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ABSTRACT

The Surface Transportation Assistance Act (STAA) of 1982 provided for
more uniformity in size and weight regulation on federal aid highways,
particularly tractor-trailer combinations. Section 138/415 of that Act also
called for a feasibility study of a National Intercity Truck Route Network
for commercial vehicles up to 118-ft long and 8 ft, 6 in. wide. The extra
length and width allowed contribute significantly to the offtracking
characteristics of these long combination vehicles (LCV's). The objective of
the research in this report is to assess the operational impact of the LCV's
on the geometry of diamond interchanges located along Interstate Highways in
Texas. The assessment was done by randomly sampling diamond interchanges and
simulating all possible turn measurements of LCV's at their terminals. The
movements were simulated with the computer Truck Offtracking Model (TOM).
Results include the data collected on all interchanges located along
Interstate Highways in Texas and interval estimates of the proportion of
diamonds with inadequate geometry, i.e., pavement widths at ramp terminals
inadequate to accommodate the LCV's. Ninety-nine percent confidence
intervals were also estimated for the extra pavement width required to
prevent the LCV's from damaging pavement edges and other roadside
appurtenances at the ramp terminals.






SUMMARY

With the increasing interest around the U.S. in longer combination
vehicles (LCV's), a research effort was authorized to explore the
relationships between the performance of longer and wider trucks and the
geometric design of interchanges on Texas interstate highways.

The objectives of this study were:

(1) stratify the existing interstate highway interchanges by type,

number, and location;

(2) determine the number of existing diamond interchanges with geometry

inadequate for LCV turning maneuvers on ramps;

(3) identify the factors which influence the pavement area available

for LCV turning maneuvers; and

(4) estimate, within a 99 percent confidence interval, the extra

pavement width required at ramp terminals on all diamond
interchanges.

The study reviewed all interstate highway interchanges in Texas and
classified them by geometric design, e.g. diamonds, cloverleafs, directional.
Since the diamond configuration represented 86 percent of the 1557
interchanges identified and surveyed, the study focused on these for
analysis. For the analysis 85 diamond interchanges were randomly selected
and each truck turning movement associated with the ramps were analyzed. The
LCV type used in the analysis was defined as a 118 ft long, 8.5 ft wide
Turnpike Double comprised of a 3 axle conventional tractor (CBE tractor), i3
ft semitrailer and a 48 ft trailer since it represented the "worst" case for
a design vehicle. The analysis utilized a computerized truck offtracking
model (TOM) to estimate the adequacy of available pavement area for turning
movements.

The findings indicated that existing diamond interchanges on the Texas
interstate highway system, whether located in urban or rural areas, did not
possess adequate pavement area to accomodate LCV turning movements, right or
left, at ramp terminals. Further, ninety-two or higher percent of diamonds
located in urban areas were estimated to be incapable of accommodating right
turn maneuvers by the LCV's and may require additional pavement widths of up
to 25 ft, dependine upon the radii and angles of turns. The proportion of
urban diamonds which were estimated to have inadequate geometry to
accommodate left turn maneuvers of similar vehicles ranges from 83 to 100
percent at 95 percent confidence level, and the extra pavement widths
required at their ramp terminals may reach up to 20 ft. The rural diamonds
are estimated to have higher proportions than the urban diamonds for right
turns. Up to 30 ft of extra pavement width may be required at their ramp

vii



viii

terminals; and they are more critical than the urban diamonds. The
proportion of rural diamonds with inadequate geometry for left turn maneuvers
by the LCV's ranges from 81 to 98 percent confidence level and may require up
to 24 ft of extra pavement width.

One of the final conclusions is that the proportion of diamonds that
would experience damage to curbs and other roadside appurtenances is
extremely high if the LCV's are allowed to traverse them. Furthermore, rural
diamonds have a higher tendency to experience damage than those in the urban
areas, due to the more confined pavement areas at the ramp terminals. The
pavement areas available for right turns are more critical than those for
left turns, because it is possible for drivers to make illegal left turns
utilizing all the pavement area available. Thus, the modifications of
pavement edges at the ramp terminals for right turns are more urgent than for
left turns, and the rural diamonds require earlier attention than those
located in the urban areas.

Recommendations

The truck type used for the assessment of the impact of LCV's on the
geometry of diamond interchanges was a Turnpike Double, which produced the
maximum offtracking. Thus, the conclusions make are applicable for all LCV's
which are introduced in the Interstate Highway System. Any other LCV type
wouyld produce a less severe impact on the geometry of diamonds due to its
lower offtracking characteristics. However, Turnpike Doubles have been
successfully used on restricted routes in some states and thus could be used
successfully in Texas. If the LCV's are introduced in Texas, they might be
allowed to operate only on restricted routes, as in other statesj; thus,
restricting the assessment to the LCV route network would facilitate a cost
study regarding improvements required at the interchanges in the future.
Further research is recommended to assess the impact of LCV's on the geometry
of interchanges on restricted routes.



IMPLEMENTATION STATEMENT

An initial benefit of the project was the transfer of the computerized
Truck Offtracking Model (TOM) from CTR to the Highway Design Division of the
Texas State Department of Highways and Public Transportation. The CTR staff
obtaining the mainframe version from the California Department of
Transportation which had improved on microcomputer versions developed by the
University of Michigan Transportation Research Institute, and modified by the
Federal Highway Administration. The SDHPT version made available in February
1987 is entitled "Vehicle Turning Characteristics for Use in Geometric
Design". The implementation and availability of this program will provide
highway engineers in the districts and divisions ready access to the latest
computerized model procedure for use in design and evaluation where truck
operations may be pertinent to operational efficiency and safety.

Further, the results of the study located and evaluated the interstate
interchanges in the state with regard to their ability to accomodate LCV or
other large vehicles. This information will provide the administration with
readily available information on the impact of LCV's operating on a limited
truck route network and the location of acceptable or unacceptable access
points via diamond interchange ramp terminals.
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CHAPTER I. INTRODUCTION

Background

Due to interest in 1longer and wider truck combinations, Federal
legislation and action taken in some states have called for the elimination
or reduction of truck size restrictions. Changes in the legal limits will
have impact on such diverse activities and practices as vehicle design,
highway design, highway usage, and ultimately the economic vitality of the
state.

The Texas State Department of Highways and Public Transportation
(SDHPT) recognized the need to better understand impact of truck size and
weight decisions, such as the introduction of longer and wider combination
vehicles (LCV's) up to 118 ft long and 8.5 ft wide on the design of highways,
on the upgrading of the roadway should changes be implemented, and on the
management of the state's road network.

The research in this report originated from Project 447, entitled "Truck
Use of Highways in Texas," which is an ongoing research effort that assists
the SDHPT in the assessment process. The project is being conducted at the
Center for Transportation Research of The University of Texas at Austin in
cooperation with the Texas SDHPT. In this report, emphasis was placed on the
assessment of the impact the LCV's would have on the geometric design of
interchanges, especially diamonds, along the Interstate Highway System in
Texas. It is based on sampling existing interchanges and simulating the
movement of the LCV's on these interchanges using the computer Truck
Offtracking Model (TOM).

