5 258.17 108.3 67.54 48.6 38.2
14 154.58 287.81 129.2 67.551 58.9 33.6
16 193.58 360.31 136.5 103,709 50.1 31
18 250.28 328.36 169.4 83.526 37.6 33.6

8 20 223.9 321.24 147.2 83.584 54.5 26.8
24 247.05 252.23 168.9 58.544 36.3 0
28 183.69 215.48 150.1 63.472 0
32 0 162.77 101.6 0
40 0 0 0

a) Initial Derailing Angle = 0.05 rad
b) Vehicle-Barrier Friction =0.40

¢) Power/Coach Stiffness
d) Ground Friction

= 1701170 kipsilfl

=1.00




UNIFORM FREIGHT TRAIN

TABLE I . MAXIMUM IMPACT FORCE (KIPS)
VARIABLE SINGLE BARRIER OFFSET DISTANCE AND SPEED
(15 FT TRACK SPACING)

NUMBER BARRIER
OF OFFSET SPEED (MPH)
CARS DISTANCE 35 | 55 [ 65 [ 80
8 428 995 888 822
9 829
10 356 882 655 709
12 525 1643 1001 762
14 342 853 804 692
16 339 542 848 1007
61 18 346 422 839 985
20 446 469 834 890
24 350 722 1034 864
28 572 520 969 711
32 438 466 902 543
40 0 348 787 507
a) Initial Derailing Angle =0.02
b) Vehicle-BarrierFriction =0.40
c) Power/Coach Stiffness = 120 kips/ft

d) Ground Friction =1.00




UNIFORM FREIGHT TRAIN

TABLE 2. MAXIMUM IMPACT FORCE (KIPS)

VARIABLE DUAL BARRIER OFFSET DISTANCE AND SPEED
(15 FT TRACK SPACING)

NUMBER NEAR
OF BARRIER SPEED (MPH)
CARS DISTANCE 35 | 55 | 65 | 80
8 2170 2341 2248 2063
9 2117
10 1673 1904 1883 1922
12 1410 2043 1644 1562
14 1247 1397 1368 1329
16 1056 1052 1066 1072
61 18 830 813 792 801
20 563 602 541 589
24 371 473 509 433
28 182 232 372 275
32 0 51 215 0
40 0 0 0 0
a) Initial Derailing Angle =0.02
b) Vehicle-Barrier Friction =0.40
c) Power/Coach Stiffness = 120 kips/ft
d) Ground Friction =1.00




MIXED FREIGHT TRAIN

TABLE 1. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE SINGLE BARRIER OFFSET DISTANCE AND SPEED
(15 FT TRACK SPACING)

NUMBER BARRIER
OF OFFSET SPEED (MPH)
CARS DISTANCE 35 | 55 | 65 | 80
8 188 214 230 189
9 241
10 213 284 243 264
12 330 335 281 278
14 265 338 327 293
16 286 335 267 316
18 18 313 325 313 292
20 290 355 314 275
24 338 240 474 261
28 359 244 326 301
32 280 102 265 286
40 272 0 0 0
a) Initial Derailing Angle =0.02rad
b) Vehicle-Barrier Friction =0.40
c) Power/Coach Stiffness = 120 kipslfl

d) Ground Friction =1.00




MIXED FREIGHT TRAIN

TABLE 2. MAXIMUM IMPACT FORCE (KIPS)
VARIABLE DUAL BARRIER OFFSET DISTANCE AND SPEED
(15 FT TRACK SPACING)

NUMBER NEAR
OF BARRIER SPEED (MPH)
CARS DISTANCE 35 | 55 | 65 [ 80
8 556 1215 1639 1894
9 1929
10 832 1481 1313 1918
12 1008 1505 1330 1774
14 855 955 1082 1312
16 557 719 1158 1136
18 18 440 844 760 949
20 450 583 542 762
24 395 384 324 407
28 234 180 98 131
32 0 0 0 0
40 0 0 0 0
a) Initial Derailing Angle =0.02rad
h) Vehicle-Bamer Friction =0.40
c) Power/Coach Stiffness = 120 kips/ft
d) Ground Friction =1.00
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APPENDIX D - DESIGN CALCULATIONS

Calculation Design Criteria Summary

A.

PROPOSED

These calculations cover the design of a structural rigid barrier wall built to withstand the impact loads
generated by a derailed high-speed train colliding with the wall at speeds ranging from 50 mph to 300
mph. The calculations include various types of barrier wall structures which consist of the following

structural elements:

Longitudinal rectangular wall located parallel to the tracks or guideway structure; either a
concrete wall with columns as required, or a structural steel beam and post system with a solid

sieel plate on the track side.

Foundation which supports the wall structure and consists of the following: Precast concrete

pile, steel HP pile, drilled concrete caisson, steel pipe pile, and retaining wall footing.

Since the primary load is a lateral impact load acting near the top of the barrier wall, this load is
transferred by the wall/beamn in bending to the column/foundation which in turn transfers it to the
surrounding soil. Therefore, stability of the complete barrier structure is relied on the later (rather than
vertical) resistance of the soil and is governed by either the yield strength of the foundation or by the
passive resistance of the soil.

The structure design of the barrier structure, as outlined in thelnteri m Study Report under "Prototype
Design” and mode analysis, i.e., yield-line theory for concrete, and plastic theory for steel. For

additional information, refer to the above cited report.

LOADING

The barrier impact loads are given by TTI (Texas Transportation Institute) and are obtained from a
two-dimensional computer program called TBIP (Train-Barrier Impact Program). The impact loads are

a function of many parameters (see report) primarily dependent on the vehicle physical properties and



characteristics, as well as the number of barriers (single or double), barrier distance form tracks, barrier
stiffness, and barrier/vehicle friction.

CODES (See Criteria)

Since this effort is a feasibility study and not site specific, the A.R.E.A. Manual, AASHTO and ACI &
AISC codes and standards will be used as appropriate.

DESIGN CASES/BARRIER TYPES

Three cases are considered with alternate designs developed for each case.
Case I: Train Barrier At-Grade - Free Standing Wall Barrier

AG1 - Precast Concrete Barrier & Foundation

AG2 - Precast Concrete Barrier & Steel Foundation
AG3 - Cast In Place Concrete Barrier & Foundation
AG4 - Structural Steel Barrier & Foundation

AGS5 - Retaining Wall Barrier

Case II: Train Barrier on Elevated Structure

ELI - Concrete Parapet Wall Barrier
EL2 - Cast In Place Concrete Parapet Wall Barrier
EL3 - Structural Steel Barrier

Case III: Highway Barriers

HAGI1 - At Grade Cast In Place Concrete Barrier - Van Truck
HAG2 - At Grade Cast In Place Concrete Barrier - Tank Truck
HELI - Elevated Cast In Place Concrete Barrier - Van Truck

HEL?2 - Elevated Cast In Place Concrete Barrier - Tank Truck



E. SOIL DATA

It is intended that designs be representative of normal soil conditions. The following values

(representative of average soil) are assumed for cohesionless and cohesive soils:

Allowable Bearing Capacity q, = 4.0 ksf
Cohesion Strength ¢ = 150 ko
Average Effective Soil Unit Weight g = 110 pcf
Angle of Internal Friction f =30

F. DESIGN ASSUMPTION/PHILOSOPHY

Since train behavior during derailment is extremely' complex and variable, the theoretical impact loads
obtained from the TBIP program are approximate at best. Therefore, certain design assumptions are
necessary with the objective of simplifying the calculations and not exercising great accuracy and
detail that is normally associated with the typical design calculations. This design philosophy is
justified since this design effort is a feasibility study with the overall purpose of developing a barrier
design that will not collapse under train impact. The following assumptions and design considerations
are made:

1. Impact load (F,) is applied 6" below the top of the barrier wall even though the actual hard point
(floor level) is at least 1° below the top of the wall.

2. Longitudinal component (F,) if impact load is ignored since it is a secondary load and wall is stiff

enough longitudinally.

3. Vertica component (F,) of impact load: The barrier structure is assumed to have adequate
strength in this direction to resist the load; however, the design will be checked for the case of the

steel barrier.

4. Three-dimensional effects must be accounted for and added to the impact load. A value of 20% of

impact load is assumed reasonable to cover uncertainties associated w/3D.



5. The wall structure is designed primarily for flexure and shear, and is then checked for deflections.

6. Flexural and shear reinforcement is detailed, as well as typical connections and details.

7. Materia Strengths:

C.I.P. concrete f’. = 4,000 psi

Precast Concrete f'. = 6,000 psi, (4000 at release)
Reinforcement f, =60ksi

Prestressing Steel f. =270 ksl

Structural Steel f, =350 ks (general)

f =46 ks (tube)

¥

f, = 35ks (pipe), 36 ksi design

8. Since several train derailment scenarios are considered, the resulting impact loads are grouped and
barrier designs developed based on a load schedule and barrier type format. Drawings are
generated for each barrier type and design case. Member sizes, reinforcement and details shown

on the drawings are tabulated in schedule form to represent each scenario.

DESIGN ELEMENTS
Structural design is performed for the following elements:

Concrete and Steel Barriers:

l. Overturning analysis to determine barrier height

11 Concrete Barriers (at Grade)

fa—

Design of longitudinal wall

Design of vertical wall/column at supports (foundation)

Design of foundation

A 0D

Design of connections



Il

Iv.

Steel Barriers (at Grade)

I Design of top beam

Design of post/column
Design of foundation
Design of secondary beams

Design of plate

o oA W N

Design of connections

Concrete Retaining Wall Barrier (at Grade)

L Design of wall
2. Design of footing

Concrete & Steel Parapet Wall Barrier (Elevated)

l. Design of cantilever wall (concrete)
2. Design of beam & post (steel)

3. Design of connections



Sample Design Calculations:
Barrier Type AG1 (At Grade Alternate 1)

Precast Concrete Wall with Precast Concrete Foundation



FOUNDATION DESIGN - AGI

CHART | COLUMN | SQUARE PILES| REQ'D N Mn N Mn
NUMBER SIZE SIZE | TYPE Mc MAX MAX ACTUAL | ACTUAL
(IN) (IN)

AG1-1B 16.00 20 SOLID 266 19.37 | 493.33 12 305.69
AG1-1C 18.00 22 SOLID 316 2343 | 656.63 16 448.35
AG1-1D 24.00 30 HC 463 43.57 | 1530.00 20 784.89
AG1 - 2B 20.00 24 SOLID 523 27.89 | 852.48 20 611.39
AG1 - 2C 24.00 30 HC 673 43.57 | 1530.00 20 784.89
AG1 -2D 24.00 30 HC 529 43.57 | 1530.00 20 784.89
AG1 - 3B 24.00 30 HC 868 43.57 | 1530.00 24 941.87
AG1-3C 28.00 36 HC 1560 | 62.75| 2643.84 36 1695.36
AG1 - 3D 28.00 36 HC 1305 | 62.75 | 2643.84 36 1695.36
AG1 - 4B 32.00 36 HC 1870 | 62.75| 2643.84 44 2072.11
AG1 - 4C 30.00 36 HC 1716 | 62.75 | 2643.84 40 1883.74
AG1-4D 32.00 36 HC 2195 | 62.75 | 2643.84 48 2260.48




FOUNDATION EMBEDMENT DESIGN

ALTERNATE AG1
Kp = 3.00 TANA2 (45+PHI/2)
J=10.14 DAMPING CONSTANT (sec/ft)
V= VARIES IMPACT VELOCITY (fps)
LF=1+JV DYNAMIC LOAD FACTOR
c=1.50 COHESION STRENGTH (ksf)
q=13.50 SOIL STRENGTH (ksf)
y=110.00 AVERAGE EFECTIVE SOIL UNIT WEIGHT (pcf)
¢ =30 ANGLE OF INTERNAL FRICTION (degrees)
Mc= VARIES ULTIMATE MOMENT CAPACITY OF COLUMN
H= VARIES DISTANCE FROM IMPACT FORCE TO TOP OF GRADE (BARRIER HT -6")
Pdynamic = Mc / H Pstatic = P dynamic / L.F.
EQUATION FOR EMBEDMENT LENGTH IN COHESIVE SOILS: LE=(P/qB)+SQRT[2(P/qB)"2+(4HP/qB)]
EQUATION FOR THE EMBEDMENT LENGTH IN COHESIONLESS SOILS: - LEA3=2P(H+LE)/(UNIT WT)B(Kp)
ALT. Mc H P Impact | L.F. P B EMBEDMENT LENGTH (FT)
# dyn. | Velocity static | WIDTH Cohesive Cohesionless
(FT-K)| (FT) |[(KIPS)| (fps) (KIPS)| (FT) | REQ'D | PROV. REQ'D |PROV.
AG1/1B| 266 | 7.50| 35 9 226| 16 1.67 5.37 7.9 9.99 |10.0] 13.0
AG1/1B| 266 | 7.50| 35 5 1.70| 21 1.67 6.35 9.0 11.25 |11.3| 14.4
AG1/1C| 316 | 7.50| 42 9 226| 19 1.83 5.63 8.2 10.32 [10.3| 13.4
AG1/1C| 316 | 7.50 42 5 1.70 25 1.83 6.67 9.3 11.62 |11.6] 14.8
AG1/1D| 463 | 7.50| 62 9 226 27 2.50 5.87 8.5 10.62 [10.6 13.7
AG1/1D| 463 | 7.50| 62 5 1.70| 36 2.50 6.96 9.7 11.97 |12.0] 15.2
AG1/2B| 523 | 7.50| 70 8 212| 33 2.00 7.50 10.3 | 12.61 (126 15.9
AG1/2B| 523 [ 7.50| 70 10 2.40| 29 2.00 6.96 9.7 11.97 |[12.0| 15.2
AG1/2B| 523 [7.50] 70 14 286 | 24 2.00 6.14 8.7 10.97 (11.0| 1441
AG1/2C| 673 [ 7.50| 90 8 212| 42 2.50 7.64 10.4 | 12.77 |12.8] 16.0
AG1/2C| 673 | 7.50 90 10 2.40 37 2.50 7.08 9.8 12.11 |12.1] 15.3
AG1/2C| 673 [ 7.50| 80 14 296 30 2.50 6.24 8.9 11.10 [11.1] 14.2
AG1/2D| 561 [ 7.50]| 75 8 212 35 2.50 6.84 9.5 11.82 |11.8| 15.0
AG1/2D | 561 7.50 75 10 2.40 31 2.50 6.35 9.0 11.22 |11.2] 14.3
AG1/2D| 561 [7.50| 75 14 296| 25 250 5.61 8.2 10.29 |10.3] 13.3
AG1/3B| 8639 | 7.50] 116 36 6.04 19 2.50 4.78 7.3 919 | 82| 124
AG1/3C | 1560 | 7.50 | 208 36 6.04| 34 3.00 6.04 8.6 10.86 |10.9| 13.9
AG1/3D| 1305 [ 7.50 | 174 36 6.04 29 3.00 5.44 8.0 10.06 |10.0| 13.1
AG1/4B | 1870 | 8.50 | 220 4 156 141 3.00 15.43 19.0 | 20.12 |20.1| 24.1
AG1/4B | 1870 | 8.50 | 220 35 5.90| 37 3.00 6.67 9.3 11.46 |11.5| 14.6
AG1/4C| 1716 | 8.50 | 202 4 1.56 129 3.00 14.56 18.0 | 19.39|19.4| 23.3
AG1/4C| 1716 | 8.50 | 202 35 590| 34 3.00 6.34 9.0 11.07 |11.1] 14.2
AG1/4D| 2195 | 8.50 | 258 4 1.56 | 166 3.00 17.22 20.9 |[21.59(21.6| 25.8
AG1/4D| 1295 | 8.50 | 152 35 590 26 3.00 5.38 7.9 9.86 | 9.9 129

D-8




TABLE AG1 -1A

ULTIMATE MOMENT CAPACITIES8 FOR PRECASBT CONCRETE BARRIER WALL ON DISCRETE FOUNDATION

INPUT DATA DESCRIPTION
Fy (KSI) = 60 | YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =6 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H-3.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-2.5 EFFECTIVE DEPTH FOR COLUMN
As (IN*2 = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
=0.011Bd FOR BEAM AND WALL (EACH FACE)
= 4% GROSS AREA FOR COLUMN (1% MINIMUM REINF.)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB)
BEAM WALL COLUMN
CH| H | Bb | MAX, PROV. Mb Bw | MAX. PROV. Mw | Bc | MAX. PROV. Mc
# [(IN.)| (IN.)] Asb | Asb sPa. | (FT-K)| (IN.) | Asw Asb sPA. | (FT-K)|(IN.)| Asc Asb sPA. | (FT-K)
(INA2)| NO. DIA. | (IN.) (IN~2) | (INA2) | No. DIA. | (IN) (INA2) | (INA2) | NO.  DIA.| (IN)
16 200 2 # 9 [16.0] 108 66 | 11.55 | 7.62 6 # 10|11.6| 405 16 | 10.24 3.16 4 # 8 |12.0| 175
16 180 | 3 # 7 |80 98 66 | 11.55 | 9.00 9 # 9|73 474 16 | 10.24 | 4.00 4 # 9 |12.0]| 217
1B| 16 237 | 3 # 8 |80 127 66 | 11.55 | 7.62 6 # 10| 11.6| 405 16 | 10.24 | 6.32 8 # 8 |60| 318
16 | TIT381 | 3 # j0| 80| 198 | BB | 1155{ 1143 1 800 | 8 # 9| 6.0 380
16 400 | 4 # 9 53] 207 | 66 | 11.55 [ 1270 10 # 10| 6.4 [ 650 [ 1036 8 # 10| 60| 446 |
18 237 | 3 # 8 |80 148 66 | 13.40 | 6.32 3 ‘# B8] 83 396 5.08 4 # 10|14.0] 316
18 316 | 4 # 8 | 53| 195 66 | 1340 | 790 |10 # 8 | 6.4 490 6.24 4 # 11(14.0| 378
1C] 1 S B 40] 24 66 7.00 # 437 800 [ 8 # 9|70 464
18 G g o 4 8B 00 655 11016} 8 # 104 7.0} B57
18 1248 | 8 # 11| 7.0| 641
24 400 | 4 # 9 [20.0( 369
24 8.00 8 # 9 |10.0| 703
10| 24 | 0.16 10110.0] 869
24 12.00 6.7 | 1002
24 12.48 10.0] 1036




TABLE AGI -1C

Yl ELD LI NE EQUATI ONS OF CONCRETE WALL ON DI SCRETE FOUNDATI ONS

INPUT DATA

F (KIPS) = 200 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)

H{FT =700 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6"
Mb (FT-K) = 299 ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)

Mw (FT-K) = 555 ULTIMATE MOMENT CAPACITY OF WALL (LONGIT)

Mc (FT-K) = 316 ULTIMATE MOMENT CAPACITY OF WALL /COL AT FOUNDATION (VERT)

B (FT = 1.80 WIDTH OF FOUNDATION

U (FT) = LENGTH OF DISTRIBUTED IMPACT LOAD

Pc (KIPS) =45 POST/COLUMN CAPACITY = Mc/H

L (FD = VARIES FOUNDATION CENTERLINE SPACING

N (@ = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOAD[INTERIOR (B)+END (C)}+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMcL/H(ZNL-L1} + 4McB/H(2NL-L1) + Mc/H
ODD SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-1){N+1}MCcl/H(ZNL-Lt) + 4MCcB/H(2NL-Lt) + 0

L N | BEAM COLUMN LOAD (KIPS) BARRIER REACTION CHECK

FT)| #) LOAD | INTERIOR END MIDDLE | CAPACITY Pc > (A)/2 CAP.

(KIPS) (B) (€) (D] Rw (KIPS) (KIPS) CHK
(A] (KIPS)

18 1 444 0 10 0 455 45 < 222
18 2 206 0 5 45 256 45 < 103
18 3 134 63 3 0 200 45 < 67
18 - 99 47 . 2 45 193 45 < 50
18 5 79 111 2 0 492 45 > 39 Rw<F, N.G.
15 1 551 0 13 0 564 45 < 276
15 5 95 112 2 0 209 45 < 48
15 3 162 64 4 0 230 45 < 81
15 4 120 47 3 45 215 45 < 60
15 5 95 112 2 0 209 45 < 48
16 879083 L2 45 Qi 7 L s 39 - Rw>F, 0K
12 1 725 0 17 0 742 45 < 363
12 2 320 0 8 45 373 45 < 160
12 3 206 65 5 0 275 45 < 103
12 & 151 48 4 45 248 45 < 76
12 5 120 113 3 0 236 45 < 60
12 6 99 94 2 45 240 45 < 50

A2 Ty es 60 a2 =205 n246 b 46 e 42 Rw>F,OK

D-10



VNTSC Intrusion Barrier Study at Grade Alternate AG1: Shear Design

Shear Desian

Provide Shear Reinforcement as required in wall, top beam (upper 2'-0" portion of wall ),
column and foundation for all alternates, use ACI Seismic requirement and performance
specifications.

1) At Grade Alternate AG1 (Precast)

f 5 =6000psi f,, =60000 psi

A) Scenarios 1.2.6. 7 F=200kio Table AG1-1C ( Refer to Spreadsheets and Table 2-1)

1. TOP BEAM B -24ir H=18in d=H-35m d=145n
Vi =4S kip B =V
¢V, =085 VI oy f o Bd
n b
oV e =45.8+kip
min. shear reinf. A - 0B-s
ks F
0.4 1n 1 \
A, =(2:mn)(0.21n’ s -
v mas 5010t B
A,=04 sin® S max =204r
d d
S L S— —=4-m
max 4 4

use # @ 4" hoops

2. WALL B -75fi-2ft B=66m H=18m d=1451n

Vy =45kip same as beam use min.
0.4-in*f o
S 1= : S =T 2740
max 50.1b£B max
check deep beam requirement Iy =15in- 1.5n d=71n
1
M_2 255
d
0.0015(18m)(12n m2
Ay = "8V & VT 7 Av =0.16°
min 21 min fi
. 62-1n . B
Smax ~ o Smay =120

w |

use #4 @ 4 hoops



VNTSC Intrusion Barrier Study at Grade Alternate AG1:

Shear Design

3. COLUMN B =18 H =18in d =H-25in d=155+n
V 5 =45kip; Rely on only two legs out of four
] S AL r) T T U g
$V , =085-—(2)- /T -Bd $V . =37-kip
mn !
A% A%
s < V=9.7kip
0.85 )
0.4 m: f,-d
g =- ] s=38-n
v
e
= Pl I
check hoop requirement #4 @ % =4+
use #4 @ 4" hoops
4. PILE B =22in H -22in  d =H-25:in d=19.5+in
V 5 =45kip By inspection minimum
P 1o = Tt s
¢V, =085 (2)-/f ~Bd ¢V . =56-kip
mn ¥
use spirals. Spiral Design:
A £l
pg =045 B _"
= A, fy
AE H-B Ag=484 “in
A, (18.51n)-(18.5:1n) Ac=3<'1?.'in2
Pg =0.0187 p
——— e
Try #4 Spiral:
v sp E
Ps = =
V core
= pald
18 1n-4-0.2-1n" ee
ph‘ B 4‘_
342.25-in"-s
s =2.25in PITCH

use #4 spiral @ 2.25" pitch

lg———— P2 =l




Sample Design Calculations:

Barrier Type AG2 (At Grade Alternate 2)

Precast Concrete Wall wth Seel Pile Foundation



FOUNDATION EMBEDMENT DESIGN

ALTERNATE AG2

Kp = 3.00
J=014
V= VARIES
LF=1+JV
c= 150
q= 13.50
y= 110.00
¢=30

Mc= VARIES
H= VARIES

TANA2 (45+PHI/2)

DAMPING CONSTANT {sec/ft)

IMPACT VELOCITY (fps)

DYNAMIC LOAD FACTOR
COHESION STRENGTH (ksf)
SOIL STRENGTH (ksf)
AVERAGE EFECTIVE SOIL. UNIT WEIGHT (pcf)
ANGLE OF INTERNAL FRICTION (degrees)
ULTIMATE MOMENT CAPACITY OF COLUMN

DISTANCE FROM IMPACT FORCE TO TOP OF GRADE (BARRIER HT -6")

Pdynamic = Mc I H

Pstatic = P dynamic / L.F.

EQUATION FOR EMBEDMENT LENGTH IN COHESIVE SOILS:

LE=(P/qB)+SQRT[2(P/qB)*2+(4HP/qB)

EQUATION FOR THE EMBEDMENT LENGTH IN CCHRESIONLESS SOILS:

LE*3=2P(H+LE)I(UNIT WT)B(Kp}

ALT. Mc H P Impact | LF. P B EMBEDMENT LENGTH (FT)
# dyn. | Velocity static | WIDTH Cohesive Cohesionless
(FT-K) | (FT) |(KIPS)| (fps) (KIPS)| (FTy | REQD | PROV. | REQD [PROV.
AG2/1B| 252 | 7.50| 34 9 2.26| 15 0.83 7.89 10.7 ] 13.04]13.0] 16.3 ]
AG2/1B| 252 [7.50( 34 5 1.70| 20 0.83 9.43 124 | 14.72)14.7] 18.2
AG2/1C| 308 | 7.50 | 41 9 226| 18 1.00 7.98 10.8 [ 13.16 |13.2] 16.5
AG2/1C| 308 | 7.50| 41 5 1.70] 24 1.00 9.54 12.5 | 14.86 |14.9] 18.3
AG2/1C | 311 7.50 41 9 2.26 18 0.84 8.95 11.8 14.24 |14.3| 17.7
AG2/1C|[ 311 | 7.50| 41 5 1.70| 24 0.84 10.74 13.8 | 16.07 |16.1] 19.7
AG2/1D| 471 | 7.50| 63 9 226| 28 0.86 11.56 14.7 | 16.87 |16.9| 20.6
AG2/1D| 471 | 7.50 | B3 5 1.70| 37 0.86 13.99 17.4 |19.09 [19.1] 23.0
AG2/2B| 546 [ 7.50| 73 8 212 34 1.09 11.32 14.4 | 16.62|16.6| 20.3
AG2/2B| 546 | 7.50| 73 10 240 30 1.09 10.44 13.5 | 15.77|15.8] 19.3
AG2/2B| 546 | 7.50| 73 14 2.96 25 1.09 9.13 12.0 | 14.41|14.4| 17.8
AG2/2B| 542 | 7.50| 72 8 212 34 0.86 13.18 16.5 | 18.38 |18.4| 22.2
AG2/2B| 542 | 7.50| 72 10 240| 30 0.86 12.13 16.3 | 17.43|17.5] 21.2
AG2/2B| 542 | 7.50| 72 14 2.96| 24 0.86 10.57 13.6 | 15.92]16.0f 19.5
AG2/2C| 608 | 7.50 | 81 8 [212] 38 1:23 11.26 144 | 16.58 |16.6] 20.2
AG2/2C| 608 | 7.50 81 10 2.40 34 1.23 10.39 13.4 15.71 |15.7] 193
AG2/2C| 608 | 7.50 | 81 14 296| 27 1.23 9.08 12.0 | 14.37 |14.4] 17.8
AG2/2D| 438 | 7.50| 58 8 212| 28 1.02 10.27 13.3 [15.6D|15.6] 19.2
AG2/2D| 438 | 7.50| 58 10 240| 24 1.02 9.48 12.4 | 14.79 (148 18.3
AG2/2D| 438 [ 7.50| 58 14 2.96| 20 1.02 8.31 111 ]| 13.52[13.5] 16.9
AG2/3B| 808 | 7.50| 108 36 6.04 18 1.24 6.91 9.6 11.91 [11.9] 151
AG2/3C| 975 | 7.50| 130 36 6.04| 22 1.23 7.81 10.6 | 12.96 |[13.0| 16.3
AG2/3D| 1146 | 7.50 | 153 36 6.04 25 1.05 9.54 12.5 14.86 |[14.9| 18.3
AG2/4B | 3067 | 8.50 | 361 4 1.56| 231 1.37 39.60 45.6 35.58 |35.6| 41.1
AG2/4B | 3067 | 8.50 | 361 35 5.90 61 1.37 14.87 18.4 19.67 [19.7] 23.6
AG2/4C | 3621 | 8.50 | 426 4 1.56| 273 1.39 44.82 51.3 | 38.13[38.1] 43.9
AG2/4C | 3621 | 8.50 | 426 35 5.90 72 1.39 16.50 20.2 21.01 |21.0] 251
AG2/4D | 2258 | 8.50 | 266 4 1.56| 170 1.34 31.67 36.8 | 31.28 [31.3]| 36.4
AG2/4D | 2258 | 8.50 | 266 35 5.90 45 1.34 12.32 15.6 17.40 |17.4| 211




TABLE AG2 - 2A

ULTIMATE MOMENT CAPACITIES FOR PRECABT CONCRETE BARRIER WALL ON DISCRETE FOUNDATION

INPUT DATA DESCRIPTION
Fy (KSI) =60 YIELD STRENGTH OF REINFORCEMENT
Fy (KSI) = 50 YIELD STRENGTH OF STEEL COLUMNS
Fc(KSl) =6 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES { BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H-3.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-2.5 EFFECTIVE DEPTH FOR COLUMN
As(iN*2 = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
=0.011Bd FOR BEAM AND WALL (EACH FACE)
= 4% GROSS AREA FOR COLUMN (2% EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB)
BEAM WALL COLUMN
CH| H | Bb | MAX. PROV. Mb | Bw | MAX. PROV. Mw SHAPE Zx d Mc
# |(IN.)| (IN.)| Asb | Asb sPA.| (FT-K)| (IN.)| Asw [ Asb SPA. | (FT-K) | (HP or W) | (IN*3) | (IN) | (FT-K)
(INA2) [ (INA2)| NO. DIA. | (IN.) (IN*2) | (INA2)| NOo.  DIA.| (IN)

20 [ 24 | 554 [ 3.00[ 3 # 9 [80[ 213 [ 66 [ 1525] 900 [ 9 # 9 [ 7.3 | 636

20 | 24| 554 | 381 | 3 # 10180} 267 | 66 | 1525|1000 10 # o | 64 | 702 o 1nA0) B42
2B[ 20| 24 | 554 [ 468 | 3 # 11]80[ 323 1525 [ 1397 11 # 10[ 58 | 959 12.95

20| 24 | 554 [ 508 4 # 10 53| 349 1525 [ 14.04[ 9 # 11 ] 73] 963

20| 24 | 554 [ 624 4 # 11| 53] 420 1525 [ 1560 10 # 11 ] 6.4 | 1061

24 [ 24| 689 [300] 3 # 9 [80] 267 1894 [ 800 [ 8 # 9 [ 83 [ 712

24 | 24 | 6.89 3 # 335 1894 900 | 9 # 9 [ 73] 798
2c| 24| 24| 689 440 18.94 [ 10.00] 10 # o [ 6.4 | 832 | HP14x89 | 146 |[13.83 608

24 | 24 | 6.89 541 11894 11100 1 58] 968

24| 24 | 6.89 652 18.94 | 13.97 | 11 10| 58] 1210

24 | 24 | 6.89 162 643

24 | 24 | 6.89
2D[ 24 24 | 6.89 | 3.16
24 | 24 .
24 | 2516

2 212 | i 40 S e FL R LB
53| 280 66 | 18.94 | 948 | 12
53 [ 351 66 [ 18.94 | 10,00 | 10

7
53 | 838 | HP12X74 | 105 [12.13] 438

8
9 | 64 882
17 vzt

3t e g0 o] 9] 2




TABLE AG2 - 2B

YIELD LINE EQUATIONS OF CONCRETE WALL ON DISCRETE FOUNDATIONS

INPUT DATA

F (KIPS) =300 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)

H (FT) = 7.00 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6"
Mb (FT-K) = 267 ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)

Mw (FT-K) = 702 ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)

Mc (FT-K) = 542 ULTIMATE MOMENT CAPACITY OF WALL /COL. AT FOUNDATION (VERT.)

