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Decisions in Selection of Maintenance Levels of Service

RAM B. KULKARNI and CECIL J. VAN TIL

ABSTRACT

The selection of levels of service for maintenance of the various elements of a
highway (e.g., traveled way, drainage, or roadside) is influenced by such
multiple, often conflicting, considerations as safety, riding comfort, and
aesthetics. Decisions regarding maintenance levels of service are now usually
made by maintenance personnel in a generally informal, intuitive manner, on the
basis of their experience. In research for NCHRP Project 14-5, a more formal
methodology was developed to assist in decisions regarding optimal maintenance
levels of service for those highway elements that are subject to the con-
straints of available money, manpower, and equipment. In Phase II of this
study, a user manual was developed to provide detailed instructions for highway
agency personnel in the application of the methodology to their specific high-
way system. The main steps of the user manual are described in this paper. The
manual is designed to be self-explanatory: no outside assistance from persons
experienced in the formal methodology will be necessary. It is also intended
that the manual be comprehensive: the instructions cover all of the steps nec-
essary to implement the methodology within a highway agency. These desirable
features of the manual were tested in Arizona, New Jersey, and Virginia. Re-
sults of testing indicate that it is practical to develop the necessary inputs
for the implementation of the methodology and that a highway agency should
benefit by using the methodology, especially when attempting to document the
impact of budget cuts on levels of service and to provide an objective and

defensible basis for the selection of levels of service.

A primary objective of this paper is to describe a
methodology for the selection of levels of service
for highway maintenance. A 1level of service for
maintenance of a given highway element defines the
threshold deficiency level of the element that
should trigger an appropriate maintenance activity
(e.g., grass should be mowed when it is 12 in. high
or a drainage ditch should be cleaned when 50 per-
cent of its area is blocked). The levels of service
affect decisions about where, when, and how much
maintenance is required. Thus management responsi-
bilities for work scheduling, work priorities, bud-
get estimation, and resource allocation are signifi-
cantly influenced by the selection of 1levels of
service.

Decisions about levels of service are now usually
made by maintenance personnel in a generally infor-
mal, intuitive manner, on the basis of their experi-
ence. In research for NCHRP Project 14-5, a more
formal methodology was developed to determine the
levels of service that maximize highway user bene-
fits subject to the constraints of available re-
sources (money, manpower, equipment, and materials).

In Phase II of this project, a user manual was
developed to provide detailed instructions for high=~
way agency personnel in the application of the meth-
odology to their specific highway system. The manual
was designed to be self-explanatory: no outside
assistance from persons experienced in the formal
methodology would be necessary. It was also intended
that the manual be comprehensive: the instructions
cover all of the steps necessary to implement the
methodology within a highway agency. The manual was
tested in Arizona, New Jersey, and Virginia. The
purpose of this testing was to check whether the
instructions in the manual were sufficiently clear
and complete to enable a highway agency to implement
the methodology within its currently available re-
sources (staff and computer facilities).

The manual is organized in 12 well-defined and
distinct steps. The following sections of this paper
describe how each step is to be completed and what
is intended to be accomplished as a result of com-
pletion of the step. Results of testing the manual
in the three state agencies are also discussed.

STEP l: PREPARE A LIST OF MAINTENANCE ELEMENTS

In this first step, the entire highway system is
divided into a limited number of physical categories
referred to as maintenance elements. For example,
these eight might be selected to represent an entire
typical highway system:

Traveled way, flexible,

Traveled way, rigid,

Shoulders and approaches,

Roadside,

Drainage,

Structures,

Traffic control and service facilities, and
Snow and ice control.

3 OU W
.

Results of initial testing indicate that these
eight elements can be used without modifications in
all but a few exceptional cases. Exceptional cases
in which an element might be deleted from this list
might be, for example, delete 2 if an agency had no
portland cement concrete pavement in its system, or
delete 8 if climate were such that snow and ice
control were unnecessary. An example of an excep-
tional case in which an element would be added is if
a ferry system were operated and maintained by the
highway agency.

The result of completion of Step 1 is a list of
elements selected to represent the entire highway
system under study, such as the example.
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STEP 2: PREPARE A LIST OF CONSIDERATIONS AND
ASSIGN CONSIDERATIONS TO ELEMENTS

In this step, a list of considerations that can be
used to evaluate the performance of the maintenance
elements previously listed is first prepared. Appro-
priate considerations from this list are then as-
signed to each element.

Considerations are the factors that are used to
evaluate how well each maintenance element serves
its intended function. For example, "safety" is an
important consideration by means of which the per-
formance of most of the listed elements may be eval-
uated, including "traveled way" (both flexible and
rigid), "shoulders and approaches," "traffic control
and service facilities," and "snow and ice control."
However, "safety" would not likely be chosen as an
important consideration for the element "roadside."

Following are examples of considerations that
might be applicable:

1. Safety,

2. Riding comfort,

3. Preservation of investment,
4. DResthetics,

5. User cost, and

6. User convenience.

These six considerations should be adequate for
use by most highway agencies, and adding to or
deleting from this 1list should be done only in
exceptional cases. It should be noted that although
"maintenance cost"™ is an important consideration in
the usual sense, it is not included in this list. In
this system, maintenance costs are viewed as con-
straints on the system not as user-related consider-
ations and are accounted for in a subsequent optimi-
zation part of the methodology.

To complete Step 2, one or more considerations
are assigned to each maintenance element to be used
in evaluating it. For example, if the considerations
listed were to be used in the evaluation of the
maintenance elements listed in Step 1, they might be
assigned as presented in Columns 1 and 2 in Table 1.
Note that only those few considerations that play a
major part in its evaluation are assigned to an
element. For example, although "aethestics"” might
have some part in evaluating other elements, it is
assigned only to the element "roadside," where it
plays a dominant role.

The assignment of considerations shown in Table 1
should be reasonable for most highway agencies.
However, revisions in this table may be made if
considered to be essential by the agency.

The result of completion of Step 2 is the assign-
ment ol considerations to elements in the form of a
table such as Table 1.

STEP 3: SELECT AN ATTRIBUTE FOR EACH CONSIDERATION

In this step, an attribute is selected to express
the level of each consideration on a numerical scale.
For example, for the consideration "safety," which
has been assigned to the maintenance element "trav-
eled way, flexible," the attribute selected might be
"percentage change in frequency of accidents."”

An attribute provides a numerical scale for mea-
suring the effects of alternative levels of service
on a given consideration. There are two general
types of attributes to consider--natural and con-
structed. A natural attribute is one the levels of
which are physically measurable. For example, for
the consideration "safety," a natural attribute may
be "percentage change in frequency of accidents"
relative to the elements "traveled way, flexible"
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and "traveled way, rigid," or it may be "percentage
of drivers who cannot recover after driving over
edge of traveled way" relative to the element
“"shoulders and approaches."

A constructed attribute is one for which a physi-
cal measurement is not possible. In such cases, a
subjective scale or index must be constructed to
define the levels of this attribute. For example,
the consideration "aesthetics" cannot be measured
objectively, so a constructed attribute "degree of
pleasing appearance" with a subjective scale of 1 to
4 might be used to define it. Each number on the
subjective scale should be described in sufficient
detail so that the associated level of impact of
each 1is communicated clearly and wunambiguously.
Pictures may be used to provide additional communi-
cation of a visual nature.

Examples of attributes that might be selected for
various considerations are shown in Column 3 of
Table 2. Each attribute should be numbered sequen-
tially, as shown. One and only one attribute is as-
signed to each consideration. Unlike the examples of
elements and considerations presented in Columns 1
and 2, which should require little change, the at-
tributes shown in Column 3 are presented as prelimi-
nary suggestions only and may be revised or replaced
by the user agency.

The result of completion of Step 3 is the selec-
tion of an attribute for each of the considerations
previously assigned to the elements.

STEP 4: SELECT CONDITIONS FOR EACH ATTRIBUTE

In this step, at least one, but no more than three,
maintenance conditions applicable to each of the
attributes previously listed is selected. The condi-
tions should be such that, at some level of defi-
ciency of the condition, repair or correction will
be required and that a change in the level of the
condition would be expected to have an influence on
the associated attribute. For example, for the at-
tribute "percentage change in the frequency of acci-
dents" previously selected as an example applicable
to the consideration "safety" for the maintenance
element "“traveled way, flexible," the three condi-
tions "rutting," "slippery surface," and "roughness"
might be selected. This example, as well as examples
of maintenance conditions that might be selected as
applicable to all other examples of attributes pre-
sented in Step 3, are presented in Column 4 of Table
3. Note that the same condition may be appropriately
used for more than one attribute for a given mainte-
nance element.

Each selected maintenance condition should be
such that alternative levels of service could be
considered for it. If only one level of service is
applicable for a particular condition, it should not
be included in this methodology. Thus, for example,
nonfunctioning major signals may not be included as
a maintenance condition if the policy is to repair
these as they are reported.

The examples of conditions in Column 4, like the
examples of attributes in Column 3, are presented as
preliminary suggestions only. Because all of them
have not as yet been tested in trial applications
with highway agencies, this list should be used by a
highway agency as a guide for preparing its own
preliminary list only. Meetings should be held with
appropriate specialists to generate lists of condi-
tions that are appropriate for the specific highway
agency. To keep the analysis tractable, it is desir-
able to include in the set of maintenance conditions
only those that are of major concern. Usually, it
should be possible to define a total of 20 to 25
maintenance conditions for which 70 to 80 percent of
the annual maintenance budget is expended.



TABLE 1 Suggested Format for Recording Maintenance System Data, Columns

to Elements

1 and 2: Assignment of Considerations

Investment

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
Main:enance Maintenance ATTRIBUTES Maintenance PARAMETERS Alternate Maintenance
ELEMENTS Element of the CONDITION (or Delining Levels of Service, in

CONSIDERATIONS Considerations Atlecting Attributes Maintenance Conditions Terms of Parameters
Safety
Riding
Comfort
Traveled
Way,
Flexible
User Cost
Preservation
of
Investment
Safety _
Riding
Comfort
Traveled
Way,
Rigid User Cost
Preservation
of
tnvestment
Shoulders Safety
and
Approaches
Preservation of
Investment
Aesthetics
Roadside
User
Convenience
Safety
Drainage
Preservation of
Investment
Preservation
Structures of

Safety
Traffic Control
and Service
Facilities User
Convenience
Safety
Snow and Ice
Control User

Convenience




TABLE 2 Suggested Format for Recording Maintenance System Data, Column 3: Selection of an Attribute for Each

Consideration
Column 2 Column 3 Column 4 Column 5 Column 6
C!Jlumn 1 Maintenance ATTRIBUTES Maintenance PARAMETERS Aliernate Maintenance
Maintenance Element of the CONDITION for Defining Levels of Service, in
ELEMENTS CONSIDERATIONS Considerations Affecting Attributes Maintenance Conditions Terms of Parameters
1. Percent change
Safety in frequency
of accidents
Riding 2. Present Serviceability
Comfort Index (PS1)
Traveled
Way,
Flexible 3. Percent increase
User Cost in excess user
costs
Preservation 4. Frequency of
of rehabilitation
Investment of pavement
5. Percent change
Safety in frequency
of accidents
Riding 6. Present Serviceability
Comfort Index (PS1)
Traveled
W
R.a 4 7. Percent increase
i User Cost in excess user
costs
Preservation 8 Frequency of
of rehabilitation
Investment of pavement
9. Percent of drivers
who cannot recover
Shoulders Safety after driving over
and edge of traveled way
Approaches
Preservation of 10. Percent increase in pave-
Investment ment rehabilitation cost
11. Degree of
Aesthetics Pleasing
Roadside Appearance
User 12. Degree of cleanliness
Convenience at rest areas
13. Percent of time water
Salery accumulates on pavement
Drainage
Preservation of 14. Percent of time water
Investment accumulates on pavement
Preservation 15. Percent change in
Structures of useful life of
Investment structures
16. Maximum percent of tralfic
Safety signals which would be inef-
Trattic Control fective at a given time
and Service 17. Maximum percent of
S User signs, markings, and
Facilities T e lights which would
be ineffective at a
given time
18. Number of hours road
Safety is open under adverse
Snow and Ice driving conditions
Control
User 19. Percent of road mileage
Convenience closed following storm




TABLE 3 Suggested Format for Recording Maintenance System Data, Column 4:

Selection of Conditions for Each

Attribute
Cob N Column 2 Column 3 Column 4 Column § Column 6
i ey Maintenance ATTRIBUTES Maintenance PARAMETERS Alternate Maintenance
i C’é‘;g:‘g Element of the CONDITION for Delining Levels of Service, in
CONSIDERATIONS Considerations Atlecting Atlributes Maintenance Conditions Terms of Parameters
1. Rutting
1. Percent change -
Safety in frequency 2. Slippery
of accidents Surface
J. Roughness
Riding 2. Present Serviceability 1. Rutting
Comfort Index {PS])
Traveled 3. Roughness
Way, ]
Flexible 3. Percent increase 1. Rutting
User Cost in excess user
costs 3. Roughness
4. Ravelling
Preservation 4. Frequency of
of rehabilitation 5. Cracking
Investment of pavement
3. Roughness
6. Stippery
5, Percent change Surface
Safety in frequency
5 7. Settlement, heave,
ol accidents or distortion
5 g 8. Faulting
Riding 6. Present Serviceability
Comfort Index (PS!
ndex (PS!) 7. Settlement, heave,
or distortion
Traveled 9. Cracking
W
2 ¥ 7. Percent increase
9l User Cost in excess user 8. Faulting
costs
7. Settlement, heave,
or distortion
9. Cracking
Preservation 8. Frequency of
of rehabilitation 10. Spalling
Investment of pavement
8. Faulting
9. Percent of drivers 11. Edge of traveled
Sl Safety who cannot recover way drop-off
oulders .o
anidl Zg” d;lvmg 7‘:’ 12. Surface deteriors-
'ge of traveled way tion of shoulders
Approaches
Preservation of 10. Percent increase in pave- 11. Edge of traveled
Investment ment rehabilitation cost way drop-off
13. Grass Growth
11, Degree of =
Aesthetics Pleasing 14. g:j;'oux weeds and
Roadside Appearance
18, Litter and debris
User 12. Degree of cleanliness 16. Rest Areas
Convenience at rest areas
Saf 13. Percent of time water 17. Blocked or damaged
alety acc / onp t d ge structures
Drainage
Preservation of 14. Percent of time water 17. Blocked or damaged
Investment accumulates on pavement drainage structures
. 18. Structural
Preservation 15. Percent change in deficiencies
Structures of useful life of
Investment structures 19, Structure cleaning
and painting
16. Maximum percent of traffic L
Safety sianals which would be inef-|  20. Traffic signals
Traftic Control fective at a given time
and Service 17. Maximum percent of . 7
£aciliti User signs, markings, and 21. Signs and markings
! itles ¢ B lights which would
onvenience . 3
be ineffective at a 22 Lighti
given time 1gnting
18. Number of hours road 23..Snow dnd-lce
Safety is open under adverse : buildup
Snow and Ice driving conditions
! . =
Contro) User 19, Percent of road mileage 23. Snow and ice
Convenience closed following storm buildup




On completion of the selection, the conditions
should be tabulated opposite the attributes to which
they are assigned in a form similar to Column 4 in
Table 3. Conditions for a given maintenance element
must be numbered sequentially, as shown, with a
condition assigned the same number, regardless of
the number of attributes to which it is assigned.

The results of completion of Step 4 are the
selection of one to three maintenance conditions
applicable to each of the attributes previously
selected, tabulation of these conditions in the
appropriate position in the fourth column of a table
similar to Table 3, and numbering the conditions as
shown for the examples in this table.

STEP 5: ESTABLISH A PARAMETER FOR EACH CONDITION

A parameter to define alternate levels of service
for each maintenance condition is established in
this step. For example, for the maintenance condi-
tion "rutting," an example of a parameter that might
be selected to define it is "depth of rut and per-
centage of lane area affected." This example is the
first item in Column 5 of Table 4 and is presented
opposite the maintenance condition "rutting" in
Column 4. Column 5 also presents examples of param-
eters that might be used for defining each of the
other examples of maintenance conditions 1listed in
Column 4.

Parameters should be capable of being expressed
numerically or by simple, easily understood descrip-
tions. The numerical or descriptive definitions
should be able to differentiate clearly between
different levels of the condition to which the pa-
rameter applies. There should be one, and only one,
parameter assigned to each condition. A parameter
may consist of a single definitive item (such as
"skid resistance in terms of skid number at 40 mph"
for the condition "slippery surface") or may have
two items paired to make a combined definition (such
as "depth of rut and percentage of lane area af-
fected" for the condition "rutting" or "width of
cracks and percentage of lane area affected" for the
condition "cracking").

Where development of a numerical parameter does
not appear to be feasible, a descriptive parameter
may have to be used. For example, if the parameter
selected for the condition "structural deficiencies"
relative to the maintenance element "structures” is
"appearance when repair should be done," the de-
scription of appearance should be as unequivocal as
possible. Photographs may be used to supplement the
descriptions if they would contribute to a better
understanding of the description.

The results of the completion of Step 5 are the
establishment of a parameter for defining alternate
levels of service for each of the maintenance condi-
tions previously selected and the tabulation of
these parameters in the appropriate position in the
fifth column of a table similar to the example in
Table 4.

STEP 6: SPECIFY ALTERNATE LEVELS OF SERVICE FOR
EACH CONDITION

In this step, numerical values of the parameters
used to define alternate levels of service for the
maintenance conditions are established. A mainte-
nance level of service specifies a threshold value
of a parameter that triggers the scheduling of an
appropriate maintenance activity. For example, if
one alternate maintenance level of service for the
parameter "height of grass and width of mowing" is
"mow at 8 in. height, full width," maintenance
activity in mowing would be scheduled to be done
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when this condition was reached. Some general guide-
lines for generating appropriate alternate levels of
service are

* The description of each 1level of service
should be definitive and nonambiguous (i.e., it
should communicate clearly to maintenance personnel
when they are expected to work on a maintenance
condition).

¢ The description of a level of service should
not involve complicated measurements on the part of
the field maintenance personnel--they would be dif-
ficult to make in the field and likely to be ignored.
Ideally, only visual inspections and simple measure-
ments, quickly made, should be involved.

* Bach of the alternate levels of service
should be feasible. For example, if the analysis
results in selection of the lowest level of service
for a maintenance condition, the agency should be
willing to adopt that level of service.

¢ The resource requirements (dollars, manpower)
of the levels of service should be significantly
different from each other so that truly different
options are represented by each. If two levels of
service differ only slightly with respect to their
maintenance costs, they might better be combined to
represent a single level of service.

At the conclusion of this step, a range of alter-
nate levels of service from the highest (ideal) to
the lowest (barely tolerable) will have been gener-
ated. A general procedure for developing alternate
levels of service follows.

First, department personnel with special knowl-
edge of a given maintenance condition are asked to
assume that there are no constraints on resources
(dollars, manpower) for alleviating this condition.
They are then asked the question: How would you
improve the current level of service for this condi-
tion? Discussion of this question would normally
lead to suggesting a level of service somewhat higher
than the current practice within the agency--"ideal"
but physically attainable. Next, they are told to
assume that a severe cut in budget for this condi-
tion has been made and that a reduced level of ser-
vice will have to be adopted. They are then asked
the second question: How would you reduce the cur-
rent level of service for this condition for this
reduced budget? This would normally result in sug-
gesting a level of service considerably lower than
the current practice, possibly barely tolerable.
With these two levels of service as the upper and
lower bounds, and the current level of service be-
tween them, three alternate levels of service have
now been described. Three 1levels of service are
usually adequate for a condition. However, if the
range between them is great, the possibility of one
or two additional intermediate levels of service
should be considered. Five levels of service should
be considered a maximum for all but the most unusual
of cases because analysis becomes increasingly more
complicated as the number of alternate levels of
service increases.

Physical measurement and appearance provide direct
measures of levels of service to be maintained in
the field and these are the preferred modes. Fre-
quency or quantity of work performed assume that
certain levels of service are automatically main-
tained if the amount of effort or material is ex-
pended according to established procedures, without
direct measurement of results in the field. Although
generally less desirable, frequency or quantity of
work may provide reasonable specification of levels
of service if direct measurement would be impractical
and description of the desired appearance would be
too cumbersome.



TABLE 4 Suggested Format for Recording Maintenance System Data, Column 5: Establishment of a Parameter for

Each Condition

T Column 2 Column 3 Column 4 Column 5 Column 6
Mawnienarice Maintenance ATTRIBUTES Maintenance PARAMETERS Alhernate Maintenance
ELEMENTS Element of the CONDITION for Defining Levels of Service, in

CONSIDERATIONS Considerations Aflfecting Attribules Maintenance Condittons Terms of Paramelters
: Depth of rut and percent of
Is Rutting lane area affected
1. Percent change
Safety in frequency 2. Slippery : 7
Skid resistance (SN
of accidents Surface (SN g0/
3 Roughness Mays Ride Merter Index
. Depth of rut and percent of
Riding 2. Present Serviceability loifutting, lane area affected
Comfort Index (PSI)
Traveled 3. Roughness Mays Ride Meter Index
By Depth of rut and f
Flexible 3. Percent increase 1. Rutting Tana:area a/lectedpemm’ o
User Cost in excess user
costs -
3. Roughness Mays Ride Meter Index
i Severity and percent of
. duiRavelling, lane area affected
Preservation 4. Frequency of
of rehabilitation 5. Cracks, Width of cracks, and percent
ckin,
Investment of pavement ering of lane area affected
3. Roughness Mays Ride Meter Index
6. St:npery . .
5. Percent change Surface Skid cesistance (SN 40/
Safer in frequenc
v DfaL‘g'denl: VA Sert{emenr, heave, Height, and percent of
or distortion lane area affected
: Height, and percent of
=% 8. Faulting el 3
Cﬁld/ng 8. Present Serviceability joints affected
omfort Index (P =
e [FSH, 7. Settlement, heave, Height, and percent of
or distortion lane area affected
i Width of cracks, and percent
Ll % Cracking of lane area affected
o 7 P i
i ercent increase .
Rigid User Cost . Height, and percent of
ser LOs (r:/;;,\;cess user 8. Faulting joints affected
7, Settlement, heave, Height, and percent of
or distortion lane area affected
N Width of cracks, and percent
% Lracking of lane area affected
Preservation 8 Fre
quency of . Width of spalls, and
of rehabilitation 10. Spaliing of foines aftoerog - Ceeent
Investment of pavement
¥ Height, and percent of
4 Eaiiting joints affected
9. Percent of drivers 11. Edge of traveled Average height of drop-off
Sater who cannot recover way drop-ofl
Shoulders 4 after driving over 3 , =
and oo ot traveled 12. Surface deteriora- Severity of locatized
edge of traveled way tion of shoulders depressions
Approaches
Preservation of 10. Percent increase in pave- 11. Edge of traveled ;
Investment ment rehabilitation cost way drop-off Average height of drop-off
Height of grass and width )
13. Grass Growth of mowing
11. Degree of . p——
. A 14. Noxious weeds and Number of applications of
Aesthetics Pleasing brush herbicide per year
Roadside Appearance
: 5 Frequency of elean up of
15. Litter and debris fitter and dobris
Use( 12. Degree of cleanliness 16, Rest Areas Frequency of clean up
Convenience at rest areas of rest areas
13. Percent of time water 17. Blocked or damaged Appearance when repair or
Safet :
i4 accumulates on pavement drainage structures clean out should be done
Drainage
Preservation of 14. Percent of time water 17. Blocked or damaged Appearance when repair or
Investment acc 1 onp drainage structures clean out should be done
8 18. Structural Appearance when repair
Preservation 15. Percent change in deficiencies should be done
Structures of useful life of
Investment structures 18, Strugture cleaning Frequency of cleaning
and painting and painting
16. Maximum percent of traftic Fre . :
e ’ . o quency of inspection and
Salety 19/ ”?I“ wh/ch‘ wou(d be inet-| 20, Traffic signals priority of corrective measures
Trattic Control fective at a given time
and Service 17. Maximum percent of . . Frequency of insogclion and
Facilities User signs, markings, and 21. Signs and markings | ,oiority of corrective measures
h Coriveriente lights which would
be ineffective at a 22. Lighti Frequency of inspection and
given time - Lighting priority of corrective measures
18. Number of hours road . . :
Safety IS open inder scierse 23., ing: and ice Frequency of inspection and
Snow and Ice driv/'nq conditions uildup pl/or/fy D’CD/(ECHVE measures
Control -
User 19. Percent of road mileage 23. Snow and ice Frequency of inspection and
Convenience closed following storm buildup priority of corrective measures




The results of completion of Step 6 are the
establishment of three to five alternative levels of
service (in terms of the established parameters) for
each of the maintenance conditions previously se-
lected and tabulation of these alternate levels of
service in Column 6 of Table 4.

For example, the element selected as an example
for completion in this and the following steps is
"roadside." As shown in Table 4, two considerations
were selected for this element--"aesthetics" and
"user convenience" (Column 2). The attribute selected
for "aesthetics" was "degree of pleasing appearance,”
and for "user convenience" it was "degree of clean-
liness of rest areas" (Column 3). Three conditions
were selected as affecting the attribute "degree of
pleasing appearance"--"grass growth," "noxious weeds
and brush," and "litter and debris." One condition
"rest areas" was selected as affecting the attribute
"degree of cleanliness of rest areas" (Column 4).
The parameters selected to define these four condi-
tions were "height of grass and width of mowing,"

"number of applications of herbicides per year,"
"frequency of cleanup of litter and debris," and
"frequency of cleanup of rest area," respectively

(Column 5) .

In Step 6, four alternate levels of service were
selected for the condition "grass growth." These
were expressed in terms of its parameter "height of
grass and width of mowing." Column 6 of Table 5
shows these four alternate levels of service, as
well as three alternate levels of service for each
of the three other conditions selected for this
example. Note that Table 5 is a portion of the table
developed in previous steps for this example, show-
ing only those considerations, attributes, condi-
tions, parameters, and levels of service applicable
to the one example element "roadside."

STEP 7: DETERMINE EFFECTS OF ALTERNATE LEVELS OF
SERVICE ON CONSIDERATIONS

For each of the numerical values of alternate levels
of service established for a condition, its effect
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on the consideration to which it is applicable is
determined in this step. The effect on a considera-
tion (e.g., "safety"”) is estimated in terms of the
attribute of that consideration (e.g., "percentage
of drivers who cannot recover"). Ideally, the pro-
cedure for estimating the effects should be based on
objective data (i.e., on field measurements). How-
ever, the results of the study in which this system
was developed indicated that available data would not
be adequate for directly estimating the effects of
alternative levels of service. The procedure devel-
oped for estimating these effects involves structured
interviews with specialists to supplement such data
as may be available. This proposed procedure involves
the following tasks:

summaries
available from

1. Prepare
and data
literature.

2. Select two to five specialists to participate
in structured interviews. Local experience as well
as general background and knowledge of the specialty
area and interest in participating in the program
are major criteria for selection of these special-
ists. Distribute the summaries of available infor-
mation to the specialists in advance of the inter-
views, with instructions to read and become familiar
with the information.

3. Organize a meeting with the specialists.
Establish a scale for each attribute and tabulate
each scale in a form similar to that shown in Figure
1. Explain the scale of each attribute being eval-
uated and the consideration and element to which
each applies. Also describe the alternate levels of
service in terms of the parameter used to define the
maintenance condition that affects the attribute. A
completed Table 5 for each element involved is used
to assist in these descriptions. Review and discuss
the summaries of information that were distributed
before the meeting.

4. Select and complete the appropriate form,
Figure 1, 2, or 3. Pigure 1 is used if only one
parameter and one condition are involved. Figure 2

information
records or the

of pertinent
agency

TABLE 5 Suggested Format for Recording Maintenance System Data, Column 6: Specification of Example Alternate.