Objectives

The objectives of this research included the following:

(1) to collect data on interchanges to determine the total number of
existing interchanges, stratify them according to their types, and
identify their precise locations in Texas;

(2) to determine the proportion of existing diamond interchanges with
geometry inadequate to accommodate the turn maneuvers by LCV's at
the ramp terminals;

(3) to identify the factors involved which significantly influence the
pavement area available for turn maneuvers by LCV's at diamond
interchange ramp terminals; and



(4) to develop 99 percent confidence intervals for the extra pavement
width required at the ramp terminals for the entire population of
diamond interchanges in Texas should the LCV's be allowed to
operate on them.

Scope

The assessment of the impact of LCV's on the geometry of diamond
interchanges was limited to the Interstate Highway System in Texas. The
cross-road types analyzed at each diamond interchange were

(1) U.S. Highway,

(2) State Highway,

(3) Farm-to-Market Road, and

(4) Arterial.

Furthermore, the assessment was done with the largest LCV type, i.e., a
118-ft-long, 8.5-ft-wide Turnpike Double with a 3-axle conventional tractor
(CBE tractor), 48-ft semitrailer and 48-ft trailer. The offtracking values
for other LCV types are provided in Appendix D.

The remainder of the report is organized as follows

Chapter II provides an overview of the offtracking characteristics of
LCV's plus the methods used by designers in the past to estimate offtracking
of heavy trucks. It also includes a discussion of the actual over-the-road
operational test conducted by CALTRANS (California Department of
Transportation). Finally, this chapter describes the theoretical basis of
TOM as it was originally developed at the University of Michigan
Transportation Research Institute, and the characterization of input paths
for this model.

Chapter III describes the LCV types chosen as representative of their
population in use today and likely to be in the future. They are categorized
into base and alternative scenarios. The base scenario includes a 48-ft
conventional semitrailer, and the alternative scenario includes Turnpike
Doubles, Rocky Mountain doubles, Triples (3 x 28), and Western Doubles (2 x
218). Their configurations are also provided.

Chapter IV covers the sources of data collected on interchanges along
Interstate Highways in Texas, the limitations of the data collected, 1984
AASHTO definitions of interchange types used in the systematic
identification, and categorization of all the interchanges. Finally, it
provides a tabular summary of the data collected.

Chapter V explains the sample size determination for stratified random
sampling of interchanges for statistical analysis, especially for urban and
rural diamonds. A major part of this chapter is dedicated to describing the



data collection representative of the amount of pavement width available for
turn movements by LCV's on each interchange sampled.

Chapter VI describes the analysis of data collected from the sampled
diamond interchanges using the analysis of variance (ANOVA) procedure as a
"screening process" (Ref 26) to determine the significance of factors
involved. It also includes a discussion of the factors and their various
levels and provides a suitable linear model for use in the ANOVA procedure.
Finally, it identifies the significant factors on which the analysis in
Chapter VII is based and discards the insignificant ones with a confidence
level of 99 percent.

Chapter VII describes the development of distributions of the extra
pavement width required at the diamond interchange ramp terminals in order
for them to accommodate the turn maneuvers by LCV's based on the factors
found significant from the ANOVA procedure. Finally, it provides a 99
percent confidence interval for the extra pavement width required for the
total population of diamond interchanges along the Interstate Highways in
Texas.

Chapter VIII includes the summary of results, the conclusions, and
recommendations for further research.






CHAPTER II. OFFTRACKING OF THE LONGER AND WIDER COMBINATION VEHICLES USING
THE COMPUTER TRUCK OFFTRACKING MODEL

This chapter reviews the offtracking characteristics of the Longer and
Wider Combination Vehicles (LCV's) and the methods previously used by highway
designers to estimate the offtracking of heavy trucks. It then describes a
computer method for graphing the complete swept path of an arbitrary vehicle
making any type of turn at low speed and how the swept path is used for the
analysis of the geometry of interchanges in this study. It also includes
several example plots of a 118 ft long and 8.5 ft wide Turnpike Double (2 x
48 ft) negotiating turns on two conventional diamond interchanges.

Offtracking Review

When a vehicle negotiates a turn, its rear wheels track inward of the
track traced by its front wheels, and this phenomenon is called offtracking.
LCV's, especially, face critical problems during maneuvers in confined areas
due to offtracking.

Offtracking can be defined as the difference in radii from the turning
center to the vehicle center at the front steering axle and at the rearmost
axle, during negotiation of a turn. Another term which is used almost as
frequently as offtracking is swept path. Swept path can be defined as the
radial distance between the turning paths of the outer front wheel and the
outside of the rear wheel nearest to the center of the turn. Figure 1
illustrates the definitions of offtracking and swept path graphically.

Past research in offtracking and the factors which affect its magnitude

have contributed to the following conclusions:

The amount of offtracking is directly affected by the wheelbase length
of a unit and inversely by the radius of the turn through which the
vehicle travels. Other factors which affect the magnitude of
offtracking are the number and location of articulation points, the
number of radians (length of arc) involved in the turn, the type of
curve (simple, compound, reverse) and the speed and turning ability of
the vehicle. There are few other factors related to the physical
characteristics of the vehicle such as inflation and condition of tires
and heads on steering axle which are impossible to be taken into account
when computing magnitude of offtracking mathematically. Variations in
driver skills, the amount of the curve's super elevations, velocity and
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Fig 1. Offtracking and swept path of a long combination
vehicle.



direction of wind, speed of vehicle at curve approach, conditions of the
pavement and the physical characteristics mentioned above can be taken
into account only through the testing of actual equipment. However, it
is important to note that despite recognized differences in this matter
of result-affecting factors being considered in the actual testing of
equipment on one hand and the theoretical methods of determining
offtracking for vehicles and turns of given measurements on the other,
values obtained by way of the latter are consistently in approximate
agreement with results derived from actual truth. (Ref 1)

Review of Methods Used to Estimate Offtracking

Several methods which have been used previously to estimate offtracking
of vehicles are listed below:

(1) graphical representation,

(2) mathematical formulation,

(3) simulation with mechanical models, and
(4) observation of actual vehicles.

Graphical representation offers only the determination of a vehicle's
maximum possible offtracking at a given radius of turn, and it requires more
time than do the mathematical formulas in order to provide the same result.
Thus, it is not as popular as the other methods.

Perhaps the best-known of the mathematical approaches to offtracking
measurements is that of the Society of Automotive Engineers (SAE). The
results that can be obtained through the use of the SAE equations are in
terms of the maximum offtracking distance that will result when a vehicle of
given wheelbase is driven into a turn of known radius. However, it does not
provide information such as the point at which maximum offtracking is
reached, and the distance duration around the curve. Also, the mathematical
equation will not compute the maximum offtracking for those cases of turns
made through short radius curves with centers between the path of the
rearmost axle and the curves themselves. This limitation is shown in Fig 2.

Tractrix Integrator. Tractrix Integrator is a vehicle simulator which
has been used successfully in the past in the measuring of offtracking of
single unit and combination vehicles. It has a clear advantage over the
other two methods since the amount of offtracking can be quickly scaled at
any stage in the execution of the turn, once the paths of vehicles are traced
on paper. The tractrix integrator is a single device with a scaled bar




Source: Ref 1.