B (FT) =1.09 WIDTH OF FOUNDATION

Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD

Pc (KIPS) = 77 POST/COLUMN CAPACITY = Mc/H

L (FT) = VARIES FOUNDATION CENTERLINE SPACING

N (#) = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOAD[INTERIOR (B)+END (C)+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMcL/H(2NL-Lt) + 4McB/H(2NL-Lt) + Mc/H
ODD SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-1)(N+1)Mcl/H(2NL-Lt) + 4McB/H(2NL-Lt) + 0

L N | BEAM COLUMN LOAD (KIPS) BARRIER REACTION CHECK
(FT) | (#) | LOAD| INTERIOR END MIDDLE | CAPACITY Pc > (A)/2 CAP.
(KIPS) (B) (C) (D) Rw (KIPS) (KIPS) CHK
(A) (KIPS)
20 1 4486 0 10 0 456 77 < 223
20 | 2| 208 0 5 77 290 77 < 104
20 3 136 108 3 0 . 246 77 > 68 Rw<F, N.G.
16 1 578 N 13 0 591 T < 289
16 | 2 265 0 6 77 348 77 < 132 o)
16 3 172 109 4 0 284 7 < 86
16 | 4 127 81 3 77 288 T > 63 Rw<F, N.G.
15, 1 4 625 0 14 0 638 77 < 312
15 2 284 0 6 T 367 77 < 142
15, ] 3 184 109 4 0 297 77 < 92
15 4 136 81 3 77 G297 77 > 68 Rw<F, N.G.
14 1 679 0 15 0 694 77 < 339
14 2 306 0 7 T4 390 77 < 153
14 | 3 198 110 4 0 312 77 < 99
14 | 4 | 146 81 3 77 308 B I K TRw>F,0K |
10 | 1 | 1041 0 23 0 1064 77 < 521
10 2 4486 0 10 77 533 77 < 223
10 3 284 113 6 0 403 77 < 142
10 | 4 208 83 5 77 373 77 < 104
10 5 164 196 4 0 364 77 < 82
10 | 6 136 162 3 7 378 TT > . 88 | Rw>F,OK




VNTSC Inteusion Barrier Study al Grade Alternate AG2  Shear Design

Shear Design
Prowde Shear Reinforcement as required in wall, top beam ( upper 2'-0” porlion of wall ).
column and foundahon for ali allernales. use ACI Seismic requiremenl and performance

specifications

[} At Grade Alteinate AG2 FPrecast Wall Steel Colurnn and File)

P O | IR s Shear Design for Top Beam ard Wall Qaly

L

A)Scenarios 1,2 8.7 F =200 kip_Tahlzs AG21C

1. TOP BEAM B3 29m B oismd 1 35w d=1d3m

Vo Rk same as AG1

MG 4" boups Beam and Wall

—_——
2 COLLMN Pt W I OXEC
Vo, kg G Iy T RN
1 Y ! 123
Py P =2
L1 (1

Fpu gy, O Epu (Horne, Plastic Theory of Slucwures p79)
Fird oy = 30k

! Jt I ['I' IRVA R

U3 Fpu = 5ks
1P 0 S kpu
3. ENCASEMENT STEEL

Encasement steel (s provided 10 ensure ductiity ang prevent crushing of the concrete. The
steel memberis designed to resist the total load

18"X18" Encasement

IS an ) o IN

DULA =3 2a0"

(o

HE (Y )

ert:

#4 @ 8" Ties

<

D-17



VNTSC iIntrusion Barrier Study at Grade Alternaie AG2

1. TOP BEAM AND WALL
't 2im K N

same 43 AG1

@4 Hoops

2. COLUMN, PILE WI10X100
V“—"-"?-l\q\ o1 by WO
1 il IR [T
P \‘l ¢ [ S
LEENE

(3 Fpu =[5k

! 8 s tpd

3 ENCASEMENT STEEL

Encasement steel 1s provided to ensure ductlity and prevent ciusting of the concrete

steel member is designed to resist the total load

20"X20" Encasemen!

I C20 020 m

N

Shear Design

The



Sample Design Calculations:
Barrier Type AG3 (At Grade Alternate 3)

Precast Concrete Wall with Precast Concrete Foundation



FOUNDATION DESIGN - AG3

CHART | COLUMN | CAISSON | REQD | As STEEL ACTUAL | CENTER| ACTUAL
NUMBER SIZE DIAMETER Mc MIN | # OF BAR As SPACING Mc
(IN) (IN) BARS | SIZE
AG3 - 1B 24 30 235 7.07 10 # 9 10.00 6.91 460
AG3-1C 24 30 330 7.07 10 # 9 10.00 6.91 460
AG3-1D 36 40 299 (1257 14 # 9 14.00 7.18 940
AG3 - 1E 36 40 466 (1257 14 # 9 14.00 7.18 940
 AG3-2B 24 30 380 7.07 10 # 9 10.00 6.91 460
AG3 -2C 24 30 511 7.07 10 # 9 10.00 6.91 560
AG3-2D 36 40 653 [1257] 14 # 9 14.00 7.18 920
AG3 - 2E 36 40 533 |1257] 14 # 9 14.00 7.18 920
AG3 - 3B 30 36 1046 |10.18| 14 # 11 21.84 6.16 1180
AG3 - 3C 30 40 1243 |12.57| 16 # 10 20.32 6.23 1290
AG3-3D 36 40 1204 [12.57| 16 # 10 20.32 6.23 1290
AG3 - 3E 36 40 1429 |1257] 16 # 11 24.96 6.17 1540
AG3 - 4B 36 48 1878 |18.10] 18 # 11 28.08 6.88 2000
AG3 - 4C 36 48 1778 |18.10] 18 # 11 28.08 6.88 2000
AG3-4D 42 48 2120 [18.10) 20 # 11 31.20 6.20 2200
AG3 - 4E 42 48 2165 [18.10) 20 # 11 31.20 6.20 2200

D-2CG




FOUNDATION EMBEDMENT DESIGN

ALTERNATE AG3
Kp = 3.00 TAN"2 (45+PHI/2)
J=1014 DAMPING CONSTANT (sec/ft)
V= VARIES IMPACT VELOCITY (fps)
LF=1+JV DYNAMIC LOAD FACTOR
¢=1.50 COHESION STRENGTH (ksf)
q= 1350 SOIL STRENGTH (ksf)
y= 110.00 AVERAGE EFECTIVE SOIL UNIT WEIGHT (pcf)
$=30 ANGLE OF INTERNAL FRICTION (degrees)
Mc= VARIES ULTIMATE MOMENT CAPACITY OF COLUMN
H= VARIES DISTANCE FROM IMPACT FORCE TO TOP OF GRADE (BARRIER HT -6")
Pdynamic = Mc/H Pstatic = P dynamic / L.F.
EQUATION FOR EMBEDMENT LENGTH IN COHESIVE SOILS: LE=(P/qB)+SQRT[2(P/qB)*2+(4HP/gB)}
EQUATION FOR THE EMBEDMENT LENGTH IN COHESIONLESS SOILS: LEA3=2P(H+LE)/(UNIT WT)B(Kp)
ALT. Mc H P Impact | L.F. P B EMBEDMENT LENGTH (FT)
# dyn. | Velocity static | WIDTH Cohesive Cohesionless
(FT-K)| (FT) |[(KIPS)| (fps) (KIPS)| (FT) | REQ'D [ PROV.| REQ'D [PROV.
AG3/1MB | 235 | 7.50] 31 9 226 14 2.50 3.97 6.4 8.06 (81| 10.9
AG3/1B| 235 | 7.50| 31 5 1.70) 18 2.50 4.67 7.1 9.03 | 8.0] 11.9
AG3/1C| 330 | 750 | 44 9 226| 19 2.50 4.82 7.3 9.26 | 83| 12.2
AG3/1C| 330 | 7.50| 44 5 1.70| 26 2.50 5.68 8.3 10.39 {104 13.4
AG3/1D| 299 | 7.50| 40 8 226| 18 3.33 3.87 6.3 791 | 79| 107
AG3/1D| 299 |7.50( 40 5 1.70| 23 3.33 4.55 7.0 888 189] 11.8
AG3ME | 466 [ 750 62 9 226| 27 3.33 4.98 7.5 947 | 95| 124
AG3ME | 466 | 750 62 5 1.70| 37 3.33 5.88 85 |10.66[10.7| 13.7
AG32B | 380 | 7.50 ]|« 51 8 212 24 2.50 542 8.0 |10.07 {10.1] 13.1
AG3/2B | 380 | 7.50| 51 10 240 21 2.50 5.05 7.6 9.57 | 96| 125
AG3/2B | 380 | 7.50| 51 14 296 17 2.50 447 6.9 8.78 (88| 11.7
AG3/2C| 511 | 750 68 8 212 32 2.50 6.48 941 11.38 [11.4| 14.5
AG3RC| 511 | 7.50| 68 10 240! 28 2.50 6.00 8.6 |10.80/10.8] 13.9
AG32C| 511 | 750 68 14 296| 23 2.50 5.31 7.8 9.90 | 89| 129
AG3/2D| 653 | 7.50| 87 8 212 41 3.33 6.31 8.9 1118 {11.2] 14.3
AG372D| 653 [ 7.50| 87 10 240] 36 3.33 5.86 8.4 |10.61[106] 13.7
AG3/R2D| 653 | 7.50| 87 14 296| 29 3.33 5.18 7.7 9.73 | 9.7 127
AG3/2E | 533 | 750 71 8 212 34 3.33 5.59 8.2 10.28 {10.3] 13.3
AG3/2E | 533 [7.50| 71 10 240| 30 3.33 5.20 i 8.77 | 9.8 ] 127
AG3/2E | 533 [750] 71 14 296 24 3.33 4.61 7.1 8.97 [ 9.0 11.8
AG3/3B | 1046 | 7,50 | 139 36 6.04 23 3.00 4.78 7.3 9.20 | 9.2} 121
AG3/3C | 1243 | 7.50 | 166 36 6.04| 27 3.33 4.98 7.5 9.47 | 95| 124
AG3/3D | 1204 | 7.50 | 161 36 6.04 27 3.33 4.88 7.4 935 |94 ) 123
AG3/3E | 1429 | 7.50 | 191 36 6.04( 32 3:33 5.40 7.9 ]10.0210.0/ 13.0
AG3/4B | 1878 | 8.50 | 221 4 1.56| 142 4.00 12.77 16.0 |17.80|17.8] 21.6
AG3/4B | 1878 | 8.50 | 221 35 590| 37 4.00 5.65 8.2 |10.20{10.2 13.2
AG3/4C | 1778 | 8.50 | 209 < 1.56 | 134 4.00 12.32 15.6 17.39 [17.4| 211
AG3/4C | 1778 | 8.50 | 209 35 580] 35 4.00 547 8.0 9.98 110.0] 13.0
AG3/4D | 2120 | 8.50 | 249 4 1.56| 160 4.00 13.83 17.2 | 18.77 [18.8] 22.6
AG3/4D | 2120 | 8.50 | 249 35 580| 42 4.00 6.06 87 |10.71|10.7| 13.8
AG3/4E | 2165 | 8.50 | 255 4 156 163 4.00 14.03 17.4 | 18.95|18.0] 22.8
AG3/4E | 2165 | 8.50 | 255 35 590 | 43 4.00 6.13 8.7 10.81 |10.8| 13.9




TABLE AG3 - 3A

ULTIMATE MOMENT CAPACITIES FOR C.I.P. CONCRETE BARRIER WALL ON DISCRETE FOUNDATION

INPUT DATA DESCRIPTION
Fy (KSI) = 60 YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =4 CONCRETE COMPRESSIVE STRENGTH
H(IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIFS BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H45 EFFECTIVE DEPTH FOR BEAM & WALL
= H-3.5 EFFECTIVE DEPTH FOR COLUMN
As( 1 N2 = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
=0.011Bd FOR BEAM AND WALL (EACH FACE)
= 4% GROSS AREA FOR COLUMN (2% EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAMMWALL/COLUMN .
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB)
BEAM WALL COLUMN
CH| H | Bb | MAX. PROV. Mb | Bw | MAX, PROV. Mw | Be | MAX. PROV. Mc
# [ON)[ (IN.)| Asb | Asb sPA. | (FT-K)| (IN.)| Asw [ Asb sPa. | (FT-K)|(IN.)| Asc | Asb sPA. | (FT-K)
(INA2) | (INA2)| NO. DIA. | (IN.) (INA2) | (INA2)| No. DIA. | (IN.) (INA2) | (INA2) [ NO.  DIA| (IN)
8] 24| 620 | 468 | 3 # 11|80 459 | 66 | 17.06 [1404] 9 # 11| 73| 1366 | 30 [ 168 | 8.89 876 |
28| 24 6.20 500 5 # 9|40/ 487 66 | 17.06 | 15.00| 15 # 9 | 4.1 [ 1451 | 30 16.8 | 10.16 , 984
3Bl 28 24 | 620 | 508 4 # 10|53 495 | 66 | 17.06 [ 15.24| 12 # 10| 53 | 1472 301 168 [ 1062 A1] 371 1046
28| 24 620 | 624 4 # 11| 53| 595 66 | 1706 | 1404 9 # 11| 7.3 | 1366 | 30 16.8 1248 | 8 # 11| 31| 1170
28 | 24| 620 | 635] 5 # 10{40] 605 | 66 {1706 | 1560 10 # 11| 64} 1503 | 30 | 16.8 | 14.04 9 # 11| 28| 1287
351 24| 726 | 474 6 # 6 |32] 549 | 66 | 1997 [ 1270[ 10 # 10| 64 [ 1475| 30| 192 | 762 | 6 # 10[(44] 900
35| 24| 726 | 500| 5 # 9 |40] 577 | 66 | 19.97 | 1404] 9 # 11]|73]1619 | 30| 192 | 780 | 5 # 11/55 920
ac| 32| 24| 726 | 6241 4 11531 708 | 66 | 1997 | 1500 15 # 9| 41| 1721 | 30| 192 | 936 | 6 # 11|44 | 1084
32| 24| 726 | 635]| 5 # 10|40] 719 | 66 | 19.97 | 15.24[ 12 # 10| 53 | 1746 } 301 192 | 10.921 "7 # 11|37 71243
32| 24 7.26 762 6 # 10| 32| 847 |66 1 1997 | 156010 # 11 ‘B4 1 1784 | 30 19.2 1248 | 8 # 11| 31| 1394
28 | 24 620 | 468 3 # 11| 80| 459 66 | 17.06 | 1404 9 # 11] 73| 1366 | 36 | 20.16 | 624 4 # 11| 93| 645
8| 24 | 620 | 500| 5 # 9 |40 487 | 66 | 17.06 [1500] 15 # 9 | 41] 1451 [ 36| 2016 | 889 | 7 # 10| 47| 893
3D| 28| 24 6.20 508| 4 # 10| 53| 495 66 | 17.06 | 1524| 12 # 10| 53| 1472 | 36| 2016 | 10.16 | 8 # 10| 40| 1006 |
28 | 24 620 | 624 4 # 11| 53| 595 66 | 17.06 | 1404| 9 # 11| 73| 1366 | 36| 2016 | 1092 | 7 # 11| 47| 1072 |
8 24 620 | 6351 5 F 101 40] 605 | 66 | 17.06 | 15.60| 10 # 11| 64| 1503 ] 86 20116} 12481 8 # 11 401 1204
32| 24 7.26 300l 3 # 9 ]|80| 35 66 1997 | 1404 9 # 11| 7.3 | 1619 | 36 | 23.04 7.62 6 # 10| 56| 913
32| 24 7.26 316 | 4 # B8 | 53| 375 66 | 1997 | 1500 15 # 9 | 41| 1721 | 36 | 23.04 | 7.80 5 # 11]|70] 933
3| 3224 | T2 {381 3 # 10{8B0] 447 | 66 1997 11624 12 # 10| 63 {1 1746| 36 | 23.04 9.36 6 # 11|56 1104
32| 24 1.26 385| 5 # B | 40| 463 66 | 1997 | 1560 10 # 11| 64 | 1784 | 36 | 23.04 | 1092 | 7 # 11[4.7] 1269
35| 24 | 726 | 400 | 4 # 9 | 53| 469 | 66 | 19.97 | 18.72| 12 # 11 [ 53] 2106 | 36 { 2304 | 12481 8 # 11[{ 40} 1429




TABLE AG3 - 3B

YIELD LINE EQUATIONS OF CONCRETE WALL ON DISCRETE FOUNDATIONS

INPUT DATA
F (KIPS) = 600 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY, Rw)
H (FT) = 7.00 'DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6"
Mb (FT-K) = 605 ULTIMATE MOMENT CAPACITY OF BEAMAT TOP OF WALL (LONGIT.)
Mw (FT-K) = 1503 |ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K) = 1046 ULTIMATE MOMENT CAPACITY OF WALL /COL. AT FOUNDATION (VERT.)
B (FT) = 3.00 WIDTH OF FOUNDATION
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
Pc (KIPS) = 149 |POST/COLUMN CAPACITY = Mc/H
L(FT) = VARIES FOUNDATION CENTERLINE SPACING
N (#) = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOAD[INTERIOR (B)+END (C)+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMcl/H(2NL-Lt) + 4McB/H(@NL-Lt) + Mc/H
ODD SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-1)(N+1)McL/H(2NL-Lt) + 4McB/H(2NL-Lt) + 0

L | N | BEAM COLUMN LOAD (KIPS) BARRIER | REACTION CHECK
(FT)| (#) | LOAD| INTERIOR | END | MIDDLE | CAPACITY Pc > (A)/2 CAP.
(KIPS) (B) (C) (D) Rw (KIPS) (KIPS) CHK
(A) (KIPS)

25 | 1 752 40 0 792 149 < 376

25 | 2 356 19 149 525 149 < 178

25 ] 3 233 12 0 e L 149 > 117 Rw<F, N.G.

20 | 1 967 51 0 1018 149 < 483

20 | 2 | 451 24 149 625 149 < 226

20 | 3| 294 16 0 8 149 > 147 Rw<F, N.G.

15 | 1] 1854 72 0 1425 149 < 677

15 | 2 ] 615 33 149 797 149 < 308

i5 | 3 398 21 0 630 149 < 199

16 | 4 | 294 A8 149 816 7 A 7 1A7 ) RWSFOK.
[ 12 | 1 | 1781 94 1875 149 < 891

12 | 2 787 42 978 149 < 393

12 | 3 505 27 746 149 < 253

12 | 4 372 20 699 149 <

12 1 5| 294 o iy LV G B > RW2F,0K

10 | 1 | 2256 120 2376 149 <

o2 967 51 1168 149 <

101 3] 615 33 865 149 <

10 | 4 | 451 24 784 149 2

10 [ 5| 356 19 753 149 <

102106 2204 . g e4ge [ g L4900 > RW>F,0K




VNTSC Intrusion Barrier Study at Grade Alternate AG3' Shear Design

Shear Design

Provide Shear Reinforcement as required 1n wall, top beam ( upper 2'-0" portion of wall ),
column and foundation for all alternates, use ACI Ssismic requirement and performance

specifications.

) At Grade Alternate AG3

f o =400 ps1 t - 60000 psi

A) Scenarios 1.2. 6,7 F =200 kip Table AG3-1C (Refer to Spreadsheets and Tabie 2-1)

1 TOP BEAM 13 24 H -20m 4 -H 45 J=14539n
Vi *7kp (Beam and Wall)
v, 08502y i B
in y
QVC =40+kp
e G d
By Inspecton min #4 @ - = 31875+ —=Jn
4 4

use #4 @ 4" hoops

2. WALL same use #4 @ 4" hoops

3, COLUMN R -2dm H 20w 2 I 35m d=1u3"n
LV 77 Lraem d -
T Hi }\‘]1 2 =4 | »mn

use ¥4 @ 4° hoops

4. CAISSON & o Ag 77686 't

A'J

Voo equwvatentRect Col. B =. © B =295 1 =24an
¢ N

B S ) . 2 .-
D=6 3Tm-03m i ) 2130 B =14333n
H - % Dy

dc - . d‘=f‘-b‘f‘ m

doob o dy d=1917"n

Y [ERY -“’I.'M 1“ Rd sV =00 7 -Kap min

¢ <t ¢ Ve k :



VNTSC Intrusion Barrier Study at Grade Alternate AG3:  Shear Design

SPIRAL DESIGN

A f
P, 045 (—E_ 1} 2
A f,
= -2
AE-HR AF 706 86 -n
SENtE _ 4cm 2
Ac = Au—45...4 ‘mn
q
PS -0 0169 30~ —
Try #4 Spiral:
4 A (H-dg
s H* 1

p - (H-05mn)402 0’

§ T
Homn™ s

s ~20m PITCH
24,/_J le—

—
use #4 spira) @ 2.0" pitch 3 3"

B) Scenarnos 4,913 F = 1100 kip Table AG3 4B (Referto Spreadsheets and Table 2-1)

1 TOP BEAM B -24m Il -40in d=H-435m d=335"wm
Vi, "2 kp V bein 833V, Viseom = 18 ~p
=(V&7T-V
Vigall “007TVy, Viaain 187 kap
23 Ibf Py 1 — Lt
oV, =08 ——(2) 1, .Bd ¢V . =ukip
m :
min. —q =8.88-w

4

D-25



VNTSC Intrusion Barrier Study at Grade Alternate AG3"  Shear Design

2. WALL ViV Vv, =157 kp
B =78um H=30-1n d =35.5+in
Odin’f, .
—_— =024

50-1bf B
v, =085 %y ¢ ny $V . =298k
¢ c - .)--—m—(.__ Jet v LA n

use ¥4 @ 6" hoops

3. COLUMN B -3%m H=40m d=H-33m j =363

V., “235kp
W, =088 2y ¢ B V=141 ki

in i
Ve zlibkp

040" f, d

#4 s - s =794n

Ve

E =91253m use B
El
use ¥ @ 4" hoops

4. CAISSON b 48

Spiral Design A, = 1509 n

51
A, =R A= 125707
4
‘A £y
Py =045 | B8 TN
A, I
L AAs -y
8T o5
s H”
5 _(H-05m)402w’
P

Hin’s
s =20in PITCH

use #4 spiral @ 2.0" pitch

D-26



Sample Desipn Calculations,
Barrier Type AG4 (At Grade Alternate 4)

Structural Sed Post and Rail with Sedl Pile Foundation




FOUNDATION EMBEDMENT DESIGN

ALTERNATE AG4

=
LF=

Kp = 3.00
J=0.14
VARIES
1+JV
c=1.50
q=13.50
y= 110.00
¢=130
Mc= VARIES
H= VARIES

|TAN"2 (45+PHI/2)

DAMPING CONSTANT (sedft)
IMPACT VELOCITY (fps)
DYNAMIC LOAD FACTOR
COHESION STRENGTH (ksf)
SOIL STRENGTH (ksf)
AVERAGE EFECTIVE SOIL UNIT WEIGHT {pcf)

ANGLE OF INTERNAL FRICTION (degrees)

ULTIMATE MOMENT CAPACITY OF COLUMN

DISTANCE FROM IMPACT FORCE TO TOP OF GRADE (BARRIER HT -6%)

Pdynamic = Mc/H

Pstatic =

P dynamic/ L.F.

EQUATION FOR EMBEDMENT LENGTH IN COHESIVE SOILS:

LE=(P/qB)+SQRT[2(P/qB)"2+(4HP/qB)] |

EQUATION FOR THE EMBEDMENT LENGTH IN COHESIONLESS SOILS:

LE*3=2P(H+LE)/(UNIT WT)B(Kp)

ALT. Mc H P Impact | L.F. P B EMBEDMENT LENGTH (FT)
i dyn. | Velocity static | WIDTH Cohesive Cohesionless
(FT-K)| (FT) [(KIPS)| (fps) (KIPS)| (FT) | REQ'D | PROV. REQ'D [PROV.
AG4/1A| 221 [7.50] 29 9 226| 13 1.00 6.52 9.2 11.45 [11.5] 14.6
AG4/1A | 221 | 7.50 29 ] 1.70 17 1.00 7.78 10.56 [ 12.89(12.9| 16.2
AG4/1B| 395 | 7.50| 53 9 226| 23 1.17 8.46 11.3 | 13.69 |13.7] 171
AG4/1B| 395 | 7.50| 53 5 1.70( 31 1.17 10.14 13.2 | 15.47 |15.5] 19.0
AG4/1C| 670 [7.50| 89 9 2.26| 40 1.50 10.09 13.1 [ 15.41 [15.4] 18.9
AG4/1C| 670 | 7.50| 89 5 1.70| 53 1.50 12.15 15.4 [17.42 (17.4] 21.2
AG4/1D| 464 [ 7.50| 62 9 226| 27 1.33 8.61 11.5 | 13.86 [13.9] 17.2
AG4/1D| 464 | 7.50| 62 5 1,70 36 1.33 10.32 13.3 | 15.66 [15.7| 19.2
AG4/2A | 395 | 7.50| 53 8 212| 25 1.17 8.81 11.7 | 14.07 [14.1| 17.5
AG4/2A | 395 | 7.50| 53 10 240 22 127 8.15 11.0 | 13.36 |13.4| 16.7
AG4/2A | 395 | 7.50 53 14 2.96 18 14 7.17 9.9 12.21 |12.2] 154
AG4/2B| 464 | 7.50| 62 8 212 29 1.33 8.96 11.9 14.25 [14.3] 17.7
AG4/2B| 484 [7.50| 62 10 240| 26 1.33 8.29 111 [ 13.50 [13.5] 16.9
AG4/2B | 464 | 7.50| 62 14 296 21 1.33 7.29 10.0 [ 12.37 [12.4] 15.6
AG4/2C| 819 | 7.50| 109 8 242)] 52 1.50 11.99 15.2 [ 17.28 [17.3] 21.0
AG4/2C| 819 | 7.50| 109 10 240| 46 1.50 11.05 14.2 | 16.38 |16.4| 20.0
AG4/2C| 819 | 7.50( 109 14 296( 37 1.50 9.65 12.6 | 14,97 |15.0/ 18.5
AG4/3A | 694 | 850 | 82 36 6.04| 14 1:33 5.91 8.5 10.55 [10.6] 13.6
AG4/3B| 897 | 7.50( 120 36 6.04) 20 1.67 6.17 8.8 11.00 [11.0] 14.1
AG4/3C | 1472 | 7.50 | 196 36 6.04 32 1.83 7.86 10.6 13.01 |[13.0] 16.3
AG4/4A | 1349 | 8.50 | 159 4 1.56 [ 102 1.67 18.47 22.3 | 2258 226| 26.8
AG4/4A | 1349 [ B.50| 159 35 5080) 27 1.67 7.79 10.6 [ 12.77 [12.8] 16.0
AG4/4B | 1898 | 8.50 | 223 4 1.56| 143 2.00 20.68 24.7 | 24.21 |124.2| 28.6
AG4/4B | 1898 | 8.50 | 223 35 5.90 38 2.00 8.58 11.4 | 13.65|13.7| 17.0
AG4/4C | 1671 | 8.50 | 197 4 1.56| 126 2.33 16.96 20.7 [21.39(21.4| 255
AG4/4C | 1671 | 8.50 ( 197 35 590| 33 2.33 7.24 10.0 | 12.15[12.2] 15.4
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TABLE AG4 - 4B

YIELD LINE EQUATIONS OF STRUCTURAL STEEL BEAM AND POST

INPUT DATA DESCRIPTION
F (KIPS) = 1100 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY, Rw)
H (FT; = 8.00 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE ( BARRIER HT-6")
Mpb (FT-K) = 1898 PLASTIC MOMENT CAPACITY OF BEAM
Mpc (FT-K) = 1898 PLASTIC MOMENT CAPACITY
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
Pc (KIPS) = 237 POST/COLUMN CAPACITY = Mpc/H
L (FT = VARIES POST CENTERLINE SPACING 7
N (#) = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + POST LOAD (B)
Rw = 16(Mpb)/(2NL-Lt) + (Mpc/H)x(N-1*

Z EQUATIONS T= 1.22 Z= D*3/6[1-(1-2t/D)" 3
24 SCH 80 D= 24.00 Z= 632.77
L NT BEAM POST BARRIER REACTION CHECK FINAL CHK
(FT) #1| LOAD LOAD CAPACITY Pc >=  (A)/2
(KIPS) (KIPS) (KIPS) (KIPS) (KIPS)
(A) (B) (Rw)

14 1 1321 0 1321 237 < 660

14 2 596 237 833 237 < 298

14 3 384 475 859 237 > 192 |Rw<F, N.G.
14 4 284 . 712 996 237 = > 142

10 ] 2025 0 2025 237 < 1012

10 2 868 237 1105 237 < 434

10 3 552 475 1027 237 < 276

10 4 405 712 1117 237 > 202 |Rw>F, OK
10 5 320 949 1269 237 > 160

8 ] 2761 0 2761 237 < 1381

8 2 1125 237 1362 237 < 562

8 3 706 475 1181 237 < 353

8 4 515 712 1227 237 < 257

8 5 405 949 1354 237 > 202 |Rw>F, OK
8 6 334 1186 1520 237 > 167

5 ] 8075 0 6075 237 < 3037

5 2 2025 237 2262 237 < 1012

5 3 1215 475 1689 237 < 607

5 4 868 712 1580 237 < 434

5 5 675 949 1624 237 < 337

5 6 552 1186 1739 237 < 276

5 7 467 1424 1891 237 > 234 [Rw>F, OK
5 8 405 1661 2066 237 > 202




VNTSC Intrusion Barrier Study at Grade Alternate AG4

(V) AT GRADE ALTERNATE AG4

A)

8)

C)

D)

EL3)

F=200 kip Table AG4-1D

v, “oxip

MV |

F=300kip  Table AG4-2C
v, = 117kip

20V,
MV,
A

MV | =3 66Ks)

F=600 kip Table AG4-3C

Vv, =210kp

=357 ks

F=1100 kip Table AG4-48

Vi =237 kp

20V,

MV, =—

A
MV, =54-ksi
F=2540 kip
Vi, =43kp

20V
MV = u

u

A

MV =7 4ks

Table EL3-4B

(Structural Steel)

16" dia. X 0 656

MV 205 Fpu

[0S ks1

18" dis. X 0.937

oK

22" dia X 1.125

OK

24" dia. X 1.218

OK

367 dia. X 1.125

OK

D-30

Shear Design
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Sample Design Calculations:
Barrier Type AGS (At Grade Alternate 5)

Cast In Place Concrete Retaining Wall Barrier

D-31



VNTSC Intrusion Barrier Study.