Levels of Service Related to the Element *“‘Roadside”

ELEMENTS CONSIDERATIONS ATTRIBUTES CONDITIONS PARAMETERS Alternate Levels of Service
1. Mow @ 8" height, full width
Height of 2. Mow @ 12" height,
13. Grass grass and 30° maximum width
G tt idth of
i /V:1l<§wrnL:7 3. Mow @ 18" height, one
2 machine pass width
4. Mow for safety reasons only
11. Degree of 1. Three time per year
Aesthetics Pleasing 14. Noxious Number of
Appearance Weeds applications
and of herbicide ik pair
. Brush per year
Roadside 3. Do not apply herbicide
1. Once a month
15. Litter F/requency af
and ciganup 2. Once every three months
Debitis of litter
and debris
3. Once a year
1. Twice a day
12. Degree of Frequency of
User : 16. Rest
A Cleanliness clean up of 2. Four time a week
Convenience of Rest Areas Areas rest areas

3. Twice a week
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Assessors 1. Date HIGHWAY AGENCY
2. 4.
A ors 1. Date
3 5' 2 4,
ELEMENT 3.
CONSIDERATION
ATTRIBUTE ELEMENT.
CONDITION CONSIDERATION
PARAMETER ATTRIBUTE
CONDITION 1
CONDITION 2
Alternate Levels of Service of the Level of ATTRIBUTE:
CONDITION in terms of the CONDITION 1
PARAMETER:
: Alternate | 1 2 3 4 5
Levels of
Service
T | 1
@
£
2
=2 2
8
elll=3 3
@
7]
5
]
F
=1 4 4
o~
5 8
Z 2 -
miff - o 5
zZ
Q
| :

FIGURE 1 Form for recording estimates of the effects of a
single maintenance condition on a consideration in terms of its
attribute.

is used for two parameters and two conditions and
Figure 3 for three parameters and three conditions.
The objective of the interview meeting is to obtain
a consensus of the specialists regarding the esti-
mates to be entered on the form. Because sufficient
objective data are seldom available, the specialists
will have to use their judgment, based on experience
and logic, to extrapolate from the available data to
arrive at the estimates. If significant differences
of opinion occur, they should, if possible, be re-
solved through discussion during the meeting. If
these differences cannot be resolved, they should be
noted and further investigated during the sensitiv-
ity analysis described in a later step.

The result of the completion of Step 7 is a com-
pleted form (Figure 1, 2, or 3) for each considera-
tion under study.

A computer program has been designed so that the
information from the completed form (Figure 1, 2, or
3) can be directly coded as input data without ex-
ternal calculations.

STEP 8: ESTIMATE RESOURCE NEEDS FOR EACH LEVEL OF
SERVICE

In this step the resources required to maintain each
maintenance condition at each of its alternate
levels of service are determined. The results of
these estimates can be conveniently tabulated in the
format shown in Figure 4. If a maintenance manage-
ment system is being used by the highway agency, a
significant amount of information needed for this
tabulation may be readily available because some of

FIGURE 2 Form for recording estimates of the effects of two
maintenance conditions on a consideration in terms of its
attribute.

the alternative levels of service may have already
been used or considered for use. For alternative
levels of service not previously used or considered
for use, hard data for estimation of resource re-
quirements will be lacking and judgmental estimates
will be required. Best estimates must be made from
data available now and from the experience of those
making the estimates. With time, more information
should become available, and more precise estimates
of resource requirements can be made.

The result of the completion of Step 8 is the
completion of a form such as the one shown in Figure
4 for each of the conditions and their levels of
service developed in previous steps.

STEP 9: ASSESS DESIRABILITY OF EACH LEVEL OF
EACH ATTRIBUTE

In this step the relative desirability (value) of
the different levels of each attribute selected in
Step 7 is assessed. For example, how much better or
worse is one level of an attribute (e.g., percentage

of drivers who cannot recover = 5) relative to
another level of this attribute (e.g., percentage of
drivers who cannot recover = 10)? The relative de-

sirability is determined by assessing how much it
would be worthwhile to spend to maintain an improved
level of the attribute.

This step requires the completion of the follow-
ing three sequential tasks:

1. Preparation for group value assessments,
2, Conducting group assessment meetings, and
3. Analysis of assessment data.

A description of each task follows.
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HIGHWAY AGENCY

Assessors 1. 4. Date
2 5
3 ELEMENT_______ CONSIDERATION

ATTRIBUTE No.

CONDITION No.1

No, 2
No. 3
2 3 4
1
2
2 3
4
5
1
2
3 3
4
5
1
2
4 3
4
5
1
2
5 3
4
5

FIGURE 3 Form for recording estimates of the effects of three maintenance

conditions on a consideration in terms of its attribute.

Maintenance CONDITION

Resources Required Annuall
Alternate Levels of Service Type 1 Type 2 ( Type 3
1] _ e.g. Equipment—hours,
(e y Labor—hours or days) (e.g. Materials—dollars} days, or dollars)
Level 1
Level 2
Level 3
Level 4
Level 5

FIGURE 4 Form for tabulating estimates of resources required for alternate levels of service.
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Preparation for Group Value Assessments

This task involves the selection of a panel of
individuals whose value judgments will be incorpo-
rated in the methodology, preparation of assessment
forms, and compilation of background information to
facilitate assessments.

To obtain value judgments that represents a broad
spectrum of viewpoints, it will be desirable (al-
though not necessary) to arrange for the participa-
tion of individuals with differing background and
experience (e.g., maintenance engineers, legislators,
and highways users). Such a panel of individuals
should be selected and provided with background
information about project objectives, descriptions
of selected attributes, and the different levels of
each attribute. It will also be useful to compile
information about the approximate percentage of the
available maintenance budget spent to maintain the
current level of each attribute. This can be done by
estimating the percentage of the budget spent on
different maintenance conditions that affect each
attribute.

The final part of this task is to design the
assessment forms. One form will be required for each
attribute. The basic assessment question is: What
maximum proportion of the total available maintenance
budget would you be willing to spend in order to
maintain a specified level of an attribute? The
higher the proportion of the budget people are will-
ing to spend for a particular level of the attribute,
the higher the relative value of that level. A typi-
cal assessment form is shown in Figure 5.

Conducting Group Assessment Meetings

A group meeting of all the assessors should be held
to explain the purpose of the study and the important

HIGHWAY AGENCY

Assessor Date

ELEMENT

CONSIDERATION

ATTRIBUTE

Maximum Percent of Total
Available Maintenance Budget
“Willing to Pay"’

Levelof Attribute:

————Least —»

Desirability

<—— Most

* Values assessed in Step Seven and recorded on form
shown as Figure 1,2 or 3,

FIGURE 5 Form for use in recording each assessor’s judgment
about the relative desirability of the levels of an attribute.

k1

role of the assessors in the determination of rela-
tive weights of different attributes. The selected
attributes should be described and, when appropriate,
pictures of actwal highway conditions displaying
different attribute 1levels should be shown. The
format of the assessment forms that each assessor
will be asked to complete should be discussed. It
will be important to point out that the assessors
should use "percentage of the total available main-
tenance budget" as an indication of the value they
placed on maintaining the attribute at each of the
levels described, not what might be the actual cost
of maintaining it at this level.

Sufficient assessment forms should be completed
during the group session to make certain that the
assessors understand the concept and to resolve any
difficulties that might be faced. The remaining
forms may be completed afterwards by each of the
assessors and returned to the principal investigator
within some specific time period.

Analysis of Assessment Data

After receiving the completed assessment forms, the
principal investigator proceeds with the analysis
of the data. Forms for each attribute are analyzed
sequentially. For each given attribute, the follow-
ing procedure is followed:

1. Responses for each attribute 1level are ar-
ranged in an ascending order.

2. The median of all responses is determined.
The median, rather than the mean, is used to repre-
sent group consensus because median is not affected
much by extreme responses.

3. The relative value of each attribute level is
calculated from the following equation:

Relative value = (PB; - PBp)/(PBy - PBy) (1)
where

PBj = maximum percentage of budget the group is
willing to pay to maintain the attribute at
the ith level,

PB;, = maximum percentage of budget the group is
willing to pay to maintain the attribute at
the least desirable level, and

PBy = maximum percentage of budget the group is
willing to pay to maintain the attribute at
the most desirable level.

4. Plot attribute levels on X-axis and the cor-
responding relative values on Y-axis. Pass a smooth
curve through the plotted points. Find the attribute
level that corresponds to a relative value of 0.5.
This is called the midvalue level of the attribute.

After the analysis for all of the attributes is
completed, the relative weight of each attribute is
calculated from the following equation:

Wi = [(PBy - PB) for ith attribute]
+ [z (PBy - PBy) for all attributes] (2)

The result of completion of Step 9 is the calcula-
tion of the midvalue level and the relative weight
of each attribute.

STEP 10: ORGANIZE AND INPUT DATA FOR COMPUTER PROGRAM

All the data necessary to run the computer program
are obtained in Steps 1-9. In Step 10, these data
are organized in a format required for the program.
Detailed instructions are provided in the User
Manual.
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STEP 11: RUN COMPUTER PROGRAM AND PRINT OUT
RESULTS OF ANALYSIS

In this step the computer program is executed with
the input data prepared in the previous step. The
program output displays the input data so that their
accuracy can be checked and describes the optimum
maintenance policy in terms of the preferred level
of service for each maintenance condition. Addi-
tional parts of the output include the available and
used amounts of resources, the contributions of
individual attributes to the overall value of the
policy, and the overall value itself on a scale of 0
to 1. In addition, results of sensitivity analyses
that may have been specified by the user are also

printed. The types of sensitivity analyses that
could be conducted include change available re-
sources, change relative weights of attributes,

include or exclude specified level of service, and
find the second-best solution. For each specifica-
tion of sensitivity analysis, the program finds and
displays the optimum maintenance policy.

STEP 12: FORMULATE RECOMMENDATIONS

The program identifies the optimum maintenance policy
for given amounts of resources. Before recommenda-
tions for implementation of this policy are made,
the costs of the policy in terms of resources used
should be compared to the resources available. This
would help in identifying any imbalance among the
different types of resources. For example, the dol-
lar amount of budget may not be fully used, but the
number of manhours may be used to the limit. If it
were practical to convert some of the dollar amount
to additional labor hours (for example, by contract-
ing out some of the work), the program could be
rerun with this change to determine whether the
selected policy would be affected. If a policy with
a higher value is found, this should be taken into
account in recommending the selection of a mainte-
nance policy.

It will also be desirable to examine results of
sensitivity analysis before making final recommenda-
tions. For example, the program might be run to
assess the impact of changes in the current mainte-
nance budget on the levels of service. Of particular
interest are those situations (such as appreciable
reductions in the budget) that could result in sig-
nificantly lower levels of service. This is useful
information to communicate to those responsible for
approving maintenance budgets because any adverse
effects of budget cuts can be identified explicitly.

RESULTS OF TESTING OF THE USER MANUAL

A draft of the User Manual was initially tested in
Arizona and Virginia. Results of this testing indi-
cated that some organizational and editorial changes
in the manual would increase the clarity of the
instructions. Appropriate revisions to the manual
were made to reflect the recommendations of these
two agencies. It was encouraging, however, that
testing in neither agency required any change in the
basic methodology or the computer program.

The revised manual was then tested in New Jersey.
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No particular difficulty was experienced by New
Jersey Department of Transportation personnel in
developing the required input data, organizing and
entering the data in the computer, executing the
computer program, and interpreting program output to
establish maintenance 1levels of service. Although
trips were made to Arizona and Virginia to get the
testing program started, no such trip was required
to New Jersey, nor were any telephone consultations
necessary.

Given the different conditions and maintenance
practices in the three states involved in the test-
ing program, it appears that the methodology for
establishing optimal maintenance levels of service
should be applicable to most highway agencies and
that the User Manual should enable any agency to
implement the methodology without any outside as-
sistance.

CONCLUSIONS

The User Manual developed and tested in this study
provides a comprehensive and self-explanatory docu-
ment that can be used by any transportation agency,
without outside assistance, to establish the most
appropriate maintenance levels of service for dif-
ferent components of a highway system. The levels of
service determined from the methodology described in
the manual will maximize user benefits subject to
the constraints of available agency resources (dol-
lars, manpower, equipment, and materials). The only
major constraint on the use of the methodology is
that the agency should have a working maintenance
management system in place.

The use of the methodology can be extended beyond
highway maintenance levels of service to include
levels of service for the maintenance of other modes
of transportation and to address the allocation of
an overall maintenance budget among all competing
modes of transportation.

The computer program documented in the User Manual
provides an efficient zero-one integer programming
algorithm that can be used, with some modifications,
on problems beyond the highway maintenance problem.
For example, the question of which highway construc-
tion projects should be funded in each year of a
multiyear construction program can be analyzed using
the algorithm with appropriate modifications.

The potential benefits of implementing the meth-
odology include the following:

¢ Defensible and well-documented process for
establishing maintenance level of service;

¢ Improved communication among all 1levels of
management and field personnel within the agency
regarding maintenance needs and priorities;

* Potential for constructive participation by
maintenance engineers, legislators, and citizens in
the assessment of the relative importance of evalua-
tion criteria (attributes); and

* Selection of maintenance policies
optimal use of limited resources.

that make

Publication of this paper sponsored by Committee on
Maintenance and Operations Management.
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Bridge Deck Rehabilitation Decision Making

PHILIP D. CADY

ABSTRACT

Policies for the protection, repair,

crete bridge decks were investigated,
tions based on minimum life-cycle costs.

rehabilitation, and replacement of con-
with the goal of providing recommenda-

Present policies in most states con-

sist of decision matrices or flow diagrams based on a few parameters related to
deck condition and, sometimes, to service. Few appear to possess the capacity

to reflect the cost-effectiveness

of feasible alternative strategies. The

development of a mathematical model for evaluating alternative strategies for

bridge deck protection, repair,

rehabilitation, and replacement, which forms

the basis for current policy of the Pennsylvania Department of Transportation,
is described. Detailed procedures for data acquisition are presented, and a

typical calculation is illustrated.

The existence of a serious national problem, dete-
riorating bridge decks, was first recognized in the
early 1960s when the Portland Cement Association and
the Bureau of Public Roads (now the Federal Highway
Administration) reported on studies carried out in
cooperation with 10 state highway agencies (1,2). In
1973 the Federal Highway Administration (FHWA) esti-
mated the cost for bridge deck repairs in the United
States to be $70 million per year (3). Two years
later the same agency revised this figure to $200
million per year (4). In 1977 FHWA reported that
65,507 bridges (about 10 percent of the nation's
bridges) had badly deteriorated decks (5). In the
same year The Road Information Program (TRIP) re-
ported that, in the winter of 1976-1977 alone, 1,626
bridges had been rendered unusable, mainly as a
consequence of spalling. Repair or replacement costs
for these bridges were estimated to be $1 billion.
An Environmental Protection Agency study published
in 1977 placed the annual damage to bridge decks at
$500 million (6). In 1979 the General Accounting
Office (GAO) reported to Congress that the cost for
repairing the country's deteriorated bridge decks
stood at $6.3 billion (7). A 1981 GAO report (8)
estimated the number of deficient bridges to be well
in excess of 100,000. The estimated rehabilitation
or replacement cost was placed at $33.2 billion.
Significant proportions--about one-half of the number
of bridges and one-third to one-half of the projected
cost--are related to bridge deck deterioration prob-
lems. The remainder reflect structural or functional
deficiencies.

The major cause of bridge deck deterioration is
deicing salts applied to maintain trafficable winter
roadway conditions. The problem has become so acute
during the past two decades because of the increasing
use of deicing salts in pursuit of an all-weather
"bare pavement" policy promulgated by highway
agencies beginning in the 1950s. In 1947 less than
one-half million tons of road salt was used in the
United States. Salt usage increased to a peak of 11
to 12 million tons in the mid-1970s. One report
indicated that the average road salt application on
25 bridge decks studied in the Denver, Colorado,
area was over 1 1b per square foot per year (9).

The deicer salts (sodium chloride and calcium
chloride) produce corrosion of the reinforcing steel
in concrete. Normally (i.e., at low chloride ion
concentrations), concrete provides an environment
that inhibits corrosion of reinforcing steel. Cor-

rosion may begin when chloride concentrations reach
about 1.2 1lb per square yard of concrete at the
location of the steel (10). The resulting corrosion
products occupy more space than did the original
steel, producing stresses that cause the concrete to
crack along horizontal fracture planes, which even-
tually become spalls.

The study reported here was undertaken to develop
rational strategies for the protection, repair,
rehabilitation, and replacement of bridge decks
based on cost-effectiveness. The objective of the
study was to provide means for optimizing the allo-
cation of limited funds. The methodology described
has since been adopted by the Pennsylvania Depart-
ment of Transportation as official policy.

POLICIES

Policies for the protection, repair, rehabilitation,
and replacement of concrete bridge decks require
decision making at two levels. First, criteria are
necessary to define the points at which various
actions are required, and, second, decisions must be
made about what action shall be taken. The action
criteria for five current or recent bridge deck
policies are given in Table 1 as typical of the
range of prevailing attitudes. With the exception of
the criterion for replacement in the Ontario policy,
the decision criteria are guite arbitrary--a factor
that is underscored by the wide variation in the
values presented in Table 1.

When action has been triggered by the appropriate
criterion, a decision is needed about methodology.
Figure 1 shows a compendium of the potential methods
for effecting protection, repair, rehabilitation, or
replacement of bridge decks. Some of the methods
presented are still experimental (e.g., deep polymer
impregnation) and some are not currently in favor
due to questionable effectiveness (e.g., galvanized
reinforcement) or technical problems (e.g., inter-
nally sealed concrete).

The review that was carried out for the develop-
ment of the current Pennsylvania Department of
Transportation policy revealed 1little rationale,
nationwide, both for the selection of trigger levels
for action criteria and for the selection of method
after the need for action is indicated. Furthermore,
contemplation of current practices and policies from
several points of view inevitably led to the deduc-
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TABLE 1 Action Criteria Associated with Some Current or Recent Bridge Deck Policies
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tion that the most rational approach is one that
results in minimum life-cycle costs for bridges,
given present deck conditions. This has the effect
of combining the two levels of decision making into
only one that has an identifiable and quantifiable
basis (life-cycle cost). In broad terms the policy
developed for the Pennsylvania Department of Trans-

portation involves the identification of technically
feasible alternative strategies for perpetual ser-
vice for each bridge deck, based on the present
condition of the deck, and evaluation of the alter-
natives using accepted engineering economic analysis
procedures.

OBJECTIVE
New Bridge Deck Construction or ; ; Repalr or Rehabilitation of
Replacement of Deterilorated Deck Pratectlon of Existing Sound Decks Deteriorated Decks
I i Uncontaminated Chloride
Cast-in-Place | | Prefabricated | Contaminated Patching ]|
Tpoxy-Coated o '4 Portland Cement Concrete l
o Rebars
Galvanized ; -11 Quick-Set Patching MatericI!
Steel Rebars - Breel Geld
/ "’E’olymer Mortars & Concrete |
p{ Conventional Pszzzggign -
‘ |_o] Rebond Delaminations by Epoxy
Injection + Patching
OVERLAYS B |4_
Remove Deck Modifications and
Chlorides Gl
Patching + Cathodic Protection
o Latex-Modil ied (Electro-
Mortar or Concrete osmosis) e Remove Chloride Contaminated
and/or Deteriorated Concrete
n Internally Sealed
Concrete }'-
Low Slwmp Dense
B Concrete L"
| Polymer Concrete =
Preformed Membrane +
B.C. Wearing Course
w Mastic HMembrane + Polymer
B.C. Wearing Course Impregnation
Shallow Deep
(1/2-1 (3-4  —
» in.) in.)

FIGURE 1 Potential methods for effecting protection, repair, rehabilitation, or replacement of bridge decks.
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ECONOMIC ANALYSIS MODEL

Scenarios and Possible Actions

At any given time in the life of a given bridge
deck, one of two scenarios is applicable: the deck
is either sound or deteriorated to some degree. If
sound, nothing can be done or the deck can be pro-
tected from future deterioration. The protective
action taken will depend on whether the deck 1is
critically contaminated with chloride ion (as shown
in Figure 1). If deteriorated, the actions available
depend on the degree of deterioration (Figure 1)
and, in order of increasing severity, fall into the
following categories:

* Spot patching (bituminous or rigid),

* Bituminous concrete overlayment (for ride-
ability),
* Rehabilitation (using rigid overlays follow-

ing removal of deteriorated concrete), and
¢ Deck replacement.

Depending on the present deck condition and the
actions taken in a particular alternative, the
likelihood exists that a deck will eventually have
to be replaced. Therefore, it is also necessary that
the expected life-cycle cash flow situation for deck
replacement, based on the state-of-the-art situation
for new deck construction, be determined.

Planning Horizon

In general, bridge deck sites are long-lived fea-
tures. Therefore, it is most convenient and suf-
ficiently accurate in most instances to assume per-
petual service as opposed to the selection of a
specific planning horizon. However, if it is known
that a specific bridge site will be used for 1less
than 50 years, a planning horizon of specific length
should be used. The cost difference between 50-year,
or greater, and perpetual service is small relative
to the uncertainties in predicting future actions
and costs. Therefore, the economic model presented
here will be based on perpetual service.

Model

The economic model used here involves the determina-
tion of the present worth of perpetual service
(capitalized cost) for each alternative using the
principles of engineering economic analysis. Dis-
crete cash flow and discrete compounding are assumed.
In generalized form the mathematical model is

Capitalized cost = A + BR/ALD + £ [Co(P/Giby) + Du(P/A,iby)] (B/F.ic,)
n=1

+ 3§ E,(P[Fie,)+ (P/F,i,f)(l/i)((A/P,i,g){F+
o=1

s

i M

[Hp(®/G i) + T, (P/ALjp)] x (B/F,iky) + Sy

K<7(P/F,i,mq)}+ G)
where

A = initial repair costs;

B = uniform annual maintenance and operating
costs for present deck from present to
time of deck replacement;

C = annual increases in maintenance costs
for present deck due to increasing
deterioration (e.g., spall patching);
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D = cost in first year of annually increas-
ing maintenance costs for present deck;

E = single future expenditures for present
deck;

F = first cost of replacement deck;

G = uniform annual maintenance and operating

costs for replacement deck over life of

replacement deck;

annual increases in maintenance costs

for replacement deck due to increasing

deterioration (e.g., spall patching);

J = cost in first year of annually increas-
ing maintenance costs for replacement
deck;

K = single future expenditures for replace-
ment deck;

a = number of periods of increasing main-
tenance costs for present deck;

b = duration of increasing maintenance costs

for present deck due to progressive

deterioration;

time from present to beginning of in-

creasing maintenance costs for present

deck due to progressive deterioration;

d = number of single future expenditures for

present deck;

time to single future expenditures for

present deck;

f = time to expected deck replacement;

g = life of replacement deck;

= number of periods of increasing mainte-
nance costs for replacement deck;

= interest rate (decimal);

= duration of increasing maintenance costs

for replacement deck due to progressive
deterioration;

k = time to beginning of increasing mainte-
nance costs for replacement deck (from
time of deck replacement);

2 = number of single future expenditures
for replacement deck;

m = time to single future expenditures for
replacement deck (from time of replace-
ment) ;

no0,p,q = counters;

(A/P) = capital recovery factor (A/P,i%,n)

i(1+1)B/[(1+1)D - 1)

o
1

Q
I

(1]
n

[y
I

nn

(P/A) uniform series present worth factor
(P/A,i%,n) = [(1+i)P - 1]/i(1+i)";
(P/F) = single payment present worth factor

(P/F,i%,n) = 1/(1+i)®; and
(P/G) = gradient present worth factor (P/G,i%,n)
(/i) {[(+1)™ - 1/i(1+i)"]
- [n/(1+i) M1}

A cash flow diagram representing the mathematical
model is shown in Figure 2. The model is readily
adaptable to microcomputer application.

Costs and Service Lives

The primary data needed for determination of capi-
talized cost of alternative strategies are the costs
and service lives of the components of the strat-
egies. The problems involved in the accurate deter-
mination of service 1lives for systems lacking in
field experience are obvious. Cost data are less
difficult to determine, but they are also less gen-
erally applicable. That is, average cost figures
have virtually no meaning for individual cases. This
point is emphasized in NCHRP Synthesis of Highway
Practice 57 (15,p.44):

Wide variations in costs can be expected for
the same method of repair applied to dif-
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FIGURE 2 Cash flow diagram for capitalized cost evaluation of bridge deck strategies.

ferent structures depending upon the size
and location of the structure, traffic vol-
umes, other work included in the same con-
tract, scheduling, and the overall volume of
conotruction work at the time ol biddinyg.

The costs associated with the protection, repair,
rehabilitation, and replacement of bridge decks may
be classified as follows:

¢ Installation;

* Annual maintenance;

* Traffic maintenance and protection; and

* Road user costs associated with periods of
construction, repair, rehabilitation, or maintenance.

Installation costs are those costs associated
with the installation or replacement of a system
(e.g., an overlay or a cathodic protection system).
They include all direct costs for labor, materials,
and deck preparation or modification.

Annual maintenance costs cover the more or less
continuous activities necessary to maintain a level
of serviceability. They are generally considered to
consist of a series of equivalent end-of-year costs
that are generally presumed to remain constant or to
increase uniformly over a stated period of time. An
example is the costs of periodically patching pot-
holes or spalls with bituminous concrete.

Traffic maintenance and protection costs and road
user costs to be considered are those associated with
periods of construction, repair, rehabilitation, or
maintenance.

Within the span of the planning horizon, each
alternative might entail several actions, each of
which has a service life., For example, a particular
strategy for maintaining the serviceability of a
certain bridge deck in perpetuum (infinite planning
horizon) may involve installing a new deck every 50
years and a new waterproof membrane and wearing
course every 10 years. The service lives of the deck
and membranes, therefore, are 50 and 10 years, re-
spectively.

The difficulty in attempting to predict service
lives is somewhat mitigated by two factors:

variation in ser-
effect on calculated

* BAs service life increases,
vice 1life has diminishing
equivalent cost. As noted previously, there is
little difference, economically, between a 1long
service life (50 to 100 years) and infinite service
life.

¢ If the average service lives of relatively
short-lived actions are reasonably well known, rather

large variations on an individual basis will have
relatively little effect over the 1long run. For
example, it can be shown that, if the service 1life
for a particular action falls between 9 and 21 years,
95 percent of the time (typical of rigid overlays),
the equivalent cost based on using an average life
of 15 years will underestimate the true cost by only
4 percent in the long run (16).

Interest Rate

Interest rate is the expression of the time value of
money in engineering economic evaluations. Prevail-
ing interest rates are generally not appropriate
because they include an inflation factor. The true
cost of long-term borrowing is considered to be on
the order of 4 to 6 percent (l7). There are condi-
tions in the evaluation of alternatives in the high-
way sector where inflation should be taken into
account., For a detailed discussion of the latter
point see Cady (18). In the Pennsylvania Department
of Transportation policy the interest rate is taken
to be 5 percent and inflation is ignored.

PROCEDURE

The procedure involved in applying the bridge deck

protection, repair, rehabilitation, or replacement
policy described in this paper 1is summarized in
Figure 3.

Uncovered Decks

The average rebar cover should be determined for all
bridge decks not overlaid with bituminous concrete
using commercial devices available for this purpose.
It has been reported that the standard deviation for
rebar cover on bridge decks averages about 0.4 in.

(19) . Assuming that the reported *1/8-in. accuracy
(15) of the cover measurement equipment represents

the 95 percent confidence interval, the number of
random readings required to determine the average
rebar cover within the accuracy of the equipment is

[(1.960) (0.4)1/(0.125)% = 40

Annual uncovered decks should

include

inspections of

* Visual examination;
* Sounding (delamination detection); and
* Coring, if necessary.
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FIGURE 3 Summary of policy for protection, repair, rehabilitation, or replacement of bridge decks.

Visual inspection provides rough, approximate
answers to two questions relative to bridge deck
condition: what are the sources and what is the
extent of the problem? The experienced observer can,
from the physical appearance of forms of deteriora-
tion present, usually determine the sources of prob-
lems. Although corrosion of reinforcement is the
most serious cause of bridge deck distress, it is
not the only problem area found on bridge decks. The
appropriate actions will, of course, vary with the
nature of the distress. For example, if a bridge
deck is deteriorating under the action of freezing
and thawing as a result of insufficient air entrain-
ment, cathodic protection will do nothing to mitigate
the problem. The extent of visible deterioration
should be mapped. Photographs should be taken for
documentation.

Sounding to determine the extent of fracture
planes (delaminations) that have not yet produced
visible surface manifestations should be carried out
using a chain drag or equipment commercially avail-
able for this purpose.

Coring would be done only if necessary to deter-
mine the cause or causes and extent of deterioration
other than reinforcement-corrosion-related for the
purposes of strength, petrographic, and air-void
analyses. The general rule for core sampling un-
covered decks is at least one specimen per 2,000
£t (20).

Annual inspections provide the data required to
define the extent of needed repair or rehabilitation
and the rates at which deterioration may be expected
to proceed. Deterioration rates are important even
for decks found to be in sound condition because
they permit evaluation of protection alternatives.
Whenever possible, deterioration rates for individual
decks should be based on successive annual inspec-
tions. This, of course, is not possible for decks
that have not yet bequn to deteriorate, nor for the
first evaluation of any deck. If the cause or poten-
tial cause of deterioration is rebar corrosion, a
technique is available for estimating the time to
development of deterioration and the deterioration
rate based on average rebar cover (21).

When the deck condition (including the time to
expected deterioration of currently sound decks) and
deterioration rate have been determined, alternative

strategies for perpetual service can be defined. The
costs and service lives associated with the actions
contained within each alternative strategy must then
be estimated. Finally, the appropriate strategy for
the bridge is determined by comparing capitalized
costs computed using the economic analysis model.