Fig 2. A long wheelbase combination on a short radius turn, in
which the semitrailer backs up and pivots behind the
turning radius.,



supported at one end by a pointer and steadying frame. It has an inked wheel
attached at the other end between the bar, which makes a trail of ink as the
bar is moved. With this model the maximum offtracking of a vehicle can be
measured for any degree of turn and turn radius, as can the amount of
offtracking at any point along the curve. Furthermore, it can be used in
cases where the mathematical formulas are unusable, i.e., where the paths of
the rear axle tracks are inside the center of the radius of curvature.

One of the main disadvantages inherent in using a tractrix integrator is
that it is cumbersome to draw successive paths of each unit of a truck
combination in order to obtain the swept path of a vehicle. Furthermore,
user experience is needed to obtain a good approximation of the actual path
of the vehicle, or significant variance between the output of different users
can be expected. Millar and Walton (Ref 4) created templates using the
tractrix integrator for various radii and angles of turn for examples of
truck combinations. Figure 3 shows the swept path of a Turnpike Double
combination negotiating 60, 120, and 180-degree turns with a 60-ft turning
radijus. Templates are useful tools for highway designers provided that the
intersections have turn radii and angles in common with the templates. It
would not be possible to design for any other angle and radius of turn or
conduct analysis on existing intersections and diamond interchanges since the
templates available are only for a particular radius and angle of turn and
for limited truck combinations, which might not be representative of those in
the future.

Observation of Actual Vehicles (Ref 7). The California Department of
Transportation (CALTRANS) conducted an actual over-the-road, operational test
of three LCV's: Triple Trailers, Rocky Mountain Doubles, and Turnpike
Doubles.

Each combination was tested over the same 1,200-plus-mile route, which
allowed for both observations of each combination and a direct comparison
between the combinations. The observations of significance to this study are
in the areas of freeway interchanges and other freeway facilities, such as
rest areas and scales.

The triple trailer combination consisted of a 2-axle cab-over-engine
(COE) tractor, a 28-ft semitrailer, and two 28-ft trailers, for an overall
length of 100.2 ft. The combination also used a three-axled cab-behind-
engine (CBE) conventional tractor, for an overall length of 107.4 ft. This
combination had a maximum gross vehicle weight (GVW) of 111,000 1b. The
triple trailer combination was found to be the most maneuverable of the three
combinations, as witnessed by the offtracking tests and travel through
numerous interchanges and intersections.
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Source:

Ref 4.

Fig 3. Template for 600, 1200, and 180° turn with 60°

turning radius for a turnpike double with 48’
semitrailer and trailer.
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The Rocky Mountain Double c¢ombination consisted of a three-axle
conventional tractor (CBE) pulling a 48-ft semitrailer and a 28-ft trailer,
and had an overall length of 93.2 ft. Its maximum GVW was 106,850 1b. With
respect to maneuverability, this combination was the intermediate of the
three test combinations used. It was observed to consistently place all four
tires of the right rear set of duals onto the paved shoulders of loop ramps;
however, it was found to have better maneuverability than the Turnpike
Doubles when traversing other interchanges.

Turnpike Doubles were observed to be the least maneuverable of the three
combinations tested. They had problems maneuvering through interchanges of
the latest design located in rural areas. The CALTRANS study concluded that
(1) the triple trailers could handle most of the interchanges traversed
reasonably well, (2) the Rocky Mountain Doubles could handle most of the
interchanges utilizing virtually all of the available space, and (3) the
Turnpike Doubles had significant problems on existing interchanges and thus
would require either substantial pavement edge maintenance work or new
facilities with design standards far exceeding those existing today.

The observations made in the actual vehicle tests performed by CALTRANS
were helpful in determining the critical elements of highways and
interchanges to be further analyzed in this study.

Truck Offtracking Model (Ref 6)

The Truck Offtracking Model, or TOM, is a computer simulation model
which has the capability to graph the complete swept path of an arbitrary
vehicle making any type of low-speed turn. It was originally developed by M.
Sayers at the University of Michigan Transportation Research Institute for
the Apple II microcomputer, and was called Vehicle Offtracking Model (Ref 3).
The Apple II version of the model is available to the public from the Federal
Highway Administration (FHWA). When equipped with the appropriate plotting
hardware, it produces high-quality scaled drawings of vehicle offtracking.

TOM is a simulation portion of the Vehicle Offtracking Model which is
adopted by CALTRANS Division of Transportation Planning (DOTP) for
implementation on the state's IBM mainframe computer (Ref 6). Although TOM
is not as "user friendly" or flexible as its predecessor, its capacity is
much larger. New TOM is also on the IBM mainframe computer of The University
of Texas at Austin and is the basis of the analysis of the longer and wider
combination vehicles' movements on interchanges.

Bicycle Model. The theoretical basis for the computer method is that it
is essentially a numerical version of the tractrix integrator using the
concept of "bicycle model" (Ref 3). The tractrix integrator can be termed as
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a physical bicycle model. The bicycle model assumes that all non-steered
wheels that are rigidly connected can be represented by a single "equivalent
wheel" located near the centroid of the actual position. The highway
vehicles are modeled geometrically as a bicycle since they are symmetrical
from right to left, with each wheel on the right-hand side of the vehicle
having a corresponding wheel on the left-hand side. Multiple-axle
suspensions are similarly modeled as a single effective axle, usually located
at the geometric center of the non-steered axles. Figure 4 shows an
eighteen-wheeled tractor semitrailer combination vehicle being represented by
two linked bicycle models.

In Fig 4, the bicycle model for the tractor has the front point
coinciding with a point midway between the two rear axles. The wheelbase,
designated L;, is the distance between these points. The wheelbase for the
semitrailer, designated Ly, is the distance between the hitch and the center
point of the two axles. The front point of the semitrailer does not
necessarily coincide with the rear point of the tractor unit, and therefore
the offset distance, designated A1, is also needed. The offset is positive
in the figure because it is in front of the equivalent wheel position; when
the hitch point is located behind the rear wheel, a negative value is used.

Characterization of Input Path. Designers are mainly interested in the
case of the vehicle making circular turns for a given angle of interest and
then exiting the turn in a straight line. Therefore, the input path is
represented by a circular arc and a tangent line. In this model, the input
path is characterized as a sequence of arcs. The end-point of one arc is
also the beginning-point of the next, and the arc¢s are constrained to be
tangent where they meet. Figures 5a, 5b, and 5¢ show three examples of input
paths.

Figure 5a shows the simple curve with two arcs, where the second has
zero curvature. Figure 5b shows a more complex type of turn which would be
used to model where the driver first turned to the left in order to obtain
more room for a right turn. It is composed of four arcs, with the fourth
having zero curvature. Figure 5¢ shows a lane-change type of path, which
could be used to model the maneuver taken by a bus pulling into a bus-stop
lane and then leaving. Further discussion on the bicycle model and the
details of numerical computation of offtracking in the computer method can be
found in a paper by M. Sayers (Ref 3).




Articulation Hitch

Semi—Trailor

Source: Ref 3.

Fig 4.

Two linked "bicycle" vehicle models.
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CHAPTER III. REPRESENTATIVE TRUCK TYPES

This chapter presents more information on the types and configurations
of LCV's used in this study as a framework for analyzing their impacts on the
geometry of highway interchanges. The types and dimensions of trucks chosen
play an important role in the analysis of the data collected, which is
described in the later chapters.