8)
4
.
267 1
u =206.57 L'LLL!
cos(a) =0 &9
L - L8
cos( )
(flat soil)

4.33

Qs 10 pst

Pa o

D-32

Retaining Wall Design

‘ ‘ Angle from soil
above wall

SURCHARGE = 100 psf

1 - 120 psf

Ka -0u




VNTSC Intrusion Barrier Study:  Retaining Wall Design

<
H - H
cos{ a)
Po- L kay (i
P 5 ot
e 2
- 2 P! Kay H—-I
- =3 g B! 2 cos{ a)
Poocos(u) P
Horizontal Component of P' = P P = sloped soil

P = flat
soil

H P =2898.07 bl

I =cos{u) ] (Kawy)

2 cosl )
[ E‘::’ _H - cos(a)
= os(a)
p - Pa P ~ 2898.07 -lof
cos{a)

Or simply adjust the constant Ka, the new multiplying constant

K2 -2 Ka' =034
cos(a)
Ka 7»H2 .
P = P =2898 07 -ibf P with flat soil would be 2592 ibs.
SURCHARGE
Ps - Qs [T Ko () 11) Ps =402 31 -1bf

D-33



VNTSC Intrusion Barrier Study: Retaining Wall Design
Check on Footing Length:

Wx = ((Hy) + (Qs 1-ft))
Wx =1540-psf-ft
M =P (4:ft) + Ps(6-11)

M = 14007 33 -Ibf*ft
2:M
| Wx

X

X =427+t OK

OVERTURNING

Fh=3301 +Ibf

M = 14004 Ibf (1

'
1
RIGHTING 9 %
LOADS | '

W1 =(130-peh)-(( ) (1.5-ft)-(1-ft) W1 = 1B0O -Ibf
W2 = (150-peh)-(1-ft)-(11-ft) (1-A) W2 = 1650 -Ibt
W3 =y (4.33-f1)-(11-ft) = (4.33-11)-Qs:(1-1t) W3 =6148.6 +Ibf
W4 =4(2.5-11)(2.67-1) W4 =801 -Ibt
Vi = W1 + W2 + W3 + W4 Vt = 10399.6 -1bf




VNTSC Intrusion Barrier Study:

MOMENTS
MI - W4 §)
M2 = W2(3 17 1)
M3 = W3(5 8410
M4 W41 3R

MU =M o M2 - M3 - M4

Retaining Wall Design

M1 = 7200 1b)- 1t

M2 =3230.51bFN

M3

Il

I39CT S2-Ih L

M4 =073 5341 11

Mt =49411.66-1bi' 0

F.O.S. for Overturning: 2.0

rog M
N
FOS =353 35370 OK

F.O.S. for Sliding: 1.5

o tan( 32-dey)

p=0.62 use p -006
Vi
FOS = ‘¥ FOS =1 89 1891 S
Ih
FOOTING SOIL PRESSURES
AN M- M x=34"N
Vi
g < 17 BN ¢ =0.6-0 from the centerhne
M =Vre M 61V 74 -1bffl
_ \Y .
Qmax = MANN Qmax = 1880 33 -pst
A N
Qmun - vioM Qmun =719 57 -psf
A N

D-35

OK

A

Lt

(112
GO



VNTSC Intrusion Barrier Study:

Design of Stem

io= R
2

H2 =Ka*Qshit 5,1l )
Hs =H) <112
Moments:
Mu “H1 (330 - H2 (5.25-11)

Mu =16 35+kip {i

b 12in d I2mi 2m "in
Ihi 1 16
Mu | 12000, 2P
Xu h kl]l It
b.d”

Ku = {70 44 psi

As it bd

1
As=042n~

003 (du) 1

(bt

(=
]
(894
a
iv7]
=

.]‘C

v

!d(l.il) =27 9t -1t

28.01n
2'-6" beyond cutoff

Moment 2'-6"
above base of stem

= 8 ft. from surface

D-36

=Y 6240 r

Retaining Wall Design

b G35R

T —3772.02 <bf

H2 =398.73 -Ibt

37075 0S

HUOOG-pse . = 1000 psi
S

db in

8

P (1 O036G

w12 (sol face)



VNTSC Intrusion Barrier Study:  Retaining Wall Design

CUTOFF
9. *Kap (&I g, =32201
1
RN ~Ra Qs () qy =33 Sd-EI
il
Q. (81
Hia = Q) Hla — 2189.65 )bt
122 - g (801 7) H29 =456.18-1bf
g §
Mu =Hla = fl] + H2a Ig fi
3 2

Mu =7 66 -kip-{i

NbEin

Mu ! 12000 | 1! ”_1 '

KU, =t LRipf) | ST
I , {
b-d”

Ku | =82 73 psi
As =pbd
As =0.18m° ¥5@12

(100% lapped on # 6's)



VNTSC Intrusion Barrier Study.  Retaining Wall Design

DEVELOPEMENT LENGTH - - STEM REINF INTC #OOTING

required lg=21 85
. . 6 s
allowable Ly ={18m)-(3in)- '~ mn+=mn I4=1363n
8 g
13¢5 2135
Cover = 13.63" Therefore use standard hooks
I/ 4 ]_b-[' 6 .
[1200-——| | = 1n]|
Lhp - — B N8
\;rc
Lhb =14.23+in
0 -l}]-mi
Lah -Lhb 07 ' = :
L0 420 1n°.
Ldh =9 & n 9R<I16 OK
Shear in Stem
Vu -H) - H2
Vu=4370 75 -Ibf
(et :
$Ve = (0.85 'Lbf! 2 f b
mn | !
$Ve=12.42-kp 12.42 Kip 15 less than 4.4 kip OK
Temp and Shrinkage
("
Ash = 0002bh
2/
fie?
Ash =0 H._‘z Ea. Face HAa@ 12"
{
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VNTSC Intrusion Barrier Study:  Retaining Wall Design

Shear at Culoff Poinl

W

AC! regquires shear al cutoff paint to be tess than or equal to

There is no need to worry about Vu at cutoff point which will be less than Vu at base

Design of Hee!
WS =W3

| . AN
WS =486 bt

&= W6 (130 pshy (15 /) (433 Ry
| '
| W8 =974 25 Ibf
Wi - W5 - WG

Wi =7122 85 -1bl

Q max =Hla Q max = 2189 65 -lof

Q min ~H22 Q gy — 436 18-1bf

54% across (rom Qmin

Q =899 0-1bt
R-Q
Qpue T Q aye =677 39 1bf
Q gve (4.33:f) =2933.96 -Ibf-fi 2933.96<7123  OK

Temp and Shrinkage in Heel

0 UL;II_S'( 12mn)(18m) =0 194 -2 use 0.20 5@ 12"

2

Top and Bottom Longitudinal



VNTSC Intrusion Barrier Study:  Retaining Wall Design

Neglect upward soil pressure and use a load factor or 1.4 {or shear and moment since soil and
concrete make up the load

Shear =Wt (1.4)

Shear =9 97 -kip

¢Ve =1242%p 124210 OK
Moment
Muooor kg, ’ 1 Mu =906k 1t
i
1bf 1n
Mu ' 12000 ="
Ky - Kip-1t
bod”
Fouo= (N s Pst p 2
As -0 12 (0 ) As = 0,23 +in?
As g R I 120 As =0 260

#O@ 12 NOBENDS
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TABLE AGS5 - 3A

ULTIMATE MOMENT CAPACITIEB FOR CONCRETE BARRIER WALL

INPUT DATA DESCRIPTION
Fy (KSI) =860 YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =4 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIEE BEAM, WALL, AND COLUMN EFFECTIVEWIDTH
d (IN.) = H-4.5 EFFECTIVEDEPTH FOR BEAM & WALL
= H-3.5 EFFECTIVE DEPTH FOR COLUMN
As (IN*2) = VARIES REINF AREA: MAX. LIMIT IS FOR DUCTILITY
0.011Bd FOR BEAM AND WALL (EACH FACE), 0.0033Bd FOR COLUMN
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB
BEAM WALL COLUMN
H | Bb | MAX. PROV. Mb | Bw | MAX. PROV. Mw Bc | MAX. PROV. Mc
(IN.Y (IN.)| Asb | Asb SPA. [ (FT-K)| (IN.)| Asw | Asb sPA. | (FT-K) | (IN.)| Asc Asb SPA. | (FT-K)
(IN*2) | (IN*2)| NO. (IN.) (INA2) NO. DIA. (IN*2) | NO. (IN.)

Al18] 24 1 3.56 ] 356 : D 6.04 | 160 880 | 124 0. D580
B|18| 24 | 356 [ 180 | 3 # 7 | 80| 104 [ 108 | 16.04 | 484 [11 # 6 | 10.0| 285 12 | 058 | C44 |# 6 @ 12 28 |
C| 18| 24 | 356 | 1.80 | 3 # 7 | 80| 104 | 108 | 16.04 | 540 | 9 # 7 | 125 317 12 | 058 | 044 |# 6 @ 12 28 _|
D{18| 24 | 356 | 180 ( 3 # 7 | 80| 104 | 108 | 16,04 [ 660 (11 # 7 [10.0| 385 12 | 058 | 044 [# 6 @ 12 28
E[18] 24 | 356 | 180 | 3 # 7 | 80| 104 | 108 | 16.04 | 711 | 9 # 8 [125[ 413 12 | 058 | 044 |# 6 @ 12 28
Fl18| 24 | 356 | 237 | 3 # 8 | 80| 135 [ 108 | 16.04 | 484 [ 11 # 6 | 10.0) 285 12 | 058 | 044 |# 6 @ 12 28
G|l18| 24 | 356 | 237 | 3 # 8 | 80| 135 [ 108 | 16.04 [ 540 | 9 # 7 [125]| 317 12 | 058 | 044 |[# 6 @ 12 28 |
Hl18) 24 | 356 | 237 | 3 # B | 80| 135 | 108 | 16.04 | 660 |11 # 7 |10.0| 385 12 | 058 | 044 |# 6 @ 12 28 |
18] 24 | 356 | 237 [ 3 # 8 | 80| 135 | 108 | 16.04 | 711 | 9 # 8 |125| 413 12 | 058 | 044 |# 6 @ 12 28
J| 18] 24 | 356 | 300 | 3 # 9 | 80 167 [ 108 | 16.04 | 484 (11 # 6 |10.0) 285 12 | 058 | 044 |# 6 @ 12 28
Kl18| 24 | 356 | 300 | 3 # © | 80| 167 | 108 | 16.04 | 540 | 9 # 7 [125[ 317 12 | 058 | 044 (# 6 @ 12 28
Ll 18] 24 | 356 | 3.00 | 3 # 9 | 80| 167 | 108 | 16.04 [ 660 [ 11 # 7 [10.0] 385 12 | 058 | 044 |# 6 @ 12 28

18| 24 | 356 | 300 | 3 # 9 | 80 167 | 108 | 16.04 | 7.11 | 9 # 8 |125| 413 12 | 058 | 044 [# 6 @ 12 28




TABLE AG5 - 3B

YIELD LINE EQUATIONS OF CONCRETE WALL

INPUT DATA DESCRIPTION
F (KIPS) =1100  |MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (FT) = 1050 |DISTANCE FROM T/SLAB TO IMPACT FORCE (BARRIER HEIGHT - 6")
Mb (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K/) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (VERT)
We (K/FT) =McH  [WALL CAPACITY PER LINEAL FOOT OF WALL
EWc (KIPS) = VARIES |END WALL CAPACITY = Wc(Bc)
Bc (KIFT) = VARIES |WIDTH OF END WALL = (Lr - L)/2
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
L (FT) = VARIES |CRITICAL LENGTH OF WALL FAILURE
Lr (FT) = VARIES |TOTAL LENGTH OF WALL RESISTING IMPACT LOAD = Rw/Wc

CRITICAL LENGTH (L)

= L¥/2 + SQR [ (LV/2)* + 8H(Mb + Mw)/Mc ]
BARRIER CAPACITY (Rw) = BEAM LOAD (A) [TOP BEAM + HORIZ. WALL ] + VERT. WALL LOAD (B}

= [16(Mb+Mw)/(2L-Lt)] + 2McL2/H(2L-L1)
L

Mb Mw Mc BEAM | WALL | BARRIER | Lr | Bc | END CHECK SOIL
(FT-K) | (FT-K) | (FT-Kr) | (FT)| LOAD | LOAD | CAPACITY | (FT) | (FT)[ EWc > (Ay2 | Pr L & CAP,
(KIPS) | (KIPS) Rw (KIPS) (KIPS) | (KIPS)| BARRIER | CHK

(B) (KIPS CAPACITY

Af 186 et 364 | 1040 4348 | 712 {1 OK
Bl 104 105 196 735 (184 49 > 46 947 OK
cl 104 109 204 76.2 | 19.0| 51 > 47 982 OK
D 104 116 218 817 |204| 55 > 51 1053 OK
E|l 104 119 224 839 [21.0] 56 > 52 1081 OK
F 135 109 203 761 | 19.0] 51 > 47 981 OK
G| 135 : 112 210 787 |19.7]| 53 > 49 1015 OK
H| 135 385 28 | 420 105 | 119 225 840 |21.0| 56 > 53 1083 OK
i 135 413 28 | 43.1| 108 | 122 230 861 |215| 58 > 54 1111 OK
J 167 285 28 | 39.4| 98 112 211 78.8 | 19.7] 53 > 49 1016 1226 OK |
Kl 167 317 28 | 407 102 | 116 217 813 | 203] 54 > 51 1048 1266 OK |
L] 167 385 28  143.2] 108 | 123 231 86.5]216] 58 > 54 1115 1346 oK
M 167 413 28 144.31 111 125 237 88.5[21] 5 > 56 1141 1378 OK




VNTSC Intrusion Barrier Study at Grade Alternate AG5.  Shear Design

V) AT GRADE ALTERNATE AGS (Relaining Wall)
A) Scenarios 6,7 8,10, 11 F = 300 kip Table AG5-2B (Case C)

1. TOP BEAM B 2m H-12m 3 "H 135 d= 0 S

V., - i6kp

u OV Vipeam =R

Y beam

_.IIII -\ { - )
v, -08s ™2y o B BV . =19-kip
11 !
use ¥ @ 6" hoops max

B)YScenario8 F =1100kip Table AG5-3B (Case C)

1. TOP BEAM B =24 H - 1890 Jd 11 435 d=135m
Vi - 51kip V beam ¢ WV Vopeam = 1k
~oe AL .
d-VC {1,835 (2) Jf P 3d éVc = 35-kip

n

use # @ 6" hoops

D-43



Sample Design Calculations:
Barrier Type EL1 (Elevated Alternate 1)

Precast Concrete Wall



TABLE ELI - 1A

MOMENT CAPACITIES FOR PRECAST CONCRETE BARRIER WALL ON BRIDGE DECK

ULTIMATE
INPUT DATA DESCRIPTION
Fy (KS) = 60 YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =6 CONCRETE COMPRESSIVE STRENGTH
H (IN) = VARIES BEAM. WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H-3.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-2.5 EFFECTIVE DEPTH FOR COLUMN
As (IN*2) = VARIES REINF, AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.014Bd FOR BEAM AND WALL (EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F cB)
BEAM WALL COLUMN
H [ Bb | MAX. PROV, Mb | Bw | MAX. PROV. Mw | Bc | MAX. PROV. Mc
(IN.Y (IN.)| Asb [ Asb sPA. | (FT-K)| (IN.)| Asw [ Asb sPA. | (FT-K) | (IN.)| Asc | Asb sPA. | (FT-K)
(IN*2) | (INA2)| NO. _ DIA. | (IN) (IN*2) | (IN*2) | No.  DIA. | (N) (IN"2) | (IN*2)| Wo. | (N)

AT A28 |28 T T e e 0% | A2 160 801 . [ 63
Bl 12| 24 | 286 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 7.90 |10 # 8 | 71| 279 | 12 | 160 | 120 [# 7 @ 6 48
Cl12| 24 | 286 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 790 | 10 # 8 | 71| 279 | 12 | 160 | 119 |# 8 @ 8 | 48
D[ 12| 24 | 286 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 7.90 |10 # 8 | 7.1 | 279 | 12 | 160 | 1.20 |[# 9 @ 10 | 48
E[12| 24 | 286 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 790 |10 # 8 | 7.4 | 279 | 12 | 160 | 1.27 |[#10 @ 12 | 51
Fl12] 24 | 286 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 800 | 8 # O | 91| 282 | 12 | 160 | 1.20 [# 7 @ 6 48
G| 12| 24 | 2.86 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 800 | 8 # O | 91| 282 | 12 | 160 | 1.19 ¥ 8 @ 8 48
H[ 12| 24 | 286 | 240 | 4 # 7 | 53| 85 | 72 | 857 | 800 | 8 # 9 | 91| 282 | 12 | 160 | 120 |# 9 @ 10 | 48
1[12]| 24 | 286 | 240 | 4 # 7 | 53| 8 | 72 | 857 | 800 | 8 # 9 | 91 | 282 | 12 | 160 | 1.27 [#10 @ 12 | 51
J| 12| 24 | 286 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 7.90 |10 # 8 | 71| 279 | 12 | 160 | 1.20 |# 7 @ 6 | 48
K| 12| 24 | 286 | 237 | 3 # 8 | 8.0 | 84 | 72 | 857 | 7.90 | 10 # 8 | 71| 279 | 12 | 160 | 1.19 [# 8 @ 8 48 |
L|12]| 24 | 286 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 790 |10 # 8 | 7.1 | 279 | 12 | 160 | 1.20 [# 8 @ 10 | 48
M 12| 24 | 286 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 7.90 | 10 # 8 | 71 | 279 | 12 | 160 | 1.27 [#10 @ 12 | 51
N[12| 24 | 286 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 800 | 8 # O | 91| 282 | 12 | 160 | 120 [# 7 @ 6 43
O|12| 24 | 286 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 800 | 8 # O | 91| 282 | 12 | 160 | 119 |# 8 @ 8 | 48
Pl12] 24 | 286 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 800 | 8 # 9 | 91| 282 | 12 | 160 | 120 |[# 8 @ 10 | 48
Q12| 24 | 2.86 | 237 | 3 # 8 | 80| 84 | 72 | 857 | 800 | 8 # 9 | 91| 282 | 12 | 160 | 127 |[#10@ 12| 61




TABLE EL1 - 1B

YIELD LINE EQUATIONS OF CONCRETE WALL ON BRIDGE DECK

INPUT DATA DESCRIPTION
F (KIPS) = 300 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (FT) = 7.50 DISTANCE FROM T/SLAB TO IMPACT FORCE (BARRIER HEIGHT - &' |
Mb (FT-K) = VARIES [|ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K/") = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (VERT.)
We (K/FT) = Mc/H |WALL CAPACITY PER LINEAL FOOT OF WALL
EWc (KIPS) = VARIES |END WALL CAPACITY = Wc(Bc)
Bc (K/FT) = VARIES |WIDTH OF END WALL = (L7 - L)/2
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
L (FT) = VARIES |CRITICAL LENGTH OF WALL FAILURE
Lt (FT) = VARIES |TOTAL LENGTH OF WALL RESISTING IMPACT LOAD = Rw/Wc
CRITICAL LENGTH (L) =Lt/2 +SQR [ (L1/2)? + 8H(Mb + Mw)/Mc ]
BARRIER CAPACITY (Rw) = BEAM LOAD (A) [TOP BEAM + HORIZ. WALL ] + VERT. WALL LOAD (8)
= [16(Mb+Mw)/(2L-L1)] + 2McL?/H(2L-L1)
Mb Mw Mc L | BEAM | WALL BARRIER Lr Bc END CHECK !
(FT-K) (FT-K) | (FT-K/") | (FT) | LOAD | LOAD | CAPACITY | (FT) | (FT) EWc > (A)/2 | CAP.
(KIPS) | (KIPS) Rw (KIPS) (KIPS) | CHK |
(A) (B) __(KIPS)
A 100 301 63 222 163 210 372 445 [ 1. 93 > 81 oK
B 85 279 48" [ 240] 136 172 308 479 | 120 77 > 68 OK
C 85 279 48 241 | 135 170 306 482 | 12,0 76 > 68 oK
D 85 279 48 24.0| 136 172 308 479 [ 120 77 > 68 oK
B 85 279 51 23.4| 139 177 317 468 [ 11.7 79 >, D OK
F 85 282 48 24.1| 136 172 309 48.1 [ 120 77 > 68 OK
G 85 282 48 242 136 171 307 48.4 | 12.1 77 > 68 OK
H 85 282 48 241 | 136 172 309 48.1 1120 77 > 68 oK
| 85 282 51 23.5| 140 178 318 47.0 [ 1.8 80 > 70 OK
J 84 279 48 23.9] 136 172 307 479 | 120 77 > 68 oK
K 84 279 48 241 135 170 305 48. [12.0 76 > 67 oK
L 84 279 48 23.9| 134 172 307 479 1120 77 > 68 OK
M 84 279 51 234 139 177 316 468 1 11.7 79 > 70 OK
N 84 282 48 240 136 172 308 48.1 [ 120 77 > 68 oK
@) 84 282 48 242 136 171 306 48.3 [ 12 77 > 68 OK
P 84 282 48 2401 136 172 308 48.1 1120 77 > 68 oK
Q| 84 | 282 | 51 [235] 140 | 178 | 3is [ 470017 79 > 70 | OK]
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VNTSC Intrusion Barrier Study

1. Vertical Bars Outside Face
Provide 50% of verlical bars inside face for ductility

" . Inside | OQutside
Scenerio |F (kip Euca Bl
EL1 EL1
14| 300#7 @6"|#7T @ 12"
15| _600|#9 @ 6" [#9 @ 12"
16 1100|#10 @8"|#9 @ 12"
17, 18| 2540|#10 @S5"|#10 @ 10'
2. Shear Desian
Top Beam: B=24"
Scenario |F (kip| Table ELT
EL1 H (in) |D (in)|Vu (kip)| Vbeam (kip)|{® Vc (kip)| [Vu (kip)| Vs (kip){Smax (in)
14| 300|1A(B) 12 8.5 77 18 27|< 18 0 4
15| 600[|2A() 16| 12.5 160 32 40|< 32 0 6
16| 1100|3A(F) 24| 20.5 282 80 65|< 80| 18 min 6
17, 18| 2540[4A(C) 40| 36.5 641 111 115]> 111 0 6

Spacing lesser of dI2 or 6" for ductility



Sample Design Calculations:
Barrier Type EL2 (Elevated Alternate 2)

Cast In Place Concrete Wall



6F -

TABLEELZ2 - 2A

ULTIMATE MOMENT CAPACITIFS FOR C.I.P. CONCRETE BARRIER WALL ON BRIDGE DECK

INPUT DATA DESCRIPTION
Fy (KSi) =60 | YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =4 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H-4.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-3.5 EFFECTIVE DEPTH FOR COLUMN
As (IN*2) = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.011Bd FOR BEAM AND WALL (EACH FACE)
M (FT-K) = VARIES | ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB)
BEAM WALL COLUMN
H| Bb | MAX. PROV. Mb | Bw | MAX. PROV. Mw Bc | MAX. PROV. Mc
(IN.Y (IN.)| Asb | Asb sPA. | (FT-K)| (IN.)| Asw Asb sPa. | (FT-K) | (IN.)| Asc Asb sPa. | (FT-K)
(IN*2) | (IN*2)| NO. DIA. | (IN.) (IN*2) | (INA2) | NO. DIA. | (IN.) (INA2) | (IN*2) NO. (IN.)

APHM81 24 10356 1 3560 b 196 | 72 1110691 1069:]: S el E86 20 9 a9 v i M3
B| 18| 24 356 | 240 | 4 # 7 | 53 | 136 72 | 1069 [ 1027 [ 13 # 8 | 5.3 566 12 1.91 191 |#10 @ 8 112
Cl18| 24 356 | 240 | 4 # 7 | 53| 136 72 | 1069 | 1000 | 10 # 9 | 7.1 552 12 1.91 158 |# 8 @ 6 95
D| 18| 24 356 | 240 [ 4 # 7 [ 53] 136 | 72 | 1069 | 1000 [ 10 # 9 | 71 552 12 1.91 181 |# 10 @ 8 112
E[18]| 24 356 | 240 | 4 # 7 | 53| 136 72 | 1069 | 1016 | 8 # 10| 9.1 560 12 1.91 158 |# 8 @ 6 95
F| 18] 24 3.6 | 240 | 4 # 7 | 53| 136 72 | 1069 | 1016 | 8 # 10| 9.1 560 12 1.91 191 [#10@ 8 112
G| 18| 24 3.56 | 316 | 4 # 8 | 53| 175 72 | 1069 | 1027 | 13 # 8 | 5.3 566 12 1.91 158 |# 8 @ 6 95
H| 18| 24 356 | 316 | 4 # 8 | 53 | 175 72 | 1069 | 10.27 | 13 # 8 | 5.3 566 12 1.91 1891 [#10@ 8 112
| [18] 24 356 | 316 | 4 # B8 | 53 | 175 72 | 1069 | 1000 | 10 # 9 | 71 552 12 | 1.91 158 |# 8 @ 6 95
J| 18| 24 356 | 316 | 4 # 8 | 53 | 175 72 1 1069 | 1000 | 10 # 9 | 7.1 552 12 1.91 181 |#10@ 8 112
K| 18| 24 356 | 316 ]| 4 # 8 | 53| 175 72 | 1069 | 1016 | 8 # 10 | 9.1 560 12 | 1.91 158 |# 8 @ 6 95
L|18| 24 356 | 316 | 4 # 8 | 53| 175 72 1 1069 | 1016 | 8 # 10| 9.1 560 12 1.91 191 |[#10 @ 8 112
M 18| 24 356 | 300 | 3 # 9 | 8.0 | 167 72 | 1069 | 1027 | 13 # 8 | 5.3 566 12 1.91 1.58 [# 8 @ 6 95
N| 18| 24 356 | 300 | 3 # 9 | 80| 167 72 | 1069 | 10.27 | 13 # 8 | 53 566 12 1.91 191 |[#10 @ 8 112
O] 18| 24 356 | 300 (| 3 # 9 | 80| 167 | 72 | 1069 | 1000 | 10 # 9 | 7.1 552 12 | 1.91 158 |# 8 @ 6 95
P|18| 24 3.56 | 300 3 # 9 | 80| 167 72 | 1069 | 1000 [ 10 # 9 | 7.1 552 12 | 1.91 191 (#10@ 8 112
Q18| 24 35 | 300 3 # 9 | 80| 167 72 | 1069 | 1016 | 8 # 10| 9.1 560 12 | 1.91 158 |[# 8 @ 6 95
R| 18| 24 356 | 300 ) 3 # 9 | 80| 167 72 11069 ) 1016 | 8 # 10| 9.1 560 12 1.91 191 |[#10@ 8 112




TABLE EL2 - 2B

YIELD LINE

EQUATIONS OF CONCRETE WALL ON BRIDGE DECK

DESCRIPTION

INPUT DATA
F (KIPS) = 600
H (FT) = 7.50
Mb (FT-K) = VARIES
Mw (FT-K) = VARIES
Mc (FT-K/) = VARIES
We (K/FT) = Mc/H
EWc (KIPS) = VARIES
Bc (K/FT) = VARIES
Lt (FT) =5
L (FT) = VARIES
Lr (FT) = VARIES

MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
DISTANCE FROM T/SLAB TO IMPACT FORCE (BARRIER HEIGHT - 6")
ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)

ULTIMATE MOMENT CAPACITY CF WALL (LONGIT.)
ULTIMATE MOMENT CAPACITY OF WALL (VERT.)

WALL CAPACITY PER LINEAL FOOT OF WALL

END WALL CAPACITY = Wc(Bc)
WIDTH OF END WALL = (Lr-L)/2

LENGTH OF DISTRIBUTED IMPACT LOAD
CRITICAL LENGTH OF WALL FAILURE
TOTAL LENGTH OF WALL RESISTING IMPACT LOAD = Rw/Wc

CRITICAL LENGTH (L) = LU2 + SQR [ (LU2)? + 8H(Mb + Mw)/Mc ]
BARRIER CAPACITY (Rw) = BEAM LOAD (A) [TOP BEAM + HORIZ. WALL ] + VERT. WALL LOAD (B)
= [16(Mb+Mw)/(2L-L)] + 2McL/H(2L-Lt)

Mb Mw Mc L |BEAM [WALL [ BARRIER | Lr | Bc [ END CHECK
(FT-K) | (FT-K) | (FT-K/') | (FT)| LOAD | LOAD | CAPACITY | (FT) [(FT)| EWc > (A)2 | CAP.