Covered Decks

Annual visual inspections should also be carried out
on bridge decks covered with bituminous concrete
wearing surfaces. When rideability or serviceability
conditions require remedial action, the structural
adequacy of the deck should be evaluated and economic
analyses carried out to determine whether the deck
should {(a) receive a new wearing course; (b) be
rehabilitated with a rigid, low-permeability overlay;
or (c) be scheduled for replacement. If coring is
necessary to ascertain the condition of a deterio-
rating covered deck, at least one specimen per 500
to 700 £t? should be obtained (20).

APPLICATION
The application of the methodology described in this

paper will be demonstrated for one alternative solu-
tion involving a common bridge deck scenario.

Bridge Data

* Average rebar cover by Pachometer survey =
1.8 in.,

¢ Percentage of deck spalled (including areas
previously patched with bituminous concrete) = 4

percent, and
* Deck age = 10 years.

There are no prior inspection data.

Evaluate the Alternatives

* Continue patching until 20 percent of the
deck surface 1is deteriorated (spalls, bituminous
concrete-patched spalls, and delaminations);
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* Apply bituminous concrete overlays (estimated
life 8 years) until 40 percent of the original deck
surface is deteriorated (spalls and fracture planes);

* Apply latex-modified concrete (LMC) overlay;
or

* Install new deck with epoxy-coated rebars 10
years after the LMC overlay.

Procedure

l. Using Figure 5 and Equation 21 in Cady and
Weyers (21), the expected deterioration (spalls and
delaminations) at the beginning of the maintenance
(patching with bituminous concrete) period = (0.5)
(10%) = 5%.

2., Using Figure 6 in Cady and Weyer (21), the
estimated deck age at rehabilitation (LMC overlay) =
20 years (i.e., 10 years from present).

3. Using Figure 7 in Cady and Weyer (21), the
estimated deck age at the beginning of maintenance
(bituminous concrete patching) period = 5 years
(i.e., 5 years ago).

4. Calculate the estimated deterioration rate:
(40% - 5%)/(20 yr - 5 yr) = 2,3%/yr.

5. Calculate the time to bituminous concrete
overlaying from the present: Percentage deteriora-
tion at present = (4) (4%) = 16% based on the assump-
tion that the area of visible spalls is typically
about one-fourth of the total deteriorated area
(spalls and delaminations). Time to bituminous con-
crete overlay = (20% = 16%)/2.3%/yr = 1.7, or 2 yr.

6. It has estimated (see item 2) that the deck
will have to be rehabilitated (LMC overlay) in 10
years. Therefore, the period of time over which bi-
tuminous concrete overlays will be used is 10 - 2 =
8 years.

7. Estimated costs and services lives:

Expected
(Cost Life
Action ($/£t2) (yr)
Bituminous concrete patching 1523 0.67
Bituminous concrete overlay 0.44 8
Deck modifications 1.00
Traffic maintenance and
protection 0.25
Total 2492
Latex-modified concrete overlay 4.09 10
Scarification of 60% of deck
surface at $0.61/ft? 0:37

Concrete removal to 1 in. below
reinforcing steel on 40 per-
cent of deck surface at

Transportation Research Record 1035

Expected
(Cost Life
($/£€2)  (yr)

Action
New deck (epoxy-coated rein-

forcing bars) 14.29 40
01d deck removal 11.56
Traffic maintenance and

protection _2.00
Total 27.85

8. Estimate the period of patching on the re-
placement deck having epoxy-coated rebars. Research
work carried out by the Federal Highway Administra-
tion (22) indicates that epoxy-coated rebars should
give about five times as long maintenance-free ser-
vice as black steel. This translates to average
values of 35 years for 2-in. average cover to 70
years for 2-in. minimum cover. Therefore, assume 40
years for the expected maintenance-free 1life of
epoxy-coated rebar reinforced bridge decks. At the
end of this period, assume that the deterioration
rate is the same as for black steel. (a) Therefore,
patching on the replacement deck begins 40 years
after installation = 40 + 20 = 60 years from present.
(b) Assuming 2.1%/yr deterioration rate (21) for 20%
deterioration (the point at which bituminous concrete
overlay is required), period of bituminous concrete
patching = 20%/(2.1%/yr) = 9.5 or 10 yr (i.e., years
61-~70) .

9. Assume an 8-year 1life for the
concrete overlay and a 1l0-year 1life for
sequent LMC overlay.

10. Summary of actions to be taken.

bituminous
the sub-

Action
Patch with bituminous concrete

Step Time (yr)
Le 0 (present) -2

2. 2 Overlay with bituminous concrete

3. 10 Overlay with latex-modified con-
crete

4. 20 Replace deck (epoxy-coated
rebars)

5 61-70 Patch with bituminous concrete

6. 70 Overlay with bituminous concrete

7. 78 Overlay with latex-modified con-
crete

8« 88 Repeat Steps 4-7 in perpetuum.

11. Interest rate: Assume average long-term
borrowing rate that includes effects of infilation
("true" interest rate) = 5 percent.

12. cCash flow diagram--see Figure 4,

13. Calculations

$14.75/£t? 5.90 A=0
Traffic maintenance and B=20
protection 1.00 C1 = [($1.23/£t%)/0.67 yr] (0.023) (1/4) =
Total 11.36 $0.011/ft%yr
Cycle Repeats Indefinitely
Patching i a - - - - 3_ - =
q’g 10 20~ 6 70 78 8al
> 01 O
\ Patching :
' |
B.C. l I
Overlay
LMC ovse'rc"“ L.M.4
Overlay Overlay,
New Deck New
= = = z = = "'l Deck

FIGURE 4 Cash flow diagram for example.
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[($1.23/ft%)/0.67 yr]l (0.04) = $0.073/ft?/yr
(presently 4% of deck is spalled)
Ep = $1.69/ft?
E, = $11.36/ft?
F = $27.85/ft?

o
[
[}

G =0

Hy = [($1.23/ft?)/0.67 yr] (0.021) (1/4) =
$0.010/ft? /yr

Jp = [($1.23/£t*)/0.67 yr] (0.021)(1/4) (1) =

$0.010/£t? /yr
Ky = $1.69/ft?
Ky = $11.36/£t?

a =1
by =2 yr
cy =0 yr
d = 2
e] =2 yr
ey = 10 yr
f = 20 yr
g = 68 yr
h=1
i = 0,05 (5%)
j1 = 10 yr
ky = 40 yr
g =2
my = 50 yr
my = 58 yr

0.906
Capitalized cost = 0 + 0 + [(0.011) (P/G,5%,2)

1.8594 1.0000
+ (0.073) (P/A,5%,2)} (P/F,5%,0)

0.9070
+ [(1.69) (P/F,5%,2) + (11.36)

0.6139 0.3769
(p/F,5%,10)] + (P/F,5%,20) (1/0.05)

0.05188
A/P,5%,68){27.85 + [(0.010)

31.649
(p/G,5%,10) + (0.010)

7.7216 0.1420
(p/7,5%,10)]1 (P/F,5%,40)

0.0872
+ (1.69) (P/F,5%,50) + (11.36)

0.0590
(p/F,5%,58)} + 0] = $19.89/ft?2.

Similar calculations would be carried out to
evaluate the other technically feasible strategies
for this bridge deck. The course of action is then
dictated by the lowest capitalized cost.

A word of caution regarding the foregoing example:
The costs and service lives of the various actions

involved in the strategy shown are presented for
illustrative purposes only. The values of these
parameters (particularly costs) may be expected to

vary widely with time, geographic location, and
other factors. This underscores the need for sound
engineering judgment in developing and costing out
the strategies for bridge decks on an individual
basis.
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Setting Maintenance Levels for Aggregate Surface Roads

BERTELL C. BUTLER, Jr., ROBERT HARRISON, and PATRICK FLANAGAN

ABSTRACT

Aggregate surface road maintenance activity frequency guides based on minimiz-
ing total maintenance and user costs were developed for Bolivia's national

highway department. The guides

result from predicting

road roughness and

simulating the operation of vehicles on the road. Presented are equations that
predict road roughness as a function of traffic volume and equations that
relate road roughness to vehicle operating costs in Bolivia.

Aggregate surface road ride quality is defined by
the service level for surface maintenance activities.
Many agencies execute maintenance in response to sur-
face condition. Others base maintenance frequencies
on resource availability (e.g., the number of motor
graders that are operational).

Responding to condition on the basis of judgment
depends on the person controlling the maintenance
activity. Because supervisors change and there are a
number of different persons controlling maintenance
in any jurisdictional area, there will be a lack of
uniformity when this approach is used.

When maintenance service levels are based on
resource availability, deficient levels may result.
It is useful, therefore, to have objective guides to
use in establishing service 1levels and resource
requirements.

SETTING MAINTENANCE LEVELS FOR AGGREGATE SURFACE
ROADS

One basis for establishing objective guides is to
compare the costs of alternatives, not only agency
costs but user costs. Evaluating the effect of road
condition on user costs has received considerable
attention in recent years. The World Bank has en-
couraged and supported a number of studies worldwide
to develop relationships between road surface condi-

tions and user costs (l-4). These relationships
allow analyses to be made of the user costs to oper-
ate on roads in different condition (5-7).

Vehicle operating costs are influenced by the
road's traveling surface. This is where the interac-
tion between the vehicle and the road occurs. There-
fore, it is primarily defects in this traveling
surface that adversely affect road users.

Maximum benefits to the road user occur when a
road is kept in its newly constructed condition.
This is not economically practical so a lesser level
is always sought. The optimum economic level is
determined by comparing the costs to maintain or
rehabilitate the road with the costs to users at
different levels of deterioration. A level |is
selected on the basis of a strategy that minimizes
total overall costs. This optimum strategy depends
on the number and composition of users plus the
characteristics of the road and the environment in
which the road is situated.

From 1981 through 1983, the Bolivian national
highway department, Servicio Nacional de Caminos
(SNC) , conducted studies to improve their highway
maintenance practices. The single most costly main-
tenance activity performed by SNC is aggregate road
surface maintenance. Consequently, objective criteria
were developed to set maintenance levels for this
work. The criteria proposed for establishing mainte-
nance service levels were to minimize total mainte-
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nance and user costs. The maintenance levels were
defined by specifying the frequency of surface main-
tenance activities.

ANALYSIS REQUIREMENTS

The analysis suggested as a basis for establishing
maintenance frequencies required that the following
information be determined for a road section:

1. Quantitative measurement of road surface
condition and the ability to predict this condition,

2. Quantitative measurement of the change in the
road surface condition that can be achieved through
maintenance or rehabilitation,

3. Cost of any maintenance or rehabilitation,

4. Volume and composition of traffic on the
road, and

5. Road user costs to operate on the road for
each condition.

Surface Condition

For aggregate surface roads, the condition that most
influences the motorist is ride quality, defined by
road roughness, A number of different measurement
units have been developed to define roughness, most
of which relate to the measurement process. However,
standard roughness units have not yet been defined.

In the Brazil cost study (3), a series of equa-
tions was developed to relate road roughness to
vehicle operating costs. The unit of roughness used
in those equations was termed quartercar index (QI).
These equations were modified to reflect high-alti-
tude vehicle use in Bolivia, and the QI units were
adopted as a measure of roughness. The units repre-
sent the response of a quartercar (Figure 1) to a
road profile. In Brazil QIs were assigned to road
calibration sections by

1. Running a GM profilometer over a 300-m road
section to get the wheel path profile,

J___—’ v

Sprung Mass
I M
A s
5
Damper
Suspension
Spring c
K s
(3
\\\ Unsprung
M Mass
u
z \\ Tire Spring
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FIGURE 1 Quartercar model.
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2. Electronically simulating the response of a
mathematically defined quartercar to the profilom-
eter-generated profile at a simulated speed of 34
mph, and

3. Defining the response as counts per kilometer
(the quartercar simulated a BPR roughometer and
generated inches of displacement).

QI was therefore a dimensionless unit assigned to
a road section to define the section's roughness.
Twenty such sections made up a calibration course.
Maysmeters were run over the calibration course and
an equation was established to convert the Maysmeter
numbers generated at 300-m sampling intervals to QI
units.

Road Roughness Prediction

A study was initiated to evaluate unpaved road per-
formance in Bolivia. A Maysmeter was used to monitor
the deterioration of a newly regraveled road with
average annual daily traffic (AADT) of 672. The
regraveling included watering and rolling. The Mays-
meter roughness measurements obtained during March
and April 1982 are shown in Figure 2.

Three existing unpaved road roughness prediction
equations were examined. The first was the Kenya
equation (8) that predicts roughness in millimeters
per kilometer and is a function of accumulated traf-
fics

R = 3250 + 84T - 1.62T + 0,016T° (1)

where R is roughness (mm/km) and T is cumulative
traffic volume in both directions that has used road
since grading, measured in thousands of vehicle
passes.

The second roughness equation was taken from a
preliminary Brazil report (9) and is as follows:

in QI = 1n RA + D(0.0070 + 0.000013 AADT - 0.0036S
- 0.000035RA - 0.00000006 AADT x RA
- 0.0136 W/RAD) (2)

where

1n QI = natural log of roughness in QI units;

In RA = natural log of roughness following grading
in QI units;
D = days since last blading;
AADT = average annual daily traffic in both
directions;
S = seasonal variable where dry = 0, wet = 1;
W = road width in meters; and

RAD = curve radius in meters.

The last equation examined was developed at the
University of Texas by A. Visser (10). Visser used
data from Brazil and developed the following equa-
tion:

1n QI= 1n RA + D[0.4314 - 0.1705T2 + 0.001159 NC
+ 0.000895 NT - 0.000227NT * G + S5 (-0.1442
- 0.0198G + 0.00621 SV - 0.0142PI
- 0.000617NC) ] (3)

where

1n QI = natural log of roughness, in QI units;
1n RA = natural log of roughness following grad-
ing, in QI units;
D = number of days since last blading, in
hundreds;
T2 = surface-type variable, 1 = clay, 0 =
other;
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FIGURE 2 Performance curves for Rio Secé-Desaquadero Road.

Heavy vehicles 531
Plastic index 10%
SV (0.074 material) 10%
Grade 0%
Sur face T2 0

NC = average daily car and pickup traffic in
both directions;
NT = average daily bus and truck traffic in
both directions;
G = absolute value of grade, as percentage;
S = seasonal variable where dry = 0, wet = 1;
SV = percentage of surfacing material passing
the 0.074-mm sieve; and
PI = plasticity index of surfacing material,

as a percentage.

The traffic averaged 672 AADT. This traffic level
was used to establish the Kenya road performance
prediction shown in Figure 2. The Kenya model pre-
dicts roughness in millimeters per kilometer. This
was converted to QI units of roughness using an
equation established in Brazil for this purpose:

QoI = 0.0251 B10-93 (4)

where QI is roughness unit and BI is roughness mea-
sured with a bump integrator (mm/km).

For the Brazil and Visser model, the distribution
of car, bus, and truck traffic was based on the
following established values:

Roughness after blading QI = 32
Road width 8 m
Radius 1000 m
Average daily traffic 672
Light vehicles 141

Substituting these values into the Brazil and Visser
equations produced the curves shown in Figure 2.

The measured deterioration on the Bolivian road,
reflected by increasing roughness with time, was
compared with predictions based on the three equa-
tions identified earlier (i.e., Kenya, Brazil, and
Visser). The Bolivian roads became rougher more
quickly than predicted using the existing equations.
Therefore, a series of studies was made in Bolivia
to collect road performance information for roads
with different traffic levels.

Roughness Studies

Two different maintenance activities were practiced
by the Bolivian National Highway Department (SNC).
First, at intervals, motor graders were used to
grade the road surface and improve road surface and
riding conditions (grade). Second, major surface
aggregate replacement and rehabilitation work was
performed to rebuild the road surface (rehabilitate).

Aggregate roads with different traffic volumes
were selected and sections were established where
road roughness was monitored using a Maysmeter. The
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Maysmeter was calibrated on a series of calibration
sections where a rod and leveling procedure was used
to establish a QI measure of roughness for each
calibration section. An analysis of the roughness
data generated by the Maysmeter produced the follow-
ing equations:

Performance (roughness) of Road Following Grading

oI = 7.922 + 177 {[e(AxBxC - 0.78)/1.04]

: [3 + e(AxBxC - 0.78)/1.04]} (5)
where

A=5.8,

B =D (0.0059 + 0.000011 AADT),

¢ = (575/aApT)0-4175,

D = days, and
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AADI = averade annual daily traffic,
Performance (roughness of road following
rehabilitation)

OI = 29.189 + 185 {[e(AxBxC - 5.47)/2.135]}

s [5 + 3(AXBXC = 5.47)/2.135] (6)
where

A =5.2,

B =D (0.00608 + 0.00001138 AADT),

¢ = (575/Aapr)0-2682

D = days, and

AADT = average annual daily traffic.

Equations 5 and 6 are plotted in Figures 3 and 4
for a range of traffic volumes.
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FIGURE 3 Roughness measurements following grading of a gravel road.
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Maintenance Costs

The two aggregate road surface maintenance activ-
ities, grading and rehabilitation, were both speci-
fied in maintenance performance standards that de-
scribe the procedures followed in executing these
activities. The standards also provide estimates of
the production expected to be achieved and define
the labor, equipment, and material requirements per
unit of production.

Performance standards were used to calculate the
costs of both aggregate surface activities for a
base year period (1981). Information available from
SNC fiscal records established a maintenance-related
administrative charge of 31 percent. Direct mainte-
nance costs were multipled by a factor of 1.31 to
accommodate the administrative overhead.

User Costs

Literature studies were made in Bolivia to establish
user equations that relate roadway characteristics
to vehicle operating costs. Sources ranged from
primary studies, such as Winfrey (1l1), Claffey (12),
Bonney and Stevens (2), Hide et al. (1), GEIPOT (3),
CRRI (4), De Weille (13), and Zaniewski et al. (l4).
In addition, users throughout the country were con-
tacted to assess the level of vehicle operating
costs they were experiencing on Bolivian roads. The
information collected was used to verify existing
relationships.

Fuel Consumption

These equations were derived from the Brazil study
with adjustments made where necessary to the inter-
cept so that predictions reflected vehicle use in
Bolivia. Fuel consumption (FC) is expressed in units
of liters/100 km, a unit conventionally used in cost
studies.

Light vehicle: 1n (FC) = 5.078 + 0.00141 QI (7)
Bus: 1In (FC) = 5.675 + 0.00061 QI (8)
Truck: ln (FC) = 5.887 + 0.00108 QI (9)

A range of predictions, for various levels of QI,
follows:

QI 50 100 150 200
Light vehicle 172 185 198 213
Bus 300 310 319 329
Truck 380 401 424 447

The percentage increase in fuel consumption on
moving from 50 QI to 200 QI is 1light vehicle, 24
percent; bus, 10 percent; and truck, 18 percent.
Worsening surface condition causes a vehicle to
alter its speed and these speed changes, together
with less efficient engine speeds, cause fuel con-
sumption to rise as the surface deteriorates. Light
vehicles travel at higher speeds on good roads so
the speed changes are greater. Trucks have heavier
loads so the speed changes cause their engines to
work harder than do those of buses.

0il and Grease Consumption
These are small user cost items, often constituting

less than 1 percent of total vehicle operating costs.
No equations were included for these items.
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Parts Consumption

This was based on Brazil equations that were cali-

brated using Bolivian data. The parts equations
developed were:
Light vehicle: PC = [K0+302 exp (6.497

+ 0.00426 QI)] 0.5 (10)

Bus: PC = [K0+485 exp (5.703 + 0.00323 QI)] 0.5 (11)

Truck: PC = (305 + 105.7 QI) 0.5 (12)

PC is parts cost per 1000 km in Bolivian pesos at
December 1981 prices. K is the vehicle age in 1000~
km units. A range of predictions for various levels
of QI follows:

Age QI
Class (K) 50 100 150 200
Light vehicle 150 1,866 2,309 2,853 3:530
Bus 350 3,018 3,547 4,169 4,900
Truck - 2,795 5,438 8,080 10,723
The percentage increase in parts consumption on

moving from 50 to 200 QI is light vehicle, 89 per-
cent; bus, 62 percent; and truck, 384 percent.

Labor Costs

These were also based on equations developed in the
Brazil study in which equations predicted labor
costs as a function of parts cost and road roughness.
The equations are

Light vehicle: LC = {exp[3.33 + 0.548 1n (PC)

+ 0.00403 QI]} 0.5 (13)

Bus: LC = {exp[3.231 + 0.516 1n (PC)
+ 0.00514 QI]} 0.5 (14)
Truck: LC = {exp[3.396 + 0.519 1n (PC)]} 0.5 (15)

LC is labor cost in Bolivian pesos at December 1981
prices.

A range of predictions for various QI values
follows and the PC variable is derived from the
parts prediction table.

QI 50 100 150 200
Light vehicle 1,549 2,130 2,925 4,021
Bus 1,461 2,053 2,887 4,056
Truck 1,314 1,856 2,215 2,641

The coefficients on the 1n (PC) variable for
light vehicles and buses indicate that as parts cost
increase, the proportion attributed to labor falls,
as long as roughness is constant. When roughness
increases, the labor costs for these two wvehicle
classes start to move upward until they equal or
even exceed (at very high roughness) parts cost
values.

Tire Consumption

These equations were based on Brazilian data on more
than 3,000 tires lives. The dependent variable is
tire life in 10 000 km.

Light vehicle:
7L = e(14.6488 - 0.9432 1n QI)/10,000 (3¢,
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Bus: TL = 4.181 - 0.00951 QI (17)
Truck: TL = 3.933 - 0.00951 QI (18)

A range of predictions (in km) for various QI values
follows:

QI 50 100 150 200
Light vehicle 57,468 29,888 20,389 15,544
Bus 37,045 32,300 27,545 22,790
Truck 34,575 29,320 25,065 20,310

Depreciation and Interest Costs

The depreciation charge attributable to the charac-
teristics over which the vehicle operates together
with the opportunity cost of the capital tied up in
vehicle ownership is required in the analysis. De-
preciation is based on 1lifetime kilometer use and
the effect of highway characteristics on this life
use (15). The effect of roughness and geometry on
life utilization was estimated using Brazilian data.
A basic vehicle life in kilometers is modified to
reflect the reduced lifetime utilization resulting
from operation on roads with inferior surfaces or
poor geometry. Depreciable lifetime wvalue (initial
purchase price 1less tires and residual value) is
divided by the adjusted lifetime kilometers to give
a per kilometer depreciation cost.

The interest component requires the estimation of
service life in years for each vehicle class. Bra-
zilian data were examined and adjustments made to
fit Bolivian conditions. The following values were
used:

Depreciation

Lifetime kilometers (based on a QI of 50) are

Light vehicle 380 000
Bus 477 000
Truck 575 000

Lifetime
Lifetime in years and residual values are

Light vehicle 10 years 20 percent
Bus 12 years 12 percent
Truck 12 years 12 percent

Interest

Rate of interest was assumed to be 16 percent in
real terms.

Calculations

Depreciation was made a function of lifetime utili-
zation, and 1lifetime utilization was adjusted for
roughness by reducing life mileage 0.1 percent per
unit increase in QI. The depreciation and interest
equation therefore was

N&l = (.08°V°10+V*RV) /0 (19)
@ = LM/[1+(Q1/1,000)] (20)
where

D&I = depreciation and interest cost per kilo-
meter,

= vehicle acquisition cost,

roughness,

10
H <
it
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LM life mileage for QI roughness level equal to
zero, and

RV = fraction of acquisition cost.

An interest rate on the residual acquisition costs
of 16 percent was built into the eguation.

Unit Prices

Unit prices were calculated in financial terms at
1981 prices. Maintenance data were already in this
form as a result of the unit costs tables developed
for labor, equipment, and material used to expand
the maintenance performance standards. The user
inputs had to reflect a similar cost basis. These
data had the added advantage of being rapidly ob-
tainable from vehicle operators and dealers. The
user data are

Financial Cost

Item ($ Bolivian)
Gasoline 8 per liter
Diesel 8 per liter
Car tire 2,675

Bus tire 7,750

Truck tire 8,500

Car price 375,000

Bus price 1,125,000
Truck price 800,000

Vehicle Age in Kilometers
Car 80 000
Bus 300 000

BANALYSIS

The logit equation representing the performance of
aggregate surface roads together with the egquations
relating road roughness to vehicle operating costs
were incorporated in a small computer program (RSML) .
The program allows the unit costs of highway mainte-
nance and vehicle operating consumables to be entered
at the beginning of a program run. Output from the
program RSML is given in Tables 1-3.

The general methodology built into RSML is as
follows:

1. A road section is assumed to be just reha-
bilitated and its roughness following this activity
is defined.

2. The roughness of the road for each succeeding
day is predicted.

3. User costs associated with traffic using the
road each day, for each roughness condition, are
accumulated.

4, User costs are accumulated to some defined
roughness threshold (i.e., a level of roughness that

will activate a maintenance response).
5. The maintenance sequence specified was two

gradings followed by rehabilitation. This made up a
complete cycle.

6. Ten cycles are simulated for each roughness
threshold and the combined user and maintenance
costs for that roughness threshold are determined on
an annual basis along with the average cycles per
year.

7. The same analysis was performed for a range
of roughness thresholds.

In addition, three classes of traffic were de-
fined: light vehicles, buses, and trucks. The per-
centage of each is given in Tables 1-3. Also given
is a factor for administration. The analysis can be
run for any traffic volume level and given in Tables
1-3 are AADTs of 100, 300, and 500.
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TABLE 1 Annual Agency and User Costs of a Maintenance Cycle Consisting of Rehabilitation
of a Gravel Road Followed by Two Gradings for AADT = 100, by Roughness Threshold
(maintenance level)

REHABILITATION AND GRADING
** ROAD SURFACE MATNTENANCE LEVELS *¥

MAX MAINTENANCE USER TOTAL ANNUAL TOTAL TOTAL

ROUGHNESS COSTS COSTS CHANGE CHANGE FREQUENCY COSTS ADJUSTED

35 888532, 355962. 0. 0. 35.3 1244494, 697927.

40 459075. 365177. 921 5. 9215. 18.3 B824252. 277685.

45 348665. 371111, 5934. 15149. 13.9 719776. 173208.

50 296177. 375325. 4214. 19363. 11.8 671502. 124935,

55 259854, 379352. 4027. 23390, 10.3 639205, 92638.

60 233428. 383207. 3856. 27246. 9,3 616635. 70068.

65 218607. 385957. 2750. 29995, 8.7 604565, 57997.

70 202533, 389355. 3397. 333893. 8.1 591888. 45320.

75 192619. 391896. 2541. 35934, el 584515, 37947.

80 181214. 395145. 3249. 39183, 7.2 576358. 29791.

85 173236. 397833. 2688. 41871. 6.9 571069. 24501,

90 163955, 401289. 3457. 45327. 6.5 565245. 18678.

95 158302. 403692. 2403. 47730. 6.3 561994. 15427.

100 153025. 406138. 2446. 50176. 6.1 559163. 12596.

105 146513, 409393. 3254, 53431, 5.8 555906. 9339.

110 141982. 411925, 2532. 55963, 5.6 553907. 7340.

115 136359. 415300. 3375, 59338, 5.4 551659. 5092,

120 132425, 417901. 2601. 61939, 5.3 550327. 3759.

325 128114. 420918. 3017. 64956. 5.1 549032. 2464.

130 124636. 423561, 2643. 67599, 540 548196. 1629.

135 120282. 427078. 3517.. 71116. 4.8 547360. 792.

140 116222, 430615, 3537. 74653. 4.6 546836. 269.

145 112427. 434158, 3543. 78196. 4.5 546585. 17.

150 108872, 437696. 3538. 81734, 4,3 546567. 0.

155 105132, 441660. 3965. 85698. 4.2 546792. 225.

160 101267. 446006. 4346. 90044, 4.0 547273. 706.

165 97330. 450718. 4712, 94756. 349 548048. 1481,

170 93056. 456148, 5430. 100186. 3.7 549204. 2637.
PERCENT BUSLS .48 AVERAGE DAILY TRAFFIC 100.
PERCENT TRUCKS w3 COST OF GRADING 73503 .
PERCENT AUTOS «21 COST OF REHABILITATION 42904.

ADMINISTRATIVE OVERHEAD 31

TABLE 2 Annual Agency and User Costs of a Maintenance Cycle Consisting of Rehabilitation
of a Gravel Road Followed by Two Gradings for AADT = 300, by Roughness Threshold
(maintenance level)

REHABILITATION AND GRADING
** ROAD SURFACE MAINTENANCE LEVELS **

MAX MAINTENANCE USER TOTAL ANNUAL TOTAL TOTAL

ROUGHNESS COSTS COSTs CHANGE CHANGE FREQUENCY COSTS ADJUSTED

35 834682. 1064464, 0. 0. 33.2 1899146. 546122,

40 437214. 1090738, 26274. 26274. 17.4 1527952. 174929.