Although the LCV's are not operational in Texas, they are operational on
restricted routes in other parts of the United States. Their existence and
operational characteristics facilitated obtaining their configurations and
typical dimensions. The following truck combinations are at present
classified as LCV's: (1) Turnpike Doubles, (2) Rocky Mountain Doubles,
and (3) Triples, and these classifications are used in this study also.

History of LCV's

Past research studies have concluded that increasing need and demand for
goods transported over highways may require a substantial increase in the
number of commercial trucks within the next fifteen years unless more goods
are carried per power unit. Fuel shortages and environmental factors may
become more critical and require almost all transportation modes, including
highways, to utilize more efficient and productive equipment and operational
procedures.

More than 30 years of operation and development has produced highway
truck combinations which can haul more goods while conserving fuel and
reducing the effects on highway pavements and bridges. These more productive
combinations are made by adding another trailer to present day conventional
truck combinations. These combinations have been operated for many years on
Eastern and Midwestern toll roads and in several Western States.

Turnpike Doubles (Reflgl. Turnpike Doubles, with a cubic capacity of
5,000 cubic ft, have been operated on some eastern toll roads for as long
as 20 years. They generally consist of a 3-axle tandem drive CBE truck
tractor, a 40 or U5-ft tandem axle semitrailer, and a 40 or 45-ft trailer.
The gross weight is distributed over nine axles and an overall length of 105
to 110 ft. A COE truck tractor may be used,which generally reduces overall
length in proportion to the difference in wheelbase. Turnpike Doubles are
operated on the New York Thruway, Massachusetts Turnpike, Ohio Turnpike,

15
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Kansas Turnpike, Indiana Toll Road, and Florida Turnpike. They are also
operated regularly on designated highways in the states of Idaho, Nevada,
Utah, and Arizona and under demonstration test programs in South Dakota, New
Mexico, and Montana and are awaiting approval in Oregon.

Rocky Mountain Doubles (Ref_gl. This combination has two cargo units
which are quite versatile and provide flexibility in scheduling the movement
of freight, and is gaining popularity among operators hauling a mix of high
and low density products. A three-axle tandem drive COE or CBE truck tractor
generally is employed to pull a 40 or 45-ft semitrailer followed by a 27-ft
semitrailer converted to a full trailer by a single axle converter gear, also
called a dolly. With a 45-ft and a 27-ft semitrailer, it has a cubic
capacity of 4,600 cubic ft and its weight is spread over seven axles.
Overall length is generally restricted to 85 ft, which requires that the
shorter wheel-base COE truck tractor be used with 45-ft semitrailer units.
Rocky Mountain Doubles are operated in Washington, Montana, Wyoming, Idaho,
Utah, and Oregon.

Triples iggg 9). Generally, this combination consists of a two-axle COE
truck-tractor pulling a 27-ft semitrailer followed by two 27-ft semi-~trailers
converted to full trailers by the use of single-axle converter dollies. This
combination has a total length of around 95 ft, and its weight is distributed
over seven axles. A three-axled tandem drive COE or CBE truck~tractor is
sometimes used, which adds around 3 ft to the overall length depending on the
truck tractor's wheelbase. This combination has a capacity of approximately
5,110 cubic ft. Triple trailer combinations are presently operated on the
Kansas Turnpike and on designated highways in Idaho, Nevada, Oregon, Utah,
Arizona, and the Province of Alberta. Operational test programs are underway
in New Mexico and Montana.

Truck Scenarios

Two scenarios of truck types were developed as a framework for this
study, a base scenario and an alternative scenario. The base scenario
consists of truck types with a total length of 65 ft or less, which was the
maximum legal length in Texas prior to the Surface Transportation Assistance
Act (STAA) of 1982. The alternative scenario consists of all truck
combinations classified as LCV's under the STAA 1982. Some of the truck
combinations in the alternative scenario were selected from the
configurations of LCV's used in past research studies on truck weights and
LCV's route network at the Center for Transportation Research of The
University of Texas at Austin (Ref 12). Some were also based on truck
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combination configurations and dimensions used for FHWA studies in the past
(Ref 5). The dimensions represent the typical dimensions used by the LCV
operators in various parts of the United States mentioned above. The axle
spacings used satisfy the bridge formula limits and are typical of the truck
combinations in use today.

Base Scenario. The base scenario (which consists of a tractor
semitrailer combination) was created mainly for comparison of results with
the alternative scenario. This combination consists of a three-axled COE
tractor with wheelbase 1length of 11 ft, 10 in, attached to a U8-ft
semitrailer with wheelbase length of 34 ft, 8 in. The overall length of this
combination is 57 ft, 10 in. Figure 6 shows the configuration of the base
scenario.

Alternative Scenario. This scenario is comprised of truck combinations
which are classified as LCV's. The semitrailer and trailer width is 102 in.
(8 ft, 6 in.) which is 6 in. wider than the semitrailers and trailers which
existed before the 1982 STAA. The truck combination types, configurations,
axle spacings and other dimensions are selected such that they are
representative of truck combinations which may be used in the future in
Texas.

There are four cases in this scenario. Case I is the Western Double,
with double 28-ft semitrailer and trailer. The tractor is the COE type with
two axles and wheelbase length of 10 ft. The wheelbase of the semitrailer is
19 ft, 6 in. and that of the trailer is 21 ft, 6 in. The overall length of
this combination is 67 ft. The fifth wheel location is 8.5 in. in front of
the rear axle of the tractor. Case I is illustrated in Fig 7a.

Case II is a Rocky Mountain Double combination with a 48-ft semitrailer
and a 28-ft trailer. The combination is attached to a three-axled
conventional CBE tractor with a wheelbase of 15 ft, 6 in. The semitrailer
has a wheelbase of 37 ft, 4 in. and the trailer 22 ft 4, in. The total
length of this combination is 93 ft, 2 in. The configuration of this
combination is shown in Fig T7b.

Case III consists of a Triple Combination with a 28 ft semitrailer and
trailers. A conventional, or CBE, tractor with two axles and a wheelbase of
13 fty, 6 in. is employed in this combination. The wheelbase of the
semitrailer is 20 ft 8 in. and that of the trailers is 21 ft 7 in. The
overall length of this combination is 102 ft. All the axles in this
combination are single axles and the fifth wheel location is 0.7 ft in front
of the rear axle of the tractor. The gap length is 3 ft between semitrailer
and trailer. Fig 8a shows this Triple combination.

Case IV consists of a Turnpike Double combination which was developed
by FHWA for offtracking calculations. It is believed to be a realistic
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Fig 6.
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representation of Turnpike Doubles of the future, taking into consideration
the steering axle load and tandem axle load limitations (Ref 5). This
combination has a conventional or CBE, 3-axled tractor with a 48-ft
semitrailer and a 48-ft trailer. Its overall length is 118 ft. Both the
semitrailer and trailer have wheelbase lengths of 40 ft. The gap between the
semitrailer and trailer is 4 ft. The fifth wheel offset is zero. The
maximum gross combination weight (GCW) of this combination is 120,000 1b.
This combination is shown in Fig 8b.

The truck combinations represented in the base and alternative scenarios
will form the framework for the assessment of the impact of LCV's on the
geometry of diamond interchanges in Texas.