(KIPS) | (KIPS) Rw (KIPS) (KIPS) | CHK |

(A) (B) (KIPS i

Al 586 | 113 j231[ 304 [ 388 | 692 P 4841118 473 >152 | OK
E 566 112 [22.0] 288 | 372 660 441 [110] 1656 > 144 | OK
C 552 95, |[235| 262 | 333 595 470 |11.8] 149 > 131 NG
D 552 112 [21.8] 285 | 389 654 437 [109] 164 > 142 | OK
E 560 95 [236] 264 [ 334 598 473 118 149 > 132 | NG
F 560 112 [22.0] 286 | 371 657 439 [11.0| 164 > 143 | OK
G 566 95 | 24.3] 272 | 342 614 486 |121| 154 > 136 | OK
H 566 112 | 226| 296 | 380 675 451 |11.3] 169 > 148 | OK
| 552 95 [241] 270 [ 340 610 482 [121] 152 > 135 | OK
J 552 112 [22.4] 293 [ 377 670 448 |[112| 168 > 146 | OK
K 560 95 |242]| 271 341 612 484 [121] 153 > 135 | OK
L 560 112 | 225] 295 [ 379 673 450 [11.2] 168 > 147 | OK
M 566 95 |242] 271 341 612 484 [121] 153 > 135 | OK
N 167 566 112|224 294 [ 378 672 449 [112] 168 > 147 | OK
o] 167 552 95 |24.0] 268 | 339 607 480 [120] 152 > 134 | OK
P 167 552 112 [ 223] 291 376 667 445 [111] 167 > 146 | OK
Ql 187 560 95 [241] 269 [ 340 610 482 [121] 152 > 135 | OK
RI 167 560 112 2241 293 | 377 670 448 [112]| 168 > 146 | OK




[s-a

TABLEEL2 - 1A

ULTIMATE MOMENT CAPACITIES FOR C.I.P. CONCRETE BARRIER WALL ON BRIDGE DECK

INPUT DATA DESCRIPTION
Fy (KSI) =60 YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =4 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) ‘= VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H-4.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-3.5 EFFECTIVE DEPTH FOR COLUMN
As (INA2) = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.011Bd FOR BEAM AND WALL (EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85FcB
BEAM WALL COLUMN

H [ Bb | MAX. PROV. Mb | Bw | MAX. PROV. Mw | Bc | MAX. PROV. Mc

(IN.y (IN.)| Asb [ Asb sPA. |(FT-K)| (IN.)| Asw [ Asb spa. | (FT-K) | (IN)| Asc [ Asb spa. | (FTK)
(INA2) | (INA2){ No. DIA. [ (IN) (IN~2) | (INA2) | NoO. DIA. | (IN) (INA2) | (IN~2) NO. (IN)

B[14] 24 | 251 | 240 | 4 # 7 | 53| 93 | 72| 752 | 711 | 9 # 8 | 80| 276 | 12| 139 | 120 |# 7 @ 52
Cl14| 24 | 251 [ 240 | 4 # 7 | 53| 93 | 72| 752 | 711 | 9 # 8 | 80| 276 | 12 | 139 | 119 |# 8 @ 51
D[ 14] 24 | 251 [ 240 | 4 # 7 | 53| 93 | 72| 752 | 711 | © # 8 | 8.0 | 276 | 12 | 1.39 | 1.20 |# 9 @ 52
E[14] 24 | 251 [ 240 | 4 # 7 | 53| 93 | 72| 752 | 711 | @ # 8 | 80 | 216 | 12 | 1.39 | 1.27 [# 10 @ 55
F| 14| 24 | 251 | 240 | 4 # 7 [ 53| 93 | 72 | 752 | 7.00 | 7 # 9 |10.7] 272 | 12 | 139 | 120 [# 7T @ 52
G| 14| 24 | 251 | 240 | 4 # 7 | 53] 93 | 72| 752 | 700 | 7 # 9 |107] 272 | 12| 139 | 119 |[# 8 @ 51
H{ 14| 24 | 251 | 240 | 4 # 7 | 53| 93 | 72 | 752 | 7.00 | 7 # 9 |107] 272 | 12 | 139 | 120 |# 9 @ 52
| [14] 24 | 251 | 240 | 4 # 7 | 53| 93 | 72 | 752 | 7.00 | 7 # 9 |107| 272 | 12 | 138 | 1.27 |[# 10 @ 55
J{14] 24 251 | 237 [ 3 # 8 | 80| 92 | 72| 752 | 711 | @ # 8 | 80 | 276 | 12 | 1.39 | 1.20 |[# 7 @ 52
K| 14| 24 | 251 | 237 | 3 # 8 | 80| 92 | 72 | 752 | 711 | 9 # 8 | 80| 276 | 12 | 1.39 | 1.19 |# 8 @ 51
L[ 14| 24 | 251 [ 237 | 3 # 8 | 80| 92 | 72| 752 | 711 | 9 # 8 | 80| 276 | 12 | 1.39 | 1.20 [# 2 @ 52
M 14| 24 | 251 | 237 | 3 # B8 | 80| 92 | 72 | 752 | 711 | @ # 8 | 80| 276 | 12 | 1.39 | 1.27 [# 10 @ 55
Nl 14| 24 | 251 | 237 | 3 # 8 | 80| 92 | 72 | 752 | 700 | 7 # 9 |107| 272 | 12 [ 1.39 | 120 |# 7 @ 52
O14] 24 | 251 [ 237 | 3 # 8 | 80| 92 | 72 | 752 | 700 | 7 # 9 |107] 272 | 12| 139 | 119 |# 8 @ 51
Pl14] 24 | 251 | 237 | 3 # 8 | 80| 82 | 72| 752 | 700 | 7 # O [107] 272 | 12| 139 | 120 |# 9 @ 52
Q14| 24 | 251 [ 237 | 3 # 8 | 80| 92 | 72| 752 | 700 | 7 # 9 |107] 272 | 12| 139 | 127 [# 10 @ 55




TABLE EL2 - 1B

YIELD LINE EQUATIONS OF CONCRETE WALL ON BRIDGE DECK
INPUT DATA , DESCRIPTION
F (KIPS) = 300 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (FT) =7.50 DISTANCE FROM T/SLAB TO IMPACT FORCE (BARRIER HEIGHT - 6"
Mb (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K/) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (VERT.)
Wc (K/FT) = Mc/H  |WALL CAPACITY PER LINEAL FOOT OF WALL
EWc (KIPS) = VARIES |END WALL CAPACITY = Wc(Bc)
Bc (KFFT) = VARIES |WIDTH OF END WALL = (Lr - L)/2
Lt FT) = LENGTH OF DISTRIBUTED IMPACT LOAD
L (FT = VARIES |CRITICAL LENGTH OF WALL FAILURE
Lr (FT) = VARIES |TOTAL LENGTH OF WALL RESISTING IMPACT LOAD = Rw/Wc

CRITICAL LENGTH (L)

= LU2 + SQR [ (LV2)? + 8H(Mb + Mw)/Mc |
BARRIER CAPACITY (Rw) = BEAM LOAD (A) [TOP BEAM + HORIZ. WALL ] + VERT. WALL LOAD ®
= [16(Mb+Mw)/(2L-Lt)] + 2McL*/H(2L-Lt)

Mb Mw Mc L |BEAM [WALL | BARRIER | Lr | Bc | END CHECK
(FT-K) | (FTK) | (FT-K") | (FT) | LOAD | LOAD | CAPACITY | (FT) | (FT)[ EWc > (Ayz | CAP.
(KIPS) | (KIPS) Rw (KIPS) (KIPS) | CHK
A) (B) (KIPS)
0
B 93 276 52 | 23.3] 142 | 181 323 466 (117 81 > 1 OK
C 93 276 51. | 234 141 179 321 468 [11.7] 80 > 11 OK
D 93 276 52 | 233| 142 | 181 323 466 |11.7] 8 > 71 OK
E 93 276 55 | 228 146 | 187 332 456 [114] 83 > 73 OK
F 93 272 52 |23.2]| 141 180 321 464 |116] 80 > T OK
G 93 272 51 | 23.3] 140 | 179 319 466 |11.7] 80 > 70 OK
H 93 272 52 | 232 141 180 321 464 |116| 80 > 71 OK |
| 93 272 55 | 22.7| 145 | 186 331 454 [11.3]| 83 > 72 OK
J 92 276 52 | 23.3| 142 | 181 322 465 [116] 81 > 71 OK
K 92 276 51 | 234 141 | 179 320 468 |11.7] 80 > 70 OK
L 92 276 52 | 23.3| 142 | 181 322 465 116 81 > 71 OK
M 92 276 55 | 22.8| 145 | 186 332 455 [114| 83 > 73 OK
N 92 272 52 | 232] 141 | 180 321 463 [116] 80 > T OK
o) 92 272 51 |233| 140 | 179 319 466 [116] 80 > 70 OK
P 92 272 52 | 232 141 180 321 463 [116] 80 > 71 OK
Q 92 272 55 | 22.6| 145 | 186 330 453 [11.3] 83 > 72 OK

D-52




VNTSC Intrusion Barrier Study

1. Vertical Bars Outside Face

Provide 50% of vertical bars inside face for, ductility

, . Inside | Outside
Scenerio |F (kip) Face Face
EL2 EL2

14| 300|#7 @ 6" [#7 @ 12"

15| 600|#8 @ 6" |#8 @ 12"

16| 1100|#9 @ 6" #9 @ 12"

17, 18| 2540|#10 @ 5"1#10 @ 10°

2.Shear Desjan
Top Beam: B=24"

Scenario |F (kip)] Table EL2
EL2 H (in) |D (in)| Vu (in)| Vbeam (kip) |® Vc (Kip)[ |Vu (kip)| Vs (kip)|Smax (in
14| 300[|1A(B) 14| 9.5 81 21 24> 21 0 4
15| 600[|2A(G) 18| 13.5 154 37 35|< 37 0 6
16| 1100|3A(J) 24] 195/ 281 81 50|< 81 36 6
17, 18| 2540|4A(D) 40| 35.5| 646 99 92|< 99 0 6

Spacing lesser of d/2 or 6" for ductility
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Sample L alculations:
Barrier Type EL3 (Elevated Alternate 3)

Structural Sted Post and Railing
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TABLE EL3 - 4B

YIELD LINE EQUATIONS OF STRUCTURAL STEEL BEAM AND POST

INPUT DATA DESCRIPTION
F (KIPS) = 2540 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (FT) = 9.00 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE ( BARRIER HT-6")
Mpb (FT-K) = 4106 PLASTIC MOMENT CAPACITY OF BEAM
Mpc (FT-K) = 4106 PLASTIC MOMENT CAPACITY
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
Pc (KIPS) = 456 POST/COLUMN CAPACITY = Mpc/H
L (FT) = VARIES  |POST CENTERLINE SPACING
N (#) = VARIES  |NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + POST LOAD (B)
Rw = 16(Mpb)/(2NL-L1) + (Mpc/H)X(N-1)

Z EQUATIONS T= 1.13 Z= D*3/6[1-(1-2t/D)" 3]
36 SCH ? D= 36.00 = 1368.77
L N BEAM POST BARRIER REACTION CHECK FINAL CHK
(FN) (#)| LOAD LOAD CAPACITY Pc >= (A)/2
(KiPS) (KIPS) (KIPS) (KIPS) (KIPS)
(A) (B) (Rw)

15 1 2628 0 2628 456 < 1314

15 2 1195 456 1651 456 < 597

15 3 773 913 1685 456 > 386 |Rw<F, N.G.
15 4 571 1369 1940 456 > 286

12 1 3458 0 3458 456 < 1729

12 2 1528 456 1984 456 < 764

12 3 981 913 1893 456 < 490

12 4 722 1369 2091 456 > 361 Rw<F, N.G.
12 5 571 1825 2396 456 > 286

9 1 5054 0 5054 456 < 2527

9 2 2119 456 2576 456 < 1060

9 3 1341 913 2253 456 < 670

9. 4 981 1369 2349 456 < 490

9 5 773 1825 2598 456 > 386 |Rw>F, OK
9 6 638 2281 2919 456 > 319

5 1 13140 0 13140 456 < 6570

5 2 4380 456 4836 456 < 2190

5 3 2628 913 3541 456 < 1314

5 4 1877 1369 3246 456 < 939

5 5 1460 1825 3285 456 < 730

5 6 1195 2281 3476 456 < 597

5 7 1011 2738 3748 456 < 505

5 8 8764 3194 4070 456 > 438 - |Rw>F, OK '
5 9 773 3650 4423 456 > 386
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Sample Design Calculations:
Barrier Type HAG1 (Highway At Grade Alternate 1)

Cast In Place Concrete Barrier - Van Truck
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FOUNDATION DESIGN - HAG1 & HAG2

CHART | COLUMN | CAISSON | REQ'D | As STEEL ACTUAL | CENTER | ACTUAL
NUMBER | SIZE | DIAMETER | Mc | MIN| #OF | BAR As | SPACING | = Mc
(IN) (IN) BARS | SIZE ;
HAG-1 18 24 260 |452] 6 # O 6.00 8.38 230
HAG-1 18 24 260 |452]| 7 # O 7.00 7.18 280
HAG-1 24 28 356 |6.16] 10 # 9 | 10.00 6.28 440
HAG-2 24 28 356 | 616] 10 # 9 | 10.00 6.28 440
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FOUNDATION EMBEDMENT DESIGN

ALTERNATES HAG1 & HAG2

Kp = 3.00 . TANA2 (45+PHI/2)
J=0.14 . DAMPING CONSTANT (sec/ft)
V= VARIES IMPACT VELOCITY (fps)
LF=1+JV DYNAMIC LOAD FACTOR
c=1.50 COHESION STRENGTH (ksf)
q= 13.50 SOIL STRENGTH (ksf)
y=110.00 AVERAGE EFECTIVE SOIL UNIT WEIGHT (pcf)
$=30 ANGLE OF INTERNAL FRICTION (degrees)
Mc= VARIES ULTIMATE MOMENT CAPACITY OF COLUMN
._H= VARIES DISTANCE FROM IMPACT FORCE TO TOP OF GRADE (BARRIER HT -6")
' Pdynamic = Mc/ H Pstatic = P dynamic / L.F.
EQUATION FOR EMBEDMENT LENGTH IN COHESIVE SOILS: LE=(P/qB)+SQRT[2(P/gB)*2+(4HP/qB)]
EQUATION FOR THE EMBEDMENT LENGTH IN COHESIONLESS SOILS: LEA3=2P(H+LE)/(UNIT WT)B(Kp)
ALT. Mc H P Impact | L.F. P B EMBEDMENT LENGTH (FT)
# dyn. | Velocity static | WIDTH Cohesive Cohesionless
(FT) [(KIPS)| {fps) (KIPS)| (FT) | REQ'D | PROV. REQD {PROV.
HAG1 260 | 417 | 62 0 1.00| 62 2.00 9.32 12.3 | 15.49 |15.5] 19.0

HAG1 260 | 417 | 62 1.00| 62 2.00 9.32 12.3 [ 1549|155 19.0

HAG1 260 | 4.17 | 62 1.00( 62 2.00 9.32 12.3 [ 15.49 (15.5| 19.0

HAG2 | 356 [ 7.50| 47 1.00| 47 2.33 8.57 11.4 | 13.80|13.8] 17.2

HAG?2 356 [ 7.50( 47 1.00| 47 2.33 8.57 11.4 | 13.80 /13.8| 17.2

o|jojOo|Oo|o

HAG2 356 | 7.50 | 47 1.00| 47 2.33 8.57 11.4 | 13.80(13.8] 17.2
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6s-d

TABLE HAG1 - A

ULTIMATE MOMENT CAPACITIES FOR C.I.P. CONCRETE HIGHWAY BARRIER WALL

INPUT DATA DESCRIPTION
Fy (KSI) =60 YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =4 CONCRETE COMPRESSIVE STRENGTH
H(IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVEWIDTH
d(IN.) =H4.5 EFFECTIVE DEPTH FOR BEAM & WALL
=H-35 EFFECTIVE DEPTH FOR COLUMN
As (IN*2) = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.011Bd FOR BEAM AND WALL (EACH FACE)
= 4% GROSS AREA FOR COLUMN {2% EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAMMWALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB)
BEAM WALL COLUMN
H | Bb | MAX. PROV. . Mb | H | Bw | MAX. PROV. Mw H | Bc | MAX. PROV. Mc
{IN.)| (iN.)| Asb [ Asb SPA [ (FT-K)|(N) [ (N) | Asw | Asb SPA. [ (FT-K)| IN) |(N.)| Asc Asb sPA. | (FT-K)
(IN*2) [(INA2)[ NO. DA | (N) {INA2)| (INA2)|NO.  DIA| (N) (IN2) | (INA2) | NO-  DIA| (N.)

11 0.86

11 0.86

11 0.86 | 1.80

11 0.86 | 2.37




TABLE HAG1-B

YI ELD LI NE EQUATI ONS OF CONCRETE WALL ON DI SCRETE FOUNDATI ONS

INPUT DATA
F (KIPS) =124 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY, Rw)
H(FT) = 4.00 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6"
Mb (FT-K) = 33 ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K) =69 ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K) = 260 ULTIMATE MOMENT CAPACITY OF WALL /COL. AT FOUNDATION (VERT.)
B(FT) = 250 WIDTH OF FOUNDATION
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
Pc (KIPS) =65 POSTICOLUMN CAPACITY = Mc/H
L(FT) = VARIES FOUNDATION CENTERLINE SPACING
N (#) = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOAD[INTERIOR (B)+END (C)+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMCL/H(2NL-Lt) + 4McB/H(2NL-Lt) + Mc/H

L | N | BEAM COLUMN LOAD (KIPS) BARRIER | REACTION CHECK
(FT) | (#) | LOAD| INTERIOR | END [ MIDDLE | CAPACITY Pc > (A)2 CAP.
(KIPS) (B) (c) (D) Rw (KIPS) (KIPS) CHK
(A) (KIPS)
15 | 1 | 68 0 26 0 94 65 > 34 Rw<F, NG.
15 | 2| 31 0 12 65 108 65 > 15 Rw<F, N.G.
15 | 3 | 20 92 8 0 119 65 > 10 Rw<F, N.G.
15 | 4| 15 68 6 65 153 65 > 7 RwW>F,0K
12 | 1 89 0 . 34 0 123 65 > 45 Rw<F, N.G.
12 | 2| 39 0 15 65 120 65 > 20 Rw<F, N.G.
12 [ 3| 25 93 10 0 128 65 > 13 Rw>F,OK
12 | 4 | 19 69 7 65 159 65 > 9 Rw>F,OK
10 | 1 | 113 0 43 0 156 65 > 57 Rw>F,0K
10 | 2| 48 0 19 65 132 65 > 24 Rw>F,0K
10 | 3| 31 95 12 0 137 65 > 15 Rw>F,0K
10 | 4 | 23 69 9 65 166 65 > 11 Rw>F,0K
10 | 5| 18 164 7 0 189 65 > 9 Rw>F,OK
8 | 1| 154 0 59 0 213 65 < 77
8 | 2| 63 0 24 65 152 65 > 31 Rw>F,0K
8 | 3| 39 97 15 0 151 65 > 20 Rw>F,0K
8 | 4| 29 71 11 65 175 65 > 14 Rw>F,0K
8 | 5| 23 166 [ 0 198 65 > 11 Rw>F,OK
5 | 1| 339 0 130 0 469 65 < 170 ,
5 | 2| 113 0 43 65 221 65 > 57 Rw>F,0K
5 | 3| 68 104 26 0 198 65 > 34 Rw>F,0K
5 | 4| 48 74 19 65 206 65 > 24 Rw>F,0K
5 | 5| 38 173 14 0 225 65 > 19 Rw>F,OK
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Sample Design Calculations:
Barrier Type HAG2 (Highway At Grade Alternate 2)

Cast In Place Concrete Barrier - Tank Truck
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TABLE HAG2 - 1A

ULTIMATE MOMENT

CAPACITIES FOR C.I.P.

CONCRETE BARRIER WALL ON DISCRETE FOUNDATION

INPUT DATA DESCRIPTION

Fy (KS) =60 YIELD STRENGTH OF REINFORCEMENT

Fc(KS) =4 CONCRETE COMPRESSIVE STRENGTH

H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH

B (IN.) = VARIES BEAM, WALL. AND COLUMN EFFECTIVE WIDTH

d (IN.) = H-3.5 EFFECTIVE DEPTH FOR BEAM & WALL

= H-2.5 EFFECTIVE DEPTH FOR COLUMN
As(IN*2) = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.011Bd (EACH FACE)
M(FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
' M= 0.9AsFy(d-a/2), a=Asry/(0.85F'cB)
BEAM WALL COLUMN
H [ Bb | MAX. PROV, Mb | H Bw Mw H | Bc | MAX. “PROV. Mc
(IN)|(N)| Asb [Asb sPA | (FT-K) | (IN)|  (N) | (FT-K) | N |ON.)| Asc [ Asb sPA. | (FT-K)
(INA2) | (INA2)| No. DIA. | (IN.) (INA2) | INA2) | No.  DIA.| (N)

16 | 21| 289 | 395| 5 # 8 |33| 193 | 0 0 0 B | 60| 363 | 480 | 8 # 7| 74| 276
16 | 21| 289 | 395 | 5 # 8 |33] 193 | 0 0 0 B8 | 60| 363 | 480 | 8 # 7| 7.4] 276
16 | 21| 2.89 | 3.95| 5 # 8 |33 193 | 0 0 0 B | 60| 363 | 480 | 8 # 7| 74| 276
16 | 21 | 289 | 395| 5 # 8 | 33| 193 | 0 0 0 8 | 60| 363 | 480 | 8 # 7 | 74| 276
16 | 21 | 289 | 395| 5 # 8 |[33| 193 | 0 0 0 B | 60| 363 | 480 | 8 # 7| 74| 276




TABLE HAG2 - 1B

YIELD LINE EQUATIONS OF CONCRETE WALL ON DISCRETE FOUNDATIONS

INPUT DATA
F (KIPS) =175 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (T = 3.50 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6")
Mb (FT-K) =193 ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K = ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K) = 276 ULTIMATE MOMENT CAPACITY OF WALL /COL. AT FOUNDATION (VERT.)
B (FT) = 2.50 WIDTH OF FOUNDATION
Lt FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
Pc (KIPS) =79 POST/COLUMN CAPACITY = Mc/H
L(FT) = VARIES FOUNDATION CENTERLINE SPACING
N (#) = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOAD[INTERIOR (B)*END (C)+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMcL/H(2NL-Lt) + 4McB/H(2NL-Lt) + Mc/H

L | N | BEAM COLUMN LOAD (KIPS) BARRIER | REACTION CHECK
(FT) | (#)| LOAD| INTERIOR | - END | MIDDLE | CAPACITY Pc > (A)2 CAP.
(KIPS) (B). (C) (D) Rw (KIPS) (KIPS) CHK
(A) (KIPS)

10 | 1 210 0 53 0 262 79 < 105

10 | 2 90 0 23 79 191 79 > 45 Rw>F,OK
10 | 3 57 115 14 [ o 186 79 > 29 Rw>F, 0K
10 | 4 42 84 11 79 215 79 > 21 Rw>F, 0K
10 | § 33 199 8 0 241 79 > 17 Rw>F,0K
10 | 6 27 165 7 79 278 79 > 14 Rw>F,OK
10 | 7 23 280 6 0 310 79 > 12 Rw>F, 0K
10 | 8 20 244 5 79 348 79 > 10 Rw>F, 0K
10 | 9 18 360 5 0 383 79 > 9 Rw>F,OK
10 | 10| 16 324 4 79 423 79 > 8 Rw>F,OK
10 | 11 15 440 4 0 458 79 > 7 Rw>F, 0K
10 | 12 13 403 3 79 498 79 > 7 Rw>F,0K
10 | 13 12 520 3 0 535 79 > 6 Rw>F,OK
10 | 14 11 482 3 79 575 79 > 6 Rw>F,OK
10 | 15 11 599 3 0 612 79 > 5 Rw>F,OK
10 [ 16 10 561 3 79 652 79 > 5 Rw>F,OK
10 | 17 9 678 2 0 690 79 > 5 Rw>F,OK
10 | 18 9 640 2 79 730 79 > 4 Rw>F,OK
10 | 19 8 757 2 0 768 79 > 4 Rw>F, 0K
10 | 20 8 719 2 79 808 79 > 4 Rw>F, 0K
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TABLE HAG2 - 2A

ULTIMATE MOMENT CAPACITIES FOR C.I.P. CONCRETE HIGHWAY BARRIER WALL

INPUT DATA DESCRIPTION
Fy(KS)) =60 YIELD STRENGTH OF REINFORCEMENT
Fc(KSl) =4 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d(IN.) = H-3.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-2.5 EFFECTIVE DEPTH FOR COLUMN
As(IN*2) = VARIES _ REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
=0.011Bd (EACHFACE)
M(FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85FcB) .
BEAM WALL COLUMN
H | Bb | MAX. PROV. Mb | H | Bw | MAX. |- PROV. Mw | H | Bc| MAX. PROV. Mc
(IN)| (N.)| Asb [ Asb sPa | (FT-K)[(IN.)| (IN.) | Asw [ Asb sPA | (FT-K)| (IN.) | (IN)| Asc [ Asb sPA. | (FT-K)
(INA2) | (IN~2)] NoO. DIA. | (N (INA2) | (INA2){ NO.  DIA.| (IN.) (INA2) | (IN*2) [ NO. DA ON)
15 | 21 | 266 | 237 | 3 # 8 | 65] 112 | 17| 27 | 401 | 400 | 4 # O | 63| 219 | 24 | 24| 383 | 395 | 6 # 8 | 40| 356
15 | 21 | 266 | 237 | 3 # 8 | 65| 112 | 17| 27 | 4.01 | 400 | 4 # O | 63| 219 | 24 | 24| 383 | 395 | 5 # 8 | 40| 356
15 | 21| 266 | 237 | 3 # 8 | 65| 112 | 17| 27 | 401 | 400 | 4 # O | 63| 219 | 24 | 24 | 3.83 | 395 | 5 # 8| 40| 356
15 | 21 | 266 | 237 | 3 # 8 | 65] 112 [ 17| 27 | 401 | 400 | 4 # 9 | 6.3 | 219 | 24 | 24| 383 | 395 | 5 # 8| 40| 356
15| 21| 266 | 237 | 3 # 8 | 65| 112 | 17| 27 | 401 | 400 | 4 # O | 63| 219 | 24 | 24| 383 | 395 | 5 # 8 | 40| 356




TABLE HAG2 - 2B

YIELD LINE EQUATIONS OF CONCRETE WALL ON DISCRETE FOUNDATIONS
INPUT DATA

F (KIPS) =175 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)

H (FT) =750 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6"
Mb (FT-K) =112 ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)

Mw (FT-K) =219 ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)

Mc (FT-K) = 356 ULTIMATE MOMENT CAPACITY OF WALL /COL. AT FOUNDATION (VERT.)

B (FT) = 2.00 WIDTH OF FOUNDATION

Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD

Pc (KIPS) = 48 POST/COLUMN CAPACITY = Mc/H

L (FT) = VARIES FOUNDATION CENTERLINE SPACING

N (# = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOAD[INTERIOR (B)+END (C)+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMcL/H(2NL-Lt) + 4McB/H(2NL-Lt) + Mc/H

L N | BEAM COLUMN LOAD (KIPS) BARRIER | REACTION CHECK

(FT)] (#) | LOAD| INTERIOR END MIDDLE | CAPACITY Pc > (A)/2 CAP.