45 335909. 1107902, 17165. 43438, 13.4 1443811. 90788.

50 278227. 1122256, 14354. 57792, 11 &1 1400483. 47460.

55 245933, 1134026, 11770. 69562, 9.8 1379959. 26935.

60 222133. 1145171, 11146. 80707. 8.8 1367304. 14281.

65 205556. 1154569, 9397 90105. 8.2 1360125. 7101,

70 191281. 1164333, 9764. 99869. 7.6 1355614. 2591,

75 178860. 1174450, 10118. 109986. 7.1 13533971, 287.

80 171084, 1181940. 7489. 117476. 6.8 1353024. 0.

85 162026. 1191436. 9496, 1269724 6.4 1353463. 439.

90 154744. 1200030. 8594. 135566. 6.2 1354775, 1757 .

95 149698. 206805, 6775. 142341, 6.0 1356504. 3480.

100 142718. 216972, 10167. 152508. 547 1359690. 6666.

105 137037. 1226131. 9159. 161667. 5.4 1363168. 10145.

110 131792. 1235466. 9335. 171002. 5.2 1367258. 14234.

115 128114, 1242680. 7215. 178216. 5.1 1370794. 177711,

120 23518. 252238. 9557 187774. 49 1375756. 22732,

125 119240, 1261907. 9669. 197443, 4.7 1381147. 28124.

130 115249. 271656. 9750. 207192, 4.6 1386905. 33882.

135 111516. 1281463. 9806. 216999. 4.4 1392979, 39955,

140 108018. 2912985 9837. 226835, 4.3 1399317. 46293,

145 104732. 1301139, 9840. 236675, 4.2 1405871. 52847.

150 100896. 1313350. 12211. 248886, 4.0 1414245. 6:1222.

155 97330. 1325496. 12146, 261032, 3.9 1422826. 69802.

160 93689. 1338722, 13226. 274258, 3 ¥ 1432411, 79387«

165 89722, 1354049. 15327. 289585, 3.6 1443770. 90747.

170 86077. 1368990. 14941, 304526. 3.4 1455066. 102043.
PERCENT BUSES .48 AVERAGE DAILY TRAFFIC 300.
PERCENT TRUCKS w31 COST OF GRADING 7351
PERCENT AUTOS .2 COST OF REIABILITATION 42904.

ADAMINISTRATIVE OVLERHLAD .31
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TABLE 3 Annual Agency and User Costs of a Maintenance Cycle Consisting of Rehabilitation
of a Gravel Road Followed by Two Gradings for AADT = 500, by Roughness Threshold

(maintenance level)

REHABILITATION AND GRADING
**% ROAD SURFACE MAINTENANCE LEVELS **

MAX MAINTENANCE USER TOTAL ANNUAL TOTAL TOTAL

ROUGHNESS COsTS CosTS CHANGE CHANGE FREQUENCY COSTS ADJUSTED

35 888532. 1772346. 0. C. 35.3 2660879, 521119.

40 466856. 1814425, 42078. 42078. 18.6 2281281, 141521,

45 357721. 1843030. 28606. 70684, 14.2 2200751, 60991.

50 296177. 1866939, 23909. 94592. 11.8 2163116. 23357.

55 259854. 1888025. 21087. 115679. 10.3 2147873. 8120.

60 235423, 1906078. 18053. 133731 % 9.4 2141501, 1741.

65 216886. 1922874, 16796. 150528. 8.6 2139760. 0.

70 202533. 1938325, 15451, 165978. 8.1 2140858, 1098.

75 189962. 1954329, 16005. 181983. 7.6 2144291, 4532.

80 181214, 1967595, 13266. 195249 1:2 2148809. 9049.

85 172153. 1982367. 14772, 210021, 6.8 2154520. 14761,

90 162985. 1999664, 17297. 227318. 6.5 2162649. 22890.

95 157397. 2011676, 12012, 239329. 6.3 2169073. 29313.

100 150516. 2027504, 15829. 255158. 6.0 2178021, 38261.

105 144971, 2041512, 14008. 269166. 5.8 2186484, 46724.

110 139114, 2057960, 16448. 285614. 5.5 2197074. 57315.

15 135022. 2070655, 12695. 298309. 5.4 2205678. 65918.

120 130543. 2085271, 14616. 312925. 5.2 2215814. 76054.

125 125774. 2102264. 16993, 329918. 5.0 2228038. 88278.

130 121341. 2119388. 17124. 347042, 4.8 2240730. 100970.

135 117712. 2134383. 14995, 362036. 4.7 2252094. 112335.

140 113820. 2151628, 17245. 379281, 4.5 2265448. 125688.

145 110178. 2168870. 17242, 396524, 4.4 2279048. 139288.

150 105940. 2190246, 21376. 417900. 4.2 2296186. 156427,

155 102017. 2211468, 21222, 439122, 4.1 2313485, 173725.

160 98373. 2232435, 20967. 460088. 3.9 2330808, 191048.

165 94009. 2259163, 26728. 486817. 347 2353171 213412.

170 90015. 2285161, 25999. 512815. 3.6 2375176. 235417,
PERCENT BUSES .43 AVERAGE DAILY TRAFFIC 500.
PERCENT TRUCKS .31 COST OF GRADING 7351.
PERCENT AUTOS .21 COST OF REHABILITATION 42904.

ADMINISTRATIVE OVERHEAD 31

Figure 5 shows the general simulation procedure
for a roughness threshold of QI equal to 110.

Table 3 indicates that eight columns of informa-
tion were generated for each run. Column 1, "Max
Roughness," indicates the 1level of maintenance in
terms of road surface roughness in QI units. The QI
numbers 35 through 170 cover the range of roughness
thresholds examined.

The column headed "Maintenance Costs" shows the

annual road maintenance costs needed to keep the
road from exceeding the roughness threshold speci-
fied. The column entitled " User Costs" is the an-
nual cost to operate the indicated traffic for the
threshold roughness level. The traffic is 500 vehi-
cles per day with a composition of 21 percent light
vehicles, 48 percent buses, and 31 percent trucks.

Column 4 is entitled "Change" and shows the user
costs associated with moving from one maintenance

Threshold QI — 110
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110 +
100{
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70
60

50 -}
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A - Rehabilitation
B - Grading
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FIGURE 5 Gravel road maintenance activity sequence.
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threshold to the next (i.e., allowing the maximum
roughness to increase from a QI of 50 to 55 results
in a user cost change of 21,087 pesos per year for
the composite traffic). The column "Total Change" is
the cumulative user costs change from the initial
roughness following grading to any roughness thresh-
vld. The sixth column is the annual maintenance
frequency needed to meet the indicated roughness
threshold. The two gradings and one rehabilitation
program analyzed reflects the average frequency of
the combination (i.e., the l0-cycle frequency divided
by 3). The "Total Costs" column is maintenance plus
user costs. The last column is titled "Total Ad-
justed" and was obtained by screening the "Total
Costs" column for the minimum total cost and then
subtracting this cost from each total costs value.
The minimum costs occurred at a roughness threshold
of 65 so the value at this point in the "Total Ad-
justed” column is zero. This is the optimum mainte-
nance level for the traffic composition given with a
volume of 500 vehicles per day.
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MAINTENANCE SERVICE LEVELS

The objective analysis presented was used to define
maintenance service levels in Bolivia. Figure 6
shows the frequency of the grading and rehabilitation
cycle studied as a function of traffic volume. The
curve was used in a performance budgeting program to
generate the annual frequency of grading and reha-
bilitating aggregate surface roads.

The program RSML was also used to analyze mainte-
nance service levels for grading and rehabilitation
separately. The resulting optimum frequencies are
shown in Figure 7.

SUMMARY

A procedure has been presented for objectively
establishing agqregate road maintenance fregquencies
in Bolivia. The procedure is based on minimizing
total annual maintenance and vehicle operating costs.
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It requires that road surface conditions (roughness)
be predicted over time as a function of traffic.
Also needed are equations to relate road roughness
to vehicle operating costs. The procedure can be
made applicable to any nonpaved road in any country
given the appropriate road performance, user costs
equations, and grading costs.
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Discussion

Richard Robinson*

The work described in the paper mirrors studies
carried out by the Transport and Road Research
Laboratory Overseas Unit in conjunction with Crown
Agents in Papua New Guinea and with John Burrow and
Partners in Thailand. In both cases, field data were
collected and used to determine optimum grading fre-
guencies to minimize the sum of maintenance cost and
road user cost for a traffic range of 25 to 200 vehi-
cles per day. The results are plotted in Figure 8,
Figure 9 shows the results from Papua New Guinea
and Thailand compared with those of Butler et al.
from Bolivia. It is clear that differences in mate-
rial types, climate, and unit costs in the three

*Overseas Unit, Transport and Road Research Labora-
tory, Crowthorne, Berkshire RGll 6AU, England
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FIGURE 9 Optimum frequency of grading for Papua New Guinea and Thailand
compared with that for Bolivia.
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FIGURE 10 Optimum frequency of grading for Papua New Guinea and Thailand compared
with that for Bolivia (modification of Figure 9).

countries have resulted in quite different recom-
mendations being made about optimum grading fre-
quencies for each case. This illustrates the danger
of assuming that €£findings from one country will
apply elsewhere in the world and emphasizes the need
to carry out specific studies for the different con-
ditions found in individual countries.

Published by permission of Her Britannic Majesty's
Stationery Office

Authors’ Closure

In our paper equations predicting road roughness in
Bolivia and those from Brazil and Kenya were com-
pared., The performance equations were substantially
different. This provided the impetus to conduct
studies to determine performance equations for
Bolivian conditions.

As Robinson suggested, different materials, cli-
mate, and unit costs do produce different results
and, therefore, we agree with Robinson's note of
caution, suggesting the danger of assuming that
findings from one country can be applied elsewhere.
In regard to Fiqure 9, if we select rehabilitation
as the treatment, we get a curve that falls between
his Papua New Guinea and Thailand curves (Figure 10).

Finally, our Bolivian curves reflect a minimum
grading frequency of once a year.
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Optimal Rehabilitation Frequencies for
Highway Pavements

MICHAEL J. MARKOW and WAYNE S. BALTA

ABSTRACT

The maintenance and rehabilitation of existing, mature facilities are becoming
increasingly important components of highway activity. Yet, although the plan-
ning, budgeting, evaluation, and management of maintenance and rehabilitation
are different from corresponding actions for new construction, comparatively
little work has been devoted to the development of planning and management
tools intended specifically for repair programs. For a number of reasons, the
optimization of maintenance and rehabilitation policy is difficult, and new
concepts and analytic approaches need to be formulated to address this problem.
Recently, the usefulness of dynamic control theory for optimizing transport
investment decisions has been demonstrated. Control theory structures a problem
in terms of a dynamic (i.e., time varying) objective function (e.g., maximize
total transport-related benefits over time) subject to dynamic constraints
(e.g., equations describing changes in pavement condition due to deterioration
and repair or variations in traffic levels responding to current pavement con-
dition). The several factors that influence the problem are structured in terms
of state variables (over which decision makers have no control, such as traf-
fic, weather, and soil) and control variables (over which decision makers exer-
cise judgment, such as maintenance and rehabilitation policy). Dynamic control
theory thus presents an attractive analytical tool for management of highway
infrastructure; it encompasses all the key variables of interest, allows tech-
nically correct engineering and economic relationships to be expressed in prob-
lem formulation, and leads directly and efficiently to solution of optimal
maintenance and rehabilitation policy. The tenets of dynamic control theory are
described, and a numerical example of the use of dynamic control theory to
optimize the overlay frequency on highway pavements in the United States is
given.

The maintenance and rehabilitation of existing, ma-
ture facilities are becoming increasingly important
components of highway activity. However, compara-
tively little work has been devoted to the develop-
ment of planning and management tools intended
specifically for repair programs. Yet, decisions
regarding the planning, budgeting, evaluation, and
management of maintenance and rehabilitation are

different from corresponding actions for new con-
struction:

1. Planning and managing maintenance and reha-
bilitation programs require an understanding of
concepts underlying facility performance, as opposed
to facility design.

2, There is a need to understand the role of
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maintenance and rehabilitation in influencing facil-
ity performance.

3. The planning of maintenance programs implies
an ability to evaluate life-cycle performance and
costs, with trade-offs measured in economic as well
as technical terms,

4. Decisions to repair existing facilities are
complicated by the wide range of activities possible
(ranging from minor routine maintenance to major
rehabilitation or reconstruction) , problems in
spatial and temporal allocation of resources through-
out a network, and choices between investment and
noninvestment policies (e.g., pavement strengthening
versus adjustments in size and weight limits).

5. For those facilities that do not fail catas-
trophically (e.g., highway pavements, rail track),
it is difficult to define the point of failure,

which, in turn, complicates the specification of
standards governing facility performance, safety,
and cost.

As a result of these characteristics, the optimi-
zation of maintenance and rehabilitation policy is
difficult, and new concepts and analytic approaches
need to be introduced to address this problem. A
first step in this direction was taken by Fernandez
(1), who demonstrated the applicability of dynamic
control theory to transportation investments.
Fernandez used this approach to solve for several
general case studies in transportation, including
stage construction and routine maintenance, but not
rehabilitation.

From an engineering point of view, rehabilitation
is a major concern of highway administrators and a
key element of pavement 3R programs across the
nation. From an analytic point of view, however,
rehabilitation poses the problem of discontinuities
in the pavement condition history, as shown in
Figure 1. These discontinuities arise through cycles
of deterioration and major repair or renewal and
signal the expenditure of significant sums of money.
These discontinuities complicate the representation
of facility performance and costs over time, as well
as the determination of the optimal time to reha-
bilitate.
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FIGURE 1 Effect of rehabilitation on pavement
deterioration.
Recently, the necessary assumptions and mathe-

matical solutions needed to address rehabilitation
were successfully formulated by Balta (2). Balta
developed his model, based on principles of control
theory for discontinuities in state variables and
system equations at interior points, to solve for
the optimal timing of rehabilitation of a highway
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pavement. It is this solution, applied to pavement
overlays, which is described in this paper.

The control theory approach enjoys several dis-
tinct advantages:

* It provides a unified conceptual and methodo-

logical framework for addressing rehabilitation
policy;

* It features a closed-form optimization pro-
cedure;

* It encompasses all of the relevant variables
pertaining to the demand-responsive approach to
maintenance, including an interaction between demand
for use and quality of pavement; and

* Although it has been developed as a policy
model based in part on elements of economic and
utility theory, it is intuitively appealing from an
engineering point of view.

Although the mathematics of control theory may
appear intimidating, the derived solution is elegant
and leads to a surprisingly practical set of curves
for optimal rehabilitation intervals that can be
easily applied in the office or in the field. The
formulation of the control theory model will be
described first. Then, application of the model to
the optimal timing of rehabilitation, using pavement
overlays as examples, will be illustrated.

MODEL FORMULATION

Problem Description

The mathematical framework of optimal control theory
can be used to model any number of stages between
discontinuities for any length of time desired. For
simplicity, however, the rehabilitation investment
decision model developed in this paper will address
only two such stages: before and after an investment
is made. Given that the investment occurs at time
t*, Stage 1 then occurs between the beginning of the
analysis period (time tg) and the moment just be-
fore the investment (time t*~)., Similarly, Stage 2
occurs between the moment just after the investment
(time t*") and the end of the planning horizon
(time T). It is nonetheless clear that the model can
be generalized for any number of investments. Figure
2 shows a summary of the pavement behavior that is
analyzed in this model.

Like other optimization procedures, an optimal
control model is specified with system variables, an

objective function, and constraints. The state
variables describing the system are defined by
ordinary differential equations; these equations

describe the state of the system at any time t. In
this paper the system described is a highway pave-
ment. The variables that characterize the system are

* S(t) = quality or condition of the pavement
and

* g(t) = demand or traffic volume on the
pavement.
Pavement condition, or S(t), is measured in the

model in terms of the present serviceability index
(PSI) as defined by AASHTO (3). Traffic demand, or
q(t), is measured in the model in terms of 18-kip
equivalent single axle loads.

Pavement Condition

Mathematically, pavement condition, S(t), is contin-
uous during each stage between investments but it is
discontinuous at the time of the investment. Conse-
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FIGURE 2 Pavement behavior analyzed in
rehabilitation model.

uently the change in pavement condition over time,
(t) (where the dot denotes a time derivative), is
also continuous during each stage between investments
but discontinuous at the time of the investment. For
the rehabilitfntion investment decision model it is
assumed that S(t) decays from its initial value in a
nonlinear fashion as shown in Figure 3. é(t) will be-
have similarly. (Note that either concave or convex
relationships may be used to represent different
mechanisms of pavement damage.) It is further as-

b S(t)

b S(1)

L

FIGURE 3 Pavement deterioration functions
for rehabilitation model.
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sumed that S(t) and é(t) depend explicitly on time.
Appropriate equations that capture this behavior are

. gt . _
S1(t)=Brkye ! te(0,t*¥7) 1)
and

. B ~t*

S2(t) = B2k, e 211 te(t**,T) @

where the subscripts 1 and 2 refer to stages one and
two, respectively, and t = 0 corresponds to the be-
ginning of the agalysis period tg. S(t) is equal to
the integral of S(t) and can be expressed as

gt
Si(t) =k +85 - ke te(0,t*7) 3)
and

B, (t-t*)
Sa(t) =k, + 84 - kye 2 te(t**,T) (C)}

In these equations, 8; and B, are parameters that
control how quickly pavement condition deteriorates;
as B becomes larger, the condition decays at a faster
pace. Values for B depend on several factors includ-
ing pavement design, quality of construction, traffic
volume and composition, weather, soil and drainage
conditions, and extent of routine maintenance per-—
formed. It can be argued that S(t) should depend
explicitly on each of these factors. For mathematical
simplicity in the development of this model, however,
all of these factors are assumed to be implicit in a
given value of B. Under these circumstances, these
factors should be accounted for when formulating
pavement damage as a time-dependent function. The
benefit of mathematical simplicity will become evi-
dent as the model unfolds. Increased analytical com-
plexity is really the only price to be paid for a
more explicit approach.

The terms ky, kp, Sg, and Sp in Equations 1-4 are
constants. Sp and S represent the initial 1level of
pavement condition and the level of pavement condi-
tion immediately following rehabilitation, respec-
tively. (It is assumed that Sp < Sg.) The constants
kj and kj interact with Bj and B3 to further affect
the extent to which the deterioration function devi-
ates from a linear equation. Note that if t = 0 in
Equation 3, S1(0) = S3. If t = t* in Equation 4,
S5 (t*) = Sp. Because they are all constants, kq and
Sg as well as kg and Sy could be combined into one
value. The reason for expressing them separately is
to preserve the identity of S and 5p along with the
interaction between 8; and k; or 8, and kj.

This discrimination permits straightforward sen-
sitivity analyses. For example, it may be thought
that a pavement deteriorates very little over t years
and then suddenly decays very quickly. Alternatively,
it may be thought that a pavement deteriorates at a
more constant pace over the same time period. The
functional form for S(t) in this model is easily
adaptable to different combinations of k and 8.

Traffic

The other variable characterizing the system of a
highway pavement is g(t), traffic demand. Fernandez
(1) asserted that it is important to account for an
interaction between the quality of a pavement and
the demand for its use. Mathematically this relation-
ship is represented by a differential equation of the
form:
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a(t) = a(t) () + b(t) ®)

meaning that demand changes over time due to the
condition of the pavement as well as to some ex-
ternal growth factor. In the first term, a(t) is a
function that indicatcs how the number of road ucerc
changes due to a unit change in pavement quality.
The function b(t) represents that part of the traf-
fic growth rate that is independent of pavement
quality. For mathematical simplicity, once again,
the functions a(t) and b(t) are assumed to be con-
stants in the development of this model.

Objective Function

The next step is to establish the objective function.
The objective of the rehabilitation investment deci-
sion model is to maximize the present value of the
net benefits derived from operation of the road over
some planning period. Mathematically this is stated
as follows:

-

Maximize J = /* [U(t)- C(S,)] q(t) exp(-pt)
1]
~ TSP, S, 4] exp(-pt®)

+f, (U0 - CE.a) o exp(-p0) + ¥ [o(M, T] ©

U(t) is the benefit that each user perceives from
using the road at time t. C(S,q) is the cost that
each user experiences from using the road. It is
assumed that user costs depend on the quality of the
pavement and the number of road users. Because user
utility and user cost are specified on a per user
basis, multiplying their difference by the total
number of users qg(t) yields the total private net
benefit obtained at any time. The term exp(-pt) is
a discount factor that converts all values to present
value; p 1is the appropriate discount rate. Inte-
grating from 0 to t* represents a summation of
the net benefits during Stage 1.

The term I[S(t*7), S(t*+), t*] represents the cost
of the investment. The magnitude of this investment
may be a function of many different factors. Here it
is shown as a function of the pavement condition just
before the investment, the desired new pavement con-
dition following the investment, and the time of in-
vestment itself. Having I ~ f[S(t*+)] is particularly
relevant for the case of reconstruction where the in-
vestment would depend on the desired reconstructed
quality of the pavement. Having I ~ f(t*) makes
it possible to account for any real price changes in
the cost of rehabilitation. For the case’ of overlays,
it is reasonable and sufficient to use I ~ £[S(t*7)].
Existing condition affects overlay cost at least in
accordance with required pavement preparation, which
depends on the extent of crack sealing, patching,
and localized pavement repair that is needed before
the new wearing course is placed. Furthermore, be-
cause pavement condition is represented by AASHTO's
present serviceability index in this model (where
the rehabilitation is an overlay), the surface con-
dition will be essentially the same following most
overlays regardless of cost. The model is therefore

explicitly developed using I[S(t*7)] as the func-
tional form for investment cost.

n

The third term of the objective function,f

£t

[U(t) - c(5,q4)] g(t) exp(-pt), is identical to the
first except that it represents a summation of the
net benefits during Stage 2. The final term,
¢ [q(T),T], represents the salvage value of the
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pavement at the end of its useful life. This form
implies that salvage value of the pavement depends
in some manner on the number of users at the ter-
minal time T. Later in this paper it is specifically
assumed that ¢ depends on an infinite stream of
user benefits beginning at T. This assumption is
largely for convenience. Highway planners may justly
assert that salvage value should depend on terminal
pavement condition. The only consequence of incor-
porating this consideration into the model would be
increased mathematical complexity.

There are two additional points to make about the
objective function. First, it is predicated on the
concept of maximizing net benefits. (The model could
also be reformulated with the objective of minimiz-
ing net costs.) Second, the objective function rests
on microeconomic principles of maximizing the net
social benefits associated with a public facility.
This is highlighted by the inclusion of user costs,
which play a significant role in shaping the model's
investment policy.

Solution

The problem to be solved may be summarized as fol-
lows: to determine the optimal time of rehabilita-
tion, t*, that maximizes the objective function,
Equation 6, subject to the technical constraints
represented by Equations 1, 2, and 5. The solution
to this problem involves computing the Hamiltonian
function. The relationship of the Hamiltonian to
dynamic control models is analogous to the relation-
ship of the Lagrangian to static optimization models
and involves the specification of adjoint variables
analogous to Lagrangian multipliers. The details of
the solution become quite involved, and are explained
fully elsewhere (2). Moreover, Balta has developed
individual solutions for different assumptions of
traffic and investment cost (i.e., whether these are
constant or variable over time). The focus in this
paper will be on the most general solution obtained,
considering variable traffic (i.e., allowing for
nonzero rates of traffic growth and decline) and
variable investment cost (i.e., implying a relation-
ship between overlay thickness or cost and time-
varying pavement condition).

The solution is expressed in the form of a deci-
sion rule, evaluated at t*, balancing marginal costs
and marginal benefits. To obtain an explicit rule,
however, it is necessary to specify relationships
governing pavement deterioration over time, user
costs (as functions of both traffic volume and pave-
ment condition), traffic growth over time, rehabili-
tation cost over time (as a function of pavement
condition when overlaid), and salvage value. Some of
these relationships have already been defined in the
problem description: pavement deterioration is
characterized by Equations 1 and 2 or 3 and 4, and
traffic growth is governed by Equation 5. Following
are explanations of the remaining relationships used
in the solution.

User Costs
This model considers two components of user costs:

¢ Vehicle operating costs and
* Travel time costs.

These components are both based on the research
reported in the EAROMAR-2 simulation program (4).
Vehicle operating costs depend on fuel, oil, and
tire consumption. Travel time costs depend on the
user's trip purpose and income level.
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The initial form of the user cost function tested
in the model was

C[S(t),q(t)] = c - €S(t)+8q(t)" ©)
The first term of the user cost function, c, repre-

sents the user cost associated with low levels of
traffic volume at a pavement condition of zero. The

second term, =-eS(t), shows user cost decreasing
linearly by ¢ for a unit increase in pavement
quality. The third term, 8q(t)", implies that the

rise in user cost due to increased traffic (conges-
tion) is a power function.

After applying this model in some test runs,
however, it was noted that some of the results were
unrealistic in light of normal practices of trans-
portation and highway departments: rehabilitation
was occurring too early in the pavement's life,
after only a small decline in S(t). It was concluded
that the most likely element causing these results
was the assumed linear relationship between user
costs and pavement surface condition and the magni-
tude of its slope, as shown in Figure 4. These
values were determined using successive EAROMAR-2
simulations. What makes this relationship unrealis-
tic is the magnitude of the increased cost experi-
enced for a unit decline in PSI within the range of
PSIs normally encountered on pavements in service
(from approximately 4.5 to 2.0 PSI). As a result,
the potential savings in user costs is so great that
this marginal benefit will equal the marginal cost

of undertaking the investment at a very slight
degradation in surface condition.,
A
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FIGURE 4 Linear C(8) relationship used to obtain initial results.

However, recent research demonstrates that the
change in user cost (specifically in vehicle operat-
ing cost) experienced due to a unit change in PSI
within the range of PSIs normally encountered on
pavements in the United States is not much at all
and is, indeed, significantly lower than the values
shown in Figure 4 (5,6). Moreover, Ross (6) asserts
that the true relationship between user costs and
pavement surface condition is nonlinear.

The optimal rehabilitation investment decision
model therefore employs a revised, nonlinear C ver-
sus S relationship as shown in Figure 5. This curve
is expressed by the following natural antilogarithmic
function:
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C(S) = uCoe™ S + (1) Cq (8)

where

Cp = user cost for travel on the worst possible
pavement (S + 0pg1) without traffic con-
gestion and

w,u = parameters controlling the shape of the
function.

The parameter y plays a role similar to that of k
in the pavement deterioration functions, Equations 3
and 4. Note that when S = 0, C(S) = Cgp. With this
function it is possible to model user costs as rising
at a slow, roughly linear pace between about 5 PSI
and 2 PSI and then rising rapidly thereafter.

Rehabilitation Cost

In this section a relationship for I as a function
of S* is developed. The approach used combines
principles from the AASHTO Interim Guide for Design
of Pavement Structures (3) along with a hypothesized
relationship between the pavement's surface layer
coefficient and the present serviceability index. It
should be understood from the outset that the spe-
cific function for 1I(S*”) developed herein is
primarily a proposal or suggestion and should not be
construed as representing the definitive relation-
ship between overlay cost and current pavement con-
dition. It is intended more as an example used to
illustrate the broad capabilities of this model.

Although overlays have been chosen to illustrate
the mathematical formulation of the model and its
application to example solutions, other classes of
rehabilitation (e.g., recycling, major sublayer
stabilization, surface restoration) could also be
treated. Different types of rehabilitation would be
represented in the model through the particular form
of the pavement deterioration function assigned to
Stage 2 in Figure 2, the values assigned to the
parameters of this function, and the unit costs
input.

Two rehabilitation cases are developed as examples
in this paper: flexible overlays of flexible pave-
ments and flexible overlays of rigid pavements. Be-
cause the functions relating design procedures (and
hence investment cost) to pavement condition are
somewhat different for these cases, the appropriate
equations will be developed for each case separately.
The general methodology is to determine an overlay
thickness based on structural condition and future
traffic predictions and then to determine cost from
the required overlay thickness.

FLEXIBLE OVERLAYS OF FLEXIBLE PAVEMENTS

The first task is to find the overlay thickness that
is needed to restore the pavement's structural number
to its original design value in the as-constructed
state. Assuming that the flexible pavement consists
of a subbase, a base, and a surface layer, the over-
laid pavement will have four layers: subbase, base,
original surface, and overlaid surface. Equating the
structural number of the original pavement to that
of the newly overlaid pavement:

a,Dy +2,Dy +23D3 =a,D; +a,D, +a3D; +a,Dy ©)
where
a} ,az,a3,a4 = layer coefficient for subbase,

base, original surface, and overlaid
surface layers, respectively;
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D3 ,Dy,D3,Dy = thickness of subbase, base,
original surface, and overlaid
surface layers, respectively; and
a3 = decayed value of layer coef-
ficient corresponding to current
condition of original surface layer.