CHAPTER IV. DATA COLLECTED ON INTERCHANGES

Over-the-road operational tests of LCV's have shown that these vehicles
encountered critical problems while traversing highways of the latest design,
including interchanges. An inexpensive and rather quick way of assessing
the impact of LCV's on the geometry of existing interchanges is simulation of
the turn movements of the LCV's on actual existing interchanges using a
computer simulation model. The availability of plan drawings with
configurations and dimensions of existing interchanges from the Texas State
Department of Highways and Public Transportation (SDHPT) made possible the
sampling of many interchanges of various types. The assessment of the impact
of LCVs is limited to interchanges along Interstate Highways in Texas. The
interchanges sampled and statistical results of the assessment are covered in
later chapters of this report. This chapter describes the sources of data
collected, the limitations of data collected, and 1984 AASHTO definitions of
interchange types used in the systematic identification and categorization of
all the interchanges along Interstate Highways in Texas. Finally, it
provides a tabular summary of the data collected.

Sources of Data Collected

Almost all types of interchanges were identified along with the types of
crossroads and their locations. Sources of data collected are the 1986
county and district maps obtained from the Texas SDHPT. The county maps
displayed the configurations of the interchanges with an acceptable scale
which enabled us to identify the interchange types, and also provided the
types of crossroad at most of the interchanges, such as "U.S. Highway, State
Highway, FM," etc. District maps had the control and section number of
highways, and, by cross-referencing with county maps, complete information on
all the interchanges was obtained. The information includes the type of
interchange, the type of cross-road, and the location identifiers, which are
the district numbers, county names, and control and section numbers. The job
numbers of the the sampled interchanges were obtained from the Texas SDHPT
Planning Department. Finally, the plan drawings were collected from the
Texas SDHPT warehouse where all the Texas highway plan drawings are stored.
These plan drawings provided all the information needed, such as number of
lanes available in the crossroad, lane widths, curb radii, etc., to simulate
the turn movements of LCV's using the Truck Offtracking Computer Model (TOM).
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Limitations of Data Collected

Identification and categorization of the interchanges are restricted to
those located along Interstate Highways in Texas only. The accuracy of the
dimensions obtained from the plan drawings is limited to the accuracy of the
plan drawings themselves. The plan drawings collected from the Texas SDHPT

included the latest changes made to those interchanges after they were
originally built.

Highway Interchange Types

A total of five types of interchanges were identified in the data
collected. Each type was further classified as a 3-leg, U4-leg, service, or
system interchange. The following are the five major types of interchanges:

(1) Diamond,

(2) Cloverleaf,

(3) Directional,

(4) Semi-Directional, and
(5) Combination.

Before a detailed discussion of each of the above interchange types is
presented, definitions of 3-leg, 4-leg, service, and system interchanges
would be beneficial. An interchange at an intersection with three
intersecting legs is termed a 3-leg interchange. It consists of one or more
highway grade separations and one-way roadways for all traffic movements. An
interchange with 4 intersecting legs is called a 4-leg interchange, and some
of the types of interchanges which can be classified under 4-leg are ramps in
one quadrant, diamond interchanges, cloverleaf interchanges, and interchanges
with direct and semi-direct connections. An interchange where two Interstate
Highways intersect is called a system interchange, and all other interchanges
where Interstate Highways intersect with other types of cross-roads are
called service interchanges (Ref 8).

Diamond Interchanges. The simplest and the most common type is the
diamond interchange. A full diamond interchange is formed when a one-vay
diagonal type ramp is provided in each quadrant. The ramps are aligned with
free-flow terminals on the major highways, and the left turns at grade are
configured to the cross-road (Ref 8). Figure 9 shows the configuration of a
full diamond interchange.

Diamond interchanges are further classified into conventional diamonds,
conventional split diamonds, split diamonds with "jug-handle" ramps, diamonds
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Source: Ref 8.
Fig 9. A full or conventional diamond interchange.
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with turnarounds, and x-diamonds. A conventional diamond is a full diamond
and is the most common among diamonds. Conventional split diamonds are
conventional diamonds with each pair of ramps connected to a separate cross-
road about a block apart.

X-diamonds are diamonds with entrance and exit ramps provided before and
after the cross-road, respectively, forming an x-pattern. Diamonds of this
design are common in some urban areas in Texas, such as Houston. Diamonds
with turnarounds are the conventional or split diamonds with turnaround
facility. A split diamond with "jug handle" ramps is the unique type of
diamond commonly found in the rural areas of Texas. Fig 10 shows one of its
configurations. It consists of a pair of "jug handle" ramps intersecting the
cross-road and the frontage road at-grade and most of the time at right
angles. Sometimes, both ramps are found on the same side of the cross-road.
Most of the cross-roads at these interchanges are of low-type pavement such
as soil, gravel, etc.

All the diamond interchanges identified are classified under the above-
mentioned types of diamonds, and the analysis of their geometry is described
in the next chapter.

Cloverleaf Interchanges. Cloverleafs are defined as

four-leg interchanges that employ loop ramps to accommodate left-
turning movements. Interchanges with loops in all quadrants are
referred to as full cloverleafs and all others are partial
cloverleafs. (Ref 8)

Figures 11 and 12 show the configuration of a typical full cloverleaf
and a partial cloverleaf interchange, respectively.

Directional Interchanges. Directional interchanges are interchanges
with direct connections, which are defined as "a one-way roadway that does
not deviate greatly from the intended direction of travel" (Ref 8). Fig 13
shows the configuration of a semi-directional interchange. It is also a 3-
leg T-type, or trumpet. Figure 14 shows a fully directional interchange.

Combination Interchanges. A Combination Interchange is a combination of
two different interchanges, custom-designed to accommodate traffic demands on
a location of interest. It could be a combination of a diamond with a semi-
directional ramp to accommodate high-volume left turn traffic, a combination
of a cloverleaf with a semi-direct connection, etc. Figure 15 shows an
example of a combination interchange which is a four-leg diamond with a semi-
direct connection.
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Fig 10. A split diamond interchange with "jug handle" ramps.

27



A\

Source: Ref 8.

Fig 11. A full cloverleaf interchange.
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Fig 12.

Ref 8.

A partial cloverleaf interchange.
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Fig 13.

Ref 8.

A t-type,or trumpet,interchange.
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Source:

Fig 14.

Ref 8.

A full directional interchange.
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Source:

Fig 15.

Ref 8.

A 4-leg diamond interchange with a semi-direct
connection.
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Offset Interchange. These interchanges have applications where there
are major buildings or other developments in close proximity to the crossing
of the freeways. It consists of a pair of trumpet interchanges, one in each
highway, which are connected to each other with a ramp highway. The length
of the connecting roadway depends on the distances between the trumpet
interchanges and the crossing of the freeways. In this study, for simplicity
of data collection, an offset interchange is classified as two 3-leg semi-
directional interchanges since they are both T-type, or trumpets.

Identification and Categorization of Interchanges

Since the analysis in this study required random sampling from the total
population of each major type of interchange, each type was numerically
coded. A total of six separate numerical codes were utilized to identify all
the interchanges. Diamonds, full directionals, semi-directionals, partial
cloverleafs, full cloverleafs, and combinations were all coded separately and
include those located in both urban and rural areas.

Appendix F lists all the interchanges identified along Interstate
Highways in Texas. Two listings were provided for each type of interchange:
one is for those located in urban areas and the other for those located in
rural areas. Since diamonds can be further classified into conventional
diamonds, conventional split diamonds, diamonds with turnarounds, split
diamonds with "jug handle" ramps, and x-diamonds, they are all listed
separately but under one numerical code system.