(KIPS) (B) (C) (D) Rw (KIPS) (KIPS) CHK
(A) (KIPS)

10 1 362 0 25 0 387 48 < 181
10 | 2 155 0 11 48 213 48 < 77
10 3 99 69 7 0 175 48 < 49
10 | 4 72 51 5 48 176 48 > 36 Rw>F, 0K
10 5 57 120« 4 0 181 48 > 29 Rw>F,OK
10 6 47 99 3 48 197 48 > 24 Rw>F,OK
10 7 40 169 3 0 212 48 > 20 Rw>F,OK
10 8 35 147 2 48 232 48 > 17 Rw>F ,OK
10 9 31 - 217 2 0 250 48 > 15 Rw>F, 0K
10 | 10 28 195 2 48 272 438 > 14 Rw>F,OK
10 | 11 25 265 2 0 292 48 > 13 Rw>F,OK
10 | 12 23 243 2 48 315 48 > 12 Rw>F, 0K
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Sample Design Calculations:

Barrier Type HEL1 (Highway Elevated Alternate 1)

Cast In Place Concrete Barrier - Van Truck
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TAB

LE HELI -A

ULTIMATE MOMENT CAPACITIES FOR C.I.P. CONCRETE HIGHWAY BARRIER WALL ON BRIDGE DECK

INPUT DATA DESCRIPTION
Fy (KSI) = 60 YIELD STRENGTH OF REINFORCEMENT
Fc (KSI) = CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (IN.) = H-45 EFFECTIVE DEPTH FOR BEAM & WALL
= H-35 EFFECTIVE DEPTH FOR COLUMN
As (INA2) = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.0118d FOR BEAM AND WALL (EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB
BEAM WALL COLUMN
H | 8b | MAX. PROV. Mb | H [ Bw [ MAX PROV. Mw H | Bc | MAX. PROV. Mc
(IN.) | (IN.) Asb Asb SPA [ (FT-K)| (IN.) | (IN.) Asw Asb sPA | (FT-K) | (IN.) | (IN.) | Asc Asb SPA | (FT-K)
(INA2) | (iINAZ)[ NO. DIA | N, {INA2) | (INA2) | NO- DA | (N) (INA2) | (INA2) | NO- | (IN)
Al 11 ] 12 086 | 0.86 23 | 14| 20| 209 | 209 81 18| 12| 191 | 191 113
Bl 111208 [ 133 ] 3 # 6 [ 20] 33 T 141 201 209 04411 # 6] 00] 18 18] 12101 047[# 5 @ 8 30
cl1n] 12108 | 133] 3 # 6|1 20] 3B | 14] 20| 209 ] 04411 # 6| 00| 18 [ 18] 12] 191 | 047 ]# 5 @ 8 30
Dl 11 12] 08 [ 133] 3 # 6 [ 20] 33 [14] 20] 209 088 ] 2 # 6 [120] 36 18] 12] 191 ] 047 [# 5 @ 8 30




TABLEHELI -B

YIELD LINE EQUATION8 OF CONCRETE WALL ON BRI DGE DECK

INPUT DATA DESCRIPTION
F (KIPS) =124 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (FT) = 4.00 DISTANCE FROM T/SLAB TO IMPACT FORCE (BARRIER HEIGHT - 6")
Mb (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-W) = VARIES [ULTIMATE MOMENT CAPACITY OF WALL (VERT.)
Wc (K/FT) = Mc/H . |WALL CAPACITY PER LINEAL FOOT OF WALL
EwWe (KIPS) = VARIES |END WALL CAPACITY = Wc(Bc)
Be (K/FT) = VARIES |WIDTH OF END WALL = (Lr - L)/2
Lt (FT =5 LENGTH OF DISTRIBUTED IMPACT LOAD
L (FT) = VARIES |CRITICAL LENGTH OF WALL FAILURE
Lr (FT) = VARIES |TOTAL LENGTHOF WALL RESISTING IMPACT LOAD = Rw/Wc¢

CRITICAL LENGTH ()

= LU2 + SOR [ (LU2)? + BH(Mb + Mw)/Mc ]
BARRIER CAPACIIY (Rw) = BEAM LOAD (A) [TOP BEAM + HORIZ. WALL ] + VERT. WALL LOAD (B)
= [16(Mb+Mw)/(2L-Lt)] + 2McL¥/H(2L-Lt)

Vb Mw MC C |BEAM |WALL | BARRIER | Lr | Bc | END CHECK

(FT-K) [ (FT-K) | (FT-Kf) | (FT) | LOAD | LOAD | CAPACITY | (FT) | (FT)| EWe > (A)2 | CAP.
(KIPS) | (KIPS) Rw (KIPS) (KIPS) | CHK
(A) (B) (KPS

18 30,

20.7 | 52 38 > 26

OK

Ol O]}zl

36 30

230 | 57 43 > 31

OK
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Sample Design Calculations:
Barrier Type HEL2 (Highway Elevated Alternate 2)

Cast In Place Concrete Barrier - Tank Truck
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TABLE HEL2 - 1A
ULTIMATE MOMENT CAPACITIES FOR C.I.P. CONCRETE BARRIER WALL ON DISCRETE FOUNDATION
INPUT DATA DESCRIPTION
Fy (KSI) =60 YIELD STRENGTH OF REINFORCEMENT
F'c (KSI) =4 CONCRETE COMPRESSIVE STRENGTH
H (IN.) = VARIES BEAM, WALL, AND COLUMN THICKNESS/DEPTH
B (IN.) = VARIES BEAM, WALL, AND COLUMN EFFECTIVE WIDTH
d (iN.) = H-3.5 EFFECTIVE DEPTH FOR BEAM & WALL
= H-2.5 EFFECTIVE DEPTH FOR COLUMN
As (INA2) = VARIES REINF. AREA: MAX. LIMIT IS FOR DUCTILITY
= 0.011Bd (EACH FACE)
M (FT-K) = VARIES ULTIMATE MOMENT CAPACITY OF BEAM/WALL/COLUMN
M= 0.9AsFy(d-a/2), a=AsFy/(0.85F'cB)
BEAM WALL ‘ COLUMN
H | Bb | MAX. PROV, Mb H Bw Mw H | Bc | MAX, PROV, Mc
(IN.)[ (IN.)| Asb | Asb | SPA. | (FT-K) | (IN.)| (IN.) (FT-K) [ (IN.) [(IN.)| Asc | Asb SPA, | (FT-K)
(INA2) [ (INA2)| NO. DIA. | (IN) (INA2) | (INA2) | NO.  DIA| (IN)
16 | 21| 289 [ 395| 5 # 8 [ 33| 193 0 0 0 8 | 60| 363 | 480 [ 8 # 7| 74| 276
16 | 21 289 | 395| 5 # 8 |33 193 0 0 0 8 60 | 3.63 4.80 8 # 7 |74 276
16 | 21 289 {395 5 # 81233 <00 n n ~ ) an | 1R2 4 an R # 71741 978
<09 395 8 W 8 |aal 193 o1 o oy R
L, v} 2] 282 13955 # 8 [ 83 fe3-[ 0 [ @ ]




TABLE HEL2 - 1B

YIELD LINE EQUATIONS OF CONCRETE WALL ON DISCRETE FOUNDATIONS

INPUT DATA
F (KIPS) =175 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H(FT) = 3.50 DISTANCE FROM T/FOUNDATION TO IMPACT FORCE (BARRIER HEIGHT-6")
Mb (FT-K) =193 ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K =0 ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K) = 276 ULTIMATE MOMENT CAPACITY OF WALL /COL. AT FOUNDATION (VERT.)
B (FT) = 2.50 WIDTH OF FOUNDATION
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
Pc (KIPS) =79 POST/COLUMN CAPACITY = Mc/H
L (FT) = VARIES FOUNDATION CENTERLINE SPACING
N #) = VARIES NUMBER OF SPANS IN FAILURE MECHANISM

BARRIER CAPACITY (Rw) = BEAM LOAD(A) + COLUMN LOADI[INTERIOR (B)+END (C)+MIDDLE (D)]
EVEN SPANS: Rw = 16(Mb+Mw)/(2NL-Lt) + (N-2)NMcL/H(2NL-Lt) + 4McB/H(2NL-Lt) + Mc/H

L | N | BEAM COLUMN LOAD (KIPS) BARRIER | REACTION CHECK |
(FT)| )| LOAD [ INTERIOR | END | MIDDLE | CAPACITY Pc > (A)2 CAP.
(KIPS) (B) () (D) Rw (KIPS) - (KIPS) CHK
(A) (KIPS)

10 | 1] 210 0 53 0 262 79 < 105

10 | 2| 90 0 23 79 191 79 > 45 Rw>F,OK
10 | 3| 57 115 14 0 186 79 > 29 Rw>F,OK
10 | 4| 42 84 11 79 215 79 > 21 Rw>F,OK
10 | 5| 33 199 8 0 241 79 > 17 Rw>F,0K
10 | 6 | 27 165 7 79 278 79 > 14 Rw>F,0K
10 | 7] 23 280 6 0 310 79 > 12 Rw>F,OK
10 | 8 | 20 244 5 79 348 79 > 10 Rw>F,OK
10 | 9| 18 360 5 0 383 79 > 3 Rw>F,OK
10 | 10] 16 324 4 79 423 79 > 3 Rw>F,OK
10 [11| 15 440 4 0 458 79 > 7 Rw>F,OK
10 [12]| 13 403 3 79 498 79 > 7 Rw>F,0K
10 | 13| 12 520 3 0 535 79 > 6 Rw>F,0K
10 | 14| 11 482 3 79 575 79 > 6 Rw>F,OK
10 [15] 1 599 3 0 612 79 > 5 Rw>F,OK
10 |16] 10 561 3 79 652 79 > 5 Rw>F,OK
10 (17| 9 678 2 0 690 79 > 5 Rw>F,OK
10 (18| 9 640 p) 79 730 79 > 4 Rw>F,OK
10 19| 8 757 P 0 768 79 > 4 Rw>F,0K
10 20| 8 719 2 79 308 79 > 2 RwW>F,OK
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TABLE HEL2 - 2B

YIELD LINE EQUATIONS OF CONCRETE WALL ON BRIDGE DECK

INPUT DATA DESCRIPTION
F (KIPS) =175 MAXIMUM IMPACT FORCE (<= BARRIER CAPACITY , Rw)
H (FT) = 7.50 DISTANCE FROM T/SLAB TO IMPACT FORCE (BARRIER HEIGHT - 6*)
Mb (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF BEAM AT TOP OF WALL (LONGIT.)
Mw (FT-K) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (LONGIT.)
Mc (FT-K/) = VARIES |ULTIMATE MOMENT CAPACITY OF WALL (VERT.)
We (K/FT) = Mc/H  |WALL CAPACITY PER LINEAL FOOT OF WALL
EWc (KIPS) = VARIES |END WALL CAPACITY = Wc(Bc)
Bc (K/FT) = VARIES |WIDTH OF END WALL = (Lr - L)2
Lt (FT) =5 LENGTH OF DISTRIBUTED IMPACT LOAD
L (FT) = VARIES |CRITICAL LENGTH OF WALL FAILURE
Lr (FT) = VARIES |TOTAL LENGTH OF WALL RESISTING IMPACT LOAD = RwWe

CRITICAL LENGTH (L)
BARRIER CAPACITY (Rw) =

= LU2 + SQR [ (LV2)? + BH(MD + Mw)/Mc ]
BEAM LOAD (A) [TOP BEAM + HORIZ. WALL ] + VERT. WALL LOAD (8)
= [16(Mb+Mw)/(2L-Lt)

+ 2McL#H(2L-Lt)

Mw
(FT-K)

Mb
(FT-K)

L |BEAM |WALL | BARRIER | Lr | Bc | END CHECK
(FT)| LOAD | LOAD | cAaPACITY | (FT) | (FT)[ EWe > (A)2
(KIPS) | (KIPS) Rw (KIPS) (KIPS)

(A)

38

CAP.
CHK

OK |

B 57 12.2| 68 185 244 | 61 46 > 34

] 44 38 57 12.2| 68 116 185 244 | 6.1 46 > 34 OK
D 44 38 57 122| 68 116 185 244 | 6.1 46 > 34 OK
E 44 38 57 12.2| 68 116 185 244 [ 6.1 46 > 34 OK
F 44 38 57 122 68 116 185 24.4 | 61 46 > 34 OK




Sample Despn Calculations:

Deflections
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Crash barrier deformations due to both elastic and plastic deflections.

Materials considered: steel and;
concrete.

Assumptions: foundation is rigid and unyielding;
barrier is continuous;
post deformations are critical;

Deformations determined are those that occur just prior to failure.
The total number of posts that can yield is limited by the total plastic post deformation.

| GENERAL PROCEDURE
A) Analyze member to determine internal stresses and strains for both the elastic and
the plastic portions of the member.

B) Determine the length of the member that undergoes plastic deformations.

C) Using the curvature diagram along the length of the member, then the total deflection
can be computed by the moment-area method.

Il STEEL FRAMED BARRIER
Reference: "Inelastic Beams Under Moment Gradient,” by Lay, Maxwell G. and Galambos,
Theodore V. , Journal of the Structural Division, ASCE, ST 1, p.381 - 391, February 1967.

A) Strain hardening effects account for the majority of the plastic deformations.

c 1T

y
STRESS

EY ) EY

STRAIN

1) gy ! strain at yield;

2) sg,, - strain hardening effect.

3) For A36 steel, s=11.5 and Eg = 29,000,000 psi based on experimental data;

4) Length of plastic hinge: |5 = 7 L and © = 1 - (Mps/Mg) where Mps ~0.94 M, and
My (max) = Ya(oy/c +1) Mp and My (max) = 1.30 Mp for A36 steel.
Therefore: = 0.27%

B) Local buckling also effects the length of the plastic hinge:
1) Ip:¢L:2.65r or
2) Ip=12L= 1.42(t7w)(Aw/Af)’/‘ b so that for a pipe or tube post then Ip ~1.42 b

C) Support Spacing
1) Maximum unsupported length for A36 steel:
= 70 ry, for simply supported beams and
=90 ry for continuous beams.



D) Shear limits:
1) Maximum shear capacity: Vg = Ay, (o + cy) /23 and
2) For combined shear and flexure then Vipax = (Mg - Mpg) /tL =036 Mp/tL

Ref.: "Plastic Theory of Structures™, by M.R. Horne, 1979, 2nd edition, Pergamon Press, p.79.
3) For Vgesign < 2 (0.6 Fy d ty ) then shear does not effect the plastic moment

capacity.

E) Curvature analysis based on members cross-section for a cantilever member
Al=Ap= 1/3 (\yp)H and

A2=Aps=1H (s—1)(\|/p)(H T H/2)

TOP
HEIGHT: H
£
K length
of hinge
BOTTOM H
s ¥ p

CURVATURE
MOMENT-AREA DIAGRAM

where vp = Zey /d=Mp/El and the curvature ductility ratio: pc = sy [Vp=S
Or ug = Op /6y where ey =Mp H/2El and 6y = 2.84ey(ﬁ-1)(b/d§(tf/tw) (Aw/Af)/‘ (1+Vq/Vo)

F) Deformation ductility factor
1) Atotal = Ap * Aps = Pd 4p where pg = 1 + 3(p¢ - 1)1(1-0.51)

Example using structural steel post: AG4, F = 300 KIPS

For a steel column consisting of 18" O schedule 80 pipe that is seven (7)
feet high. Therefore: A=50.2in.2

[=1834in.4
Sy =203.8in.3 and Mp = 819 ft-kips
ry = 6.04 in.

The elastic hinge rotation for a cantileveris: 9 = Mp H / (2El) = 0.005794
radians
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The elastic deflection: Ay = Mg H2 / (3E1) = {818.0x12(7x12)2} /
(3x29000x1834) = 0.435"

1\;hjzvin)elastic hinge rotation is: 8y = 2.848y(B'1)(b/d)(tf/tw)(AW/Af)%(1 +
1/V2

For a round or square tube section then the following assumptions are made:
b/d =1, tity, =1, Ay/Af=1, alsothe maximum value for V{/Vo =1
then Op = 2.84¢y (B-1)(1+1)
For A36 steel then ey = 36000 / 29000000 = 0.00124 and $ = 11.5
and then 8y, = 0.07404 (radians).
For a cantilever height of seven (7) feet then the curvature ductility ratio is:
pc = On /6y = 0.07404/0.005794 = 12.8 as a check against pg = s = 11.5.
The length of the plastic hinge : Ip =tH=0.276 H=0.276 (7 x 12) = 23.2"
©=1- (Mpg/ Mp) = 1-(0.94Mp/1.30Mp) = 0.276 = |p/H
or Check: Ip =1.42 b~ 1.42(18) = 25.56" and Ip/H = 0.304 GOVERNS
and Ip = 2.65ry = 2.65(6.04) = 16"

The displacement ductility ratio is g = (Ay + Ap) /Ay =1+ 3(uc-1)lp/H(1-
0.5|p/H)

pg= 1+ 3(12.8-1) 0.304 (1-0.5(.304)) = 10.13
Therefore Agogg) = rgdy = 10.13(0.435) = 4.40" maximum for this cantilever.

G) Deflection analysis for beam member
1) model as a member that is simply supporterd at ends with a concentrated load at

midspan;
) ) r ) ) M » L
2) deflection at yield: A =—Z~ and rotation at yield: 6’y =
12El 12El

3)Inelastic deflection: A | = 6, (—i—L - é tL)

where: 6p = 0.07404 for A36 steel
©=0.276 or 1.42b/L or 2.65r/L
L = beam span
lp=<L



4) curvature ductility ratio: pg =6p / ey

I
5) displacement ductility ratio: ¢, =1-6(u, - l)fp(l —zp)

6) Total beam deflection: A,,, = ,udAy = Ay +Ap

T L

A———K
sM_/ EI
p
— M,/ BT
L beam span: L L
d /7

MOMENT AREA DI AGRAM FOR SI MPLY SUPPORTED BEAM
W TH CONCENTRATED LOAD AT MIDSPAN

Example: AG4, F=300 KIPS
For beam span 19 feet and using 18"diameter shcedule 80 pipe then

1 1.=0.276 (19x12) =63" or 1.42(18)=26" or 2.65(6.04) = 16" and L = 228"
then 6, = 0.07404 and By = 819x12(19x12) / (4x29000x1834) = 0.0105328

pe = 0.07404/0.0105328=7.0 and Iy /L = 631228 = 0.276
Ay = 819x12(19x1 2)2/(12~29000~183%)0.80"
ng =1+ 6(7.0-1)0.276(1-0.276) = 8.23
Therefore Atgtg) = 8.23 (0.80) = 6.58"
H) Total barrier deflection
1) Summation of post and beam deflections

2) For the previous examples:
Aparrier = 4.40 + 6.58 = 10.98"



Il REINFORCED CONCRETE FRAMED BARRIER
Reference: "Handbook of Concrete Engineering," edited by Mark Fintel, Van Nostrand Reinhold

Co., 1974, p. 232 - 241.
A) Curvature analysis based on members cross-section ug = ¢y / ¢y

For a member with tension reinforcing only:

width: b

=y

Z jzd € £

d by T —¥— T —
As y (1-k)d d(1-k) Eg (1-k)d

ULTI MATE CURVATURE ¢ 0

The curvature ductility ratio is:

_ £.(0.858,f' )E,(1+ pn=2pn+ p’n’)
¢ pfy2

And for g = 0.003 and Eg = 29,000,000 psi then:{ACI 318 10.2.3}

The recommended limits for pg to be greater than 5 which correspondsto a reinforcing ratio of
p < 0.5 pp to ensure sufficient ductility. {Refer to Table 8-2}
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B) Compression reinforcing tends to increase the members ductility. p'= A'g /bd
1) ductility ratio:

b _ £.A(-K)E,
9, cf,

2) depth of compression block
o= $P=PIA
0.85/'_p,
3) value of k
k=\{(p+p)n* +2p+(Pd' Id)In} - (p+p)n

4)Must check compression reinforcing to see if it has yielded or not

M=

C) The maximum concrete strain can be increased by using confini‘ng stirrups.(pg)
1) &gy = 0.0015{1 + 150pg + (0.7 - 10pg)d/c} or;
2) ggy =0.003 + 0.02b/L + (pgfy/1 38)2
D) Length of plastic hinge: Ip~ 0.5 h
1) lp=d/4 if vy <Ve
2)1p=2d/3 if vy >ve

E) Young's Modules of Elasticity

1) ACI 318 : E, =570004/ /., psi

F) Transformed cracked moment of inertia: I,
1) For doubly reinforced sections;
2)n=Eg/E¢
3) Locate neutral axis: x = kd

4) Therefore lgp = bx3/3 + (n-1)A's(x-d)2 + nAg(d-x)2
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G) Curvature Diagram For a Cantilever Member: ®; = M; / Elg,

2
_M¥F?=<DyH

TOP =
Y 3
3E ICr

A

HEIGHT: H A= (B @)l (H-051)

/ )
// &~ \ length
/ r of hinge
BoTToM [~ 7 ) o
o 0]
y u
CURVATURE

MOMENT-AREA DIAGRAM

H) Total displacement for cantilever member:

Avotal = Ay + Ap = ‘leAy

K 1+3( 1)11’(1 osl")
=]+ — - —0.5-&=
Ha He H H

[) Curvature diagram for beam member:

1) Model as simply supported member with concentrated load at midspan. Hinge forms

at midspan of beam.

21

/K_Ap 2

1
- (CI)u d)y) 1p (L -1

—¥

® I A=
A < Y 1281
cr
L, beam span: I, L,
/

MOMENT AREA DIAGRAM FOR SIMPLY SUPPORTED BEAM
WITH CONCENTRATED LOAD AT MIDSPAN
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J) Determine curvature ductility ratio: pq
ug=1+6(c- 1)lp/L(1-Ip/L)

K) Total deflection at centerline af beam member.
Avotal = Ay + Ap = ,UdA".

L) Total barrier deflection:

1) Summation of post and beam deflection.
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Reinforced Concrete Plastic Deformation Calculations For a Cantilever Post:
(AG3, F=300 kips, WALL THICKNESS = 22")

Height of cantilever: H =84inches

Concrete compressive strengthfc = 4000 psi
Reinforcing yield strength:fy =60000 psi fs = 24000
Young's Modulus; steel Es =29000000 psi

Young's Modulus; concrete
width b =24 inches
thickness h =22 d -h-35 d=185 inches

- N 6
Ec =57000-4/fc Ec =360510° pg

n.= ?f n=8.044
Ec A
S
Tensionreinf As =4.00' in*2 p = b_d p=0.009
Compression reinf. Asc =2.0
dec =3.5 Asc
B1:=0.85 == ph :=0.008
b-d
Depth of compression block at ultimate strain: ¢
- d , .
c =(p-pe)fy ——— c=173 in Check c with cover to compression steel

0.85-fc 1

to see if compression steel is stressed.

Depth of compressionblock at first yield: kd

‘n- (p+pc)n k =0.304 J1

'k::\/(p+pc)2-n2+ 2'(p+ pc-%
k-d=5.627 inches

Asfsj-d
12000

Momentat first yield: My = My =132.994 ftkips

Ultimate moment: Mu =380 ftkips
V2

Ultimate concrete strain: e =0,003+ 0.02% + {Iph- fy ‘| ec =0.009

138000/

Estimate length of plastic hinge Ip =0.5h Ip=11 inches

Determine curvature ductility ratio:

pe =ge-d-(1 - k)_Ei
cfy He =31.382
Determine displacement ductility ratio:

fy

b= Es(1-k)d ¢y =1.607.10 *  radians/inch

Displacement at first yield: A 5~ iy=0378 inches

I -} Ip}
pd.-1+3(uc-1)ﬁ(l—0.51—_1-/ ud=12.154

Total deflection A :=pd-ay A =4.595 inches
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Reinforced Concrete Plastic Deformation Calculations For a Cantilever Post:
(AG3, F=300 kips, WALL THICKNESS = 22")

Height of cantilever: H = 84inches

Concrete compressive strength fc =4000 psi
Reinforcing yield strength:fy =60000 psi fs =24000
Young's Modulus; steel Es =29000000 psi

Young's Modulus; concrete
width b =24 inches
thickness h =22 d =h- 35 d=185 inches

Ec =57000-~fc Ec=3605-10° ps

n.= E n =8.044
Ec
Tensionreinf As:=4.00 inA2 p = od p =0.009
Compression reinf. Asc .= 2.0
dc:=3.5
Bl:=0.85 L Ase oh =0.008
b-d
Depth of compression block at ultimate strain: ¢
d . .
c =(p-pc)fy—— . Check c with cover to compression steel
0.85-fc-pl €=173 in.

Depth of compression block at first yield: kd

/ \
k'=f(p+ P°)2-H2+ 2-(p+pc-ngJ»n-(p+ pc)n k=0.301 ji=1=2
\ kd=5627 inches
My = Asfsj-d
Moment at first yield: y = My =132994 ft.kips
12000

Ultimate moment: Mu =380 ft.kips
2

fy

Ultimate concrete strain: e =0.003 + 0_02_% + [ph ——— ec =0.009

138000

Estimate length of plastic hinge Ip =0.5-h Ip=11 inches

Determine curvature ductility ratio:

e -g-d(1- k)-E
cfy pc =31.382

Determine displacement ductility ratio:

fy

b = Es(l1-k)d ¢y =1607-10 * radians/inch

2
Displacement at firstyield: Ay ':% A/=0378 inches

/ \
pd =1+ 3(pe - 1)-]—9(1 051
H\ H/

Total deflection At =pd-Ay At =4595 inches
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APPENDIX E - COST ESTIMATE CALCULATIONS

Cod Egimate Calculations.
Barrier Type AG1 (At Grade Alternate 1)

Precast Concrete Wall with Precast Concrete Foundation
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TABLE 3 - BARRIER DATA SCHEDULE
AT GRADE ALTERNATES - AG1, AG2
SCENARIO| UNITS AG1 TO AG2 AG1 AG2
NO. WALL HEIGHT |WALL| COLUMN FOUNDATION  {waALU COLUMN SIZE FOUNDATION
HT SIZE SIZE SIZE | SPA. |EMBED| SIZE [ENCAS.] [STEEL] (STEEL) SPA.|EMBED
TYP AGS5 T BxT D L LE T BxT SIZE As SIZE L LE
1,2 METRIC 229 244 | 457 | 457 x 457 | 559 457 4.57 | 457 | 4572 x 457 W 254 x 27.2 | 11355 w 254 x 27 | 457| 6.10
6,7 us 7.50 8.00 18 18 x 18 22 15.0 15.0 18 18 b3 18 w 10 x 60 176 W 10 x 60 | 15.0| 20.0
3,5,8 METRIC 2.29 244 | 508 | 508 x 508 | 610 | 4.27 4.88 | 508 | 508 X 508 w254 x 453 | 18968 w 254 x 45 | 427} 7.01
10, 11* us 7.50 8.00 20 20 x 20 24 14.0 16.0 20 20 X 20 w 10 x 100 294 W 10 x 100 14.0] 23.0
12 METRIC 2.29 T 711 x 711 | 914 | 457 427 | 711 7112 x 711 W 356 x 598 | 25032 W 356 x60 |427] 518
us 7.50 28 28 x 28 36 15.0 14.0 28 28 X 28 w 14 X 132 388 W 14 x 132 140| 17.0
4,9 13* METRIC 2.59 274 ] 762 | 762 x 762 | 914 2.74 732 | M1 |711.2 x 711 W 356 X 193 80645 w 356 x 193] 4.27| 13.41
us 8.50 9.00 30 30 x. 30 36 9.0 240 28 28 X 28 W 14 x 426 1250 W 14 x 426 | 14.0] 440
AT GRADE ALTERNATES - AG3, AG4, AG5
SCENARIO| UNITS AG3 TO AGS AG3 ’ AG4 AGS
NO. WALL HEIGHT WALL| COLUMN FOUNDATION WALL]BEAM| RAIL| COLUMN| FOUNDATION [WALL| FOUNDATION
HT SIZE SIZE SIZE | SPA. [EMBED| SIZE | SIZE (SIZE| SIZE [SIZE[SPA|EMBE | SIZE [WIDTH] DEPTH
TYP AGS T BxT D L LE T D D D D L LE T D* LE
1,2 METRIC 2.29 244 | 508 {610 x 508 | 762 488 4.27 | 406 | 406 | 305 406 406 | 4571 6.10 | 305 | 2.44 457
6,7 us 7.50 8.00 20 24 x 20 30 16.0 140 16 16 12 16 16 | 15.0] 20.0 12 8.0 18
3,5,8 METRIC 2.29 244 | 5588 | 610 x 559 | 762 3.66 427 | 457 | 457 | 356 457 457 5.79| 640 | 305 | 2.44 457
10, 11* us 7.50 8.00 22 24 x 22 30 120 14.0 18 18 14 18 18 | 19.0] 21.0 12 8.0 18
12 METRIC 2.29 71121762 x 711 |9144] 457 3.96 | 553 | 559 | 406 559 559|457 5.18
us - 7.50 28 30 x 28 36 15.0 13.0 22 22 16 22 22 | 15.0| 17.0 ¢ S8 IR 0 )
4,9,13* METRIC 2.59 2.74 |1 1016 | 914 xl 1016 | 1219] 3.66 6.71 | 610 | 610 | 457 610 610 3.05] 8.84 | 457 | 2.74 610
us 8.50 9.00 40 36 x 40 48 12.0 22.0 24 24 18 24 *24 | 100} 29.0 18 9.0 24
ELEVATED ALTERNATES -EL1, EL2, EL3
SCENARIOQ| UNITS |EL1 TO EL3| EL1| EL2 EL3 UNITS:
NO. WALL WALL |WALL |WALL| BEAM| RAIL COLUMN
HEIGHT SIZE | SIZE |SIZE SIZE | SIZE| SIZE SPA HT=METERSFEET
' HT T T T D D D L T = MILIMETERSIINCHES
14 METRIC 244 305 356 457 457 | 356 457 457 B = MILIMETERS/ANCHES
us 8.00 12 14 18 18 14 18 15.0 *D = MILIMETERSIINCHESFOR AG1 TO AG4, METERSFEET FOR AG5
15 METRIC 2.44 406 457 559 559 | 406 559 4.57 t. = METERSIFEET
us 8.00 16 18 22 22 16 22 15.0 LE = METERSIFEET
16 METRIC 2.74 610 610 610 610 1 457 610 2.44 STEEL SIZE = MILIMETERSxKILOGRAMS/INCHES xPOUNDS
us 9.00 24 24 24 24 18 24 80 As = SQUARE MIL.lMETERSISQUARE INCHES
17,18 METRIC 2.90 1016 | 1016 | 914 | 914 | 508 | 914 2.74
us 9.50 40 40 36 b 20 K3 9.0
6/2/94 Note: Refer to Table 2-1 for Description of Scenario Numbers
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AGl - COST ESTI MATE

MATERIALS

SCENARIO| UNITS FOUNDATION COLUMNS
NO. SIZE S/UNIT L LE N TL $HL B T $/UNIT L N A HT \4 $/HL
1,2 METRIC| 5588 95.12 457 457 220 1,005 95.56 457 457 988 457 220 021 229 105 103.76
6,7 Us 22 29.00 15 15 353 5,295 29.08 180 18.0 756 15 353 225 75 221 31.59

3,58 METRIC| 609.6 | 102.66 4.27 488 235 1,148 | 117.83 508 508 988 427 235 0.26 229 139 137.21
10, 11 Us 24 31.30 14 16 378 6,050 35.87 20.0 20.0 756 14 378 2.78 75 292 41.78
12 METRIC| 9144 | 153.83 457 427 220 938 144.23 71 711 988 457 220 0.51 229 254 251.07
Us 36 46.90 15 14 353 4942 4390 28.0 280 756 15 353 5.44 75 534 76.44
4,9,13 | METRIC| 9144 | 15383 2.74 7.32 365 2674 | 411.34 762 762 988 274 365 0.58 259 550 543.42
us 36 46.90 9 24 588 14,104 | 125.28 30.0 30.0 756 9 588 6.25 85 1,156 | 165.56
FOUNDATION COLUMNS
SIZE IN MILIMETERS/INCHES B= COLUMN WIDTH IN MM (FEET)
L= SPACING IN METERS (FEET) T= COLUMN DEPTH IN MM (FEET)
N= PILES PER KILOMETER (MILES) L= SPACING IN METERS (FEET)
LE= EMBEDDED LENGTH IN METERS (+6") (FEET) N= COLUMNS PER KILOMETER (MILES)
TL= TOTAL PILE LENGTH IN METERS (FEET) A= COLUMN AREA IN SQ. METERS (SQ. FEET)
$/UNIT= DOLLARS PER LINEAR METER (FOOT) HT= COLUMN HEIGHT IN METERS (FEET)
$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET) V= VOLUME IN CUBIC METERS (CUBIC YARD)
$/UNIT= $ PER CUBIC METER (CUBIC YARD)
$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)
. MATERIALS .