Equation 9 implies that for design purposes the
strength of the existing pavement due to be overlaid
is reduced from its as-constructed value. In accor-
dance with AASHTO (3,7) this is represented by lower-—
ing the value of the original surface layer coeffi-
cient from a3 to aj3. Assuming that the layer
coefficients and thicknesses of the subbase and base
do not change over time, Equation 9 yields

Dy = [(a5 - 23)/a4] D3 (10)

Recognizing that the layer coefficient of the over-
lay usually equals the 1layer coefficient of the
original surface layers, Equation 10 becomes

Dy =Dj [1 - (a3/23)] 1

The fact that the surface layer coefficient of a
pavement due to be overlaid is reduced from its
as-constructed value can be used to establish a
relationship between the surface layer coefficient
and the PSI. It is hypothesized that the surface
layer coefficient experiences an exponential decay
during pavement life. This assumption is similar to
the research reported for the EAROMAR-2 program (4).
Mathematically,

2 = a3eM 1) - So] 12)

Combining Equations 11 and 12 with Equation 3 results
in

DS = D3 [1 - e)\kl(l—eﬁlt.)] (13)
where Di
restore the pavement's structural number to its orig-
inal design value.

The overlay thickness specified by Equation 13,
however, does not account for the additional traffic

represents the overlay thickness needed to

loading beyond the original design level that the
pavement might experience during the next t years.
This additional thickness, to be labeled D4, can be

accounted for by taking the difference between the
structural number as specified by AASHTO for the
design of a flexible pavement (with t* as the begin-
ning of the design period) and the structural number
specified is Equation 9 and then dividing this dif-
ference by the overlay surface coefficient. The

resulting differential thickness due to traffic
growth is
D = (1/as) [SNgor -a;D; - 2,D; - a4Ds] (14

SNpogr can be determined using the AASHTO design
procedure for flexible pavement structures (3). This
procedure provides a relationship between weighted
structural number and total equivalent 18-kip single
axle load applications (the model's measure of traf-
fic volume). The relationship between axle loads
over a 20-year 1life, Qgqg, and structural number,
SN, can be approximated as follows (2):

SN = (Qq0/310)*/¢ (15)

with R? = 0.99.
The value of Qpg can be obtained by integrating
Equation 5 from t* to some time t:

| e

%= f

t*

[At-Bye®2 ) o)1 (16)

where (for brevity) Aj = qg (akj + aSp + b), B; = qp
akij/B;, and C, = Ajt* - B; exp (Bit*) + Cy + By -
Aot*. The resulting solution is

Q :T{Az [t*+(1/2) 1] +Cz} -(Ba/By) (€2 - 1) Qa7

where 1 can be set equal to 20 years (or any other
design life). The required thickness for a flexible
overlay of a flexible pavement may be written as

D3 =D [1 -e“‘l("“'m‘)] +(1/aq) {1(01/310)1/6]

-a;Dy -a;Dy —a4D3} (18)
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where Q. is given by Equgtion 17; the first term
of Eguation 18 represents D4 and the second term rep-
resents D?. Now the cost of the overlay can be found
by multiplying the thickness by a factor of cost per
unit of thickness:

I=05(Ds) (19)

As a final note, it is possiblizfor Equation 14 to
give a negative value for D4 if the original

pavement design had a higher structural number than
that required by the AASHTO design method applied at
t*. (Such a case might arise, for example, if the
original pavement design procedur differed from
that of AASHTO.) In this case D4 should simply

be set equal to zero. Moreover, the overlay thick-
ness determined by Equation 18 will be subject to a
minimum thickness constraint required by construc-
tion procedures.

FLEXIBLE OVERLAYS OF RIGID PAVEMENTS

A rigid pavement given a flexible overlay becomes a
composite pavement. This analysis treats a composite
pavement as a flexible pavement with a relatively
strong base (the former rigid surface layer). In
this case, however, a single overlay thickness,
which accounts for both restoring the pavement to
its original strength and allowing for future traf-
fic loadings, is determined.
For the composite pavement,

SNrot = aDs + @rDr +25(Do) (20)
where

as,a;,aF = layer coefficient for subbase, rigid
slab, and flexible overlay,
respectively;
Dg,Dg = thickness of subbase and rigid slab,
respectively; and
Dg = required flexible overlay thickness.

In accordance with AASHTO (7) the layer coefficient
of the rigid slab about to be overlaid is reduced
from its original value. As in the previous section,
this can be used to hypothesize a relationship be-
tween the layer coefficient and surface condition:

aR =ag eMS1(t) - Sol 21)
where in general X for flexible overlays of rigid
pavements will not equal A for flexible overlays
of flexible pavements. In addition, Equation 15 can
be used to determine the regquired structural number
from the AASHTO procedure. Therefore, substituting
Equations 15 and 21 along with 3 into Equation 20
and solving for Dy yields

Byt*
Ak (1-
Do = (1/a){[(@,/310)1#] - 1,0, - Dy 10" D} @)
where Q. is given by Equation 18.

The cost of the overlay can be found by multiply-
ing the thickness by a cost factor (o¢g) as defined in
the previous section. Once again, Equation 22 may
produce a negative value if the original rigid pave-
ment was overdesigned compared to AASHTO criteria. A
minimum overlay thickness may be used to override
this event.
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Salvage Value

The salvage value in this model is assumed to depend
on an infinite stream of user benefits beginning at
T. [This assumption was originally made by Fernandez
(1) .) Mathematically this can be expressed as

)= _£ " G,(0q(T) exp(-pt)dt @3

where -G,(t) is defined as {U-[C(S,q) + (ac/aq)
dp(t)]1} and represents net benefits per user during
Stage 2. The term g(T) represents the number of
users at terminal time T; for simplicity it is as-
sumed that it becomes constant at this time. Multi-
plying the infinite stream of per user net benefits
by the traffic volume at T yields the infinite stream
of total user net benefits.

Resulting Decision Rule

The complete decision rules for flexible and for
rigid pavements are as follows:

For Flexible Overlays of Flexible Pavements
~w(ky +Sg -~k eﬂlt* -wS Bt*
00 (Dg)=uCq f @1 TR0THIE ) TPAL x (AL t* -Bye !t +Cp)

+ [SA -S4k, 1Y -1)] n(t*¥)aqe

t*
Akl(l-eﬁl

+ 0 DaAG Kk € ) gt 24

where m(t*) is given by Equation 26 and Dy is
given by Equation 18.

For Flexible Overlays of Rigid Pavements

( Bit* *
—w\ky +Sg-k —wS Byt
p0 (Do) = Cq [e"’ S ’—e“"]xw*-me +6()

Byt* *
+18a - So tky (e - 1) m(t*)aqy

Bit* ¥
+(apfag) 0 Dy N3y k10 A ©5)

where w(t*) is given by Equation 26 and Dy is
given by Equation 22.

()= Ulp) - {-ColBakamp)] 54 + [(140Co ]
#0810 (Agt* + Co)] + (nAg/p)(Agt* + C)!
+[n(0-1) A Jp%] (Agt* + Cp )2
+ [n(n-1) (n-2)A3/p*] (A, t* + Cy)"3
+ [n(n-1) (n-2) (n-3)A%/p>] (Ayt* + C)"4
* [n(r1) (1) (1) (1-)A6 ] (Agt* + €)™ + lAg/e") b 26

Although Equations 24 and 25 appear complex, their
interpretation yields some intuitive insights into
the structure of the solution.

The rules are marginal rules, balancing marginal
costs (on the left side of the equations) and margi-
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nal benefits (on the right side of the equations).
The term on the left denote the capitalized costs of
undertaking the rehabilitation investment: in this
case, the overlay of either flexible or rigid pave-
ment. The first term on the right side of Equations
24 and 25, respectively, denotes the benefits of the
rehabilitation accruing to the traffic stream, re-
sulting from reductions in user costs due to the
improved quality of the pavement surface. The second
term in each equation quantifies the benefits of at-
tracting additional traffic (and thereby providing
the advantages of transportation to more users) be-
cause of the improved quality of the pavement. (Of
course, additional ¢traffic also causes increased
rates of pavement deterioration and of congestion;
these effects can be captured in the deterioration
and user cost equations discussed earlier. Also note
that if the variable "a" defined in Equation 5 is
zero, this "generated traffic" effect is eliminated.)
The third term in each equation captures the monetary
benefit associated with preservation of investment
(i.e., if rehabilitation is performed earlier, more
substantial rehabilitation is avoided 1later). This
term, in effect, justifies the avoidance of "deferred
maintenance."

APPLICATIONS TO EXAMPLES

General Information

The decision rules in Equations 24 and 25 were ap-
plied to a series of examples of flexible and rigid
pavement rehabilitation. The general approach was to
define, for each pavement type, five arbitrary de-
signs of different strengths: F1 through F5 for
flexible pavements and R1 through R5 for rigid pave-
ments. Each pavement design was subjected to four
different traffic levels, corresponding to 5,000
AADT, 15,000 AADT, 25,000 AADT, and 35,000 AADT at
the start of the analysis period (i.e., before
growth). For each combination of pavement design and
traffic level, the optimal rehabilitation time, t*,
was computed by solving either Equation 24 or Equa-
tion 25. The results were plotted to assess the
general trends of the solution and to provide an
easy way for engineers and administrators to apply
these results in practice.

Given the design of this approach, not all the
pavement-traffic combinations represent desirable
situations. For example, some combinations impose
heavy traffic on weak pavements, and others test
light traffic on strong pavements. Nevertheless,
including such combinations along with the more
closely matched traffic-pavement design pairs has
two advantages. First, it allows development of the
solution function over a wide domain of traffic and
pavement design possibilities and investigation of
the behavior of the solution at the boundaries of
typical situations. Second, it recognizes that, in
their focus on existing pavements, rehabilitation
decisions are different from those of design and new
construction. (Refer to the several points at the
beginning of this paper.) It is plausible that a
pavement, once built, will be subjected to traffic
levels much lighter or much heavier than that for
which it was designed. Therefore, it should be pos-
sible to consider at least the possibility of some
unforeseen combinations of design thickness and
traffic.

Description of Examples

The numerical examples involved a two-lane, one-
directional roadway with a design speed limit of 70
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mph., The environmental region simulated was the
northeastern United States.

The structural designs of the five rigid pave-
ments and five flexible pavements tested are given
in Tables 1 and 2. The portland cement concrete
pavement is a plain jointed slab over a granular
subbase; the asphalt pavement consists of an asphalt
concrete surfacing over a granular base and subbase.

TABLE 1 Characteristics of Rigid
Pavement Designs

Subbase Surface
Thickness Thickness

Design (in.) (in.)

R1 6 8

R2 6 9

R3 8 10

R4 9 11

RS 10 12

Layer coefficient 0.11 0.50

TABLE 2 Characteristics of Flexible Pavement

Designs
Subbase Base Surface
Thickness Thickness Thickness

Design (in,) (in.) (in.)

F1 12 6 4

F2 16 9 6

F3 24 12 8

F4 24 12 10

F5 24 12 12

Layer coefficient 0.11 0.14 0.44

In developing the examples, values had to be
assigned to the parameters in Equations 24 and 25.
These parameters can be grouped into subsets corre-
sponding to the model's basic functional categories:
pavement deterioration, S(t); traffic demand, q(t):
user cost, C(S,q); and investment cost, I(S*7). To
obtain these calibrations, the EAROMAR-2 simulation
program was used to quantify general behavioral
trends for these categories, using the same pavement
designs, traffic loads, environmental conditions,
maintenance policies, and other factors defined for
the examples. From these results, specific values
were assigned to the parameters in the model's de-
tailed equations. Again, overlays were used to illus-
rate model application; however, other types of
rehabilitation can also be represented under this
approach.

The list of calibrated values is extensive and is
presented elsewhere (2). Following are summary data
that highlight key elements of the examples.

Pavement Deterioration

Values of k and B were determined to represent
pavement deterioration for the various combinations
of design and traffic level. To illustrate the re-
sults obtained, Figure 6 shows the predicted dete-
rioration of the five rigid pavements tested for an
initial traffic of 25,000 ADT; Figure 7 shows cor-
responding curves for flexible pavement.

The curves in Figures 6 and 7 correspond to Stage
1 (before the overlay), and rates of deterioration
are quantified by 8; and kj in Equation 3. After the
overlay, the rigid pavement was treated as a compos-
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FIGURE 7 Flexible pavement deterioration curves for 25,000 AADT.

ite pavement, as described earlier; therefore, new ESAL per vehicle., (Notwithstanding this conversion,

values were determined for kj and B, in Equation 4,
for each composite design Cl through C5 (correspond-
ing to Rl through R5 after overlay), and for each
traffic level (2). Also note that for 25,000 ADT,
flexible designs F3 through F5 are simulated to act
as premium pavements, showing only slight loss in
PSI over a 30~-year period. (Again, recall that a
range of arbitrary designs was selected for the
examples.)

Traffic Demand

Four cases of traffic demand were defined as dis-
cussed earlier, ranging from 5,000 to 35,000 AADT at
the start of the analysis (t = 0). Because the model
represents traffic in 18-kip equivalent single axle
loads (ESALs), the AADT values were converted to
ESALs. For the particular traffic stream simulated
in EAROMAR-2, the conversion factor used was 0.1099

traffic will continue to be described by AADT in
this paper to retain clarity.)

Traffic growth is represented by the parameters a
and b in Equation 5. Either positive or negative
values for a and b are permissible; this example
agssumed a = 0.001 [or 0.l percent per year per unit
change in pavement condition S(t)] and b = 0.01 (or
1 percent per year).

User Costs

User costs were separated into a congestion effect
and a pavement-related effect. The congestion func-
tions simulated by EAROMAR-2 and used in the decision
rule are shown in Figure 8.

The important point to observe from Figure 8 is
that traffic volume itself has virtually no effect
on user cost up to a certain threshold where conges-
tion begins. As congestion increases, user costs
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rise very quickly, due primarily to the dramatic
rise in travel time costs. For the case of a two-
lane, one-directional high-speed roadway, the
EAROMAR-2 simulations indicate that user costs begin
to be affected by traffic volume at approximately
37,500 AADT. The value of 37,500 AADT is henceforth
referred to as the congestion threshold. The curves
in Figure 8 are captured by the following relation-
ship:

constant, 0 < q< ¢
Cq) = - @n
5(g-9)" +K,q' <9 < Qmax

where q' is the congestion threshold.

The relationship of user costs to pavement condi-
tion was the subject of some review, as discussed
earlier with respect to Figure 5. Based on findings
of Zaniewski (5) and Ross (6), values were estimated
for the parameters given in Equation 8, resulting in
the following relationship used in the model:

C(S) = 1.4528 exp(~1.25 S) + 2.6972 (28)

User Utility

User utility may be regarded as equal to the largest
cost that a user will tolerate and still choose to
use the roadway. In other words, it must be worth at
least this much for a user to occupy the roadway;
otherwise, he or she simply would not use it. This
is true even for captive traffic that suffers high
cost while occupying a roadway only because there
exist no alternative 1links. This traffic still
chooses to use the road and hence the utility to
these users of doing so must be at least equal to
the cost that they absorb.

In the development of the rehabilitation invest-
ment decision model, it has been assumed that utility
is constant and the same for each user (a simplifying
assumption to reduce mathematical complexity and
field calibration reguirements). For the current ex-
ample, it was assumed that user utility is equal to
the user cost associated with 1.0 PSI and 50,000
AADT. For this traffic level, a nonlinear C(S) curve
similar to the one in Figure 5 indicates that this
value is about $3.45/ESAL°mile, or roughly $0.28/
vehicle*mile.

30000
TRAFFIC VOLUME

=

40000 50000 60000
(AADT)

Overlay Costs

Building Construction Cost Data 1981 (8) indicates
that $1.62/yd?*in. is a representative cost
estimate for placing a bituminous wearing course for
asphalt priced at $19.95 per ton. (The figure of
$1.62/yd®**in. can be adjusted to reflect price
changes.) This estimate includes materials, instal-
lation, and contractor's overhead and profit.

The l-mi length of roadway assumed for the case
study encompasses 23,466.67 yd?/mile; the cost of
placing a new bituminous wearing course therefore
becomes approximately $38,000/in.°mile. However,
this does not represent the only cost associated
with the investment. There are also base prepara-
tion, mobilization, and line painting, as well as
the public highway department's design, inspection,
and general overhead costs. To account for these
costs, 16 percent has been added to the estimate.
The investment cost parameter, labeled o, used in
the case studies therefore equals $44,100/in.°mile;
thus, a 2-in. overlay would cost $88,200/mile, and a
3-in. overlay would cost $132,300/mile.

To represent the wvariability in overlay costs
over time, A in Equations 21 and 22 was estimated
to equal 0.2554. A minimum overlay thickness of 2
in. was specified.

Discount Rate

A discount rate of 7 percent was used (assuming
constant dollar estimates excluding inflation).

Optimal Rehabilitation Times

The solutions for the optimal time of rehabilitation
investment are most easily presented in graphic
form. The solutions for rigid pavements developed
for the case study are shown in Figures 9 and 10.
These two figures represent the same set of solu-
tions plotted in different ways. Similarly, Figures
11 and 12 show the solutions for flexible pavements.
The trends portrayed by these curves may be used in
making a number of decisions.

The most direct application is in the programming
of rehabilitation expenditures. For a given pavement
and traffic, the optimal time to rehabilitate may be
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determined and used as the basis for scheduling work
and allocating funds. Either Figure 9 or Figure 10
for rigid pavements, or Figure 11 or Figure 12 for
flexible pavements may be used for this purpose. It
is also possible to organize a series of such cal-
culations for a pavement network and to develop
rehabilitation programs on either an open-ended or a
budget-constrained basis.

The second application is in the evaluation of
design-rehabilitation trade-offs. For example, de-
sign procedures such as AASHTO's (3) are fixed by an
assumed 20-year pavement life. However, Figures 9
and 11 indicate that, for a given traffic projec-
tion, a number of designs and design lives are pos-
sible. For example, assuming an initial traffic of
15,000 AADT for rigid pavements, designs with optimal
rehabilitation times of about 15 years (e.g., R2 or
R3) or stronger pavements with longer optimal life-
times (e.g., 19 years for R4, or 2B years for R5)
could be selected. Note, however, that Figures 9 and
11 simply indicate the optimal investment time for a
given set of circumstances (in this case, pavement
design and traffic level); they do not indicate which
design-rehabilitation combination has the lowest
life-cycle cost. This cost information can be ob-
tained, however, by evaluating the objective func-
tion, Equation 6, at t* for each pavement design. (In
this case, the costs of pavement initial construction
must be included in the objective function.)

The third application is the conduct of sensitiv-
ity analyses of pavement design and rehabilitation
with respect to traffic volume. For example, con-
sider the curves for the five rigid designs in Fig-
ure 10, and assume that the best available traffic
load projection for a pavement corresponds to 25,000
AADT, but is subject to considerable uncertainty.
Observe from Figure 10 that, at this level of traf-
fic, designs Rl and R2 are relatively sensitive to
changes in traffic, whereas R3 through R5 are less
so. Again, only sensitivity is indicated by the
curves in Figures 10 and 12; to understand the cost
impacts, the objective function, Equation 6, at the
solution t* must be evaluated.

One remaining point that is important to reiterate
is that the solutions defined by Equations 24 and
25, and illustrated by Figures 9-12, are based on
both economic and technical criteria, as opposed to
the purely technical criteria traditionally applied
to pavements. For example, a common standard derived
from the AASHTO Road Test is that high-type pave-
ments be overlaid at a PSI of 2.5. However, in the
results indicated by Figures 9-12, the pavements,
for the most part, were overlaid at PSI values higher
than 2.5. This trend appears to be consistent with
results of a survey of highway departments conducted
by AASHTO (Summary of Selected State Practices Col-
lected in 1980 Through AASHTO for the Truck Size and
Weight Study, Section 161, Surface Transportation
Assistance Act of 1978, memorandum, Federal Highway
Administration, December 1982), showing considerable
variability in the actual threshold for overlays
used by different states. (Bear in mind also that
the model is predicting a desired, not the actual,
threshold.) Moreover, note that of the three cases
defined by Balta (2), the case reported herein is
the one most likely to drive pavement rehabilitation
earlier, because its assumptions favor to a greater
degree the benefits to both highway agency and road
users of a high-quality pavement that is sustained
by more frequent overlays. The adoption of one of
the alternative assumptions investigated by Balta
(i.e., the case of constant traffic over time, or
the case of constant rehabilitation cost over time)
would tend to defer the optimal rehabilitation time.
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CONCLUSION

This paper began with the premise that maintenance
and rehabilitation are inherently different from new
construction because they involve an existing facil-
ity and require an understanding of facility per-
formance as opposed to design. Moreover, the optimi-
zation of maintenance and rehabilitation policy is
difficult because of the different options available
in the choice and the timing of activities because
pavement performance and related costs change over
time, with no definitive point of failure. Methods
of evaluating maintenance and rehabilitation policy
cannot be based solely on technical grounds but must
also include life-cycle costs and benefits.

As an example of one promising avenue, pavement
rehabilitation, has been investigated and an analytic
procedure to determine the optimal time to overlay
for both flexible and rigid pavements has been de-
veloped and investigated. The procedure is based on
principles of dynamic control theory and yields
results that can be organized within sets of curves
that are easy to understand and use. The control
theory approach is predicated on an objective func-
tion rooted in engineering and economic principles
and subject to constraints representing the detailed
technical performance of the pavement-traffic inter-
action.

A series of examples has been presented to illus-
trate the nature of the solution and demonstrate the
practicality of the results. Data for these examples
were obtained from the EAROMAR-2 simulation model.
However, to be a truly effective tool, the control
theory solution should be calibrated by relationships
validated in the field. This is true for all cate-
gories of parameters identified earlier in the paper
but is especially true for user costs, which play a
strong role in driving the solution of t*, the
optimal time to rehabilitation.

Several potential applications of the control
theory solutions have been discussed, including the
programming of pavement rehabilitation, the investi-
gation of design-rehabilitation trade-offs, and
sensitivity analyses. More generally, the control
theory solution for rehabilitation, coupled with an
analogous solution for routine maintenance, could
play an important role in many aspects of pavement
management.
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Pavement Routine Maintenance Cost Prediction Models

ESSAM A. SHARAF, KUMARES C. SINHA, and VIRGIL L. ANDERSON

ABSTRACT

In this paper a methodology is presented for using the available data on pave-

ment routine maintenance from the Indiana Department of Highways

(IDOH) to

develop models relating the cost of pavement routine maintenance to pavement
system characteristics on a network level. The results showed that total pave-
ment routine maintenance costs are affected by traffic level and by climatic
zone (weather effect). Furthermore, the analysis of costs of individual activ-
ities showed that the extent of patching work (amount of pothole repair that is
done after winter) is negatively correlated to the amount of sealing activity
that takes place before winter. The implication of this result is that a higher

level of sgservice (fewer

activity.

potholes)

One of the common shortcomings of most current high-
way maintenance management systems (MMS) is that
they are primarily designed for managing available
resources (labor, materials, and equipment) and not
geared to managing pavement facilities (l). The
focus in this paper is on the use of available main-
tenance management data to provide information that
can be directly employed in highway pavement manage-
ment. In particular, models for pavement routine
maintenance costs, which can be effectively used in
preparing annual maintenance programs as well as in
making decisions about resurfacing and rehabilita-
tion, particularly on a network level, were devel-
oped.

As is the case in many other states, the mainte-

may be

achieved by increasing sealing

nance management system in Indiana is designed for
resource management and the necessary data are re-
corded on an aggregated unit representing a sub-
district. However, other pavement-related informa-
tion is recorded on the basis of a contract. On the
average, a subdistrict may include more than 100
contracts. The nonconformity between the maintenance
data and the pavement data makes it difficult to use
MMS information effectively in pavement management.
For the purpose of this study a system was developed
to represent all available data in terms of a high-
way section that was defined as the part of a high-
way within a county limit. This system allowed the
maximum use of both the MMS data and the pavement
management data as a unified information base. The
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Indiana state highway system was divided into 820
highway sections.

DATA BASE

The state highway system of Indiana is divided into
two categories: Interstate and other state highways
(OSH) . In this study the two highway systems were
further subdivided by geographic location (climatic
zone) and by pavement type. Two geographic loca-
tions, north and south, were included to reflect the
major climatic differences in Indiana (2). The pave-
ment types considered were flexible pavement, rigid
pavement, and resurfaced pavement.

For each of the 820 sections, four major groups
of information were summarized: traffic, pavement
characteristics, climatic zone, and pavement mainte-
nance records. Traffic information included average
annual daily traffic (AADT), percentage of trucks,
and equivalent axle load (EAL). The EAL was used as
the common traffic index to account for different
vehicle types and weights (2). Pavement characteris-
tics included pavement type, layer thickness, and
age. Climatic zones included geographic areas with
similar climate in terms of snowfall, rainfall,
temperature difference, and so on. Finally, pavement
maintenance records included total production units,
total manhours, and types and quantities of mate-
rials. Pavement maintenance information was sum-
marized for each highway section by activity and by
fiscal year. Pavement routine maintenance activities
consisted of the following: shallow patching, deep
patching, premix leveling, seal coating, sealing
longitudinal cracks and joints, sealing cracks,
cutting relief joints, joint and bump burning, and
others. The unit costs and different resource con-
sumption rates for these activities were obtained
from previous studies (3,4) in addition to available
information from IDOH (5-9). An important feature of
the study was that it used only those data that are
routinely collected by the state.

RESULTS

With network-level management in mind, the informa-
tion included in the data base was used to develop
statistical models that express expected pavement
maintenance costs as a function of highway system,
pavement type, traffic level, and climatic zone.

Study Unit

As indicated earlier, a highway section was con-
sidered as the study unit for this analysis. How-
ever, not all highway section data could be used
because some of the sections included more than one
pavement type (more than one contract). Only those
highway sections that had the same pavement type and
other characteristics along their entire length were
considered.

In Indiana rigid pavement is the major type of
pavement on the Interstate system (about 70 percent
of total Interstate lane-miles). On the other hand,
flexible pavement and resurfaced pavement are the
major pavement types on the OSH system (about 90
percent of total OSH lane-miles). In summary, these
three categories constitute about 85 percent of the
total lane-miles of the state highway system in
Indiana. Homogeneous sections were found in the
three categories as follows: 26 sections of Inter-
state rigid, 213 sections of OSH flexible, and 84
sections of OSH resurfaced. The other three cate-
gories, Interstate flexible, Interstate resurfaced,
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and OSH rigid, which represent about 15 percent of
the total lane-miles, were found to have a small
number of homogeneous sections (five sections for
Interstate flexible, eight sections for Interstate
resurfaced, and five sections for OSH rigid). More-
over, most of these sections were located in the
southern part of the state. These limitations were
considered in the statistical analysis.

Total Pavement Maintenance Cost Prediction

Multiple regression analysis was performed to develop
pavement maintenance prediction models. Each of the
six categories was considered separately and 10
different regression models were tested to fit the
data. Five criteria were considered in selecting the
best regression model: (a) the general goodness of
fit represented by the coefficient of multiple
determination (R?®), (b) the general linearity test
for the model through the application of the general
F-test, (c) the significance of individual coef-
ficients of the model through the t- or F-tests, (d)
testing for the presence of autocorrelation problems
through the Durbin-Watson test, and (e) the percent-
age of outliers. For each model within each of the
six categories, the five criteria were applied and
the best model was specified. An attempt was made
during the analysis to have the same model type for
the six categories to facilitate comparison of the
effects of different factors.

After an intensive search, one model appeared to
satisfy all required conditions for the six cate-
gories. This model is

logjg (TC) = a logjg (IEAL) + b logjg (EEAL) ° (Z)
+c (2) (1)

where

TC = total pavement maintenance cost in dollars

per lane-mile per year;
$EAL = accumulated equivalent axle load applica-

tions (in thousands) during the entire age
of the pavement section (number of years
since last major activity); and

7 = dummy variable to represent the zone in
which the section is located; this variable
takes the value of 1 when the pavement
section is located in the northern zone of
Indiana and the value of 0 if it is located
in the southern zone.

The term :IEAL °* Z was introduced to measure the ef-
fect of the interaction between traffic level and
climatic zone.

In almost all cases, and particularly in the type
of models presented in Equation 1, the main effect
of the variable Zz was found to be insignificant.
This can be explained by the fact that the dummy
variable Z in reality measures the effect of the
difference between the two zones and not the direct
effect of the climatic zone variable. However, it
was found in all cases that the interaction between
traffic level and climatic zone was significant.
Consequently, the model in Equation 1 was reduced to

logyg (TC) = a logjg (XEAL) + b logyg (ZEAL) * 2 (2)
The models for the six categories follow.