As shown in Appendix F, each interchange is identified with a three-part
code. The first part is the cumulative numerical code. The middle part
describes the type of cross-road and the last part identifies the location
within a county as given in the 1986 Texas County Maps. A plus sign in-
between the first and the second parts of the three-part code indicates that
it is a three-leg interchange. The absence of a plus sign indicates a four-
leg interchange. Each interchange is provided with four 1location
identifiers: the Interstate Highway number along which it is located, the
district number, the county number, and the control-and-section number of the
highway. For example, the first interchange under "Diamond Interchange
(Conventional) -~ Urban" in Appendix F is coded as 7+ ART C. It means that
it is the 7th diamond interchange identified and the cross-road is an urban
arterial. The C identifies the location within El1 Paso County. Furthermore,
it is a 3-leg interchange and is located along Interstate Highway 10 in
District 14. The control-and-section number of the highway where this
interchange is located is 2121-2.

The interchanges which were randomly sampled have an asterisk before the
numerical part of the code and also their job numbers listed. Double
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asterisks indicate the interchanges which were subsampled for preliminary
analysis.

A total of 7 types of crossroads were identified from the county maps:
U.S. Highway, State Highway, Arterial, Farm-to-Market Road (F.M.), paved,
gravel, and soil. The cross-roads type is indicated in the middle part of
the 3-part code.

Results of Data Collected

The total number of interchanges of all types identified along the
Interstate Highways in Texas is 1557. Fig 16 contains a summary of the data
collected in this study. Diamond Interchanges, which include conventional
diamonds, conventional split diamonds, split diamonds with "jug-handle"
ramps, diamonds with turnarounds, and X-diamonds comprise 85.9 percent of the
entire population of interchanges along Interstate Highways in Texas. Due to
this high proportion of diamonds, the analysis in this study is concentrated
on those interchanges. The results shown have two main categories, Ud-leg and
3-leg. Each main category is further divided into system and service, where
the former includes system interchanges and the latter includes the remaining
service interchanges. Urban and rural include those located in urban and
rural areas, respectively.

Eighty-one percent of the total population of interchanges are those
with U4-legs. The proportion of interchanges located in urban areas, such as
Houston, San Antonio, and Dallas Fort-Worth, etc., is 36.7 percent, which
makes the number located in rural areas 956. Eighty-six point eight percent
of the full directionals and 64.7 percent of the cloverleafs are located in
urban areas. Sixty-five percent of the diamonds and 67.4 percent of the
semi-directionals are located in rural areas. Furthermore, 80.7 percent of
the semi-directionals are 3-leg interchanges.
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4-leg 3-Leg
Types
Of Service Systems Service Systems
Interchanges

Urban | Rural | Urban | Rural | Urban | Rural | Urban | Rural |[TOTAL

Conventional
Diamond ( CDI ) 337 | 641 0 0 17 151 0 0 1146

Split Diamond
(SDI) 22 6 0 0 1 0 0 0 29

' Split Diamond
W/ Jug Handle 4 60 0 0 0 0 0 0 64
Ramps ( SDJ)

Diamond with
Turnaround(DIT) | 64 | 11| 0 | O | 5 | 0O | O [ O | 80

X - Diamond
(XDI) 18 0 0 0 0 0 0 0 18
Fully Directional
(FD) 9 0 15 1 4 3 5 1 38
Semi-Directional
(SD) 20 4 2 0 18 85 4 2 135
Full Cloverleaf
(FC) 17 5 2 1 0 0 0 0 25
Partial Cloverleaf 3 9 0 0 0 0 0 0 9
(PC)
Combination
Interchange 4 9 0 0 0 0 0 0 13
(Cl)
TOTAL 498 | 742 19 2 45 239 9 3 1557

Fig 16. Summary of data collected on interchanges along interstate highways
in Texas.






CHAPTER V. DATA COLLECTED ON THE GEOMETRY OF INTERCHANGES

The stratification of interchange types during initial data collection
along Interstate Highways in Texas was done to facilitate stratified random
sampling. The random sampling would then allow one to perform statistical
analysis on the geometry of existing interchanges. The availability of the
computer Truck Offtracking Model (TOM) and plan drawings of interchanges made
possible the selection of large enough interchange sample sizes. This chapter
describes the determination of sample sizes for urban and rural diamond
interchanges. A major part of this chapter, however, is dedicated to
describing the data collection methodology.

Sample Size of Diamond Interchanges

One of the objectives of random sampling of diamonds was to determine
the proportion of existing diamonds with geometry inadequate to accommodate
the turn maneuvers of the LCV's at the ramp terminals. Since no information
was available on the population distribution of the proportion of inadequate
diamond interchanges, the following equation was helpful in determining the
sample sizes for the diamonds:

Eq 1
(Ref 27)
where
g = P(1-P)
P n
and
P = the sample proportion of interchanges with inadequate geometry,
Z = normal deviate for acceptable confidence level,
cp = population standard deviation of proportion of diamonds with
inadequate geometry,
T = population proportion of interchanges with inadequate geometry,
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n = sample size.

At this stage,op and T are unknown since they are both population
parameters. However, the Central Limit Theorem allows one to infer
population parameters from sample statistics without knowing the shape of the
population distribution. The following adaptation of the Central Limit
Theorem applies to this case. If P is the proportion of interest in a random
sample taken from the population, and if the population values are not
normally distributed, the sampling distribution of P nevertheless approaches
a normal distribution provided n(m) as well as n(l-7) is greater than 5,
where n is the sample size and 7 is the population proportion. A pilot
sample of 16 diamonds revealed that 94 percent of the diamonds have adequate
geometry. Setting P equal to 0.94, we obtain the following:

Eq 2
g = P(1-P)
P n
= (0.94)(1-0.94) - 00056
n n
(Ref 27)
Substituting Eq. 2 into Eq. 1, we get
Eq 3
mT="PzxZ [0.056
n
(Ref 27)
0.056
The quantity 2 n is called the standard error. By varying the

standard error values within acceptable limits and using the normal deviates
Z for the confidence level of preference, it is possible to determine the
most suitable sample size. Fig 17 shows the sample size distribution for
various standard errors and confidence levels. For example, one needs to
sample 148 interchanges to obtain results with a standard error of 0.05 and
confidence level of 99 percent, or 103 interchanges for an error of 0.06 and
similar confidence level. Unfortunately, sample sizes of this magnitude are
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Fig 17. Sample size vs. acceptable standard error.
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not feasible for extracting detailed data from each interchange. However,
the feasible sample sizes were 40 urban and 50 rural diamonds, from a total
population of 1337. The final sample sizes which were actually used for the
analysis in the later chapter were 36 and 49 of urban and rural diamonds,
respectively. Sample sizes of 36 and 49 would allow estimation of the
proportion of diamonds with inadequate geometry at a confidence level of 95
percent for acceptable standard errors of 0.08 and 0.07, respectively.

The geographical locations of all the sampled interchanges are shown in
Appendix A. It contains maps of North, West, South, and East Texas showing
the Interstate Highways and the crossroads at the locations of the sampled
interchanges. The maps of urban areas, such as Houston, San Antonio, etc.,
are shown in boxes.