SCENARIO| UNITS WALL PANELS : GROUT EXPENDABLES - MISC. "TOTAL
NO. . T $/UNIT N PL \4 $/HL N COL - $/COL $/HL NCOL | $/coL $/HL NCOL | $/COL | $/HL SHL
1,2 | METRIC | 457.2 261 219 412 941 24599 220 50.00 10.98 220 10.00 2.20 220 100.00 { 2197 | 480.45
6,7 us 18.00 200 352 13.50 1,980 75.00 353 50.00 3.34 353 10.00 0.67 353 100.00 6.68 146.37

3,58 METRIC |- 508.0 261 234 3.76 1,023 | 267.54 235 50.00 11.76 235 10.00 235 235 100.00 | 2353 ] 560.22
10, 11 us 20.00 200 377 12.33 2,153 81.57 378 50.00 3.58 378 10.00 0.72 378 100.00 7.16 170.67
12 . | METRIC| 711.2 261 219 3.86 1,373 | 359.04 220 50.00 10.98 220 10.00 220 220 100.00 | 21.97 ] 789.49
uUs 28.00 200 352 12,67 2,890 |:109.47 353 50.00 334 353 10.00 0.67 353 |.100.00 6.69 240.50
4,9,13 | METRIC[ 7620 261 364 1.98 1,426 | 372.89 365 50.00 18.27 365 10.00 365 365 10000 | 3654 ]1,386.13
us 30.00 200 587 6.50 3,001 ] 113.68 588 50.00 557 | 588 10.00 111 588 100.00 | 11.13 ] 422.33
WALL PANELS MISCELLANEOUSITEMS
T= WALL THICKNESS IN METERS (FEET) $ PER METER (FOOT)
$/UNIT= $ PER CUBIC METER (CUBIC YARD) YHL PER METER (FOOT)
N= PANELS PER KILOMETER (MILE)
PL= PANEL LENGTHS
V= VOLUME IN CUBIC METERS (CUBIC YARDS)

$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)
6/2/94 Note: Refer to Table 2-1 for Description of Scenario Numbers




AG1 = CCST ESTI MATE

rd

. LABOR
SCENARIO| UNITS DRIVE PILES SET COLUMNS
NO. P EF R N D C.S. H.R. CC. $/HL D C.S. H.R c.C $/HL
1,2 METRIC 8 80% 6.4 220 34.32 8 34.30 2,185 75.35 34.32 7 38.45 2,153 73.90
6,7 us 8 80% 6.4 353 55.16 8 3430 2,195 2293 | 55.16 7 3845 2,153 22.49
3,58 METRIC 8 80% 6.4 235 36.76 8 3430 2,195 80.70 36.76 7 38.45 2,153 79.16
10, 11 us 8 80% 6.4 378 59.08 8 34.30 2,195 2456 | 59.08 7 38.45 2,153 24,09
12 METRIC 8 80% 6.4 220 3432 8 34.30 2,195 75.35 3432 7 38.45 2,153 73.90
us 8 80% 6.4 353 55.16 8 34.30 2,195 2293 | 55.16 7 38.45 2,153 22.49
4.9.13 | METRIC 6 80% 48 365 76.13 8 3430 2,195 167.13 | 76.13 7 38.45 2153 | 163.93
US 6 80% 4.8 588 122.43 8 34.30 2,195 50.90 | 122.43 7 38.45 2.153 49.93
LABOR
SCENARIO| UNITS GROUT COLUMNS SET WALL PANELS TOTAL
NO. D C.S H.R CC $/HL W.P EF R N D CS. H.R. C.C. $/HL $/HL
1,2 METRIC | 34.32 4 32.65 1,045 35.86 18 80% 144 219 15.19 10 38.60 3088 46.89 | 232.00
6,7 us 55.16 4 32.65 1,045 10.91 18 80% 144 352 24.44 10 38.60 3088 14.30 70.64
3,58 METRIC| 36.76 4 32.65 1,045 38.41 18 80% 144 234 16.27 10 38.60 3088 50.24 | 24851
10, 11 us 59.08 4 32.65 1,045 11.69 18 80% 144 377 26.19 10 38.60 3088 15.32 75.67
12 METRIC | 34.32 4 32,65 1,045 35.86 18 80% 144 219 15.19 10 38.60 3088 4689 | 232.00
us 55.16 4 3265 1,045 10.91 18 80% 144 362 24,44 10 38.60 3088 14.30 70.64
4,9,13 | METRIC| 76.13 4 32.65 1,045 | 79.55 18 80% 144 364 25.31 10 38.60 3088 7815 | 488.76
Us 122.43 4 32.65 1,045 24.23 18 80% 14.4 587 40.74 10 38.60 3088 23.83 | 148.88
DRIVE PILES. SET COLUMNS, GROUT COLUMN & WALL PANELS
P= PILES PER DAY Cs= CREW SIZE
EF= EFFICIENCY FACTOR. % HR= HOURLY RATE. $ PER HOUR
= RATE. PILES PER DAY cc= CREWCOST. $
= NUMBER OF PILES PER KILOMETER (MILE) $/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)
D= DURATION, DAYS W.P.=  WALLSSET PER DAY

Note: Refer to Table 2-1 for Description of Scenario Numbers



AG1 -~ cosT ESTI MATE

EQUIPMENT
SCENARIO] UNITS PILE DRIVING SET COLUMNS GROUT COLUMNS SET PANELS MISC. & SMALL TOOLS TOTAL
NO. D EC TC D EC TC D EC TC D EC TC D EC TC
1,2 METRIC| 34.32 1,910 65.56 3432 800 27.46 3432 145 4.98 15.19 2,208 3353 34.32 125 429 135.81
6,7 us 55.16 1,910 1895 | 55.16 800 8.36 55.16 145 1.51 24.44 2,208 10.22 55.16 125 1.31 41.35
3,58 METRIC{ 36.76 1,910 70.22 36.76 800 29.41 36.76 145 533 16.27 2,208 35.92 36.76 128 460 14548
10, 11 us 59.08 1,910 21.37 | 59.08 800 8.95 59.08 145 1.62 26.19 2,208 1095 | 59.08 |{. 125 1.40 44 .30
12 METRIC| 34.32 1,910 65.56 3432 800 27.46 34.32 145 4.98 15.19 2,208 3353 34.32 125 4.29 135.81
Us 55.16 1,910 19.95 | 55.16 800 8.36 55.16 145 1.51 24.44 2,208 10.22 55.16 125 1.31 41.35
4,9, 13 | METRIC} 76.13 1,910 14542 | 76.13 800 60.91 76.13 145 11.04 2531 2,208 55.88 76.13 125 9.52 282.76
us 122.43 1,910 44.29 | 122.43 800 18.55 | 122.43 145 3.36 40.74 2,208 17.04 ] 12243 125 2.90 86.14
EQUIPMENT COSTS
D= DURATION OF WORK
EC= EQUIPMENTCOST IN $/DAY
TC= TOTAL COST FOR EQUIPMENT PER METER (FOOT)
SCENARIO MISCELLANEOUS ITEMS SCENARIO TOTAL COST SUMMARY FOR AG1
NO. NO. MAT LABOR | MisC | EQuIP suB CONT | TOTAL
FP RPLI CMD 1 2 3 TOTAL ITEMS @30%

1,2 27,968 ) 21,753 | 31,075 0 0 0] 80.80 1,2 $M 480.45 | 232.00 | 80.80 | 13581 | 929.06 | 18581 | 1,114.87
6,7 45,000 { 35,000 | 50,000 24.62 6,7 $/FOOT| 14637 | 7064 24.62 4135 | 28298 | 56.60 | 339.57
3,58 29832 | 21,753 | 37,290 0 0 O] 8888 3,58 $M™ 560.22 | 24851 | 88.88 | 14548 | 1,043.09) 208.62 {1,251.71
10, 11 48,000 | 35,000} $0,000 27.08 10, 11 $/FOOT | 170.67 | 75.67 27.08 44.30 | 317.72 | 63.54 | 381.27

12 27,968 | 21,753 | 40,398 0 0 0] s0.12 12 $M 789.49  232.00 | 90.12 135.81 | 1,247.42| 249.48 | 1,496.90
45,000 | 35,000 | 65,000 27.46 $/FOOT | 240.50 | 7064 27.46 4135 | 379.95 | 75.99 | 455.94
4,913 46613 | 21,753 | 71,473 0 o] 0] 139.84 4,913 M 1,386.13| 488.76 | 139.84 | 282.76 | 2,297.49| 459.50 | 2,756.99
75,000 | 35,000 | 115,000 42.61 $/FOOT | 422.33 | 148.88 | 4261 86.14 | 699.96 | 139.99 | 839.96
FP= FLAGGING PROTECTION

RPLI= RAILROAD PROTECTIVE LIABILITY INSURANCE
CMD= ,CONTRACTORSMOB & DEMO

$/LM= DOLLARS PER LINEAR METER

$/LF= DOLLARS PER LINEAR FOOT

6/?/9 Note: Refer to Table 2-1 for Description of Scenario Numbers



Cod Edimate Calculations:

Barrier Type AG2 (At Grade Alternate 2)

Precast Concrete Wall with Seel Pile Foundation
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AG2 = cosT ESTI MATE
MATERIALS
SCENARIO[ UNITS STEEL PILES FOUNDATION STEEL COLUMNS
NO. SIZE SIUNIT] L N TLE] 7L [wrf x| s SIZE As | suNiT N HT T wr | K [ sHL
1,2 METRIC] w254 x 27 062 | 457 | 220 | 610 1339 | 89 | 120 | 7383 | W 254 x 272 |113548[ o062 220 |229] 89.2 | 448 | 27.68
6,7 us w 10 x 60 028 | 15.0 353 (200 7,060 | 60 80 2246 | W 10 x 60 17.6 0.28 353 | 75| 60 | 30.1] 842
3,58 |METRIC] W  254x 45 062 | 427 | 235 [7.01] 1,650 | 149 | 245 | 15156 | W 254 x 453 [18967.7] 062 235 [229[148.7] 80.0 | 49.40
10, 11 us |w 10  x100 028 1 140 | 378 |230| 8697 [100 | 165 | 4612 | w 10 x 100 29.4 0.28 378 |75 | 100 | 53.7 | 15.04
12 METRIC] W 356 x 60 062 | 427 | 235 |518| 1219 196 | 239 | 14787 w 3556 x 598 |25032.2] 0.62 235 |2.29[196.3[105.6] 65.21
us |w 14 x12 028 | 140 | 378 |170| 6428 | 132 | 161 | 4500 | W i4 X 122 38.8 0.28 78 |75 ]| 132 | 09| 1985
4,913 |METRIC] W 356 x 193 062 | 427 | 235 [13.41] 3156 | 634 | 2,000 [##se| W 3556 x 1930 | 806450 0.62 235 | 259 633.5[ 3862723853
us |w 14 xa2 0.28 | 140 | 378 |440 | 16638 426 | 1,342 | 37587| w 14 x 426 1250 | 028 a78 |85 | 426 [259.3] 7261
FOUNDATION STEEL COLUMNS
$/UNIT= DOLLARS PER KILOGRAM (POUND) As=  CROSS SEC. AREAIN SO. MILIMETERS (SO. INCHES)
L= SPACINGIN METERS (FEET) $/UNIT= DOLLARS PER KILOGRAM (POUND)
N= PILES PER KILOMETER (MILES) L= SPACING IN METERS (FEET)
LE= EMBEDDEDLENGTH IN METERS (+6") (FEET) N= COLUMNS PER KILOMETER (MILES)
TL= TOTAL PILE LENGTHIN METERS (FEET) HT=  COLUMN HEIGHT IN METERS (FEET)
WT=  WEIGHT IN KILOGRAMPER METER (POUND/FOOT) ~ WT=  WEIGHT IN KILOGRAM PER METER (POUND/FOOT)
o K= TOTAL WEIGHT PER HORIZONTAL LENGTH K= TOTAL WEIGHT PER HORIZONTAL LENGTH
~ IN KILOGRAM PER METER (POUND PER FOOT) IN KILOGRAM PER METER (POUND PER FOOT)
$/HL=  $PER HORIZONTAL LENGTH IN METERS (FEET) $/HL=  $PER HORIZONTALLENGTHIN METERS (FEET)
MATERIALS
SCENARIO] UNITS CONCRETE ENCASEMENT BASE PLATES WALL PANELS MISC. TOTAL
NO. Bl 7 [ N] HT v IsuNiT] sHL $UNIT] StHLI SONIT] N PL v | sHL [Ncol] sicol ] sHL $/HL
1,2 |METRIC] 457 457 [ 220 229 | 993 | 419 [4156[ 220 75 [1648] 262 | 219 | 41 [ 941 [24614] 220 | 120 | 2636 | 432.04
6,7 us J 18| 18 |353| 750 | 2086 | 320 | 1264|353 75 [s501] 200 | 352 | 135]| 1,980 | 75.00] 353 | 120 802 | 13157
3,58 |[METRIC|[508] 508 [235[ 229 [ 1286 | 419 [5384[ 235 100 [2353] 262 | 234 | 38 [ 1,023 [267.70] 235 | 120 | 2823 | 574.27
10, 11 us { 20| 20 |a78| 750 | 2703 | 320 {1638| 378] 75 |537] 200 | 377 | 123]| 2,153 | 8157| 318 | 120 859 | 173.08
12 METRIC| 711| 711 | 235| 229 | 2687 |. 419 |10826] 235 | 100 |2353| 262 | 234 | 36 | 1,355 [35453] 235 | 120 | 2823 | 727.64
us | 28| 28 |378| 750 | 5436 | 320 | 3294|378 | 100 |716] 200 | 377 | 11.7| 2,852 |108.02] 378 | 120 859 | 22158
49,13 [METRIC] 711] 711 [235| 259 [ 2592 [ 419 [10851] 235 ] 100 [2353] 262 | 234 | 36 | 1536 [40181] 235 | 120 | 2823 |2035.74
us | 28| 28 |378] 850 | 5448 | 320 | 3302 378]| 100 {716] 200 | 377 | 11.7] 3232 [122.43] 378 | 120 859 | 619.69
1
CONCRETE ENCASEMENT WALL PANELS MISCELLANEOUSITEMS
B= COLUMN WIDTH IN MILIMETERS (INCHES) $/UNIT= $ PER CUBIC METER (CUBIC YARD) $=  $PER KILOMETER
T= COLUMN WIDTH IN MILIMETERS (INCHES) N= PANELS PER KILOMETER (MILE) $HL= $ PER MILE
N= COLUMNS PER KILOMETER (MILES) PL=  PANELLENGTHS
HT= COLUMN HEIGHT IN METERS (FEET) V= VOLUME IN CUBIC METERS (CUBIC YARD)
V= VOLUME OFCONCRETE ENCASEMENT $HL= $PER HORIZONTALLENGTH IN METERS (FEET)

$/HL=
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IN CUB. METERS (CUB. YARDS)
$/UNIT = $/CUB. METER ($/CY)
$ PER HORIZONTAL LENGTH IN METERS (FEET)

Note: Refer to Table 2-1 for Description of Scenario Numbers




AG2 = COST ESTI MATE

LABOR
SCENARIO| UNITS DRIVE PILES SET STEEL COLUMNS
NO. P EF R N D C.S. H.R. C.C. | SHL C D CS. H.R C.C $/HL
1,2 ‘METRIC] 16 80% 128 220 [ 1716 | 8 3430 | 2,195 |37€7] 15 14.64 6 38.30 1,838 26.92
6,7 Us 16 80% 128 | 353 27.58 8 3430 | 2,195 |1147) 15 23.53 6 38.30 1,838 8.19
3,5,8 METRIC| 15 80% 120 235 1 19.61 8 3430 | 2,195 [43.04] 15 15.68 6 38.30 1,838 28.84
10, 11 us 15 80% 120 | 378 3151 |- 8 3430 | 2,195 [i3.10] 15 25.21 6 38.30 1,838 8.78
12 METRIC] 16 80% 128 235 | 18.38 8 3430 | 2,195 [4035] 15 15.69 6 38.30 1,838 28.84
Us 16 80% 128 [ 378 29.54 8 3430 | 2,995 [1228] 15 25.21 6 38.3C 1,838 8.78
4,9,13 | METRIC] 10 80% 80 235 | 29.41 8 3430 | 2,195 16456] 15 15.69 6 38.30 1,838 28.84
Us 10 80% 8.0 378 . | 47.27 8 34.30 | 2,195 {19.65] 15 25.21 5 38.30 1,838 8.78
LABOR

SCENARIO|] UNITS SET CONCRETE ENCASEMENT . SET WALL PANELS TOTAL

NO. E D CS| HR Cc.C $/HL | WP EF R N D C.S. H.R. CC. | $HL | $HL

1,2 METRIC] 3 | 7322 | 9 | 3320] 2,390 {175.03] 18 80% | 1440 | 219 | 15.19 10 3860 | 3,088 | 46.89 |313.44

6,7 uUs 3 111767 9 (3320|2390 | 53.27] 18 80% 14.40 | 352 | 24.44 10 38.60 | 3,088 | 14.30 ] 95.42

3,58 METRIC| 3 | 7843 | 9 | 33.20] 2,390 | 187.48] 18 80% 1440 | 234 | 16.27 10 38.60 | 3,088 | 50.24 §338.43

10, 1 uUs 3 112605] 9 | 33.20] 2,390 | 57.07 | 18 80% 14.40 | 377 | 26.19 10 3860 | 3,088 | 15.32 ] 103.04

12 METRIC] 3 | 7843 | 9 | 3320 2,390 | 187.48] 18 80% | 14.40 | 234 | 16.27 10 38.60 | 3,088 | 50.24 |335.74

Us 3 [12605| 9 | 3320| 2,390 | 5707 18 80% | 14.40 | 377 | 26.19 10 38.60 | 3,088 | 15.32 ]102.22

49,13 |METRIC] 3 | 7843 | 9 | 3320 2,390 | 187.48| 18 80% 14.40 | 234 | 16.27 10 38.60 | 3,088 | 50.24 1359.95

Us 3 112605 9 | 33.20f 2,390 | 57.07 | 18 80% | 14.40 | 377 | 26.19 10 38.60 | 3,088 | 15.32 {109.59

DRIVE PILES, SET COLUMNS, GROUT COLUMN & WALL PANELS

P= PILES PER DAY C=  COLUMNSPER DAY

EF= EFFICIENCY FACTOR, % CS= CREWSIZE

R= RATE, PILES PER DAY HR= HOURLY RATE, $ PER HOUR

N= NUMBER OF PILES PER KILOMETER (MILE) CC= CREW COST, $ PER DAY

D= DURATION, DAYS $/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)
E=, ENCASEMENT PER DAY W.P.= WALLS SET PER DAY

6/2/94 Note: Refer to Table 2-1 for Description of Scenario Numbers



AG2 = COST ESTI MATE
EQUIPMENT
SCENARIO| UNITS PILE DRIVING SET COLUMNS COLUMN ENCASEMENT SET PANELS MISC. & SMALL TOOLS TOTAL
NO. D EC TC D EC TC D EC TC D EC TC D EC TC
1,2 METRIC| 17.16 1,810 32.78] 1464 { 1,160 | 16.99] 73.22 860 62.97 15.19 2,208 3353 73.22 125 9.15 155.42
6,7 Us 27.58 1,810 998 } 2353 | 1,160 | 517 | 11767 860 19.17 24 .44 2,208 10.22 117.67 125 2.79 47.32
3,58 METRIC| 19.61 1,910 37.45] 1569 { 1,160 | 1820 78.43 860 67.45 16.27 2,208 35.92 78.43 125 9.80 168.82
10, 11 us 31.51 1,810 11.40] 2521 | 1,160 | 554 | 12605 | 860 20.53 26.19 2,208 10.95 126.05 125 298 51.40
12 METRIC| 18.38 1,910 35111 1569 | 1,160 | 1820] 7843 860 67.45 16.27 2,208 35.92 78.43 125 9.80 166.48
Us 29.54 1,910 10694 2521 | 1,160 | 554 1126.05 860 20.53 26.19 2,208 10.95 126.05 125 2.98 50.69
4,9,13 | METRIC| 28.41 1,810 5617 1569 | 1,160 | 18.20| 78.43 860 67.45 16.27 2,208 35.92 78.43 125 9.80 187.55
Us 47.27 1,910 "17.101 2621 | 1,160 | 554 | 126.05 860 20.53 26.19 2,208 10.95 126.05 125 2.98 57.10
EQUIPMENT COSTS
D= DURATION OF WORK
EC= EQUIPMENT COST IN $/DAY
TC= TOTAL COST FOR EQUIPMENT PER METER (FOOT)
SCENARIO| UNITS MISCELLANEQUS ITEMS TOTAL COST SUMMARY FOR AG2
NO. FP RPLI | CMD 1 |JTOTAL SCENARIO MAT | LABOR| MISC | EQUIP|{ SUB | CONT | TOTAL
1,2 METRIC] 46,613 | 24,860 | 27,968 0 99.44 NO. l ITEMS () 20%
6,7 Us 75,000 | 40,000 | 45,000 30.30 1,2 $/M. | 432.04 | 313.44 | 99.44 | 155.42| 1,000.34] 200.07 | 1,200.40
3,58 METRIC| 46613 | 24,860 | 31,075 0 102.55 6,7 $/FOOT| 131.57 ] 9542 | 30.30 | 4732 | 304.61 | 60.92 365.54
10, 11 us 75,000 | 40,000 | 50,000 31.25 3,58 $/M. | 574.27 | 338.43 | 102.55] 168.82] 1,184.07] 236.81 | 1,420.89
12 METRIC| 46,613 | 24,860 | 37,290 0 108.76 10, 11 $/FOOT] 173.08 ] 103.04 | 31.25 | 51.40] 358.77 ] 71.75 | 430.53
uUs 75,000 | 40,000 | 60,000 33.14 12 $/M. ] 727.64 ] 335.74 | 108.76] 166.48] 1,338.63] 267.73 { 1,606.36
4,8,13 | METRIC| 46613 | 24,860 | 71473 | © 142.95 $/FOOT| 221.58 § 102,22 | 33.14 | 50.69 | 407.63 | 8153 | 489.16
Us 75,000 | 40,000 | #HHHHH 43.56 4,913 $/M. | Mt | 359.95 | 142.95] 187.55]2,726.19] 545.24 | 3,271.43
$/FOOT] 619.69 | 109.59 | 4356 | 57.10 ] 829.94 | 165.99 | 995.93
FP= FLAGGING PROTECTION
RPLI=  RAILROAD PROTECTIVELIABILITY INSURANCE
CMD=  CONTRACTORS MOB 6 DEMO
$/LM= DOLLARS PER LINEAR METER
$/LF= DOLLARS PER LINEAR FOOT

Note: Refer to Table 2-1 for Description of Scenario Numbers




Cost Estimate Calculations:

Barrier Type AG3 (At Grade Alternate 3)

Precast Concrete Wall with Precast Concrete Foundation



-A

AG3 - COST ESTIMATE

MATERIALS
SCENARIO| UNITS CONCRETE CAISSONS FOUNDATION CAST-IN-PLACE CONCRETE COLUMNS
NO. D $/UNIT L N LE TL $/HL B T $/UNIT N HT ) $HL
1.2 METRIC 762 88.6 4.88 206 4.27 879 77.87 610 508 458 206 2.29 1459 | 66.74
6,7 us 30 27.0 16.0 331 14.0 4,634 | 23.70 24 20 350 331 7.50 3065 | 2032
35,8 METRIC 762 88.6 366 274 427 1,171 | 103.70 610 559 458 274 2.29 213.7 | 97.76
10, 11 Us 30 27.0 12.0 441 14.0 6,174 | 31.57 24 22 350 441 7.50 4492 | 29.77
12 METRIC 914 124.6 457 220 396 871 108.52 762 " 458 220 228 2722 | 12454
us 36 38.0 15.0 353 13.0 4,589 | 33.03 30 28 350 353 7.50 5720 | 37.92
4,913 METRIC 1219 | 209.9 3.66 274 6.71 1,840 | 386.26 914 1016 458 274 2.59 6605 | 302.18
us 48 64.0 12.0 441 22.0 9,702 | 117.60 36 40 350 441 850 [1,388.3] 92.03
FOUNDATION CAST-INPLACE CONCRETE COLUMNS
D= CAISSONS DIAMETER IN INCHES (MM) B= COLUMN WIDTH IN MILIMETERS (INCHES)
$/UNIT= DOLLARS PER METER (FOOT) T= COLUMN WIDTH IN MILIMETERS (INCHES)
L= SPACING IN METERS (FEET) $/UNIT= DOLLARS PER CUB. METER (CUBIC YARD)
N= CAISSONS PER KILOMETER (MILES) L= SPACING IN METERS (FEET)
LE= EMBEDDED LENGTH IN METERS (+6") (FEET) N= COLUMNS PER KILOMETER (MILES)
TL= TOTAL CAISSONS LENGTH IN METERS (FEET) HT= COLUMN HEIGHT IN METERS (FEET)
$HL= $ PER HORIZONTALLENGTH IN METERS (FEET) V= VOLUME OF CONCRETE IN CUB. METERS (CY)
$/HL=  $ PER HORIZONTALLENGTH IN METERS (FEET)
MATERIALS
SCENARIO] UNITS WALL PANELS MISC. TOTAL
NO. HT T $/UNIT N PL \ $/HL L.S. $ $/HL $HL
1,2 METRIC 229 508 360 205 43 1,016 | 365.61 0 0 0 510.21
6,7 us 7.5 20 275 330 140 2,139 | 111.40 0 0 0 155.41
3,58 METRIC 2.29 559 360 274 30 1,069 | 384.42 0 0 0 585.89
10, 11 uUs 75 22 275 441 10.0 | 2,246 | 116.97 0 0 0 178.32
12 METRIC 229 11 360 220 38 1,361 | 489.71 0 0 0 722.77
. us 75 28 275 353 125 | 2,860 | 148.96 0 0 0 219.90
4,913 METRIC 2.59 1016 360 274 2.7 1,882 | 712.96 0 0 0 1,401.39
, US 8.5 40 275 441 9.0 4,165 { 216.93 0 0 0 426.56
WALL PANELS MISCELLANEOUSITEMS
HT= PANEL HEIGHT IN METERS (FEET) $= $ PER KILOMETER
T= WALL THICKNESS IN METERS (FEET) $/HL= $ PER MILE
$/UNIT=  $ PER CUBIC METER (CUBIC YARD)
N= PANELS PER KILOMETER (MILE)
PL= PANEL LENGTHS
V= VOLUME IN CUBIC METERS (CUBIC YARDS)
$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)

Note: Refer to Table 2-1 for Description of Scenario Numbers




AG3 - COST ESTIMATE

LABOR
SCENARIO| UNITS INSTALL CAISSONS SET CAST-IN-PLACE CONCRETE COLUMNS AND PANELS TOTAL
NO. C EF R N D C.S. HR. C.C. $/HL Vv C.D. D C.S H.R CcC $/HL $/HL
1,2 METRIC 5 80% | - 40 206 51.50 7 30.00 1,680 86.52 1,162 19 60.8 13 32.40 3370 | 204.78 | 291.30
6,7 Us 5 80% 4.0 331 82.75 7 30.00 1,680 26.33 2,445 25 97.8 13 32.40 ; 3,370 62.42 88.75
3,58 METRIC 5 80% 4.0 274 68.58 7 30.00 1,680 115.22 1,282 18 67.1 13 32.40 3,370 | 22595 ( 34117
10, 11 Us 5 80% 4.0 441 110.25 7 30.00 1,680 35.08 2,695 25 107.8 13 32.40 | 3,370 68.80 | 103.88
12 METRIC 5 80% 4.0 220 54.92 7 30.00 1,680 92.26 1,634 23 7z 13 32.40 3,370 | 239.86 | 332.12
Us 5 80% 40 353 88.25 7 30.00 1,680 28.08 3,432 30 1144 13 32.40 3,370 73.01 101.09
4,913 METRIC 4 80% 3.2 274 85.73 7 30.00 1,680 144.03 2,643 3 86.4 13 32.40 3,370 | 290.99 | 435.02
Us 4 80% 3.2 441 137.81 7 30.00 1,680 43.85 5,653 40 138.8 13 32.40 | 3,370 8860 | 13245
INSTALL CAISSONS, COLUMNS. & WALL PANELS Cs= CREW SIZE
C= CAISSONS PER DAY HR= HOURLY RATE, $ PER HOUR
EF= EFFICIENCY FACTOR, % Ccc= CREW COS?, $ PER DAY
R= RATE. CAISSONS PER DAY $/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)
N= NUMBER CAISSONS PER KILOMETER (MILE) = TOTAL VOLUME OF CONCRETE IN CY/CM
D= DURATION. DAYS CD-= VOLUME OF CONCRETE PLACED PER DAY

6/2/94 Hote: Refer to Table 2-1 for Description of Scenario Numbers




AG3 - COST ESTIMATE

EQUIPMENT
SCENARIO| UNITS INSTALL CAISSONS  SET COLUMNS AND PANELS MISC. & SMALL TOOLS TOTAL
NO. D EC TC D EC TC D EC TC $/HL
1,2 METRIC | 5150 | 2,139 [ 110.16 | 60.77 910 | 5530 60.77 78 474 170.20
67 us 82.75 | 2,139 | 3352 | 97.81 910 16.86 | 97.81 78 1.44 51.83
3,58 METRIC | 6858 | 2,139 | 14670 | 67.05 910 | 61.02] 6358 78 5.35 213.07
10, 11 us 110.25 | 2,139 | 44.66 | 107.80 910 1858 | 110.25 78 1.63 64.87
12 METRIC | 54.92 | 2,139 | 11747 | 71.18 910 | 6478 71.18 78 555 187.80
us 88.25 | 2,139 ] 3575 | 114.40 910 19.72 | 114.40 78 1.69 57.16
4,913 METRIC | 8573 | 2,139 [ 18337 ] 86.36 910 | 7859 | 86.36 78 6.74 268.70
us 13781 | 2139 | 5583 | 138.83 910 | 2393 | 138.83 78 2.05 81.81
EQUIPMENT COSTS
D= DURATION OF WORK
EC= EQUIPMENT COST IN $/DAY
TC= TOTAL COST FOR EQUIPMENT PER METER (FOOT)
SCENARIO]  uUNITS - MISCELLANEOUS ITEMS TOTAL COST SUMMARY FOR AG3
NO. FP RPLI | CMD 1 2 3 TOTAL SCENARIO - MAT | LaBor | Misc ] EQuiP] suB | conT | ToTAL
1,2 METRIC | 37,290 | 21,753 | 31,075 0 0 0 90.12 NO. ITEMS @ 20%
6, 7 uUs 60,000 | 35,000 [ 50,000 27.46 1.2 $/M. | 510.21 | 291.30 § 90.12 ] 170.20 ] 0.00 0.00 0.00
3,58 METRIC | 40,398 | 21,753 | 37,290 0 0 0 99.44 6.7 UFOOT| 15541 | 88.75 | 27.46] 51.83 0.00 0.00 0.00
10, 11 us 65,000 | 35,000 | 60,000 30.30 3,5,8 $M. | 58589 | 341.17 | 99.44| 213.07 | 3,865.68| 773.14 | 4,638.82
12 METRIC | 42,884 | 21,753 | 40,398 0 0 i} 105,03 10,11 | /FOOT| 17832 | 103.88 | 30.30 | 64.87 |3,520.78| 704.16 | 4.224.93
uUs 69,000 | 35,000 | 65,000 32.01 12 $M. | 722.77 | 332.12 | 105.03] 187.80 | 3,.936.71| 787.34 | 4,724.04
4,913 METRIC | 52,828 | 21,753 | 80,796 0 0 () 155,38 $/FOOT] 21990 | 101.09 | 3201 ] 57.16 |3542.27] 708.45 | 4,250.73
us 85,000 | 35,000 {130,000 47.35 4,913 $/M. 11,401.39] 43502 | 155.38] 268.70 ] 3,941.58] 788.32 | 4,729.89
$/FOOT | 42656 | 132.45 ] 47.35 ] 81.81 |3,54369] 708.74 | 4252.43
Fp= FLAGGING PROTECTION
RPLI= RAILROADPROTECTIVE LIABILITY INSURANCE
CMD= CONTRACTORS MOB & DEMO
$/LM= DOLLARS PER LINEAR METER
$/LF= DOLLARS PER LINEAR FOOT