For Interstate flexible pavement

logjg (TC) = 0.61 logjg (LEAL) R? = 0.87 (3)

For Interstate rigid pavement



Sharaf et al.
logjg (TC) = 0.530 logygy (XEAL) + 0.032 logjg
(ZEAL) - (2) R? = 0.89 (4)
For Interstate resurfaced pavement
logjg (TC) = 0.590 logyg (ZEAL) R?Z = 0.81 (5)

For OSH flexible pavement

logjg (TC) = 0.974 logjg (ZEAL) + 0.24 logjg

(TEAL) » (Z) R? = 0.85 (6)
For OSH rigid pavement
loglo (TC) = 0.681 loglo {ZEAL) R® = 0.87 (7)
For OSH resurfaced pavement
logg (TC) = 0.850 logyy (SEAL) + 0.040 logjg

(XEAL) - (2) R? = 0.80 (8)

A comparison of actual maintenance expenditures and
estimated values for Interstate rigid pavement is
shown in Figure 1.
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100 oy e
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0 50 100150200250 300350
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FIGURE 1 Estimated versus actual
pavement routine maintenance costs
for Interstate rigid pavement.

As may be noticed, Equations 3, 5, and 7 do not
include the second term (interaction between traffic
level and climatic zone). This is because the number
of available sections in the northern zone for the
corresponding categories was either small or non-
existent as indicated earlier. It should be noted
that the model presented in Equation 4 for Inter-
state rigid pavement included both jointed reinforced
concrete and continuously reinforced concrete pave-
ments. However, the preliminary work on this study,
reported elsewhere (10), indicated a higher cost for
continuously reinforced concrete sections than for
jointed reinforced concrete sections. It was observed
that the maintenance cost for continuously reinforced
sections was about 15 to 35 percent higher than that
for jointed reinforced sections subject to the same
traffic level.

In general, it is believed that the choice of the
model presented in Equation 2 was appropriate for
all categories. It should be mentioned here that,
during the analysis, different models were tested
for those categories that had enough homogeneous
sections (OSH flexible pavement, OSH resurfaced
pavement, and Interstate rigid pavement). When an
acceptable model had been obtained for these cate-
gories, as shown in Equation 2, the general form was
simply applied to the other categories for which the
available data were not sufficient.
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Implications of Total Maintenance Cost Prediction
Models

The effect of traffic and its interaction with geo-
graphic location can be best demonstrated through
the examination of Tables 1-4. In these tables, the
average pavement maintenance costs at typical traf-

TABLE 1 Estimated Pavement Routine Maintenance
Cost for Typical Traffic Levels on Interstate Flexible,
Interstate Resurfaced, and OSH Rigid Pavements in

the South
Estimated Maintenance Cost
($/lane-mile/year)
Accumulated Interstate Interstate
EAL (103) Flexible? Resurfaced OSH Rigid®
1,000 68 59 110
2,000 103 88 177
3,000 132 113 233
4,000 157 133 284
5,000 180 152 330
6,000 202 169 374
7,000 222 186 415
8,000 240 201 456
9,000 258 215 492
16,000 275 229 530

2 From Equation 3.
bFrom Equation 5.
€From Equation 7.

TABLE 2 Estimated Pavement Routine
Maintenance Cost for Typical Traffic Levels on
Interstate Rigid Pavement

Estimated Maintenance Cost?
($/lane-mile/year)

Accumulated Ratio
EAL (10%) South North (north to south)
5,000 91 120 1:31
10,000 132 177 1.34
15,000 163 222 1.36
20,000 190 261 }:37
25,000 214 296 1.38
30,000 236 328 1.39
35,000 256 358 1.40
40,000 275 386 1.40
45,000 293 412 1.41
50,000 309 437 1.41

3from Lquation 4.

TABLE 3 Estimated Pavement Routine
Maintenance Cost for Typical Traffic Levels on
OSH Flexible Pavement

Estimated Maintenance Cost®
(3/lane-mile/year)

Accumulated Ratio
EAL (10°) South North (north to south)
50 45 50 1.10
100 88 99 1.10
150 131 149 1.14
200 174 198 1.14
250 216 247 kol 5
300 258 297 1.15
350 300 346 115
400 342 395 .16
450 383 445 1.16
500 425 494 .16

al"rom Equation 6,
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TABLE 4 Estimated Pavement Routine
Maintenance Cost for Typical Traffic Levels on
OSH Resurfaced Pavement

Estimated Maintenance Cost®
($/lane-mile/year)

Accumulated Ratio

EAL (10%) South North (north to south)
100 50 60 1.20
200 90 112 1.24
300 127 160 1.26
400 163 207 1.28
500 196 252 1.29
600 230 297 1.29
700 262 341 1.30
800 293 383 1.31
900 324 426 1.31

1,000 354 468 1.32

3From Equation 8.

fic levels (3EAL) for appropriate combinations of
highway system, pavement type, and climatic =zone
(north and south) are presented. It is clear that,
for the same pavement type and traffic level, the
average maintenance cost of the Interstate sections
is less than that of the OSH. This is because the
Interstate system received a higher rate of major
maintenance activities, particularly in the last few

years, which may have reduced the need for higher
levels of routine maintenance. In general, it can
also be expected that maintenance 1levels differ

significantly by pavement type within a particular
highway system. For example, in both the Interstate
and OSH systems, at the same traffic 1levels, the
highest unit pavement maintenance cost was observed
in flexible pavement followed by resurfaced pave-
ments and then rigid pavement. However, an important
finding of this analysis was that the effect of
traffic level on the difference in maintenance costs
is not constant, To illustrate, the Interstate rigid
and resurfaced pavements can be considered. At a
traffic level of 5 million accumulated EAL, the
ratio between maintenance cost of resurfaced pave-
ment and rigid pavement is 1.67, whereas this ratio
becomes 1,75 at a traffic level of 10 million ac-
cumulated EAL. Similarly, for the OSH system, at

traffic levels of 500,000 and 1 million accumulated
EAL, the corresponding cost ratios are 2.8 and 3.2,
respectively.

An important application of these models 1is in
assessment of the effect of climatic zone and of the
interactive effect of traffic level and climatic
zone on pavement maintenance cost. The effect of
climatic zone on maintenance costs can be easily
seen from Equations 4, 6, and 8 for the Interstate
rigid pavement, OSH flexible pavement, and OSH re-
surfaced pavement, respectively. It 1is clear that,
in general, pavement maintenance costs in the north-
ern part are higher than in the southern part. The
models, however, not only confirm the geographic
difference in maintenance costs, they also point out
that this difference increases as the traffic level
increases due to interaction effect. For example,
for the Interstate rigid pavement, at the relatively
low traffic level of 1 million accumulated EAL, the
pavement maintenance cost in the northern zone is
about 24 percent higher than that in the southern
zone; at a higher 1level of traffic of 45 million
accumulated EAL, the northern zone average cost is
40 percent higher than that of the southern zone.
The difference between 40 and 24 percent at traffic
levels of 1 million and 45 million could be attrib-
uted to the interaction effect between traffic level
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and climatic zone. For the OSH flexible pavement,
the ratio between average cost in the northern zone
and that in the southern zone ranges from 1.10 at

relatively low traffic levels to 1,16 at higher
traffic levels. Similarly, for the OSH resurfaced
pavement, the corresponding ratios are 1.20 and

1. .29 vasrnac L3ieaTuy Mha madis mame~Tiaoian Ehadb ~om bo
LeJde, ICE€35PDeCrively. 1€ main <Conciusidn Thaat Can oe

drawn from these results is that, at higher traffic
levels, the effect of climatic zone (weather effects)
tends to be more severe. However, the degree of in-
teraction 1is significantly dependent on pavement
type. For example, the unit maintenance cost for OSH
flexible pavement in the northern zone is about 16
percent higher than that in the southern zone at a

v afEfi A Tawal ~£ ANN ONN AT {Makhla 21) anAd ohand 21
TYarriC iever O &uU,vuu nalL ladie 3; anG aosdut 5.

percent for OSH resurfaced pavement at the same
traffic level (Table 4). This trend is consistent at
all levels of traffic, and it can be concluded that
the effect of climatic zone (weather factor) on
maintenance cost is more pronounced for resurfaced
pavement.

Maintenance Group Cost Prediction Models

The next phase of the study involved the development
of cost models for individual maintenance activity
groups, namely patching and sealing. The patching
group included shallow patching and deep patching.
The sealing group included sealing longitudinal
cracks and joints and sealing cracks. Models for the
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FIGURE 2 Correlation analysis of sealing and patching activities;
analysis is based on percentages of total cost allocated to sealing and
patching,
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prediction of individual maintenance activity group
costs can provide a tool for estimating the portions
of total maintenance cost that can be attributed to
different activity groups such as patching and seal-
ing. In addition, these models can be used to gain
insight into the interaction of various maintenance
activities under different levels of traffic.

Patching and sealing activities comprise about 85
percent of the total pavement maintenance cost (10)
and there is a high correlation between patching and
sealing performed in the same fiscal year. Figure 2
shows the results of a detailed correlation analysis
performed on the portions of total cost allocated to
patching versus those allocated to sealing for dif-
ferent highway categories and fiscal years. A cor-
relation value as high as =-0.6 between portions of
total cost allocated to sealing and patching was
found. The scheduling of different maintenance
activities in a fiscal year adds a particular
characteristic to the correlation between patching
and sealing. This 1is because sealing activities
usually precede patching activities within a fiscal
year. Sealing activities take place in the 1late
summer and fall, and patching usually takes place
during the spring season after the winter. Although
there might be some variation in scheduling of these
activities, the majority of sealing and patching
jobs occurs during the periods mentioned.

A high correlation between patching and sealing
in a fiscal year is a one-way correlation that indi-
cates that the amount of patching done in a year is
generally dependent on the extent of sealing per-
formed before the winter. However, sealing activity
does not depend on patching activity.

The general type of regression models for patch-
ing and sealing follows the form presented in Equa-
tion 2. Equations 9-20 are the models developed for
sealing and patching for each highway category.

For Interstate flexible pavement

PS = 0.185 * logjg (IEAL) R = 0.87 (9)
PP = 0.182 * logjg (YEAL) - 0.670 * PS

R? = 0.83 (10}
where

PS = percentage of total pavement maintenance cost
allocated to the sealing group and

percentage of total pavement maintenance cost
allocated to the patching group.

PP

For Interstate rigid pavement

PS = 0.098 * log;y (ZEAL) - 0.015 * logpg
(XEAL) * 2 R? = 0.81 (11)

PP = 0.206 ° log;g (ZEAL) - 0.023 * logjg
(zEAL) - 2 - 0.998 PS R? = 0.95 (12)

For Interstate resurfaced pavement

PS = 0.115 * logyq (ZEAL) R 0,91 (13)
PP = 0.186 * logjg (ZEAL) - 0.621 * PS
R? = 0.85 (14)

For OSH flexible pavement

PS = 0.22 * logyg (IEAL) - 0.074 * logjg
(ZEAL) * 2 R? = 0.78 (15)

PP = 0.346 * logjg (ZEAL) + 0.025 logyp
(LEAL) * %2 - 0.786 PS R® = 0.89 (16)
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For OSH rigid pavement

PS = 0.1075 * logyo (EIEAL) R? = (.82 (17)
PP = 0,150 * logjp (XEAL) - 0.135 PS
R? = 0,92 (18)
PS = 0.196 * logjp (LEAL) - 0.0617 °* logjg

(SEAL) * Z R? = 0.81 (19)
PP = 0.228 * logjg (LEAL) + 0.011 * logjg

(YEAL) * 2 - 0.55 * PS R* = 0.84 (20)

Implications of Mainteénance Group Cost Prediction
Models

The models presented in Equations 9-20 are for seal-
ing and patching costs in terms of the percentage of
total pavement maintenance cost required at different
traffic levels and zones (north and south). As may
be seen, sealing prediction models are functions of
traffic level (accumulated EAL) and zone (north and
south), and patching prediction models are functions
of traffic level and zone and also of the level of
sealing performed in the same fiscal year. The reason
for this is that although patching level is highly
correlated with sealing level, sealing activity does
not show significant dependence on patching level.
This is mainly because most sealing jobs are sched-
uled before patching jobs within the same fiscal
year. In Figures 3-5, graphic presentations of seal-
ing and patching percentages of the total cost at
typical traffic levels are shown.

The first implication of Figures 3-5 is that both
sealing and patching shares of the total pavement
maintenance cost increase as the traffic level in-

creases. This 1is expected because an increasing
traffic level accelerates the pavement distress
process, and this, in turn, requires an increased

level of pavement maintenance, primarily sealing and

+ Seallng

100} a Patching
— —~— North
South

80},

£
=l

Percent of Total Cost
(=2
S

204

0 ' P '

t + I }
0 10 20 30 40 50

Accumulated EAL (106)

FIGURE 3 FEstimated patching and sealing percentages for
Interstate rigid pavement.

¥




48

100 +

Percent of Total Cost

Transportation Research Record 1035

. Soaling
a Patchling

~——— North

South

" e

0 I 1
0.1 0.2

Accumnlated EAL (10 ))

0.4 0.5

0.3 6

FIGURE 4 Estimated patching and sealing percentages for OSH flexible

pavement.

patching. However, the rate of increase in the
patching share as traffic level increases is higher
than that in sealing.

Second, both rigid and resurfaced pavements show
a similar trend in terms of higher patching and
sealing shares in the south. This trend, however,
was found to be different in the case of flexible
pavement (Figure 3) where patching shares are higher

in the north than in the south. This could be due to
the relatively low level of sealing in the northern
part because of the short season available for seal-
ing activity. Because sealing is a type of preven-
tive maintenance, a low level of sealing activity

causes a high level of corrective maintenance,
patching.
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CONCLUSIONS

On the basis of the findings of this study, the
following major conclusions can be drawn:

1. Total pavement routine maintenance costs for
a particular pavement type were found to be signifi-
cantly affected by traffic 1level and geographic
location (climatic zone). However, it was found that
the interaction effect of traffic level and climatic
zone (weather factor) is more significant than is
that of climatic zone alone.

2, Portions of total cost allocated to major
routine maintenance activity groups (sealing and
patching) were found to be functions of the same
factors. However, it was found that the patching
level (amount of patching activities taking place
after winter) is negatively affected by the level of
sealing (amount of sealing activities taking place
before winter). That is, the more sealing of cracks
a highway section receives before wintertime, the
less pothole patching is required after winter.

ACKNOWLEDGMENT

The work reported in this paper is a part of a High-
way Planning and Research Program project funded by
the Federal Highway Administration and the Indiana
Department of Highways. The assistance of R. Clay
Whitmire of the Division of Maintenance of the
Indiana Department of Highways is greatly appreci-
ated. The authors are, however, solely responsible
for the contents of this paper.

REFERENCES

1. C.A. Burke. Trends and Countertrends in Mainte-
nance Management Systems. Presented at the 1984
TRB Maintenance Management Workshop, Gulf Shores
State Park, Alabama, July 1984.

2. AASHO Interim Guide for Design of Pavement
Structures., AASHTO, Washington, D.C., 1972.

49

3. E.A, Sharaf, K.C. Sinha, C. Whitmire, E.J. Yoder.
Field Investigation of Resource Requirements for
State Highway Routine Maintenance Activities. In
Transportation Research Record 943, TRB, National
Research Council, Washington, D.C., 1983, pp.
24-27,

4, E,A. Sharaf, K.C. Sinha, and E.J. Yoder. Fuel
Consumption in Highway Routine Maintenance Ac-
tivities. Interim Report. Joint Highway Research
Project, Purdue University, West Lafayette,
Ind., Dec. 1982.

5. Computer Reports on Maintenance Expenses. Divi-
sion of Maintenance, Indiana Department of High-
ways, Indianapolis, 1980-1983.

6. Materials Usage Summary. Annual Report 116D.
Division of Maintenance, Indiana Department of
Highways, Indianapolis, 1980-1983.

7. Catalog of U.P.A. Prices for Roads-Bridges-Traf-
fic. Contract Proposals Division, Indiana De-
partment of Highways, Indianapolis, 1982-1983.

8. Maintenance Workload and Performance Budget.
Annual Report MM-103. Division of Maintenance,
Indiana Department of Highways, Indianapolis,
1980-1983.

9. Accomplishment and Performance Analysis. Annual
Report MM-113. Division of Maintenance, Indiana
Department of Highways, Indianapolis, 1980-1983.

10. E.A. Sharaf and K.C. Sinha. Estimation of Pave-
ment Routine Maintenance Costs. Presented at the
1984 TRB Maintenance Management Workshop, Gulf
Shores State Park, Alabama, July 1984,

The contents of this paper reflect the views of the
authors who are responsible for the facts and the
accuracy of the data presented herein. The contents
do not necessarily reflect the official views or
policies of the Federal Highway Administration. This
report does not constitute a standard, specifica-
tion, or regulation.

Publication of this paper sponsored by Committee on
Maintenance and Operations Management.



50

Transportation Research Record 1035

Flow Characteristics at Freeway Lane Closures

NAGUI M. ROUPHAIL and GEETAM TIWARI

ABSTRACT

The findings of a limited study aimed at examining the basic characteristics of
freeway traffic flow at construction zones are presented. The intent is to
expand the scope of previous research efforts in this area, which have focused
on the determination of point estimates of work zone capacity, under a variety
of freeway lane configurations upstream of and in the vicinity of the work
area. Field studies conducted in Illinois, encompassing more than 21,000 vehicle

observations, were used to examine the entire rangc of the speed-flow relation-
ship in the open lane of traffic. A normalizing procedure was devised to isolate
and quantify the impact of work zone activity descriptors, such as the location
of work relative to the traveled lanes, crew size, equipment, and other perti-
nent parameters, on the observed traffic speed. It was found that the effect of
work activity on traffic flow is significant in periods of (a) high approach
flow rates, (b) high truck percentages, and (c) intense work activity near the

traveled lanes.

Estimating capacity and level of service (LOS) at
freeway construction zones is essential to planning
and scheduling work zone traffic control. A compre-
hensive evaluation of alternate control strategies,
including their respective traffic impacts, must be
carried out before a particular procedure is recom-
mended for implementation. Traffic performance mea-
sures such as delays, stops, fuel consumption, and
operating costs are directly related to the capacity
and operating speed on the roadway segment. Thus a
thorough examination of the basic speed-flow rela-
tionship at freeway lane closures is warranted.

It may be stated that traffic speed through a
lane closure is primarily governed by the following
factors:

* Geometrics including 1lane configuration be-
fore and at the work area; grades and curvatures;
effective lane width and lateral clearance; sight
distance and proximity to on and off ramps;

* Traffic stream including flow rates past the
work area and truck occurrence in the traffic stream;

s Traffic control including signing, arrow
board, and channeling devices; speed zoning; presence
of flagmen or patrolmen, or both; and

* Work activity descriptors including activity
location, crew size, equipment type, noise and dust
level generated and length of the work area.

Although considerable research has focused on the
problem of speed control at work zones, little is
known about the correlation between traffic speed
and work zone activity. A procedure is thus required
to isolate the effect of work zone activity from
geometrics, traffic stream, and traffic control
impacts. This study is a first attempt to address
these issues. Specifically, the following objectives
are sought:

1. Review previous work related to speed-volume-
capacity relationships at freeway lane closures.

2. Conduct uncontrolled field studies to generate
a data base for developing speed-flow models at the
visited work sites.

3. Estimate the magnitude and direction of work
activity impact on observed traffic speed; segregate
by flow rate, truck occurrences, and work activity
levels to study the contribution of each parameter.

LITERATURE REVIEW

In the relatively few years since the problem of
work zone safety has received national recognition
(e.g., 1975 FHWA coordinated research program proj-
ect 1Yy Traffic Management of Construction and Main-
tenance Zones), speed control at work zones has been
a persistent problem. Traffic engineers have yet to
agree on whether speed reduction is desirable or
whether traffic speed should be maintained throughout
the work zone by means of higher geometric standards.
There is a consensus, however, that posted regulatory
or advisory speed limits are ineffective in reducing
speeds (l). Speed measurements collected to test the
effectiveness of speed control measures were es-
sentially limited to free-flowing vehicles (headways
> 5 sec). The impact of construction activity was
not specifically analyzed in these studies (2-4).

A majority of the work reviewed in the course of
this study dealt with the analysis of flow rates
approaching capacity at lane closures (i.e., in
situations in which a queue developed and was sus-—
tained upstream of the work zone). Dudek and Richards
(5) have studied the impact of lane geometry on
capacity at a number of urban freeway lane closures
in Texas, and Kermode and Myrra (6) attempted to
correlate observed capacity on the San Diego Express-
way in California with the type (rather than the
intensity) of construction activity (e.g., resurfac-
ing, stripping). Their results, however, are based
on 3-min observations of maximum flow rates past the
work area and therefore tend to overestimate the
hourly capacity expected at the sites.

It is interesting to note that the Texas study
included limited observations of work zone capacity
with no construction activity under way. The study
found average lane capacity to be approximately 20
percent higher than that observed at similar sites
with the work crew present. Although this result is
based on data from a single site, it clearly demon-
strates the degree to which work zone activity af-
fects capacity and level of service at lane closures.
In an earlier study by Butler (7), volume-to-capacity
ratios and corresponding speeds measured at work
zones were overplotted on the typical Highway Capac-
ity Manual {(HCM) curves {8). The author stated that
the field data show tremendous scatter at particular
volumes (unspecified) around HCM values but that
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they could still be approximated by the HCM curves.
However, no numerical justification was provided for
that argument. This approach was also followed in a
recent study by Wang and Abrams (9) in developing a
rational planning process for the selection of the
most effective work zone traffic control strategy
for a given project.

In a study by Dudash and Bullen (l0), traffic
speed and flow rates on the Penn-Lincoln Parkway in
Pennsylvania were measured 1in order to estimate
single-lane capacity during reconstruction. Their
estimates were not substantially different from
those observed in California and Texas. Although
this study used speed-flow "envelopes" in a before-
and-during construction comparison, their wvalue is
limited to a qualitative assessment of the lane
closure impact under three types of control.

In brief, the 1literature review revealed two
unresolved issues related to flow characteristics at
freeway lane closures:

1. The applicability of the typical HCM speed-
flow curve to traffic flow in construction zone lane
closures and

2. The degree to which the work zone activity
parameters influence speed for the entire range of
volume-to-capacity (V/C) ratios.

FIELD STUDIES

Rationale and Scope

An exhaustive field investigation of all factors
affecting operating speed at freeway lane closures
requires an extensive data collection effort far
beyond the resources of this study. In reference to
geometric impact, it was decided to confine the
sampling effort in this study to four-lane Inter-
state-type facilities with a single lane closure and
no crossovers, for the following reasons:

* The effect of lane geometry is 1likely to be
confounded with the impact of worksite activity,
thus jeopardizing one of the principal objectives of
this study. Moreover, lane geometry impact on capac-
ity appears to be adequately documented in the lit-
erature.

* The study was originally designed to investi-
gate rural freeway lane closures, where the four-lane
divided roadway configuration is most prevalent,

Traffic control devices at the visited sites were
in general conformance with the standards of the
Illinois Manual of Traffic Control Devices (11). No
advisory or regulatory speed limit signs were posted
at any of the sites.

Site Description

Four projects were covered in the course of this
study. The study sites were located within 60 mi of
the Chicago area and all but one can be characterized
as rural.

Site 1 was located on the northbound lanes of
I-57, 1/4 mi north of US-30, at the southern boundary
of Cook County, Illinois. At that site, a bridge
repair project consisting primarily of steel joist
replacement was under way. A crew of three workers,
a foreman, and a flagman was present at the site.
The work activity consisted of (a) breaking up con-
crete deck, (b) dusting, and (c) removing and re-
placing steel joists. Traffic control included
advanced warning signs, a flashing arrow panel, and
18-in. cones for channelization in the lane closure
area.
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Site 2 was located on the eastbound lanes of
I-80, east of the Illinois Route 7 interchange. The
construction activity was similar to that of Site 1,
except that relatively smaller drilling equipment
and a larger crew size were present at this site.
Also, a flagman was located just next to the work
area; the flagman was located near the arrow panel
at Site 1. No major differences in geometrics or
traffic control devices were noted between the two
sites.

Site 3 was located on the eastbound 1lanes of
I-290, 3/4 mi east of Illinois Route 53. This section
of 1-290 was heavily congested during the data col-
lection period, with queues extending to the Route
53 on-ramp. Flow rates past the work area were thus
indicative of the lane closure capacity. Work activ-
ity at this site consisted of concrete pavement
patching, which at times infringed on the open lane
of traffic. Traffic control devices included advanced
warning signs, arrow board, and vertical posts in
the taper and lane closure areas,

Site 4 was located on the northbound lanes of
I-55, 1 mi south of I-80 near Joliet, Illinois. Work
at this site consisted of bridge deck repair. This
site was characterized by a physical separation of
work activity and vehicular traffic by means of a
portable concrete barrier.

A summary of other pertinent site characteristics
is given in Table 1.

TABLE 1 Summary of Site Characteristics

Lane Length of Average Hourly

Site Closed Closure (ft) Channelizing Device Volume
1-57 Left 3,000 18-in, cones 535
1-80 Left 1,035 Type I barricades 1,193
1290  Right 530 Tubular posts 4357
I-55 Left 435 Portable concrete barrier 760

#Measured in queuing conditions; does not reflect traffic demand.

Data Gathering

Three data elements were collected at each site:

1. Traffic speed and composition upstream of the
work zone,

2. Simultaneous 5-min counts of speeds and flow
rates at the beginning and end of the lane closure
section, and

3. Work area activity descriptors for the inter-
vals indicated in part 2.

Traffic speed upstream of the work zone was col-
lected on a random sample of approaching vehicles
via a radar gun. Vehicle types were recorded by a
time-lapse camera located at a vantage point at each
site. The recording interval varied from 1 to 3 sec,
depending on the approach speed prevalent at the
site. Speed and flow rate counts were collected
using two Stevens PPRII print-punch classifiers
located at both ends of the closure. All data were
collected for a period of approximately 4 hr per
site, except for Site 1 where equipment problems
limited the data collection to 1 hr.

Because construction activity does not lend itself
to numerical description, it was necessary to devise
an ordinal-level scale to quantify the intensity (in
terms of its vehicular impact) of the work activity.
Six activity indicators, which have a potential im-
pact on traffic flow characteristics, were selected:

1. Proximity of work activity to travel lane
(PL). A numerical code from zero to four denotes the
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location of the activity. An assigned zero code
implies no work activity (e.g., lunch break), and a
code of four describes work activity carried out at
the lane edge (e.g., stripping). PL increases by one
unit for each 3-ft shift in construction activity
closer to the travel lane.

2. Crew size (CS). Active crew size in the work
area.

3., Equipment code (EC). A numerical code from
zero to three denotes the relative size of equipment
operating at the site. A zero code implies no oper-
ating equipment, and a code of three indicates heavy
equipment usage.

4. Flagman code (FC). Binary code indicating the
presence (FC = 1) or absence (FC = 0) of a flagman
in a particular time interval.

5. Noise level code (NL). A numeric code from
zero to three designating the relative noise level
at the site.

6. Dust level code (DL). A numeric code from
zero to three designating the relative dust level at
the site.

The sum of the numerical codes is termed the activity
index (AI). It serves to identify those intervals
during which construction activity interferes with
traffic flow in an attempt to test the hypothesis
that traffic speed is directly correlated to the
intensity of the construction activity at the visited
sites.

It should be noted that the work activity data
were collected manually in 5-min intervals that cor-
responded to the speed-flow observations obtained by
the traffic classifiers. A sample plot of the activ-
ity index history for Site 3 is shown in Figure 1.
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Results

The results of data analysis are presented in three
parts:

1. Speed distribution upstream of and at the
lane closure area,

2. Speed-flow relationships
comparison with HCM, and

3. Impact of work zone activity on traffic flow

parameters.

at each site and

Analysis of Speed Distribution

Speed distributions observed upstream of the work
zone were tested for normality. Except for Site 3,
speeds followed the normal distribution. It should
be emphasized that at Site 3 traffic upstream of the
work zone was operating in stop-and-go conditions;
this made it impossible to derive an estimate of
approach speeds before joining the gueue because
free-flow conditions did not occur within the in-
strumented segment of the road. It is interesting to
note that mean speeds for the remaining sites were
all within 2 mph of each other, as indicated in
Table 2. Further testing by approach lane and vehi-
cle type showed no significant differences.