Geometry of Ramp Terminals at Diamond Interchanges

Over-the-road operational tests of LCV's conducted in the past have
shown that their rear wheels could cause severe damage to curbs at pavement
edges and other roadside appurtenances at the diamond interchange ramp
terminals. 1In order to examine the adequacy of a given diamond interchange
to accommodate LCV's, all possible turn movements at the ramp terminals have
to be analyzed. The three most common cases of ramp terminals were
identified among the sample diamond interchanges. They are

(1) two-way crossroad - one lane each direction, one-way exit and
entrance ramp - one-lane each directionj total number of turn
movements possible ~ eight;

(2) two-way crossroad - two lanes each direction, one-way exit and
entrance ramp - one lane each direction; total number of turn
movements possible - eightj;

(3) two-way crossroad - two lanes each direction, two-way frontage road
- one lane each direction; total number of turn movements possible
- Sixteen.

Figures B1 and B6 in Appendix B show the configurations for Cases 1 and
2, respectively, and all possible turn movements are numbered for later
reference (Case 3 is shown in Figs B11 and B12). The analysis is based on
the computer Truck Offtracking Model (TOM), which requires an input path. It
then simulates the movement of a given LCV along the given input path. The
details of the model input are discussed in the next chapter. However, the
data collected from each interchange is based on the input path for each
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turn movement possible. For example, the input path for a right turn would
be the path the tractor's frontmost left wheel would follow. For a left
turn, the input path would be the path taken by the frontmost right wheel of
the tractor. These input paths had to be drawn manually for each turn on
each interchange. The data collected for each turn are the distances between
the input path and the pavement edge.

Assumptions for Input Path

Four assumptions were made for the input path. First, the drivers of
LCV's follow simple curve turns. Second, the minimum radius of turns is 45
ft for the outermost front wheel. A simple curve turn was assumed to
facilitate data collection and is a reasonable one to represent the pavement
area available at a ramp terminal. The 45-ft minimum turn radius is in
accordance with the AASHTO recommendation (Ref 8). Although some LCV's could
make turns with lower turn radii, 45 ft in most cases will prevent the
semitrailers and trailers from backing up and pivoting behind the turning
radius center as shown in Fig 2. A 45-ft minimum turn radius for the
outermost front wheel sets the turn radius for the center of the front axle
at 40 ft, 9 in. for an 8 ft, 6 in. wide LCV. The third assumption, LCV's do
not use the opposing traffic lanes during turn maneuvers. This assumption
prevents LCV's from hindering the opposing traffic flow and thus reduces the
potential for accidents, which means that the LCV's operate under "normal"
conditions. Since the data collected are representative of the pavement area
available, the LCV's are further assumed to use illegal left turn movements
if extra lanes are available in the direction of travel.

Measurements of Pavement Area at Ramp Terminals

Three measurements were made for each turn movement: DB, DM, and DE;
these measurements are illustrated in Fig B2 of Appendix B. DB and DE
measure the perpendicular distances from the tangents at the beginning and
end of the simple curve to the pavement edge, respectively. DM measures the
maximum perpendicular distance from the tangent to the pavement edge. The
location of the tangent on the curve for maximum distance between the curve
and the pavement edge occurs in most cases between the middle and the end of
the curve. These three measurements for each turn movement are the data for
analysis in the next chapter.

Appendix B shows the example locations of DB, DM, and DE for Cases 1, 2,
and 3 described earlier. Only four turn movements are shown for Cases 1 and
2, and the same locations apply to the ramp terminal on the other side of the
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interchange. Turns 1 and 2 are right turns, and 3 and 4 are left turns.
Turns 5, 6, 7, and 8 occur on the other side of the interchange.

For Case 2, where two lanes are available for each direction on the
crossroad, right turns 1 and 2 utilize both lanes in the direction of travel
but not the opposing lanes.

Similar assumptions and turn numbers are adhered to in Case 3. However,
four extra movements are possible in this ramp terminal due to the two-way
frontage road facility. For example, turns 1, 2, 9, and 10 are right turns
located on the right side of the interchange plus the left turns 3, 4, 11,
and 12. The other turns are located on the left side of the interchange.

Data collected from the diamond interchanges as described in this chapter
are used for the ANOVA (Analysis of Variance) procedure as a "screening
process" to determine the significance of effects of the various factors
involved and utilized in the data collection.



CHAPTER VI. PRELIMINARY ANALYSIS - ANOVA

This chapter discusses the preliminary analysis of the data collected
from the diamond interchanges. The method used was the ANOVA (Analysis of
Variance) procedure as a "screening process" to determine the significance of
the factors involved in the data collected from each sampled diamond
interchange (Ref 26). In the next chapter, the final analysis, using TOM, is
based on the results from the analysis of variance.

The ANOVA procedure was done using the SAS (Statistical Analysis
Software) computer program which runs on the IBM mainframe computer. In
order to use this procedure, all factors had to be clearly defined and
expressed as levels of factors. These factors could be either fixed or
random. Fixed factors are factors with all levels of interest to this study
included in the analysis. Random factors are those with fewer than the
population levels of the factors that are included in the analysis (Ref 26).

Factors and Levels of Factors

The analysis included five fixed factors and one random factor. The
fixed factors are location, type of crossroad, movement type, direction, and
measured distances. Figure 18 shows the fixed factors and their levels. The
random factor describes the random location occurrence of the interchanges
sampled.

Since 65 percent of the total population of diamonds are located in
rural areas and the remaining in urban areas, a location factor, L, was
introduced. This factor can be used to test the significance of the effect
of location on the pavement area available at the ramp terminals.

The factor T will test the effect of types of crossroads on the pavement
area available. Although many types of crossroads were identified in the
data collection, as shown in Appendix F, only four were used as levels of
factor T. They includes U.S. Highway, State Highway, F. M. (Farm-to-Market)
Road, and Arterial. Other types, i.e., paved, gravel, and soil, were ignored
since they represent low level types of roads which may be used by LCV's only
intermittently or not at all. Interstate Highways were not included as a
crossroad type since the intersection of two Interstate Highways generally
requires higher levels of interchanges, such as full directionals or semi-
directionals.
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FACTORS

LOCATION, L

TYPE OF CROSSROAD, T

MOVEMENT TYPE, M

DIRECTION, C

SPACE, D

Fig 18.

LEVELS OF FACTORS

1 - Urban
2 - Rural

1 - U.S. Highway
2 - State Highway
3 - F.M. Road

4 - Arterial

1 - Right Turns
2 - Left Turns

1 - Ramp to Crossroad on Right Frontage Rd
2 - Crossroad to Ramp on Right Frontage Rd
3 - Ramp to Crossroad on Left Frontage Rd
4 - Crossroad to Ramp on Left Frontage Rd

1 - Distance Available (DB) at the
Beginning of Turn

2 - Maximum Distance Available (DM) Between
the Beginning and the End of Turn

3 - Distance Available (DE) at the End of Turn

Factors and Levels of Factors
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One could easily conclude from careful observation of the figures in
Appendix B that the measurements of DB, DM, and DE for right turns are
shorter than those for left turns. Due to this difference, separate analyses
might be needed for left and right turns. Thus, the effect of left and right
turns can be tested for significance by using the next major factor, movement
type, M, with two levels.