6/2/94 Note: Refer to Table 2-1 for Description of Scenario Numbers



Cost Edimate Calculations:
Barrier Type AG4 (At Grade Alternate 4)

Structural Sed Post and Rail with Sedl Pile Foundation



AG4 - COST ESTIMATE

MATERIALS
SCENARIO| UNITS STEEL PIPE PILES FOUNDATION STEEL COLUMNS BASE PLATES
NO. D $/UNIT L N LE TL $HL D $/UNIT N HT TL $/HL WT  [$/UNIT N K $/HL
1,2 METRIC] 406 ]111.19| 457 220 6.10 [ 1,339 | 14893 406 11119 220 229 | 502 | 55.85 148 088 220 32,539 | 2873
. 6,7 Us 16 33.90 15.0 353 | 200 | 7,060 | 4533 16 33.90 353 7.5 2,648 17.004 327 0.40 353 [115431| 874
3,5,8 METRIC| 457 [176.46] 579 174 6.40 | 1,112 [ 196.17 457 176.46 174 229 | 397 | 70.06 148 0.88 174 25,720 | 2271
10, 11 Us 18 53.80 19.0 279 | 210 | 5857 | 59.68 18 53.80 279 7.5 2,082 21.31 | 327 0.40 279 91,199 | 6.91
12 METRIC]| 559 |259.45] 4.57 220 5.18 | 1,139 | 295.39 559 259.45 | 220 2.29 | 502 (130.32] 148 0.88 220 32,639 | 2873
us 22 79.10 15.0 353 17.0 | 6,001 | 89.90 22 79.10 353 7.5 2,648| 3966 | 327 0.40 353 | 115,431| 874
4,9,13 |METRIC] 610 |[306.68] -3.05 329 8.84 | 2,909 | 892.08 610 306.68 | 329 259 | 853 [261.47| 148 0.88 329 48,735 | 43.03
Us 24 93.50 10.0 529 | 29.0 |15,341| 271.66 24 93.50 529 8.5 4,497 | 79.63| 327 0.40 529 | 172,983 13.10
FOUNDATION STEEL COLUMNS BASEPLATES
D= PIPE DIAMETER IN MM (INCHES) D= PIPE DIAMETER IN MM (INCHES) WT= WEIGHT IN KILOGRAMS (PUONDS)
$/UNIT= DOLLARS PER METER (FOOT) $/UNIT= WLLARS PER METER (FOOT) $/UNIT= DOLLARS PER KILOGRAM (POUND)
L= SPACING IN METERS (FEET) L= SPACING IN METERS (FEET) N= PLATES PER KILOMETER (MILES)
N= PILES PER KILOMETER (MILES) N= PILES PER KILOMETER (MILES) K= TOTAL WEIGHT IN KILOGRAMS
LE= EMBEDDED LENGTHIN METERS (-6") (FEET) HT= COLUMNHEIGHT IN,METERS (FEET) (POUNDS)
TL= TOTAL PILE LENGTH IN METERS (FEET) TL= TOTAL PILE LENGTH IN METERS (FEET) #HL=  $ PER HORIZONTAL LENGTH
$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET) $/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)
IN METERS (FEET)
MATERIALS
SCENARIO] UNITS STEEL PIPE BEAM STEEL PIPE RAILING (INT.& BOT.) STEEL FENDER SYSTEM MISC. TOTAL
WG, T $/UNIT TL $/HL T J$/UNITY} TL $/HL TH SUNITE WT HT K $HL L.S. $ $/HL $/HL
1.2 METRIC| 406 | 111.19]| 1,000 |111.19] 30.48 | 51,99 | 2,000 103.98 12.7 0.62 7833 | 229 | 227 | 14059 1 3290 ( 3290 | 622.18
6.7 . us 16 3390 | 5280 | 3390 12.0 | 15.85 | 10,560 31.70 0.50 0.28 490 75 153 42.88 1 10.03 | 10.03 | 189.58
3,58 METRIC] 457 | 17646( 1,000 | 176.46] 3556 | 65.44 | 2,000 130.87 12.7 0.62 7833 |.229 | 227 | 14059 1 26.01 26.01 | 762.88
10, 11 Us 18 53.80 | 5280 | 53.80 | 14.0 | 19.95 | 10,560 39.90 0.50 0.28 490 75 153 42.88 1 7.93 793 | 23240
12 METRIC| 559 |259.45| 1,000 |259.45] 40.64 | 8561 | 2,000 171.22 12.7 062 7833 | 229 | 227 { 14059 1 3290 | 32.80 |1,058.59
us 22 7910 | 5280 | 7910 | 16.0 | 26.10 | 10,560 52.20 0.50 0.28 490 7.5 153 42.88 1 10.03 | 10.03 ] 322.51
4,9, 13 | METRIC| 61.0 [ 30668 1,000 |30668| 45.72 | 108.24( 2,000 216.48 127 0.62 7833 | 258 | 258 | 159.34 1 49.30 | 49.30 |1,928.38
[ Us 24 9350 | 5280 | 9350 | 18.0 | 33.00 | 10,560 66.00 0.50 0.28 490 85 174 4859 1 15.03 | 15.03 | 587.52
STEEL PIPE RAILING (TOP) STEEL FENDER SYSTEM MISCELLANEOUS ITEMS
T= PIPE DIAMETER IN CM (INCHES) TH= PLATE THICKNESS IN MM (INCHES) $= $PER LINEAR METER/LINEAR FOOT
$/UNIT= DOLLARSPER METER (FOOT) $/UNIT= DGLLARS PER KILOGRAM (POUNC) $/HL=  $PER LINEAR METER/LINEAR FOOT
TL= TOTAL LENGTH IN METERS (FEET) WT= WEIGHT iN KILOGRAM PER CUBIC METER
$/HL= $ PER HORIZONTAL LENGTH (POUNDSPER CUBIC FOOT)
IN METERS (FEET) HT= FENDER HEIGHT IN METERS (FEET)

6/2/94

WEIGHT PER HORIZONTAL LENGTH
IN KILOGRAMS PER METER (POUNDS PER FOOT)

Note: Refer to Table 2-1 for Description of Scenario Numbers



AG4 - COST ESTIMATE

LABOR
SCENARIO] UNITS DRIVE PILES SET STEEL COLUMNS
NO. . P EF R N D C.S. | HR. C.C. $/HL C D CS. ] HR C.C $HL
1,2 METRIC] 14 80% 112 220 | 1961 8 34.30 2,195 43.05 15 14.64 6 3830} 1838 | 26.92
6,7 us 14 80% 11.2 353 | 31.52 8 34.30 2,195 13.10 15 23.53 6 3830| 1,838 | 8.19
3,58 METRIC| 12 | 80% 96 174 | 18.09 8 | 3430 2,195 39.70 15 11.58 6 3830 | 1,838 | 21.28
10, 11 us 12 80% 9.6 279 | 29.05 8 34.30 2,195 12.08 15 |} 18.59 6 3830 | 1,838 | 6.47
12 METRIC] 14 80% 11.2 220 | 19.61 8 34.30 2,195 43.05 15 14.64 6 3830 ) 1,838 | 26.92
us 14 80% 11.2 353 | 31.52 8 34.30 2,195 13.10 15 23.53 6 3830| 1,838 | 8.19
4,9,13 |METRIC}] 10 80% 8.0 329 | 41.13 8 34.30 2,195 90.28 15 21.93 6 3830 | 1,838 | 40.32
us 10 80% 8.0 529 | 66.13 e 34.30 2,185 27.49 15 35.27 6 38.30 | 1,838 | 12.28
LABOR .
SCENARIO] UNITS INSTALL PIPE RAILS INSTALL FENDER SYSTEM
NO. N R [*] C.S H.R C.C $/HL N R D C.S HR | CC $/HL
1,2 METRIC| 219 6 36.44 9 36.20 { 2,606 | 94.99 219 6 36.44 6 3830| 1,838 | 67.00
6,7 us 352 6 58.67 9 36.20 | 2,606 | 28.96 352 6 58.67 (] 38.30) 1,838 | 20.43
3,58 METRIC] 173 6 28.77 9 3620 | 2,606 | 74.99 173 6 28.77 6 38.30| 1,838 | 5289
10, 11 us 278 6 46.32 9 36.20 | 2,606 | 22.86 278 6 46.32 6 3830/ 1,838 | 16.13
12 METRIC| 219 6 36.44 9 36.20 | 2,606 | 94.99 2189 6 36.44 6 38301 1,838 | 67.00
Us 352 6 58.67 9 36.20 | 2,606 | 28.96 352 6 58.67 6 38.3011,838 | 2043
4,9,13 | METRIC] 328 6 54.67 9 36.20 | 2,606 | 142.48 328 6 54.67 6 38.30| 1,838 | 100.50
us 528 6 88.00 9 36.20 | 2,606 | 43.44 528 6 88.00 6 3830 1,838 | 30.64
LABOR DRIVE PILES. SET COLUMNS, GROUT COLUMN & WALL PANELS
SCENARIO| UNITS PAINTING STRUCTURAL STEEL . TOTAL = PILES PER DAY
NO. N R D C.S. HR. | CC. | $HL $/HL EF= EFFICIENCY FACTOR. %
1,2 METRIC| 219 8 27.3 3 30.95 | 742.80| 20.30 252.27 = RATE, PILES PER DAY
6,7 Us 352 8 44.0 3 30.95 | 742.80 6.19 76.87 N= NUMBER OF PILES PER KILOMETER (MILE)
3,58 METRIC{ 173 8 216 3 30.95 {742.80] 16.03 204.90 = DURATION, DAYS
10, 11 uUs 278 8 34.7 3 30.95 [ 742.80| 4.89 62.43 Cs= CREW SIZE
12 METRIC] 219 8 27.3 3 30.95 | 742.80| 20.30 252.27 HR= HOURLY RATE, $ PER HOUR
Us 352 8 44.0 3 30.95 | 742.80| 6.19 76.87 = CREW COST, $ PER DAY
4,9,13 | METRIC] 328 8 41.0 3 30.85 | 742.80| 30.45 404.04 $/HL=  $ PER HORIZONTAL LENGTH IN METERS (FEET)
us 528 8 66.0 3 30.85 | 742.80| 9.29 123.14 W.P.=  WALLS SET PER DAY
6/2/94

Note: Refer to Table 2-1 for Description of Scenario Numbers
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AG4 - COST ESTIMATE

EQUIPMENT
SCENARIO[ UNITS PILE DRIVING SET COLUMNS INSTALL PIPE RAILS INSTALL FENDER SYSTE PAINTING MISC. & SMALL TOOLS | TOTAL
NO. D EC TC D EC TC D EC TC D EC TC D EC TC D EC TC
1,2 METRIC| 19.61 | 1810 | 3746 | 1464 | 1,160 | 16.99 | 3644 1402 51.10 36.44 1,402 | 51.10] 27.33 200 547 | 36.44 150 547 116757
6,7 us 3152 | 1910 | 11.40 {23531 1,160 | 517 | 5867 1402 15.58 58.67 1,402 | 1558 44.00 | 200 167 | 58.67 150 1.67 51.06
3,5,8 METRIC] 1809 | 1910 { 3455 | 1158 | 1,160 | 13.43| 2877 1402 4034 28.77 1.402 | 40341 21.58 200 432 ]| 2877 150 432 | 137.28
10, 11 Us 290.05| 1,910 10.51 |18.59| 1,160| 4.08 | 46.32 1402 12.30 | 46.32 | 1,402| 12.30] M 74| 200 1.32] 46.32 150 1.32 | 41.82
12 METRIC] 19.61 [ 1,910 37.46 | 14.64] 1, 160| 16.99| 36.44 1402 51.10 | 36.44 | 1,402 51. 10} 27.33 200 547 | 36.44 150 547 | 167.57
Us 31.52 | 1.910| 1140 |=2353 | 1,160| 517 | 58.67 1402 15.58 58.67 1.402 [ 1558 ] 44.00 | 200 1.67| 58 67 150 1.67 | 51.06
4,9,13 | METRIC| 4113 | 1,910| 78.55]21.93| 1. 160| 25.44 | 54.67 1402 76.64 | 5467 1,402 76.641 41.00| 200 8.20 | 5467 150 8.20 | 273.68
US 66.13| 1,910| 23.92 |35.27| 1,160( 7.75 | 88.00 1402 23.37| 88.00 | 1,402 | 23.37] 66.00] 200 250 | 88.00 150 2.50 83. 40
EQUIPMENT COSTS
D= DURATIONOF WORK
EC= EQUIPMENT COST IN $/DAY
TC= TOTAL COST FOR EQUIPMENT PER METER (FOOT)
SCENARIO| UNITS MISCELLANEQUS ITEMS TOTAL COST SUMMARY FOR AG4
NO, FP RPLI CMD | 1 TOTAL SCENARIO MAT | LABOR| MISC{EQUIP] SUB |JCONT l TOTAL
1,2 METRIC 37,290 | 21,753 ] 34,804 0] 9385 NO. ITEMS @ 20%
6,7 US 160,000 ] 35,000 56,000 28.60 1,2 $/M. 622.18 | 252.27] 93.85] 167.57| 1,135.86] 227.17] 1,363.04
3,58 METRIC 27,968 | 21,753 | 39,155 0l 8888 6,7 $/FOOT| 189.58 | 76.87 | 28.60] 51.06 | 346.11 | 69.22] 415.33
10, 1 US | 45,000 |35,000] 63,000 27.08 3,5,8 $/M. 762.88 | 204.90| 88.88 | 137.28] 1,193.94] 238.79] 1,432.72
12 METRIC| 37,290 | 21,753 | 45370 0 [104.41 10, 11 $/FOOT| 232.40 | 62.43 | 27.08] 41.82| 363.74 | 72.75 | 436.49
US ]60,000 | 35000] 73,000 31.82 12 $/M. | 1,058.591 252.27{104.41] 167.57] 1,682.85] 316.57 1,899.41
4,9,13 | METRIC]46,613 121,753 | 59,043 0]127.41 $IFOOT| 32251 | 76.87 | 31.82] 51.06 | 482.27 | 96.45] 578.72
US 75,000 | 350001 95,000 38.83 4,913 $/M. | 1,928.39] 404.04|127.41]273.68] 2,733.51 546.70] 3,280.21
$/FOOT| 587.52 | 123.14] 38.83] 83.40 | 832.88 | 166.58] 999.45
FP= FLAGGING PROTECTION
RPLI=  RAILROAD PROTECTIVE LIABILITY INSURANCE
CMD=  CONTRACTORSMOB & DEMO
$/LM=  DOLLARS PER LINEAR METER
$/LF=

6/2/94

DOLLARS PER LINEAR FOOT
[

Note: Refer to Table 2-1 for Description of Scenario Numbers




Cog Estimate Calculations:

Barrier Type AGS (At Grade Alternate5)

Cast In Place Concrete Retaining Wall Barrier
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AG5 - COST ESTIMATE

MATERIALS
SCENARIO CAST-IN-PLACE CONCRETE RETAINING WALL STEEL SHEETING STRUCTURAL BACKFILL GRANULAR BACKFILL TOTAL
NO HT T D LE |} FOOT} STE | OTAL { $/UNIT| $/HL HT $/UNIT $/HL \' $/UNIT $/HL \4 $/UNIT $/HL $/HL
1,2, 244 305 2.44 457 | 112 | 098 | 2.09 327 | 683.30| 457 37.65 172.20 63 13.07 82.00 9.0 19.61 17712 | 1,114.62
6,7 8.00 12 8.00 18 | 0.44 | 039 | 0.83 250 | 208.33] 15.00 3.50 52.50 25 10.00 25.00 3.60 15.00 64.00 339.83
3,5,8, 2.44 305 244 457 { 112 | 098 | 2.09 327 | 68330 457 37.65 172.20 6.3 13.07 82.00 9.0 19.61 17712 ] 1,114.62
10, 11 8.00 12 8.00 18 | 0.44 | 039 | 0.83 250 | 208.33] 15.00 3.50 52.50 25 10.00 25.00 3.60 15.00 54.00 339.83
12 : :
4,9 13 2.74 457 2.74 610 | 167 | 153 | 3.21 327 | et 457 37.65 172.20 6.3 13.07 82.00 103 19.61 201.72 | 1,503.65
9.00 18 9.00 24 | 067 | 061 1.28 250 | 319.44] 15.00 3.50 52.50 2.5 10.00 25.00 4.10 15.00 61.50 | 458.44
CAST-IN-PLACE CONCRETE RETAINING WALL STEEL SHEETING STRUCTURAL AND GRANULAR BACKFILL

HT=
T=

D=

LE=

V FOOT=
V STEM=
TOTAL V=
$/UNIT=
$/HL=

6/3/94

HEIGHT OF THE WALL ABOVE GRADE IN METERS (FEET)
THICKNESS OF THE STEM IN MILIMETERS (INCHES)
WIDTH OF THE FOOTING IN METERS (FEET)
THICKNESS OF THE FOOTING IN MILIMETERS (INCHES)
VOLUME OF CONCR. IN FOOTING IN CUB. METERSIMETER (CUB. YARD/FO
VOLUME OF CONCR IN STEM IN CUB. METERS/METER (CUB. YARD/FOOT)
TOTAL VOLUME OF CONCR. IN CUB. METERSIMETER (CUB.YARD/FOOT)

DOLLARS PER CUB METER (CUBIC YARD)

$ PER HORIZONTAL LENGTHIN METERS (FEET)

HT=  HEIGHT OF SHEETING
IN METERS (FEET)

$/UNIT= $ PER SQ. METER OF
SHEETING (SQ. FOOT)

$/HL=  $ PER HORIZONTAL

LENGTH IN METERS (FEET)

V= VOLUME OF BACKFILL

INCUB. M PER LM. (CUB. Y PER L.F.)
$/UNIT= $ PER CUB. METER (CUB YARD)
$/HL= $ PER HORIZONTAL

LENGTH IN METERS (FEET)

Note: Refer to Table 2-1 for Description of Scenario Numbers
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AGS - COST ESTIMATE

LABOR
SCENARIO| CAST-IN-PLACE CONCRETE RETAINING WALL STEEL SHEETING
NO FOOTING STEM
\'2 R $/HL Vv R $/HL HT R D DR $/HL
1,2, 112 | 11719 | 13068 | 0.98 | 189.54]|184.95] 4.57 70 0.066 | 2,500 164.00
6,7 0.44 89.65 39.84 | 0.39 | #H#| 56.39] 15.00 750 0.020 | 2,500 50.00

3,58 112 | 117.19 | 13068 | 0.98 | 189.54]184.95] 4.57 70 0.066 { 2,500 164.00
10, 11 0.44 88.65 39.84 10.39 | #####| 56.39] 15.00 750 0.020 | 2,500 50.00

4,9,13 167 | 117.19 | 196.02 | 1.53 |189.541290.64] 457 70 0.066 | 2,500 164.00
0.67 89.65 58.77 | 0.61 | ####| 88611 15.00 750 0.020 | 2,500 50.00

CAST-INPLACE CONCRETERETAINING WALL STEEL SHEETING

V= VOLUME OF CONCRETE A=LxHT AREA OF SHEETINGIN SQ. METERS/METR,
IN CUB. METER (CUB. FOOT) SQ. FEET/FOOT

R= RATEIN $ PER CUB. METER (CUB. FOOT) R= RATE IN SQ. METERS (SQ. FEET) PER DAY

$/HL=  $ PER HORIZONTAL LENGTH IN METERS (FEET) = TOTAL DAYS

DR= DAILY RATE IN $ PER DAY
$/MHL= $ PER HORIZONTAL
LENGTH IN METERS (FEET)

LABOR
SCENARIO| STRUCTURAL EXCAVATIONSTRUCTURAL BACKFI | GRANULAR BACKFILL | TOTAL
NO

Y R $/HL Y R | sHL V | suNit] sHL | $HL
1,2, 8.28 7.19 5953 | €27 | 3.27 | 2050] 9.03 | 196 | 17.711 | 577.37

6.7 | 330 | 550 | 1815 |250|250 (625 | 360 | 150 | 540 |176.03
3,58 | 828 | 719 | 5953 |6.27] 3.27 | 2050 903 | 1.96 | 17.71 | 577.37
10,11 | 330 [ 550 | 1815 J250 | 250 | 625 | 360 | 150 | 540 |176.03

12 -

4,913 8.28 718 59.53 6.27 | 3.27 | 2050 9.03 196 | 17.71 | 748.40
3.30 5.50 1815 1250 | 250 | 6.25 | 3.60 1.50 540 | 228.18

STRUCTURAL EXCAVATION AND BACKFILLING

V= VOLUME OF BACKFILL
IN CUB. M PER L.M. (CUB. Y PER LF. )
R= $ PER CUB. METER (CUB YARD)

$/HL=  $ PER HORIZONTAL
LENGTH IN METERS (FEET)

6/3/9 Note: Refer to Teble 2-1 for Description of Scenario Numbers
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AGS5 - COST ESTIMATE

EQUIPMENT
SCENARIO] CAST-IN-PLACE CONCRETE RETAINING WALL STEEL SHEETING STRUCTURAL EXCAVATION | STRUCTURAL BACKFILL GRANULAR BACKFILL TOTAL
NO FOOTING STEM
\ E.C. $/HL \ E.C. | $/HL D E.D. $/HL \ E.C. $/HL Vv E.C. $/HL \ E.C. $/HL $/HL

1,2, 1.12 44 44 49.56 098 | 50.85] 49.62| 0.066 | 2,030 | 133.17| 8.28 9.80 81.18 6.27 412 25.83 9.03 412 37.20 | 37655

6,7 0.44 34.00 15.11 0.39 | 38.90 | 15.13] 0.020 | 2,030 | 4060 | 3.30 7.50 2475 2.50 3.15 7.88 3.60 3.15 11.34 114.80
3,58, 112 44.44 49.56 098 [ 50851 4962 | 0.066 | 2,030 | 133.17] 828 9.80 81.18 6.27 4.12 25.83 9.03 412 37.20 | 37655
10, 11 0.44 34.00 15.11 0.39 | 38.90 | 15.13] 0.020 | 2,030 | 40.60 | 3.30 7.50 2475 2.50 3.15 7.88 3.60 3.15 11.34 114.80

12 '

4,913 1.67 44 44 7434 153 | 5085| 77.97{ 0.066 | 2,030 ; 133.17] 8.28 9.80 81.18 6.27 4.12 25.83 10.29 412 42.36 ] 43485
0.67 34.00 2267 ]0.61 {3890 |[23.77 | 0.020 | 2,030 | 4060 | 2.50 7.50 18.75 3.60 3.15 11.34 4.10 3.15 12.92 130.04
EQUIPMENT COSTS STEEL SHEETING STRUCTURAL EXCAVATION AND BACKFILLING
V= VOLUME OF CONCRETE IN CUB. METERS D= TOTAL DAYS V= VOLUME OF BACKFILL
(CUB. FEET) E.D.=  EQUIPMENTCOST INCUB. M PER LM. (CUB. Y PER L.F.)
E.C.=  EQUIPMENT COST IN $/DAY PER DAY EC.= EQUIPMENTCOST PER CUB. METER (CUB YARD)
$/HL=  TOTALCOST FOR EQUIPMENT PER $/HL= $ PER HORIZONTAL $/HL= $ PER HORIZONTAL
METER (FOOT) LENGTH IN METERS (FEET) LENGTH IN METERS (FEET)
SCENARIO MISCELLANEOUS ITEMS SCENARIO TOTAL COST SUMMARY FOR AG5

NO FP RPLI CMD 1 2 3 ] TOTAL NO MAT | LABOR | MiSC | EQUIP suB CONT | TOTAL

1,2 40,398 | 21,753 | 65,258 127.41 ITEMS @ 20%

6,7 65,000 | 35,000 [ 105,000 38.83 1,2, $/M. ]1,11462] 57737 | 12741 | 37655 |2,195.95| 439.19 | 2,635.14
3,58, |]40,398 | 21,753 | 65,258 127.41 6,7 $/FOOT| 339.83] 176.03 | 3883 | 114.80 | 669.50 | 133.90 | 803.40
10, 11 65,000 | 35,000 [ 105,000 38.83 3,5,8, $/M. |1,114.62] 57737 | 127.41 | 376.55 |2,19595] 439.19 | 2,635.14

12 10, 11 $/FOOT| 339.83 | 17603 | 38.83 | 11480 | 669.50 | 133.90 | 803.40
12 $/M.
4,9,13 |43505 | 21,753 | 68,365 133.62 $/FOOT

70,000 | 35,000 | 110,000 40.72 4,913 $/M. |1,50365| 748.40 | 13362 | 434.85 {2,82053] 564.11 | 3,384.63
$/FOOT| 458.44 | 22818 | 40.72 | 130.04 | 857.39 { 171.48 | 1,028.86

FP = FLAGGING PROTECTION

RPLI=  RAILROAD PROTECTIVE LIABILITY iNSURANCE

CMD= CONTRACTORS MOB & DEMO

$/LM= DOLLARS PER LINEAR METER

$/LF=  DOLLARS PER LINEAR FOOT

6/3/94

Note: Refer to Table 2-1 for Description of Scenario Numbers



Cog Egtimate Calculations:
Barrier Type EL1 (Elevated Alternate 1)

Precast Concrete Wall

E-22
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EL1 - COST ESTIMATE

SCENARIO| UNRIS MATERIALS
NO. WALL PANELS MiSC. TOTAL
T HT YUNIT \ $/HL LS S/UNIT $/HL $/HL
14 METRIC 305 2.44 261 0.743 194.36 1 16.40 16.40 210.76
us 12 8.00 200 0.296 59.26 1 5.00 5.00 64.26
15 METRIC 406 2.44 261 0.991 259.14 1 16.40 16.40 275.54
us 16 8.00 200 0.395 79.01 1 5.00 5.00 84.01
16 METRIC 610 2.74 261 1.673 437.30 1 16.40 16.40 453.70
US 24 9.00 200 0.667 133.33 1 5.00 5-06- s
17.18 METRIC 1016 2.90 261 2.943 769.33 1 16.40 16.40 785.73
us 40 9.50 200 1.173 234.57 1 5.00 5.00 239.57
WALL PANELS MISCELLANEOUSITEMS
T= WALL THICKNESS IN MILIMETERS (INCHES) $ PER METER (FOOT)
v= VOLUME OF CONCRETE IN CUBIC METER PER METER (CUBIC YARD PER FOOT)
$IUNIT= $ PER CUBIC METER (CUBIC YARD)
$/HL= $ PER HORIZONTALLENGTH IN METERS (FEET)

6/3/94 Note: Refer to Table 2-1 for Description of Scenario Numbers
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EL1 -COST ESTIMATE

] LABOR
SCENARIO] UNITS
NO. R D Cs. H.R. ccC. | sML
14 METRIC | 732 | 0.01367 10 38.60 | 3088 | 42.20
us 2400 | 0.00417 10 38.60 3088 | 1287
15 METRIC 732 | 001367 10 38.60 3088 | 42.20
us 2400 - | 0.00417 10 38.60 3088 | 1287
16 METRIC 732 | 001367 10 38.60 3088 | 42.20
us 2400 | 0.00417 10 38.60 3088 | 12.87
17.18 | METRIC 732 | 001367 10 38.60 3088 | 4220
us 2400 0.00417 10 38.60 3088 12.87
LABOR
R= RATE IN METERS (FEET) PER DAY WITH 80% EFFICIENCY
D= DAYS PER FOOT (METER)
CS.= CREW SIZE
HR.= HOURLY RATE
CC-= CREW COST PER DAY

Note: Refer to Table 2-1 for Description of Scenario Numbers
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EL1-COST ESTIMATE

EQUIPMENT COST
SCENARIO] UNITS SET PANELS MISC. & SMALL TOOLS | TOTAL
NO. D EC TC D EC TC
14 METRIC | 001367 | 2,208 30.18 0.0137 125 171 | 31.88
us 0.00417 | 2,208 9.20 0.0042 125 052 9.72
15 METRIC | 001367 | 2.208 30.18 0.0137 125 171 | 31.88
us 0.00417 | 2,208 9.20 0.0042 125 0.52 9.72
16 METRIC | 001367 | 2,208 30.18 0.0137 125 171 | 3188
Us 0.00417 | 2,208 9.20 0.0042 125 0.52 9.72
1718 | METRIC | 001367 | 2,208 30.18 0.0137 125 171 | 3188
us 0.00417 | 2,208 9.20 0.0042 125 0.52 9.72
MISCELLANEOUS ITEMS
SCENARIO] UNITS Fp RPLI CMD 1 2 3 TOTAL
NO. $/HL
14 METRIC | 27.968 | 21,753 | 37,290 0 0 0 87.01
us 45000 | 35000 | 60,000 26.52
15 METRIC | 29,832 | 21,753 | 40,398 0 0 0 91.98
us 48000 | 35000 | 65,000 28.03
16 METRIC | 27,968 | 21,753 | 43505 0 0 0 93.23
us 45000 | 35000 | 70,000 28.41
1718 | METRIC | 37,290 | 21.753 | 48,720 0 0 0 108.76
us 60,000 | 35000 | 80,000 33.14
SCENARIO) TOTAL COST SUMMARY FOR EL1
NO. MAT | LABOR| MISC EQUIP SUB | CONT | TOTAL
ITEMS @ 20%
14 $IM 210.76 | 42.20 87.01 3188 | 37185 | 7437 | 446.23
$IFOCT | €426 12.87 26.52 9.72 1336 | 2267 | 13603
15 $IM 27554 | 42.20 91.98 3188 | 44161 | 8832 | 52993
$/FOOT |  84.01 12.87 28.03 9.72 13463 | 2693 | 16156
16 M 45370 | 42.20 93.23 31.88 | 621.02 | 12420 | 74522
$/FOOT | 13833 | 1287 28.41 9.72 18933 | 3787 | 227.20
17,18 $IM 78573 | 4220 108.76 3188 | 96858 | 193.72 | 1,162.29
$iFOOT | 23957 | 1287 3314 | 972 29530 | 59.06 | 354.36
613194

EQUIPMENT COSTS

D= DURATION OF WORK
EC= EQUIPMENT COST IN $/DAY
TC= TOTAL COST FOR EQUIPMENTPER METER (FOOT)
FP= FLAGGING PROTECTION PER KILOMETER (PER MILE)
RPLI= RAILROAD PROTECTIVE LIABILITY INSURANCE PER
KILOMETER (PER MILE)
CMD= CONTRACTORSMOB 8 DEMO PER KILOMETER
(PER MILE)
$ILM= DOLLARS PER LINEAR METER
$ILF= DOLLARS PER LINEAR FOOT