Speed measurements taken at the beginning and end
of the lane closures exhibited a consistent pattern
of skewness, as shown in the sample histogram in
Figure 2 for Site 1. A statistical test for skewness
of speed distribution was borrowed from a study by
Bleyl (12) in which the sampling distribution of the
spot speed skewness index (SI) was found to be normal
with a mean skewness index of 1.00 and a standard
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TABLE 2 Observed Speed Distribution Upstream of Lane
Closure

Sample Mean Speed Standard 2 Level of
Site Size (mph) Deviation x2 Significance
1-57 125 54.78 4,695 3.88 0.700
I-80 144 52,33 5.854 7.25 0.123
1290  N/A N/AP N/A N/A N/A
1-55 157 53.25 4.971 1.38 0.636

fi)(2 goondness of fit statistic for normal distribution.
Appronch speeds upstream of lane closure could not be measured because of queue
buildup.

error (SE), provided that the parent population is
normal, where

SI = 2 * (Pg3 - P5q)/(Pg3 - P7),
P, = ith percentile speed,
SE = (0.002 + 0.949)/SQRT(N), and

N = sample size.

The preceding test was applied to the pair of
speed distributions observed at each end of the lane
closure. The results given in Table 3 1led to the
rejection of the null hypothesis (i.e., parent popu-
lation is normal) in all but one location at Site 4.
This site exhibited higher speeds than other sites
despite the presence of a concrete barrier at the
edge of the traveled lane and a considerable reduc~—
tion in lateral clearances on both sides of the lane.

It is interesting to note that, for skewed speed
distributions with a left skew (SI < 1), the geo-
metric condition (e.g., lane closure) is more re-
strictive than is perceived by the driver; that
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TABLE 3 Observed Speed Distributions at Lane Closure

Standard
Mean Speed  Deviation Skewness Level of

Site Location (mph) (mph) Index® Significance
I-57

Start of closure 38.18 6.81 1.056 <0.01

End of closure 37.63 5.43 1.115 <0.01
1-80

Start of closure 38.11 7.82 0.99- <0.01

End of closure 38.49 7.85 1.157 <0.01
1-290

Start of closure 26.75 9.81 1.45 <0.01

End of closure 31.51 4.10 1.30 <0.01
1-55

Start of closure 51.36 733 1.004 0.389

End of closure 51.14 7.22 0.987 <0.01

1= 12(Pg3 - Ps50)/(Pg3 - Py).

situation occurs at Sites 2 (start of closure) and 4
(end of closure). On the other hand, a right skew
(SI > 1) indicates that the geometric condition
appears worse than it actually is; this results in a
large number of drivers slowing down to an "apparent"
physical speed limited (13). This situation occurred
at Sites 1, 2 (end of closure), and 3.

Speed-Flow Relationship
Speed-flow patterns were analyzed at each site by
aggregating the speed observations in each 5-min

interval into a space-mean speed and corresponding
mean flow rate. The time interval was selected such

SPEED RANGE (miles/hour)
FIGURE 2 Speed distribution, Site 1, start of lane closure.
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that the uniform flow assumption stated in the HCM
was met and traffic fluctuations associated with
short counting intervals were avoided.

A graphic representation of the observed speed-
flow data is shown in Figure 3. The general shape
formed by the data is surprisingly similar to the
typical speed-flow curve in the HCM; that is, non-
linear in the high service volume regime and flow-
independent speed values at the lower end of the
service volumes. Site 3 data were concentrated in
the congested and forced-flow regimes of the speed-
flow curve.

The maximum observed flow rate was approximately
130 vehicles/5-min interval or 1,560 vehicles per
the highest d hourly flow rate was

annataina,

.
hour, and sustaine

1,507 vehicles per hour, which corresponds to a
peak-hour factor of 0.97.

A second degree polynomial fitted to the data is
v = -13.2 + 4,571S - 0.0558% (1)

where V and S refer to the observed flow rates and
corresponding space-mean speed, respectively. A
capacity estimate can be derived from Equation 1 by
setting the conditions

dv/ds = 0, a*v/ds? < 0 at V = Vpax (2)
From Eqguations
41.3 mph.

The regression model in Equation 1 thus gives un-
realistic estimates of optimum speed and capacity, a
very poor fit to the observed data (R? 0.068)
and, therefore, would have limited value for capacity
estimation purposes.

The preceding analysis indicates that the deriva-
tion of capacity and level of service without regard

1 and 2, Vpax = 975 vph and sopt =
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to individual site variations, especially the extent
of construction activity, the impact of truck traf-
fic, the site geometrics, and so forth, will gener-
ally result in a tremendous scatter of the data
points, as pointed out in an earlier study by Butler
(7). To eliminate intersite variations, individual

______ ing the linear form:

S =a+ bv (3)

where a and b are the regression coefficients and S
and V are as defined earlier. These models were
developed at locations adjacent to the work area
(either start or end of the lane closure). A total
of 146 sample points were included in this analysis.

The models are given in Table 4 and shown in
Figure 4. It is observed that the flow rates at
Sites 1, 2, and 4 varied from 40 (480 vph) to 120
(1,440 vph), with some overlap between sites. The
regression coefficients were quite realistic in that
as volume increased the slope b in Equation 3 con-
sistently decreased and the corresponding intercept
a consistently increased. However, slopes that were
statistically significant (i.e., b # 0) occurred in
the volume range of 50 to 100 vehicles per interval,
or at an average hourly volume of 900 vph (i.e.,
about 57 percent of maximum observed flow). In con-
trast, HCM speed-flow curves start to exhibit a sub-
stantial reduction in speed at a V/C ratio of
approximately 0.80. Thus it appears that a lane
closure will result in a greater speed reduction for
a given volume or V/C ratio than would be expected
on the full cross section.

At Site 3, forced-flow conditions prevailed as
speeds were clustered at the bottom half of Figure 3.

A final observation in Figure 4 is the discon-
tinuity in the speed-flow lines from site to site.

o

AS At bRl Bl
100

Bt s e T

120 140

FLOW RATE (vehicles/lane/5min)

FIGURE 3 Observed speed-flow data.
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TABLE 4 Derived Linear Speed-Flow Models Near Work Area

Range of 5-Min Correlation

Flow Rates Coefficient Level
Site Observed Intercept Slope of Significance
1-57 34-58 49.04 -0.018 0.85
I-80 88-122 72,50 -0.24 <0.01?
1-290 109-147 25.90 +0.04 0.23
I-290° 26-49 23.16 +0.08 0.11°¢
I-55 39-88 56.72 ~-0.087 <0.01?

aSignit"icant at the 1 percent level.
Observations at start of closure under forced-flow conditions.
cMm’ginal)y significant at the 10 percent level.

For example, Site 1 had the lowest observed volumes,
yet the space-mean speed for that site was con-
sistently lower than that observed at Sites 2 and 4.
This is precisely the discrepancy that remains to be
explained. This requires the normalization of the
speed data to account for variations in geometrics,
traffic composition, and demand volume. The presence
of any significant residual differences in traffic
speed after the normalization procedure is carried
out is then attributed to the presence (and inten-
sity) of the construction or maintenance activity
itself. The procedure is covered in the next section.

Determination of Construction Activity
Effect on Speed

Development of Procedure

The following speed model is assumed at a freeway
lane closure site:

Sot = Spt ~ St (4)

607

50

AVERAGE SPEED (miles/hour)
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where

Sot = oObserved space-mean speed in time interval
(t) at the lane closure area;

spt = predicted space-mean speed in time inter-
val (t) for given geometrics, traffic, lane
width, and clearance restrictions with work
activity; and

S¢ = speed reduction in time interval (t) due
solely to the presence and intensity of the
work activity.

The hypothesis tested is whether (a) Siy is indeed
significantly different from zero and (b) the degree
to which S¢ is functionally correlated to the activ-
ity index or to one of its components (e.g., PL, NL).
Furthermore, the analysis will determine whether St
is independent of flow rate (i.e., speed-flow curve
parallel to HCM curve) and truck occurrence in the
traffic stream. The procedure is carried out in four
steps:

1. The observed 5-min flow rates are converted
into the equivalent service volume in passenger cars
per hour per lane (pcph/lane), with proper adjust-
ment factors for trucks (Q) and lane width restric-
tions (W) based on capacity studies of lane clo-
sures.

2. Estimates of W, and Q, are derived from obser-
vations of work zone operation in a study by Wang and
Abrams (9). In that study, a computed work zone ca-
pacity in vph/lane is defined as

Co = 2000 ViQp (5)

where the h subscript refers to adjustment factors
taken from the HCM. The observed capacity in the
field is denoted as C,. A stepwise regression analy-
sis with (C0 - C;) as a dependent variable and a set
of independent variables related to lane geometrics,

= 26,00 % 0.08
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FIGURE 4 Site-specific speed-flow models.



56

traffic, and type of work activity gave the follow-
ing equation:
Co = C = 1262 - 228.6Np - 12300, + 167.4A

+ 90Ny, R? = 0.7 (6)

where

Np = total number of lanes before closure, per
direction;

A = work activity type, 1 = long term, 2 = short
term; and

Ny = number of open lanes in work zone.

For the sites considered in this study, Np = 2, A
1, and N = 1. Equation 6 can be rewritten as

Co = 20000pW, + 1062.2 = 1230Q, (7)

If a similar definition of Cg
then

is applied for Cg,

Co = 2000Q,W, (8)

where the w subscript refer to work zone adjustment

factors for trucks, lane width, and 1lateral
clearances. Hence:
2000Q,W, = 2000QW, + 1062.2 - 12300, (9)

For a stream of traffic consisting entirely of pas-
senger cars, Q, = Q0 = 1 and Equation 9 can be solved
for w,,. This gives

W, = W, - 0.084 (10)

It is important to note that the stepwise proce-
dure incorporated the type of channelizing device as
an independent variable. Temporary (cones, posts)
and permanent devices (concrete barrier) were tested
but none was significant for inclusions in the model,
except of course for implicit impact on lane width
and lateral clearance in the parameters W, and W,.
Substituting for W,, in Equation 9 and solving for Q
gives

Oy = 0.531 + Qp (W, - 0.615)/ (W, - 0.084) (11)

Equations 10 and 11 give the required adjustment
factors for lane width restrictions and trucks in
single lane closure work zones.

3. The service volume in Step 1 of the procedure
is now calculated as

SV (peph/1) = 1264/ (W, * Q) (12)

where fi is the observed 5-min flow rate in inter-
val t. Subsequently, the predicted space-mean speed
in each interval was derived on the basis of the HCM
speed-flow curve in TRB Circular 212 (14). The re-
sulting regression equations are

S

pt 54.41 - 0.0029SVy for 5V < 1600 pcph/1 (13)

and

Spt = 501.9 - 61.24LnSVy for
1600 < SVy < 2000 pcph/1 (14)

into Equation 4, the interval
reflect reduction due

4 Substituting
s of 8. that speed

e na k.
to work activity are derived and analyzed.
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Results

The data set used in this analysis consisted of all
speed-flow observations taken in the vicinity of the
work area itself, where the impact of construction
activity on traffic flow would be most significant.
After discarding obhservations with missing data or

due to equipment malfunction, a total of 103 5-min
observations were identified at all four sites. It
was found that on the average the observed mean
speed at lane closures was 3 mph lower than the
predicted speed under the given volume, lane width,
clearance, and truck occurrence in the traffic stream
from the HCM., Individual differences varied from 10
mph higher to 18 mph lower than the predicted speeds.

A series of t-tests was performed on the differ-

ence in mean values for Sy that are associated
with warfous lewels ©Ff work zéne JEESEipESPE. B

brief summary follows.

Activity Index

The original data set was divided into two subsets.
Subset A included all observations with AI < 8 and
Subset B the remaining observations. As the data in
Table 5 indicate, the difference in speeds was found
to increase as AI increased; this pattern was con-
sistent at three of the four sites. Overall, however,
the difference was less than 1 mph and not statisti-
cally significant., It should be noted that the high

TABLE 5 Predicted Difference in Speed® (mph) Versus
Activity Index (AI)

Intensity of Construction Activity

Low (AI < 8) High (AI > 8)
Standard Standard  Level of

Site Mean Deviation Mean  Deviation Significance
1-57 N/A N/A 427 2.13 N/A
1-80 -0.317 2.47 2.01  2.56 0.074°
1-290 6.44 2.25 10.94 3.95 0.17
I-55 ~10.19°  N/A -8.15 2.27 N/A
All sites

combined 2.34 5.04 3.03 .17 0.19
Sites 1,2, 3 3.17 2.25 5.83 2.76 <0.05

8 positive values indicate predicted speed (HCM) greater than observed and vice
versa,

Significant at the 10% level,
Only one observation fell into this category.

speeds observed at Site 4 affect Subset B more than
A because only one observation at Site 4 fell into
Subset A, Omitting Site 4 data, the overall dif-
ference in means increases to 2.5 mph and becomes
statistically significant at the 5 percent level.

Proximity of Work Activity to Lane of Travel

Observations were categorized as those occurring
while construction activity was within 6 ft of the
edge of the traveled lane (Subset A, PL > 2) and
all remaining observations (Subset B, PL < 2). As
the data in Table 6 indicate, the predicted differ-
ence in speed increased significantly as the work
activity moved to within 6 ft of the lane edge. This
conclusion held true even after Site 4 data were
removed. It is also apparent that because of the
precise definition of PL,; as oppoged tn the activity

index (AI) that contains a number of subjective
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TABLE 6 Predicted Difference In Speed® (mph) Versus
Activity Location (PL)

Activity Location with Regard to
Travel Lane

Close (PL > 2) Far (PL < 2)
Standard Standard  Level of

Site Mean Deviation Mean  Deviation Significance
1-57 4.43 0.69 2.69 2.18 0.467
1-80 1.66 1.83 1.69 3.04 0.454
1-290 12,27 3.54 7.85 3.54 0.0165°
I-55 N/A N/A® -7.98 2.39 N/A
All sites

combined 6:37 5.43 0.563 6.79 <0.001°

? positive number indicates predicted speed (HCM) greater than observed speed and
vice versa,

Significant at the 1% level.
Site 4 activity physically separated from travel lane by means of portable concrete
barrier,

components (e.g., EC, NL, DL), the former parameter
is superior in predicting speed changes due to the
presence of construction. A stepwise regression
model on the original data indicated that with all
other variables fixed, a 3-ft shift of construction
activity toward the travel lane (i.e., a unit in-
crease in PL) results in an average speed reduction
of 2 mph.

5-Min Flow Rate

This test was intended to verify whether drivers in
free- and congested-flow conditions react equally to
the presence of construction. The original data set
was divided into two subsets. Subset A contained
flow rates < 100 (1,200 vph) and Subset B all the
remaining observations. The 100 figure represents a
V/C ratio of approximately 0.65 for the observed
truck traffic. As the data in Table 7 indicate, the
difference in speeds increased substantially as the
flow rate past the work site increased. This implies

TABLE 7 Predicted Difference in Speed® (mph) Versus
5-Min Flow Rate (TOT)

Observed Flow Rate

Low (TOT < 100) High (TOT > 100)

Standard Standard Level of

Site Mean Deviation Mean  Deviation Significance
I-57 4.9] 2.14 N/AY N/A N/A
1-80 1.12 1.96 2.11 2.98 0.2
1-290 23 8° N/A® 11.21  5.07 N/A
I-55 -8.93 2.14 N/A® N/A N/A
All sites

combined  -2.51 7.16 7.99  6.22 <0.014

Y positive values indicate predicted speed (HCM) greater than observed speed and
vice versa,
No observations in category.

c(.)nly one observation fell into this category.
Significant at the 1% Jevel.

that the speed-flow curve in a work zone exhibits a
steeper slope than its HCM counterpart for a given
service volume. The stepwise regression technique
discussed earlier was applied for determining the
best two-variable formulation. It was found that 52
percent of the variation in speed differences is
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attributed to flow rates and proximity of work to
travel lane. The model form is

S¢ = -14.17 + 2.07PLy + 0.14V, (15)

Equation 15 shows that the impact of flow rates on
speed differences is greater when the work activity
is within 6 ft of the edge of the lane (PL > 2) at
approximately 1,000 vph flow rate (V).

Trucks

The original data set was divided into two subsets,
one with truck percentages less than 10 percent and
the other containing all remaining observations. The
results indicated that speed differences increased
as the level of trucks increased in the traffic
stream. The difference was significant at the 1 per-
cent level. Note that S¢ had already been adjusted
for trucks; thus the test establishes the additional
impact due to the presence of construction.

Others Parameters

The remaining work activity descriptors were not
statistically significant in terms of their impact
on speed. One interesting exception is the effect of
the type of channelizing device. At Site 4, which
had a portable concrete barrier at the taper and
lane closure areas, speed was virtually independent
of work zone activity. It appears that because the
barrier effectively separated and visually shielded
the construction activity from traffic, the observed
speeds consistently exceeded predicted speeds, de-~
spite the restrictive lane geometry (width and
clearances) at the closure.

SUMMARY AND CONCLUSIONS

This study represents a first attempt at a systematic
analysis of freeway traffic flow at single-lane
closures, including the effect of work activity
interference on observed traffic speed. The follow-
ing conclusions, based on the limited field observa-
tions in this study, are presented:

1. The distribution of traffic speed upstream of
the work zone follows a normal distribution when no
queuing conditions exist. In the closure area, how-
ever, the speed distribution shows significant
skewness regardless of the quality of flow upstream
of the closure.

2, Speed-flow models at the observed lane clo-
sures in this study are considerably different from
HCM curves under similar volumes, truck levels, lane
width, and lateral clearance restrictions. On the
average a difference of 3 mph between HCM and ob-
served speed was noted.

3. The difference in speeds noted in Conclusion
2 is quite sensitive to the location of the work
activity. It was found that for every 3-ft shift in
construction activity closer to the edge of the
traveled lane, a drop of 2 mph in observed speed can
be expected.

4. The sensitivity of traffic speed to work zone
activity increases as traffic or truck volumes, or
both, increase. This may help explain the consider-
able variations in observed lane capacities at work
zones, especially when short counts of 3-6 min are
expanded into an hourly flow. In this study, the
observed speed at Site 3, which operated at or near
capacity in the lane closure section, was on the
average 10 mph 1lower than the corresponding HCM
value.
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Operational and Safety Impacts on Freeway Traffic of

High-Occupancy Vehicle Lane Construction in a Median

NANA M. KUO and JOHN M. MOUNCE

ABSTRACT

In this paper are presented the results of a study by the Texas Transportation
Institute to evaluate the operational and safety impacts associated with the
retrofit construction of an authorized high-occupany vehicle lane in the median
of the Katy Freeway (I-10W) in Houston, Texas. Because the Katy Freeway tran-
sitway is the first of a 70-mi network of transitways to be retrofitted in an
existing high-volume freeway cross section in Houston, it is important to assess

the traffic

impacts associated with this type of construction.

Operational

impacts studied include travel speeds as a measure of travel time delay, traf-

fic volumes as a measure of travel demand served,
reaction to reduced lane widths and restricted lateral
Safety was assessed through an analysis of reported accidents as-

measure of driver
clearances.

and lane distributions as 3

sociated with various work area segments and time periods of construction.
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Many of the metropolitan areas in the southwestern
United States have experienced unprecedented popula-
tion growth in the last decade (l). This growth has
not only taxed, it has exhausted, the peak-period
capacity of the freeway systems within these cities.
Degradation of mobility has progressed to critical
stages and, in many instances, is threatening future
growth and economic vitality. Houston represents an
extreme example (2).

Working within both physical and fiscal con-
straints, transportation officials have turned to an
ampbitious and innovative plan for highway-transit
priority treatment (3). This approach calls for the
construction of exclusive, barrier-separated, autho-
rized, high-occupancy vehicle 1lanes within the
medians of existing cross sections of urban free-
ways. These transitways would provide a high level
of service as an incentive for motorists to use such
authorized high-occupancy modes as buses, wvanpools,
and carpools. This plan effectively uses the exist-
ing urban transportation infrastructure in a cost-
effective manner (4).

The incorporation of a high-occupancy vehicle
facility into the median requires special retrofit
construction processes that constrain freeway sec-
tions already serving high volumes of traffic. Mini-
mizing the adverse traffic impacts associated with
this type of construction is a primary concern.
Construction on the first such median transitway in
Houston was begun in May 1983 on a 5.0-mi section of
the Katy Freeway (I-10W) and is scheduled to be
completed in October 1984. Because this was the
initial effort in a planned 70-mi network of tran-
sitways to be constructed in a similar fashion, it
is important to measure and understand the opera-
tional and safety impacts on mixed-flow traffic
resulting from the Katy Freeway transitway project
(5) . This paper is a report on the study conducted
by the Texas Transportation Institute to evaluate
the aforementioned impacts and to make recommenda-
tions for future project implementation.

PROJECT DESCRIPTION
The Katy Freeway 1is a major Interstate highway

(I-10W) serving travel demands from western Harris
County to various parts of Houston (Figure 1). Ex-
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tensive residential and commercial development has
occurred and is continuing to occur along this cor-
ridor as far west as Brookshire, a distance of 35 mi
from downtown Houston.

Before it was designated I-10W in 1957, the Katy
Freeway was known as US-90. Throughout the 1960s
much of the Katy Freeway was upgraded to Interstate
standards. Today, I-10W is a 10-lane freeway from
downtown to Loop I-610. For a short distance of 2 mi
(to Antoine) outside I-610, an 8-lane cross section
exists. Beyond Antoine, the Katy Freeway is a 6-lane
facility.

Traffic volumes on the Katy Freeway increased at
an annual rate of approximately 5 percent from 1970
to 1980. Weekday traffic volumes per lane currently
approach 25,000. Peak direction flow rates exceed
1,900 vehicles per hour per lane, and travel time
delays average 18 min throughout a 4- to 6-hr period
each day (6).

Increasing development combines with depressed
levels of mobility to justify the need for a high-
occupancy priority transportation facility within
the Katy Freeway corridor. The Texas State Depart-
ment of Highways and Public Transportation and the
Metropolitan Transit Authority of Houston-Harris
County jointly initiated technical and funding ef-
forts to expedite implementation of the Katy Freeway
transitway.

The Katy Freeway transitway was designed to be
operated in two phases. Construction of Phase 1
began in May 1983 between Post Oak (near I-610) and
West Belt, a distance of 5 mi, and will be completed
in October 1984. Phase 2 will extend the transitway
another 5 mi from West Belt to Highway 6 (Figure 2).
Both phases will be constructed in the median of the
freeway and will be separated from general traffic
lanes by concrete median barriers. The facility will
be reversible (operating inbound in the morning and
outbound in the evening); will include an emergency
breakdown shoulder along most portions; and will be
designed to accommodate buses, vanpools, and other
authorized high-occupancy vehicles. Typical existing
freeway and proposed transitway cross sections are
shown in Figure 3.

Construction of the Katy Freeway transitway was
combined with the rehabilitation of the freeway
pavement to minimize traffic disruption and project
cost. The individual segment limits and correspond-

FIGURE 1 Katy Freeway (I-10W) geographic location.
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ing lengths are given in Table 1, as taken from the routed around the work areas in narrow lanes varying
construction plans (7). Also presented are measured from 10 to 11 ft in width with no shoulders on
1981 to 1983 average daily traffic (ADT) for each either the inside or the outside. Temporary concrete
section (8). Work was independently sequenced by median barriers protected and separated the work
plan and traffic was diverted within each segment as areas from freeway traffic (Figure 5).

shown in Figure 4. To allow retrofit construction of

the transitway, work areas were developed in the

median and to the inside and outside areas of the DATA COLLECTION METHODOLOGY AND ANALYSIS

freeway main-lane cross section. Traffic was then

The impacts of retrofitting the transitway to the
Katy Freeway were categorized as either operational
or safety related. Operational measures studied
included (a) speeds as a measure of travel time
delay, (b) traffic volumes at sites along the length
of the Katy Freeway transitway project representa-

TABLE 1 Construction Segments and Average Traffic Volumes,
Katy Transitway Project (7,8)

Construction Segments (7)

Average Daily Traffic (8) tive of the various construction segments as a mea-

Length sure of demand served, and (c) lane distributions as

No. (mi) Limits 1981 1982 1983 a measure of driver reaction to reduced lane widths

and lateral clearances. Safety was assessed through

1 126 West Belt to Gessner 118,000 135,000 136,270 an analysis of reported accidents associated with

DM Commwiofae IS 1000 90 various vork semente and tine poriods of construc-
4 0.89 Bingle/Wirt to Antoine  140,410° 143,975% 147,540 tion.

5 0.83 Antonine to 1-610 179,000 186,000 192,190 All operational data were collected manually

...... L

- - during both peak periods {(morning and evening) and
Estimated—no data available. during off-peak periods (midday and nighttime). The
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data were sorted by direction--either eastbound
(a.m. peak direction) or westbound (p.m. peak direc-
tion). Standard measuring techniques for recording
vehicular volumes and speeds were employed. No data
were recorded under aberrant operating (accident,
breakdown) or environmental (rain, fog) conditions.
The operational and safety data for each segment
under construction were compared to the data for
each segment 1 year before construction. The changes
were then evaluated using a paired t-test. The speed
and accident data were compared for identical seg-
ments and for equal time periods before and during

construction. The chi-square test for independence
was applied to the variables associated with free-
flow lane volume distribution conditions to deter-
mine the statistical significance of the observed
by-lane volume distribution changes between full
width and narrowed lane cross sections.

The differences between speed profiles before and
during construction were tested for statistical
significance. Segment 5 in the morning, Segments 2
and 4 in the evening, and the overall peak-hour
peak-direction differences between preconstruction
and during-construction travel speeds are signifi-
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TABLE 2 T-Tests of Differences in Speeds for Preconstruction Versus During-

Construction Conditions

Segment  Size Difference®  Deviation Error T PR>IT
Morning eastbound 1 8 -1.02 2.58 0.91 -1.12  0.300
2 5 =1.27 5.82 2.60 -0.49 0.651
3 3 +i.16 2,71 1.56 0.74 0.534
4 2 -2.42 6.47 4.58 -0.53 0.690
5 3 -13.70 2.86 1.65 -8.31  0.014°
Overall 21 ~2.71 5.90 1.29 -2.11 0.048
Afternoon westbound 1 8 +6.24 11.29 3.99 1.56 0.162
2 5 +6.02 3.07 1.37 438 0.012°
3 3 +2.58 2.80 1.62 1.60 0.251
4 2 +4.33 0.28 0.20 22.05  0.029°
5 3 +3.95 5.11 2.95 1.34  0.312
Overall 21 +5.16 1.2 1.57 3.28  0.004°

n!)mlng-construction speeds minus preconstruction speeds.
Statistically significant ot the 5 percent level.

cant at the 5 percent level (Table 2). However, of
these five statistically significant differences,
only the morning speed differences indicate a nega-
tive impact due to construction. On average, Segment
5 speeds decreased by almost 14 mph with a standard
error of 1.65 mph in the morning during construction
as opposed to 1 year earlier. Overall, the morning
eastbound speeds decreased an average 3 mph with a

standard error of 1.29 mph during construction;
however, this small decrease is practically nonsig-
nificant.

Average peak-period speeds during the first stages
of narrow lane construction were compared to obser-
vations made during the later stages of narrow lane
construction. Because only two of the segments have

of the five segments may be tested. Neither of the
differences in operating speed in each segment or
throughout the construction length is significant at
the 5 percent level (Table 3).