Factor C is introduced to test the effect of the various directions of
movements. It has four different levels which describe the different
movements on the right frontage road and the left, plus the movement from
ramp to crossroad and vice versa. The right side of an interchange is
defined as the west side of a North-South Interstate Highway, and as the
south side of an East-West Interstate Highway. The final factor, D, has
three levels representing DB, DM, and DE, as described in the preceding
chapter. It will be used to test the significance of the differences between
the three measurements.

ANOVA (Analysis of Variance) Procedure

In the analysis of variance, each interchange is treated as an
experimental unit. A total of 16 interchanges were subsampled from the
original sample of 85 diamonds, of which 36 are located in urban areas and 49
are located in rural areas. Factors L, T, M, C, and D are fixed factors and
thus do not have any random variance components associated with them.
However, an additional factor, 0, is introduced; it is the random occurrence
of interchanges nested within the crossroad type, T, and location, L. Two
interchanges were randomly sub-sampled for each combination of location, L,
and crossroad type, T. For example, two urban diamonds with U.S. Highways as
crossroads will form two experimental units, shown as 1 and 2 of random
factor 0 in Fig 19. Fifteen and sixteen represent two diamonds with
arterials as crossroads; they are located in rural areas. Therefore, factor
0 represents the random occurrence of 16 interchanges along Interstate
Highways in Texas, and thus the inference space for this analysis is all of
Texas. The two random occurrences of interchanges or experimental units
nested within crossroad type, T, and location, L, provide the errors needed
to test the significance of the factors involved (Ref 26). Furthermore,
factors M, C, and D represent fixed factors within an interchange, thus
causing "splits" in the analysis (Ref 26). Fig 19 shows the input values for
the sixteen interchanges.

The sixteen interchanges sub-sampled had the data needed to fill all the
cells, as shown in Fig 19, thus allowing complete factorial split-split-split
plot analysis (Ref 26). The dependent variable is the measurement made at
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DB, DM, and DE for each turn movement at each interchange sampled. A linear
model for the preliminary analysis is shown in Appendix G.

Since the model is a complete factorial, it includes all the 2-factor,
3-factor, H4-factor, and 5-factor interaction effects. The interactions with
the 0 factor or random occurrences are assumed to be normally and
independently distributed with zero mean and variance o? . The remaining
fixed factor interaction effects need to be tested using F-tests for
significance. The F-tests are made under the null hypothesis of no factor or
interaction effects. Normality for the data was assumed, since 0 is robust
to non-normality. However, the data were found homogeneous using the
Bartlett Test (Ref 26) at a of 5 percent. If the F-value computed is greater
than some tabular value it is concluded that the tested effect is significant
for a given significance level, i.e., O level. All tests will be made for O
of 5 percent, which means the probability of rejecting a null hypothesis when
it should be accepted is 5 percent.

Results of ANOVA

Figure 20 shows the results of the analysis of variance which includes
sources of effects and corresponding degrees of freedom, sums of squares, MS
(mean squares), and the F-values. The effects are all tested with the
corresponding error terms. For example, the main effects of L,T, and
interaction effect of L®T were tested with the first restriction error or
whole plot error, i.e., with the MS of C(LT). The effects of M, L¥*M, T#M,
and L®T*M were tested with the split plot error O(LT)®*M. The total degrees
of freedom for this model is 383.

Using the F-tests, the main effects, L, M, and D were found significant
at alpha of 5 percent. Two 2-factor interaction effects, L*¥T and M*D, and
one 3-factor effect, T¥C*D, were also found significant at the same
significance level. None of the UY-~factor or 5-factor interaction effects was
found significant. It can be concluded that the location, L, and the
movement type, M, and the three different locations along the input path
significantly affect the pavement area available at the ramp terminals of the
diamond interchanges. Other main factors such as the c¢rossroad type, T, and
the direction of travel, C, do not have significant effects on the pavement
area available.

However, further analysis was done on the interaction effects found
significant using the Bonferroni means comparison test in order to
investigate which pairs of the factors involved have differences of means
significantly different at the chosen confidence level. Fig 21 shows the
plots of the mean values of measurements, Y(mean), for every combination of
geographic location, L, and crossroad type, T. The tests revealed at 95
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SAS

ANALYSIS OF VARIANCE PROCEDURE

DEPENDENT VARIABLE: Y

SOURCE DF SUM OF SQUARES MEAN SQUARE
MODEL 34 57863.71854093

ERROR 42 1295.27104241  30.84
CORRECTED TOTAL 383 59158.98958333

SOURCES DF ANOVA SS MS VALUE
L 1 13160.166 13160.167 | 45.12
T 3 791.629 263.876 <1.00
L*T 3 3408.834 | 1136.278 3.90
0(LT) 9 2625.259 291.695

M 1 9381.260 9381.260 33.66
L*M 1 852,041 852,041 3.06
TaM 3 379.648 126.549 <1.00
L¥T#M 3 774.296 258.099 <1.00
O*M(LT) 8 2229.519 278.690

c 3 84.802 28,600 1.06
L*C 3 105.937 35.312 1.31
T#C 9 287.302 31.922 1.19
LETAC 9 246,666 27.407 1.02
O*C(LT) 26 698.390 26.861

M¥*C 3 22.843 7.614 <1.00
L*M*C 3 25.854 8.618 | <1.00
T*M¥C 9 214,219 | 23.802__ | <1.00
L¥T*M¥C 9 191.763 | 21.307 <1.00
O%M*C(LT) 21 720.219 34.296

D 2 6818.973 3409.487 53.90
L*D 2| 44,223 22.112 <1,00
T*D 6 196,485 32.748 <1.00
L*T#D 6 253.067 43,815 <1.00
0*D(LT) 18 1138.699 63.261

M*D 2 2934.723 1467.362 6.63
L*M*D 2 1440.723 720,362 3.35
T*M*D 6 133.100 22.183 < 1,00
L*T#M*D 6 280.994 45,832 < 1.00
O*M¥*D (LT) 16 3435, 840 218,740

c*D 6 108.863 18,161 < 1.00
L*C*D 6 | 262.546 53.758 1.38
T*C*D | 18 | 241,765 68.987 2.17
L*TAC*D [ 18| 159.973 | 8.887 | <1.00
0*C#*D(LT) | 521 1650.300 | 31.737__ 1

M*C#D 6 | 116,796 | 19.866 | _< 1.00
L¥M*C*D | 6 | 160.880 | 26.813_ | ~1.00
TAM*CHD) 18 | 689.124 | 38,085 | 1.2
LATHMXCYD T8 99M.877_ | 33.00___ 1107

Fig 20,

Results of ANOVA procedure.
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percent confidence level that the difference between the pair of means at
level 3 of crossroad type T, which is the Farm-to-Market (F.M.) road, was
significant. This means that the compounded effect of the locations which
are urban and rural, and the crossroad type on the pavement area available at
the diamond interchange ramp terminal was significant only for the F.M.
crossroad. However, the crossroad types do not directly influence the
pavement area available.

Figure 22 shows the plots of the mean values of measurements, Y(mean),
versus the locations of measurements on the input path, D, for various levels
of movement type, M. The Bonferroni test for the interaction effect of M#D
revealed at 95 percent confidence that the difference between the mean value
of measurements for movement type, M, which is left and right turns, was
significantly <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>