Note: Refer to Table 2-1 for Description of Scenario Numbers



Cost Edimate Calculations:
Barrier Type EL 2 (Elevated Alternate 2)

Cast In Place Concrete Wall

E-26
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EL2 - COST ESTIMATE

MATERIALS

SCENARIO| UNITS ALL PANELS MISC. TOTAL

NO. HT T $/UNIT Vv $/HL L.S. $ $/HL $/HL
14 METRIC 2.44 356 327 0.867 283.61 0 0 0 283.61
uUsS 8.00 14 250 0.346 86.42 0 0 0 86.42
15 METRIC 244 457 327 1.115 364.64 0 0 0 364.64
us 8.00 18 250 0.444 111.11 0 0 0 111.11
16 METRIC 274 610 327 1.673 546.97 0 0 0 546.97
uUsS 9.00 24 250 0.667 166.67 0 0 0 166.67
17.18 METRIC 2.90 1016 327 2.943 962.26 0 0 0 962.26
uUsS 9.50 40 250 1.173 293.21 0 0 0 293.21

WALL PANELS

HT=
T=
$/UNIT=
V=
$/HL=

PANEL HEIGHT IN METERS (FEET)

WALL THICKNESS IN MILIMETERS (INCHES)

$ PER CUBIC METER (CUBIC YARD)

VOLUME IN CUBIC METERS PER METER (CUBIC YARDS PER FOOT)
$ PER HORIZONTALLENGTH IN METERS (FEET)

Note: Refer to Table 2-1 for Description of Scenario Numbers



8¢-d

EL2 - COST ESTIMATE

LABOR
SCENARIOl UNITS SET CAST-IN-PLACE CONCRETE COLUMNS AND PANELS

NO. Vv C.D. D C.S H.R C.C $/HL
14 METRIC 0.867 19 0.0453 13 32.40 3.370 152.81
uUs 0.346 25 0.0138 13 32.40 3,370 46.59
15 METRIC 1.115 19 0.0583 13 32.40 3,370 196.47
uUs 0.444 25 0.0178 13 32.40 3,370 59.90
16 METRIC 1.673 19 0.0875 13 32.40 3,370 294.71
uUsS 0.667 25 0.0267 13 32.40 3,370 89.86
17.18 METRIC 2.943 19 0.1539 13 32.40 3,370 518.47
S 1.173 25 0.0469 13 32.40 3,370 158.08

INSTALL CAST-IN-PLACE WALL PANELS

CD= VOLUME OF CONCRETE PLACED PER DAY

D= DURATION, DAYS

CS= CREW SIZE

HR= HOURLY RATE, $ PER HOUR

CC= CREW COST, $ PER DAY

$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)

Note: Refer to Table 2-1 for Description of Scenario Numbers



EL2 = COST ESTIMATE

EQUIPMENT
SCENARIO] UNITS SET PANELS MISC. & SMALL TOOLS TOTAL
NO. D EC TC D EC TC $/HL
14 METRIC | 0.0453 2,139 97.00 0.0453 78 354 100.54
us 0.0138 2,139 29.58 0.0138 78 1.08 30.65
15 | METRIC | 0.0583 2,139 124.72 0.0583 78 455 129.27
us 0.0178 2,139 38.03 0.0178 78 139 39.41
16 METRIC | 0.0875 2,139 187.08 0.0875 78 6.82 193.90
us 0.0267 2,139 57.04 0.0267 78 2.08 59.12
17,18 | METRIC | 0.1539 2,139 329.12 0.1539 78 12.00 341.12
us 0.0469 2,139 100.35 0.0469 78 3.66 104.01
SCENARIO| UNITS MISCELLANEOUS ITEMS
NO. FP RPLI CMD 1 2 3 TOTAL
14 METRIC 37,290] 21,753 31.075 0 0 0] 90.12
us 60,000 | 35000 50,000 27.46
15 METRIC 40,398 | 21,753 37,290 ) ) 0| 99.44
us 65,000 | 35000 60,000 30.30
16 METRIC 42884 21,753 40,398 ) ) 0| 105.03
us 69,000 35,000 65,000 32.01
17.18 | METRIC 52,828 | 21,753 80,796 ) 0 0| 155.38
us 85,000{ 35000{ 130,000 47.35 -
FP= FLAGGING PROTECTION
RPLI= RAILROAD PROTECTIVE LIABILITY INSURANCE
CMD= CONTRACTORS MOB & DEMO
$ILM= DOLLARS PER LINEAR METER
$/LF= DOLLARS PER LINEAR FOOT
TOTAL COST SUMMARY FOR EL2
SCENARIO] UNITS MAT LABOR MISC EQUIP SuB CONT TOTAL
NO. ITEMS @ 20%
14 M. 28361 | 152.81 90.12 100.54 | 627.08 125.42 752.50
$/FOOT 86.42 4659 27.46 30.65 191.13 38.23 229.35
15 $IM. 364.64 196.47 99.44 129.27 789.82 157.96 | 947.79
$rFooT | 11111 59.90 30.30 39.41 240.73 4815 288.88
16 /M. 54697 | 294.71 105.03 193.90 | 1,14061 | 22812 | 1,368.73
$/FoOT | 166.67 89.86 32.01 59.12 347.65 69.53 417.18
17.18 M. 96226 | 518.47 155.38 34112 | 197722 | 39544 | 2,372.66
$/FOOT | 293.21 158.08 47.35 104.01 602.65 12053 72317

6/3/94 Note: Refer to Table 2-1 for Description of Scenario Numbers



Cog Edimate Calculations:
Barrier Type EL 3 (Elevated Alternate 3)

Structural Seel Post and Railing



EL3 -COST ESTIMATE

1€-94

MATERIALS
SCENARIO] UNITS STEEL COLUMNS BASE PLATES STEEL PIPE BEAM
NO. D L $/UNIT N HT TL $/HL wT [ siuNim N K $/HL T SIUNT | TL $/HL
14 METRIC| 457 457 | 17646 [ 220 2.44 536 9454 148 0.88 220 | 32539 | 2873 457 | 176.46 | 1,000 | 176.46
us 18 15.00 | 53.80 353 80 2,824 | 2877 1 327 0.40 353 |[115431| 874 18 5380 | 5280 | 5380
15 METRIC] 559 457 | 25045 | 220 2.44 536 | 13901 | 202 0.88 220 | 44282 [ 39.10 559 | 25045 | 1,000 | 259.45
us 22 1500 | 79.10 353 8.0 2,824 | 4231 445 0.40 353 | 157,085( 11.90 22 79.10 | 5280 | 79.10
16 METRIC] 610 244 | 30668 | 411 2.74 1128 | 34586 | 231 088 411 | 94953 | 8384 610 | 30668 | 1,000 | 306.68
us 24 800 | 9350 661 9.0 5949 | 10535 | 510 0.40 661 |337,110{ 2554 24 9350 | 5280 | 9350
1718 [ MeTrRic| 914 2.74 | 43329 | 365 290 [ 1058 | 45861 | 566 0.88 365 |206933 18272 914 | 43329 | 1,000 | 43329
us 36 900 [13210 | 58 | 95 5583 | 13968 ] 1,250 | 0.40 588 | 734583| 5565 3 | 13210 |{ 5280 | 132,10
STEEL COLUMNS BASEPLATES
D= PIPE DIAMETER IN MM (INCHES) WT= WEIGHT IN KILOGRAMS (POUNDS) STEEL PIPE BEAM AND RAILING
$/UNIT= DOLLARS PER METER (FOOT) $/UNIT= DOLLARS PER KILOGRAM (POUND) T= PIPE DIAMETER IN MM (INCHES)
L= SPACING IN METERS (FEET) N= PLATES PER KILOMETER (MILES) $/UNIT= DOLLARS PER METER (FOOT)
N= PILES PER KILOMETER (MILES) K= TOTAL WEIGHT IN KILOGRAMS (POUNDS) TL= TOTAL LENGTH IN METERS (FEET)
HT= COLUMN HEIGHT IN METERS (FEET) $/HL=  $ PER HORIZONTALLENGTH $MHL=  $ PER HORIZONTALLENGTH
TL= TOTAL PILE LENGTH IN METERS (FEET) IN METERS (FEET) IN METERS (FEET)
$/HL=  § PER HORIZONTALLENGTH
IN METERS (FEET)
MATERIALS
SCENARIO] UNITS | STEEL PIPE RAILING (INT.& BOT.) STEEL FENDER SYSTEM MISC. TOTAL
NO. T SUNIT | TL $/HL TH SIUNIT | wT HT K $/HL LS. $ $/HL $/HL
14 METRIC| 356 6544 | 2000 | 13087 | 127 0.62 7833 244 243 | 149.97 1 3624 | 3624 | 61682
us 14 19.95 | 10560 | 3990 | 050 0.28 490 80 163 4573 1 11.05 | 11.05 | 188.00
15 METRIC| 406 8561 | 2000 | 17122 | 127 0.62 7833 2.44 243 | 149.97 1 3723 | 37.23 | 79596
us 16 26.10 | 10560 | 5220 | 050 0.28 490 80 163 4573 1 1135 | 1135 | 24259
16 METRIC[ 457 | 108.24 [ 2,000 | 21648 | 12.7 0.62 7833 274 273 | 168.71 1 4313 | 43.13 |1,164.71
uUs 18 3300 | 10560 | 66.00 | 050 0.28 490 9.0 184 51.45 1 1315 | 13.15 | 354.99
17.18 |METRIC| 508 | 14022 | 2000 | 28044 | 127 062 | 7833 | 290 288 | 178.09 1 4559 | 4559 |1,578.74
Us o) 4275 | 10560 | 8550 | 0.50 0.28 490 9.5 194 54.31 1 1390 | 13.90 |.481.14
STEEL FENDER SYSTEM MISCELLANEOUSITEMS
TH= PLATE THICKNESS IN MM (INCHES) $= $PER LINEAR METER/LINEAR FOOT
$/UNIT= DOLLARS PER KILOGRAM (POUND) $/HL=  $PER LINEAR METERILINEAR FOOT
WT= WEIGHT IN KILOGRAM PER CUBIC METER
(POUNDS PER CUBIC FOOT)
HT= FENDER HEIGHT IN METERS (FEET)
K= WEIGHT PER HORIZONTAL LENGTH

IN KILOGRAMS PER METER (POUNDS PER FOOT)

6/3/94 Note: Refer to Table 2-1 for Description of Scenario Numbers
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EL3 - COST ESTIMATE

LABOR
SCENARIO| UNITS SET STEEL COLUMNS INSTALL PIPE RAILS
NO. C D C.S. H.R Cc.C $/HL N R D CS H.R cC $/HL
14 METRIC 15 14.64 6 38.30 1,838 26.92 219 6 36.44 9 36.20 2,606 94.99
us 15 23.53 6 38.30 1,838 8.19 352 6 58.67 9 36.20 | 2,606 28.96
15 METRIC 15 14.64 6 38.30 1,838 26.92 219 6 36.44 9 36.20 2,606 94.99
Us 15 2353 6 38.30 1,838 8.19 352 6 58.67 9 3620 | 2,606 28.96
16 METRIC 15 27.40 6 38.30 1,838 5037 410 6 68.33 9 36.20 2,606 | 178.10
Us 15 44.07 6 38.30 1,838 15.34 660 6 110.00 9 36.20 | 2,606 54.30
17,18 METRIC 15 24.36 6 38.30 1,838 44.79 364 6 60.74 9 36.20 2,606 | 158.31
Us 15 39.18 6 38.30 1,838 13.64 587 6 97.78 9 36.20 | 2,606 48.27
LABOR
SCENARIO| UNITS INSTALL FENDER SYSTEM PAINTING STRUCTURAL STEEL TOTAL
NO. N R D CS HR C.C $/HL N R D C.S. H.R. C.C. $/HL $/HL
14 METRIC|] 219 6 36.44 6 38.30 1,838 67.00 219 8 273 3 3095 | 74280 | 2030 | 209.21
us 352 6 58.67 6 38.30 1,838 20.43 352 8 44.0 3 3095 | 742.80 6.19 63.77
15 METRIC| 219 6 36.44 6 38.30 1,838 67.00 219 8 273 3 3095 | 74280 | 2030 | 208.21
Us 352 6 58.67 6 38.30 1,838 20.43 352 8 440 3 3085 | 742.80 6.19 63.77
16 METRIC| 410 6 68.33 6 38.30 1,838 | 125.62 410 8 51.3 3 3095 | 74280 | 38.07 | 39217
us 660 6 110.00 6 38.30 1,838 38.30 660 8 82.5 3 3085 { 74280 | 11.61 119.55
17,18 METRIC| 364 6 60.74 6 38.30 1,838 | 111.67 364 8 456 3 3085 | 74280 | 33.84 ] 34861
Us 587 6 97.78 6 38.30 1,838 34.04 587 8 733 3 30.85 | 742.80 | 10.32 | 106.27
= COLUMNS PER DAY
Cs= CREW SIZE
HR= HOURLY RATE. $ PER HOUR W.P=  WALLS SET PER DAY
CC= CREW COST, $ PER DAY

$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET)

6/3/94 Note: Refer to Table 2-1 for Description of Scenario Numbers
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EL3 -COST ESTIMATE

EQUIPMENT
SCENARIO| UNITS SET COLUMNS INSTALL PIPE RAILS INSTALL FENDER SYSTEM PAINTING MISC. & SMALL TOOLS TOTAL
NO. D EC TC D EC TC D EC TC D EC TC D EC TC
14 METRIC] 1464 1.160 16.99 36.44 1402 51.10 36.44 1,402 51.10 2733 200 5.47 36.44 150 5.47 130.11
us 23.53 1,160 5.17 58.67 1402 15.58 38.67 1,402 15.58 44.00 200 1.67 58.67 150 1.67 39.66
15 METRIC| 1464 1,160 16.99 -1 36.44 1402 51.10 36.44 1,402 51.10 2733 200 5.47 36.44 150 5.47 130.11
uUs 23.53 1,160 5.17 58.67 1402 15.58 58.67 1,402 15.58 44.00 200 1.67 58.67 150 1.67 39.66
16 METRIC] 27.40 1,160 31.78 68.33 1402 95.80 68.33 1,402 95.80 51.25 200 10.25 68.33 150 10.25 243.89
uUs 44.07 1,160 9.68 110.00 1402 29.21 110.00 1,402 29.21 82.50 200 3.13 110.00 150 3.3 74.35
17,18 METRIC] 24.36 1,160 28.26 60.74 1402 85.16 60.74 1,402 85.16 45.56 200 9.1l 60.74 150 9.11 216.80
uUs 39.18 1,160 8.61 97.78 1402 25.96 97.78 1,402 25.96 7333 200 2.78 97.78 150 278 66.09
EQUIPMENT COSTS
D= DURATION OF WORK
EC= EQUIPMENT COST IN $/DAY
TC= TOTAL COST FOR EQUIPMENT PER METER (FOOT)
SCENARIO|] UNITS MISCELLANEOUS ITEMS I . TOTAL COST SUMMARY FOR EL3
NO. FP RPLI CMD 1 TOTAL SCENARIO MAT LABOR | MISC EQuUIP suB CONT | TOTAL
14 METRIC] 31,075] 21,753 ] 37,290 0 90.12 NO. ITEMS @ 20%
us 50,000 1 35,000] 60,000 27.46 14 $/M. 616.82 ]| 208.21 90.12 130.11 §1,046.27] 209.25 | 1,255.52
15 METRIC] 31075 21,753] 37,290 0 90.12 $/FOOT| 188.00 | 63.77 27.46 3966 | 31889 | 63.78 | .382.67
Us 50,000 { 35,000] 60,000 27.46 15 $/M. 795.96 | 209.21 90.12 130.11 | 1,225.41] 245.08 | 1,470.49
16 METRIC] 37,290 | 21,753 | 43505 0] 10255 $/FOOT| 24259 | 63.77 27.46 3966 | 373.48 74.70 | 448.18
Us 60,000 | 35,000 70,000 31.25 16 $/M. | 1,164.71] 392.17 | 102.55 | 243.89 |1,903.31] 380.66 | 2,283.98
17,18 METRIC| 40,398 | 21,753 ] 46,613 0| 108.76 $/FOOT| 35499 | 11955 ] 31.25 7435 | 580.13 ] 116.03 | 696.16
Us 65,000 ] 35,000 75,000 33.14 17,18 $/M. |1578.74] 34861 | 108.76 | 216.80 | 2,252.91] 450.58 | 2,703.50
$/FOOT| 481.14 | 106.27 | 33.14 66.09 | 686.64 | 137.33 | 823.96
FP = FLAGGING PROTECTION

RPLI= RAILROAD PROTECTIVELIABILITY INSURANCE
CMD=  CONTRACTORSMOB & DEMO

$/LM= DOLLARS PER LINEAR METER

$/LF= DOLLARS PER LINEAR FOOT

6/3/94 Note: Refer to Table 2-1 for Description of Scenario Numbers
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H GHWAY BARRI ER

COST ESTI MATE

MATERIALS
SCENARIO| UNITS FOUNDATION C-I-P CONCRETE WALL PLATES/POST
NO. SIZE | $/UNIT L LE N TL $/HL A V. IS/UNITE SHL T H w L N WT | S/UNIT] $/BL
19 METRIC| 6096 | 55.76 | 3.05 | 5.95 329 | 1,956 109.06] 0.31 | 3150 | 261 | 82.35 25 330 152 | 254 790 7,922 331 | 26.21
us 24 17.00 10 195 529 |10,316| 3321 ]| 339 | 662.7 | 200 | 25.10 1 13.00 | 6.00| 833 1,270 {28083| 150 7.98
20 METRIC| 7112 | 7544 | 305 | 564 329 | 1,856 139.99] 0.63 | 6274 | 261 | 164.03 0 0 0 0.00 0 0 0.00 0.00
us 28 23.00 10 185 529 (9,787 | 4263 | 675 | 1320.0( 200 | 50.00 0 0.00
21 METRIC| 00 0.00 000 | 000 4] 0 0.00 | 031 | 3150 | 261 | 8235 25 330 152 | 254 790 7922 | 331 | 2621
us 0 0.00 0 0 0 0 000 | 339 | 6627 | 200 | 25.10 1 1300 [(6.00| 833 1,270 | 28,083 150 7.98
22 METRIC] 0.0 0.00 000 | 0.00 0 0 0.00 | 050 | 5035 ) 261 | 131.63 0 0 0 0.00 0 0 0.00 0.00
us 0 0.00 0 0 0 0 0.00 | 542 | 1059.3] 200 | 40.12 0 0.00
FOUNDATION CONCRETE WALLS PLATE POSTS
SIZE IN MILIMETERS/INCHES A= WALL AREA 1N SQUARE METERS (SQUARE FEET) T= THICKNESSIN MM (IN)
L= SPACING IN METERS (FEET) $/UNIT $ PER CUBIC METER (CUBIC YARD) H= HEIGHT OF PLATE IN MM (IN)
N= PILES PER KILOMETER (MILES) V= VOLUME IN CUBIC METERS PER KILOMETER W= WIDTH OF PLATE IN MM (IN)
LE= EMBEDDED LENGTH IN METERS (+6") (FEET) (CUBIC YARDS PER MILE) = PLATE SPACING IN METERS (FEE
TL= TOTAL PILE LENGTH IN METERS (FEET) $/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET) = NUMBER OF PLATES PER KILO-
$/UNIT= DOLLARS PER LINEAR METER (FOOT) METER (MILE)
$/HL= $ PER HORIZONTAL LENGTH IN METERS (FEET) WT= TOTAL WEIGHT IN KILOGRAMS
(POUNDS)
$/UNIT= $ PER KILOGRAM ($ PER POUND)
SCENARIO| UNITS WALL/POST PIPE BEAM C-I-P CONCRETE BEAM TOTAL
NO. T H. w L N V| $/UNIT] $/HL SIZE OF ELLIPS $/HL W H \ SIUNIT | smL |
19 METRIC 0 203 X 124 $98.40 316.02
us 0 8.000 X 4,875 | $30.00 96.29
20 METRIC| 203 533 152 | 3.05 329 54 |[261.44(14.21 0.405 (0.533| 0.216 327 | $70.68 | 388.91
us 8 21 500 | 1000 | 529 114 | 200.00| 4.33 1.330 |1.750] 0.086 250 $21.55 | 118.51
21 METRIC 0 0 0 0.00 0 0 0.00 | 0.00 | 203 X 124 $98.40 206.96
us 0 0.00 0 8.000 X 4875 | $30.00 63.08
22 METRIC| 203 533 152 | 3.05 329 54 |1261.441 1421 ’ 0.405 [0.533| 0.216 327 |$70.68 | 216.52
us ' 21 500 | 1000 | 529 114 1200.00| 433 1.330 (1.750( 0.086 250 $2155 | 66.00
WALUPOST CONCRETEBEAM
T= THICKNESS IN MM (IN) W= WIDTH IN METERS (FEET)
H= HEIGHT OF PLATE IN MM (IN H= HEIGHT IN METERS (FEET)
W= WIDTH OF PLATE IN METERS (FEET) V= VOLUME IN CUBIC METERS PER METER (CUBIC YARDS PER FOOT)
L= PLATE SPACING IN METERS (FEET)
N= NUMBER OF PLATES PER KILOMETER (MILE)
V= TOTAL VOLUME IN CUBIC METERS (CUBIC YARDS)

6/3/94

$/UNIT= $ PER CUBIC METER (CUBIC YARD)

Note: Refer to Table 2-1 for Description of Scenario Numbers
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COST ESTI MATE

LABOR
SCENARIO| UNITS INSTALL CAISSONS SET CAST-IN-PLACE CONCRETE WALLS SET PLATES/ POST
NO. ClEF]R N D JCS]JHR.JCC. ] ®HL]| V JCDy D CS f HR ] CC | $HL P D JCS] HR JCCj $HL
19 METRIC| 5 | 80% | 40| 329 | 82.25( 7 [30.00| 1,680]|138.18] 315 | 19 | 165( 13 |32.40| 3,370 | 55.50 20 39 | 3| 3830 | 919 36.29
us 5 | 80% ) 40| 529 [132.25| 7 |30.00/1,680 | 42.08] 663 | 25 | 26.5| 13 | 32.40(3,370 | 16.92 20 63 |3 | 3830 |919] 11.05
20 METRIC| S | 80% | 40| 329 | 8225 7 |30.00{ 1,680 138A18H 627 | 19 | 328| 13 |32.40|3,370] 11054 0 0 0 0.00 0 ] 000
us 5 | 80% | 40| 529 [132.25] 7 [30.00]1,680 | 42.08 11,320 25 | 528 13 | 32.40(3,370 | 33.70 0 0 0 0.00 0 | 0.00
21 METRIC| O | 0% | 0.0 0 000 | 01000 O 000 | 315 ) 19| 165 13 |[32.40] 3,370 55.50 20 39 3| 3830 |919)] 36.29
us 0| 0% (00| O 000 | O0/000| O 0.00 | 663 | 25 | 26,5 13 |32.40]3,370 | 16.92 20 63 | 3 | 38.30 | 919] 11.05
22 METRIC| O | 0% | 0.0 0 000 | 0|OooOO| O 0.00 1 503 | 19 [ 26.3| 13 |[32.40| 3,370| 88.71 0 0 0 0.00 0 | 000
uUs 0 [0% |[00f O 000 | 0]000O| O 0.00 |1,059| 25 | 42.4| 13 |32.40]|3,370 | 27.04 0 0 0 0.00 0 | 000
LABOR
SCENARIO] UNITS SETWALUWST SET PIPE BEAM SET CONCRETE BEAM TOTAL
NO. W.P| EF | R N D C.S. HR. | CC. |[$/HL| N R D CS HR CC $/HL VvV |C.D D CS| HR CC | $MHL
19 METRIC| O | 0% | 0.0| © 0.00 0 0.00 0 0.00|393| 6 |6546] 6 38.30| 1,838 120.34] 0.000 0.00000| © 0.00 0 0.00 | 314.02
uUs 0] 0%|00] O 0.00 0 0.00 0 0.00]633] 6 |105.48 6 38.30] 1,838 | 36.72 | 0.000 0.00000| O 0.00 0 0.00 | 95.72
20 METRIC| 18| 80%]| 14.4| 329 | 22.85 10 38.30| 3064 [70.00] O 0 | 000 0 0.00 0 0.00 | 0.216] 15| 0.01414| 13 | 3240| 3.370 | 47.63] 296.36
uUs 18| 80%] 14.4] 529 |36.74 10 38.30| 3064 ({21.32) O | O 0.00 0 0.00 0 0.00 ] 0.086| 20 | 0.00431] 13 | 32.40] 3.370 | 14.52] 90.30
21 METRIC] O | 0% | 0.0|] O 0.00 0 0.00 0 0.00]393| 6 |6546] 6 38.30] 1,838|120.34| 0.000| O | 0.00000| O 0.00 0 0.00| 175.84
US 0] 0%] 00| O 0.00 0 0.00 0 0.00]1633] 6 110549 6 38.30) 1,838 | 36.72] 0.000] O | 0.00000] O 0.00 0 0.00 | 53.64
2 METRIC| 18| 80%0| 14.4] 329 | 22.85 10 38.30( 3064 | 70.000 © 0] 000| © 0.00 0 0.00 | 0.216| 15] 0.01414| 13 | 32.40| 3,370| 47.63] 136.34
us 18] 80%]| 14.4] 529 |36.74 10 38.30| 3064 [21.32] O] O 0.00 0 0.00 0 0.00 | 0.086] 20 | 0.00431| 13 | 32.40| 3370 | 14.52] 4156
INSTALL CAISSONS, WALLS AND CONCRETEBEAMS W.P.= WALLS SET PER DAY P= PLATES PER DAY
C= CAISSONS PER DAY CS= CREW SiZE
EF= EFFICIENCY FACTOR, % HR= HOURLY RATE. $§ PER HOUR
R= RATE, CAISSONS PER DAY CC= CREW COST. $
N= NUMBER CAISSONS PER KILOMETER (MILE) $/HL= $ PER HORIZONTALLENGTH IN METERS (FEET)
D= DURATION, DAYS C.D.= VOLUME OF CONCRETEPLACED PER DAY

6/3/9

Note: Refer to Table 2-1 for Description of Scenario Numbers
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= COST ESTI MATE

. EQUIPMENT
SCENARIO] UNITS | INSTALL CAISSONS SET WALLS SET PLATES/ POST § SET WALL/POST SET PIPE BEAM SET CONCRETE BEAM MISC. & SMALL TOOLS | TOTAL
NO. D EC TC D EC TC D EC | TC D EC TC D EC TC D EC TC D EC TC
19 METRIC] 82.25 | 2,139 |175.93]| 16.47 | 2,208| 36.37 | 39.48 | 1,000 39.48| 0.00 0 0.00 | 65.46] 1402 0.00000 0 0] 8225 125 10.28 | 262.06
Us ]13225| 2,139 | 53.58]|26.51 | 2,208 11.09]| 63.49 | 1,000( 12.02] 0.00 0 0.00 |105.48| 1402 0.00000] O 0.00] 132.25 125 3.13 79.82
20 METRIC| 82.25 | 2,139 |175.93] 32.81{2,208| 72.44] 0.00 0 0.00 22.85|2,208( 50.45] 0.00 0 0.01414| 1,000 | 14.14] 82.25 125 10.28 | 323.23
US |132.25| 2139 | 53.58]52.80 |2,208] 22.08 | 0.00 0 0.00 136.74]| 2.208| 15.36] 0.00 0 0.00431| 1,000 | 4.31132.25 125 3.13 98.46
21 METRIC] 0.00 0 0.00 | 16.47]2,208] 36.37 | 39.48 { 1,000{ 39.48{ 0.00 0 0.00 | 65.46 | 1402 0.00000 0 0.00 § 65.46 125 8.18 84.03
us 0.00 0 0.00 }26.51§2,208| 11.091 63.49 | 1,000} 12.02] 0.00 0 0.00 1105.48 { 1402 0.00000 0 0.00] 105.48 125 2.50 25.61
22 METRIC] 0.00 0 0.00 | 26.33 {2,208 58.13]| 0.00 0 0.00 §22.85| 2,208 | 50.45] 0.00 0 0.01414 | 1,000 | 14.14] 26.33 125 3.29 | 126.00
us 0.00 0 0.00 |42.3712,208| 17.72] 0.00 0 0.00 136.74| 2,208| 15.36] 0.00 0 0.00431| 1,000 | 4.31] 42.37 125 1.00 38.39
EQUIPMENT COSTS
D= DURATION OF WORK
EC= EQUIPMENT COST IN $/DAY
TC= TOTAL COST FOR EQUIPMENT PER METER (FOOT)
SCENARIO] MISCELLANEOUS ITEMS SCENARIO JUNITS TOTAJcosT symMMARY ]
NO. NO. MAT |LABOR| MISC | EQUIP| SUB | CONT | TOTAL
FP RPLI | CMD 1 2 3 |TOTAL| ITEMS @ 20%
19 27,968 [21,753 | 31,075 0 0 0] 80.80 19 $M 316.02 | 314.02] 80.80] 262.06 | 972.89 | 194.58] 1,167.47
45,000 {35,000 | 50,000 24.62 $/FOOT| 96.29 | 95.72 | 2462 | 79.82 | 296.45 | 59.29 | 355.74
20 29,832 {21,753 | 37,290 0 0 0| 88.88 20 $/M 388.91 | 296.36] 88.88| 323.23 | 1,097.38] 219.48] 1,316.86
48,000 { 35,000 | 60,000 27.08 $/FooT| 11851 | 90.30 | 27.08] 9846 | 33435| 66.87 | 401.22
21 27,968 21,753 | 21,753 0 0 0] 71.47 21 $M 206.96 | 175.84] 71.47| 84.03 | 53830 | 107.66] 645.96
45,000 | 35,000 | 35,000 21.78 $/FOOT]| 6308 | 5364 | 21.78| 2561 | 164.11 | 32.82 | 196.93
22 46,613 | 21,753 | 27,968 0 0 0] 96.33 22 $M 216.52 | 136.34] 96.33 | 126.00 | 575.20 | 115.04] 690.24
75,000 | 35,000 | 45,000 29.36 $/FOOT]| 66.00 | 41.56 | 290.36 ] 38.39 | 175.32 ] 35.06 | 210.38
FP = FLAGGING PROTECTION
RPLI=  RAILROAD PROTECTIVELIABILITY INSURANCE
CMD= CONTRACTORS MOB 8 DEMO
$/LM=  DOLLARS PER LINEAR METER
$/LF= DOLLARS PER LINEAR FOOT
6/3/94 Note: Refer to Table 2-1 for Description of Scenario Numbers
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