Finally, operating speeds
(with full-width lanes plus emergency shoulders)
were compared to initial construction operating
speeds as well as to later construction operating
speeds (both with reduced lane widths and no emer-
gency shoulders). The results are given in Tables 4
and 5. Only one difference in operating speed between
preconstruction and beginning-construction speeds
was statistically significant at the 5 percent level.
The traffic in Segment 5 in the morning eastbound
direction experienced an average decrease of more

before construction

undergone more than one construction step, only two

than 15 mph during the first stages of narrow lane

TABLE 3 T-Tests of Differences in Speeds for Beginning- Versus Ending-Construction

Conditions
Segment  Size Difference? Deviation Error T PR>ITI
Morning eastbound 1 4 1.54 4.89 2.45 0.632 0.575
2 2 -5.44 17.38 12.29 -0.44 0.735
3 1 -2.89
4 i -7.20
5 1 2.42
Overall 9 —1.38 7.84 2.61 -0.53 0.612
Afternoon westbound 1 4 3.12 15.60 2.80 LT 0.346
2 2 3.3 5.15 3.64 1.02 0.492
3 1 1.73
4 1 -0.73
- 1 -0.32
Overall 9 2.29 4.24 141 1.62 0.143°
ﬂErulim;-mns!ruction speeds minus beginning-construction speeds.
Statistically significant at the 5 percent level,
TABLE 4 T-Tests of Differences in Speeds for Preconstruction Versus Beginning-
Construction Conditions
Segment  Size Difference? Deviation Emmor T PR>TI
Morning eastbound 1 4 -0.42 3.50 1.75 0.242  0.826
2 3 ~2.36 7.95 14.59 -0.51 0.658
3 2 2.34 2.53 1.79 1.30 0.417
4 1 2.15
5 2 ~15.31 0.84 0.59 -25.81  0.0247°
Overall 12 =271 7.28 2.10 =129 0.224
Afternoon westbound 1 4 4,26 11.71 5.86 0.73 0.519
2 3 5.20 3.54 2.04 2:55 0.126
3 2 210 3.78 2.67 0.79 0.576
4 2 1.97 5.36 3.79 0.52 0.694
5 12 3.78 6.74 1.94 1.94 0.078
Overall 9 2.29 4.24 1.41 1.62 0.143%

“Beginning-construction speeds minus preconstruction speeds.'
Statistically significant at the 5 percent level,
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TABLE 5 T-Tests of Differences in Speeds for Preconstruction Versus Ending-Construction

Conditions
Segment  Size Difference® Deviation Error T PR>IT!
Morning eastbound 1 4 -1.63 1.55 0.77 -2.10 0.126
2 2 0.36 0.38 10.27 1.36 0.404
3 1 -1.18
4 1 -7.00
5 2 -10.47
Overall 9 =2.72 3.74 1.25 ~=2.18 0.061
Afternoon westbound 1 4 8.21 12.25 6.12 1.34 0.272
2 2 1.26 2.77 1.96 3,70 0.168
3 3 12.10 3.55
4 1 4.13
5 9 7.00 7.78 2.59 2.70 0.027°
Overall 9 2.29 4,24 1.41 1.62 0.143b

aErId!ng-cnnstruction speeds minus preconstruction speeds.
Statistically significant at the 5 percent level.

construction. Overall, operating speeds did not
change significantly during the initial institution
of narrow lane work areas. As for the differences

between  preconstruction and ending-construction
operating speeds, no negative speed differentials
were statistically significant at the 5 percent
level.

Table 6 gives average measured total volumes at

sites with representative construction cross sec-
tions for morning, evening, noon, and nighttime
periods. Volumes at capacity during morning peak

periods approach an average of 1,750 vehicles per
hour per lane at the locations sampled. This exceeds
the theoretical capacity service volume of 1,680
vehicles per hour per lane for level of service E as
calculated to reflect the influence of the geometric
restrictions (10.5-ft lane widths, minimal lateral
clearances) on basic capacity (9).

TABLE 6 Katy Freeway Transitway Project Observed Work Area
Volumes (vehicles/hour/lane)?

Location
Campbell Wirt Antoine/Silber
(10.5', 10, 10.5'y (10, 10',10') (11',10.5, 10.5")
A.M. peak 1,708 1,686 1,841
P.M. peak 1,689 1,733 1,747
Day off peak 1,350 1,424 1,507
Night off peak 828 796 856

2Date of Observation—May 1984.

Table 7 gives a summary of information regarding
free-flow vehicle lane distribution sorted by (a)
inside, middle, and outside lane; (b) daytime or
nighttime period; (c) narrowed or full lane widths;
and (d) total and truck-only vehicles. Table 7 also
gives the measured sample frequency of vehicles and
the calculated chi-square statistical information.
All chi-square tests for trucks only as well as for
total vehicles indicate that lane distribution is
not independent of either time period (day versus
night) or cross-sectional width (narrowed versus
full) at the 7 percent level. The following effects
are noteworthy:

1. During daytime off-peak operation there is
little difference 1in 1lane distribution of total
vehicles, However, there is a shift of approximately
20 percent from the inside lane to the middle lane
by trucks within the narrow lane construction cross
section over that observed in the full-width cross
section.

2. During nighttime operations there is a shift
of approximately 13 percent from the inside to the
middle lane by total vehicles within the narrow lane
construction cross section as opposed to 1lane
distribution in the full-width cross section. There
was also a shift of approximately 10 percent from
the inside to the outside lane by trucks within the
narrow lane construction cross section over a full-
width normal cross section.

3. There was little difference in middle lane
distribution of trucks between cross sections.

TABLE 7 Katy Freeway Transitway Project Free-Flow Distribution Statistical Analysis

Day Chi-Square Night
(inside/middle/outside) DF=2 (inside/middle/outside)
Off-Peak, Hourly Total Vehicle Volumes
Construction narrowed lanes? 2668/3235/2210 X2 = 168.72 1214/2414/1038
(33%/409%/27%)" P < 0.0001 (26%/52%(22%)"
Chi-square X¥=17.55 X? =208.59
DF=2 P < 0.0004 P < 0.0001
Normal full-width lanes® 1034/1332/1059 X?=61.87 1197/1099/763
(30%/39%/31%)0 P < 0.0001 (39%/36%/25%)®
Off-Peak, Hourly Truck Volumes
Construction narrowed lanes? 87/369/169 X2 =812 27/102/24
(14%/59%(27%) P<00172  (18%/67%/16%)"
Chi-square X? =48.86 X2 =532
DF=2 P < 0.0001 P < 0.0684
Normal full-width lanes® 75/84/52 g X2 = 16.84 20/47/5
(36%/40%]25%) P < 0.0005 (28%(65%/71%)°

Sample location—Campbell, Wirt (May 1984).
Percentage of total vehicle volume,

mple location—N. Wilcrest (May 1984).
Percentage of total truck volume.

C,
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Total accident experience was noted within the
limits of the construction project by segment for
equal time periods before and during construction.
These recorded values were related to segment length
as given in Table 1 and to the measured average
daily traffic also given in Table 1. This allowed
the data to be converted to accident rates {accidents
per 100 million vehicle-miles) that lend themselves
to statistical analysis for significance of change
(10) . Tables 8-11 give the impact on safety of the
transitway construction as measured by the changes
in accident rates. Three changes in accident rates
were statistically significant at the 5 percent
level. The overall accident rate increased between

TAntn e
ADLI

During-Construction Conditions
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the preconstruction and the during-construction
periods by 49 accidents per 100 million vehicle-miles
with a standard error of 22 accidents per 100 mil-
lion vehicle-miles. The Segment 3 accident rate
increased by 80 accidents per 100 million vehicle-
miles between the preconstruction and the during-
construction time periods with a standard error of
27 accidents per 100 million vehicle-miles. Finally,
between the preconstruction and the beginning-con-
struction time periods, the overall accident rate
increased by 82 accidents per 100 million vehicle-
miles with a standard error of 3 accidents per 100
million vehicle-miles, It is also important to notice
one difference that was not statistically signifi-

T-Tests of Differences in Accideni Raies for Preconsiruction Versus

Sample Mean Standard Standard
Segment Size Difference® Deviation Error T PR>ITI
1 9 15.05 66.20 22.07 0.68 0.515
2 7 54.27 133.43 50.43 1.08 0.323
3 5 79.52 60.82 27.20 2.92 0.043%
4 3 131.76 110.33 63.70 2.07 0.175
5 6 25.35 204.34 83.42 0.30 0.774
Overall 30 48.68 121.62 22.20 2.19 0.037°

2Duﬂngncons!mclion accident rates minus preconstruction accident rates.

Statistically significant at the 5 percent level.

TABLE 9 T-Tests of Differences in Accident Rates for Beginning- Versus

Ending-Construction Conditions

Sample Mean Standard Standard
Segment Size Difference® Deviation Error T PR>ITI
1 5 -14.11 97.03 43.39 -0.33 0.761
2 4 -44.50 78.00 39.00 -1.14 0.337
3 3 -66.60 34.02 19.64 -3.39 0.077
4 2 164.36 34,79 24.60 6.68 0.095
5 3 ~-71.98 39.07 22.56 =8.19 0.086
Overall 172 19.74 96.06 23.30 -0.85 0.409

aEnding-construction accident rates minus beginning-construction accident rates.

TABLE 10 T-Tests of Differences in Accident Rates for Beginning- Versus

Ending-Construction Conditions

Sample Mean Standard Standard
Segment Size Difference? Deviation FError T PR>ITI
1 4 44,75 43.72 21.86 2.05 0.133
2 3 49.37 202.64 117.00 0.42 0.714
3 2 117.64 64.90 45.90 2.56 0.237
4 1 21.14
5 3 159.45 128.12 73.97 2.16 0.164
Overall 13 81.68 114,71 31.81 2,51 0.025°
%Beziuning-comirunuon accident rates minus ending-construction accident rates.
S Hly significant at the 5 | level.
TABLE 11 T-Tests of Differences in Accident Rates for Preconstruction Versus
Ending-Construction Conditions

Sample Mean Standard Standard
Segment Size Difference?® Deviation Error T PR>ITI
1 5 -8.71 75.79 33.90 ~-0.26 0.810
2 4 57.94 90.49 45.25 1.28 0.290
3 3 54.10 53.57 30.93 1.75 0.220
4 2 187.08 77.40 54.73 3.42 0.181
5 3 -108.75 184.44 106.49 =1.02 0.415
Overall 17 23.44 124 01 20,08 Q.78 0,447

HEnding-construction accident rates minus preconstruction accident rates.
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cant: the mean difference in accident rates between
the preconstruction and the ending-construction time
periods was not significant at the 5 percent level.

SUMMARY OF RESULTS

The results of this
conclusions:

study suggest the following

l. Transitway construction, as instituted with a
detailed traffic control plan often involving many
ramp closures, has not appreciably decreased operat-
ing speeds.

2. The geometric restrictions imposed by tran-
sitway construction have not adversely affected
freeway volumes to the extent that current highway
capacity theory would predict.

3. The institution of narrowed lane cross sec-
tions and reduced lateral clearances on the inside
and the outside lanes along the transitway construc-
tion areas has resulted in a higher percentage of
trucks as well as total vehicles using the middle
and outer freeway lane.

4. Traffic safety was adversely affected during
the beginning of each step in the transitway con-
struction sequence. However, as time passed, drivers
were able to adjust to the traffic diversions and
highway geometric restrictions that accompanied
transitway construction.

RECOMMENDATIONS AND CONCLUSIONS

Retrofitting an HOV facility into the median of an
existing freeway is a difficult and potentially
hazardous task. In Houston, the narrow lane cross
sections and reduced lateral clearances that were
instituted along the transitway construction areas
raised fears of drastically reduced speeds and vol-
umes and increased accidents. In response, a de-
tailed traffic control plan was developed for the
management of freeway main-~lane traffic during tran-
sitway construction. This traffic control plan has
confronted the potential problems and minimized the
operational and safety impacts that could have re-
sulted from transitway retrofit construction.
Although the institution of narrowed freeway
lanes with little or no lateral clearances does not
produce ideal conditions for optimal freeway opera-
tion, it does allow the freeway to continue opera-
tion during extensive retrofit construction with
only minimal operational and safety impacts. Reduc-
ing lane widths and using emergency shoulders for
through traffic is much preferable to the more
traditional strategy of reducing the number of
through lanes available to peak-period traffic.
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ABSTRACT

The results of field studies conducted in Texas to evaluate selected methods of
slowing work zone traffic to acceptable speeds are presented. The studies were
performed at six work zone sites, including two rural freeway sites, one urban
freeway site, one urban arterial site, and two rural highway sites. The follow-
ing work zone speed control methods were studied: flagging, law enforcement,
changeable message signs (CMSs), effective lane width reduction, rumble strips,
and conventional regulatory and advisory speed signing. The study results indi-
cate that flagging and law enforcement are effective methods for controlling
speeds at work zones. The best flagging treatment tested reduced speeds an
average of 19 percent for all sites, and the best law enforcement treatment
reduced speeds an average of 18 percent. In contrast, the best changeable mes-
sage sign and effective lane width reduction treatments tested each reduced
speeds by only 7 percent. An innovative flagging procedure, a police traffic
controller, and a stationary patrol car were found to be the most effective
treatments on most highway types. A circulating patrol car and rumble strips
were found to be ineffective treatments for controlling work zone speeds. Al-
though conventional regulatory and advisory signing was found to be ineffective
in reducing work zone speeds, conventional speed signs are an essential compo-

nent of any work zone speed control effort.

Speed control through highway work zones has been a
topic of concern for several years (1,2). Recent
studies have indicated that excessive work zone
speeds can adversely affect the safety of the work
crew and motorists. For example, in reviewing rural
work zone accidents in Ohio, Nemeth and Migletz (3)
found that excessive speed was cited 5 1/2 times
more frequently than any other accident-producing
factor. Richards and Faulkner (4) observed that
speed violations contributed to 27 percent of the
work zone accidents in Texas compared to 15 percent
of non-work zone accidents. Humphreys et al. (2)
visited 103 work zones in several states and con-
cluded that unsafe speeds within work zones and in-
effective attempts at speed reduction are primary
causes of work zone accidents.

In an attempt to control work zone speeds, high-
way agencies have followed standard signing prac-
tices (i.e., posting regulatory or advisory speed
signs, or both). However, work zone drivers do not
always slow down in response to posted speed limits
(1).

Other methods, besides signing, have been tried
in an attempt to reduce work zone speeds to the de-
sired level. Table 1 gives some of these techniques
that were identified in a recent study (5). However,
the overall and relative effectiveness of many of
these techniques is unknown.

STUDY DESCRIPTION

Purpose and Scope

A series of field studies was conducted at several
work zones in Texas to (a) determine the effective-
ness of selected speed control methods in reducing
speeds at work zones on different types of highways
and (b) evaluate specific selected speed control
treatments (5,6).

The studles evaluated the short-term (or im-
mediate) effects of the selected speed control meth-

ods. It was not practical within the scope of the
research to leave speed control treatments in place
for extended time periods so that long-term effects
could be studied.

Speed Control Methods

Four principal speed control methods were selected
for full-scale field testing: flagging, law enforce-
ment, CMSs, and effective lane width reduction. In
addition, rumble strips were tested at two of the
sites. Conventional speed signing (requlatory or
advisory) was also evaluated as a base condition at
all sites.

Study Sites

The studies were conducted at six work zone sites on
four types of highways:

1. Undivided multilane arterial (one site)

2. Rural freeway (two sites)

3. Urban freeway (one site)

4. Rural two-lane, two-way highway (six sites)

Table 2 gives the study sites by highway and loca-
tion and also summarizes prevailing site conditions
including type of work activity, location of work,
traffic control strategy, traffic volumes, percent-
age trucks, and posted and prevailing speeds. Con-
struction or major maintenance work was in progress
at all of the sites during the studies.

Study Design and Treatments

The study approach was an incomplete factorial de-
sign in which several treatments within each speed
control approach were tested, but all treatments
were not tested at every site. Limitations in equip-
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TABLE 1 Work Zone Speed Control Methods
Method Description
Changeable message signs Changeable message signs are installed in the work zone to display speed advisories
based on real-time conditions,
Overhead flashing signals Flashing yellow lights are suspended over the travel lanes on span wire with or without
accompanying signing to warn of a hazardous condition,
Towa weave section Drivers are forced to negotiate a reverse curve created by cones upstream of the hazard
area,
Flagging A flagger, equipped with a paddle or flag, signals traffic to slow.
Pacing A special pace vehicle leads a line of vehicles through the work area at a reduced speed,
Rumble strips A series of raised strips is installed upstream of the hazard area.
Transverse striping A series of colored markings (usually white) is installed on the pavement upstream of
the hazard area.
Effective lane width Lane width is effectively narrowed to create a “funneling” effect.
reducing (“funneling”)
Law enforcement Law officers who may issue citations to speeders are deployed at the work zone.
Speed humps and bumps A hump or bump, designed to jolt vehicles traveling over a desired speed, is placed
across the travel lanes.
TABLE 2 Site Summary
Directional
Traffic Mean
Traffic Volume, VPH Approach Posted
Site Work Location of Control Average Trucks Speed Speed?
No. Location Type of Roadway Activity Work Activity Strategy (range) (%) (mph) (mph)
1 FM 1960 Urban 4-lane undivided Construction of Within normal Detour 800 15 54 35(R)
near arterial with continuous overhead travel lanes (650-950)
Houston left-turn land structure
2 1-35 Rural 4-lane freeway Pavement overlay  Left travel lane Left lane closure 1,150 10 60 45 (A)
near Kyle® (850-1,450)
3 I-35 Rural 4-lane freeway Interchange Off-roadway both  Normal travel 1,000 10 56 45 (R)
near Selma® reconstruction sides lanes open (850-1,050)
4 I-10in Urban 6-lane freeway Major Within normal Detour 1,550 20 60 40 (R)
Houston reconstruction travel lanes (1,300-1,750)
5 FM 2818 Rural 2-lane highway Widening to 4 Off-roadway ad- Shoulder use, 300 12 52 40 (A)
near Bryan lanes jacent to op- physical separa- (150-450)
posing lane tion from work
activity
6 SH 105 near  Rural 2-lane highway Widening to 4 Off-roadway ad- Physical separation 125 5-10 56 45 (R)
Navasota lanes jacent to travel from work (100-150)
lane activity
:Advisory speed Jimit = (A} regulatory speed limit = (R).
Taken from Nemeth and Migletz (3}
ment availability and institutional constraints made illustration of each one. Table 4 identifies which

it impractical to study all treatments at each site
(5). The following treatments were studied:

1. Flagging
* Manual on Uniform Traffic Control Devices
(MUTCD) flagging (7)
¢ Innovative fiégging (one side)
* Innovative flagging (both sides)
2. Law enforcement
* Stationary patrol car
* Police traffic controller
* Circulating patrol car
* Stationary patrol car--lights on
* Stationary patrol car--radar on
3. Changeable message sign
* CMS--speed messages only
* CMS--speed and informational message
¢ CMS--speed and informational (alternative
location)
4. Effective lane width reduction
* Lane width reduction--11.5 ft with cones
* Lane width reduction--12.5 ft with cones
5. Rumble strips--eight strips with decreasing
logarithmic spacings

Table 3 gives a summary of these treatments, and
Richards et al. (5) give a detailed description and

treatments were studied at each site.

All of the treatments were supplemented by an
advisory or regulatory speed sign displaying the de-
sired work zone speed. The signing was included at
the request of the highway agency for liability pro-
tection. In addition to its 1legal function, the
signing served a critical role in supporting and en-
hancing the intended speed message of the various
treatments. The highway agency established the posted
(desired) work zone speed at the sites.

Study Procedure

To perform the studies, one of the treatments was
installed, the necessary data were collected, and
then the treatment was removed. When the treatment
had been completely removed and traffic had returned
to normal, another treatment was installed and the
procedure was repeated. Treatments were installed in
one travel direction only. Allowing time for data
collection, each treatment was in place for 1 to 2
hr. In general, two or three treatments, plus a base
condition, were evaluated per day at a site. Thus
the studies took 3 to 4 days to complete at each
site. Studies were conducted only during daylight,
off-peak periods when traffic was free flowing.
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TABLE 3 Speed Control Treatments Evaluated
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Speed Control Method

Treatment

Description

Flagging

Law enforcement

CMS

Effective lane width
reduction

Conventional signing

Rumble strips®

MUTCD procedure
Innovative procedure

Stationary patrol car—lights and
radar off

Stationary patrol car—lights om,
radar off

Stationary patrol car—lights off,
radar on

Circulating patrol car®

Police traffic controller
Speed and informational message

Speed message only
Cones (12.5 ft)

Cones (11.5 ft)

Regulatory signing
Advisory signing

8 strips—decreasing spacing

Flagger equipped with red flag and orange vest performed “Alert and Slow” signal de-
tailed in Part VI, MUTCD.

MUTCD ““Alert and Slow”” signal enhanced by two additional movements: (a) flagger mo-
tioned traffic to slow with free hand then (b) pointed with free hand to nearby speed sign.

Marked patrol car parked on side of road parallel to traffic.

Marked patrol car parked on side of road parallel to traffic with flashing red and blue lights
on.

Marked patrol car parked on side of road perpendicular to traffic with radar on and pointed
toward traffic stream.

Marked patrol car continuously driven back and forth through work zone without lights or
radar on,

Uniformed officer standing on side of road next to speed sign and manually motioning traf-
fic to slow down.

One- or three-line bulb matrix sign displaying work zone information message plus a speed
advisory.

One- or three-line bulb matrix sign displaying speed advisory.

On two-lane highways, cones deployed to funnel traffic through a 12.5-ft-wide travel
path.

On multilane highways, cones positioned along the pavement edges leaving a 12.5-ft travel
path between the cones and lane lines.,

Same as above except the travel path width decreased to 11.5 ft.

Black-on-white regulatory speed sign with the desired work zone speed.

Black-on-orange advisory speed sign with the desired work zone speed.

Eight 1/2-in.-high, polycarbonate strips installed across the travel lane with decreasing spac-
ing, perpendicular to the travel direction,

ATested only on 2-lane highways,

TABLE 4 Summary of Treatments Studied by Site

Rural 2-Lane, 2-

Urban Rural Freeway Urban Way Highway
Arterial Freeway
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Treatment FM 1960 I-35 Kyle I-35 Selma  I-10 FM 2818 SH 105
MUTCD flagging X X X X X X
Ly
Innovative flagging X X X X X
Innovative flagging, both sides X X
Stationary patrol car X X xb X X X
L)
Police traffic controller X X X
Circulating patrol car X X
Stationary patrol, lights on X
Stationary patrol, radar on X
CMS speed-only message X X X
L)
CMS speed and informational message X X X
(e8]
CMS speed and advisory at alternate locations X
Effective lane width reduction, 11.5 ft X X X X X X
Effective lane width reduction, 12.5 ft X X X X X X
No signing X X X X X
Advisory speed signing X X
Regulatory speed signing X X X X X
Rumble strips X b, &

EAII treatments were implementod on the right unless noted by (L) indicating left implementation,
Hoth left- and right-side treatments were studied.
Rumble strips would not adhere to the pavement; thus no data were collected.

Data Collection

the treatment direction were included.

Every effort

Treatment effects on speeds were determined by eval-
uating speeds at three points (called "speed sta-
tions") within the work zone study sites. The first
speed station at each site was located upstream and
out of sight of any work zone signing or activity.
The second station was immediately downstream of
where the speed control treatments were implemented.
This station measured initial response to the treat-
ments. The third and final station was positioned
farther downstream of the treatment location to
determine if the treatments suppressed speeds beyond
the point of treatment.
For each treatment, 125-vehicle

were collected simultaneously at the
stations. Only free-flowing vehicles

speed samples
three speed
traveling in

was made to sample unbiasedly and randomly from the
total directional flow.

Speeds were determined by measuring vehicle travel
times through a marked distance on the roadway (i.e.,

"trap" section). A 200-ft "trap" length was used.
Travel times were manually measured and recorded
using digital, electronic stopwatches. This data

collection method allowed individual vehicle speeds
to be collected to within +2 mph.

Data Reduction and Analysis

The travel time data, classified by treatment type,
speed station, and site, were stored in computer
files. Individual travel times were then converted
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to speeds. Using the MEANS procedure of the Sta-
tistical Analysis System (SAS), mean speed and stan-
dard deviation statistics were calculated for each
station, treatment, and site combination. Speed
profiles were developed from the mean speed results,
and cumulative frequency distributions were generated
for selected treatments at each site.

Treatments were evaluated on the basis of their
effectiveness in reducing speeds at Station 2. Rela-
tive comparisons among the speed control treatments
were made by performing one-way analysis of variance
(ANOVA) tests and Duncan's multiple range tests
using the ANOVA procedure of SAS.

FIELD STUDY RESULTS
General Results

Figure 1 shows the performance of the various speed
control treatments at all six sites. The figure
shows the reductions in mean speed (in mph) and
percentage speed reduction attained by each treat-
ment on a site-by-site basis. The data in the figure
are based on driver responses at Station 2 to the
treatments and were generated by comparing mean
speeds when a treatment was in place to mean speeds
during the base condition. The posted speed at each
site is shown in the figure for reference.

Roadway Type

The small number of sites within each roadway cate-
gory made it difficult to fully assess the influence
of roadway type on speed control treatment perfor-
mance. Figure 1, however, does support some basic
trends related to roadway type observed during the
studies. In general, the speed control treatments
were less effective in reducing speeds at the urban
freeway site and more effective at the two-lane,
two-way highway and urban arterial sites. From Fig-
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ure 1, the best treatment at the urban freeway site
(Site 4) only reduced the mean speed by 6 mph. How-
ever, at the two-lane highway sites (Sites 5 and 6)
and the urban arterial site (Site 1), the best
treatment reduced the mean speeds by 16, 10, and 13
mph, respectively.

The data, with respect to roadway type, were
inconclusive for the rural freeway sites (Sites 2
and 3). At Site 2 the best treatment reduced mean
speed by 13 mph, but at Site 3 the best treatment
reduced the mean speed by only 7 mph.

Site Differences

It is important to recognize that some of the varia-
tion in method and treatment performance was due to
individual site differences. However, because the
work zones were generally complicated and diverse in
character, it is difficult to evaluate what effects
site differences had on the results. Nevertheless,
Figure 1 provides some evidence of the apparent site
effects.

Sites 5 and 6, for example, were both on two-lane,
two-way rural highways, and the type of work and
traffic control strategy were the same at both sites.
As shown in Figure 1, most of the speed control
treatments performed significantly better at Site 5.
Site characteristics that may have accounted for
this better performance are a matter of speculation.

Site 5 was nearer to an urban center, and it had
more repeat drivers, more turning traffic, more
trucks, and straighter alignment than Site 6. The

posted speed limit at Site 5 was also lower than at
Site 6 (40 versus 45 mph).

Posted Speed
A desired speed 1limit,

agency, was displayed at
"anchor" speed for the

selected by the highway
each site and used as an
treatments tested at the

® — Speed Reduction Needed
for the Mean Speed to
Equal the Posted Speed

0 —
Treatment Spaed Reduction
& 20 MPH
[nnovative
30 L. - Flagging ~——— == 16 MPH
atro ar
; = (Radar On boiee
nnovative
Flagging Innovative Traffic ———— 14 MPH
[ e E]agging 3 Controller
olice Traffic Ll Both Sides 13 MPH
S =13 MPH 4
Controller Innovative 13 MPH AUTED = == 12 MPH
. 12wy Flagging ——— & Patral Car g 17 MPH  Flagging i ;
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y y
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FIGURE1 Summary of speed control treatments by site.
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site. Fiqure 1 shows the regulatory or advisory
speed limit posted at each study site. As seen in
the figure, the posted speed limit varied from site
to site and ranged from 35 to 45 mph.

In Figure 1, it is seen that none of the treat-
ments tested rcduced mean speeds to the posted speed
limit at Site 1 (urban arterial), Site 3 (rural
freeway), or Site 4 (urban freeway). Apparently the
posted speed limit at these sites was simply too low
for most drivers to accept under the prevailing site
conditions. At the remaining sites, certain treat-
ments did reduce mean speeds to or below the posted
speed limit.

Method Performance

Table 5 gives a summary of the relative effective-
ness of the four speed control methods in reducing
work zone speeds. For each speed control method, the
table shows the range and average percentage
reduction in mean speeds observed across all sites
due to the method. The data in the table are based
on drivers' immediate response to the speed control
methods (i.e., at Station 2) and on the best treat-
ment within each method on a site-by-site basis.

TABLE 5 Effectiveness of Speed Control Methods*

Percentage Speed

Reduction
Method Range Average
Flagging 8-30 19
Llaw enforcement 8-27 18
Changeable message signs® 3-9 7
Lane width reduction with cones 0-16 7

3Based on best treatment within each speed control method on a site-by-
ite basis.
Reduetion in mean speed at Station 2 tlue to speed control method.
No CMS data were available for 2-lane, 2-way rural highways. The
average speed reduction shown for CMSs may therefore be misleading
(i.e., too low) because all the other speed control methods generally
performed better at the 2-lane, 2-way highway sites.

As seen in the table, flagging was the most ef-
fective overall method. The best tlagging treatment
reduced speeds from 8 to 30 percent, depending on
the site, and for all sites the best flagging treat-~
ments reduced speeds about 19 percent on average.

Law enforcement was also generally effective. The
best law enforcement treatments reduced speeds from
8 to 26 percent, depending on the site, and reduc-
tions averaged 18 percent for all sites.

CMSs were not tested at the two-lane, two-way
highway sites and thus caution should be exercised
in comparing the overall performance of CMSs with
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that of the other methods. At the freeway and urban
arterial sites, the best CMS treatments reduced
speeds from 3 to 9 percent, and on average they
reduced speeds 7 percent.

Effective lane width reduction using cones reduced
speeds an average of 7 percent. The effectiveness of
this method varied widely by site from no effect at
one site up to a 16 percent speed reduction at
another. It should be noted that more restrictive
treatments than those tested would likely result in
larger speed reductions. "More restrictive" refers
to the use of narrower lanes or more formidable
devices than cones (e.g., barrels or portable bar-
riers, or both).

The effects of the four speed control methods on
speed sample variance were analyzed on the basis of
standard deviation statistics and cumulative distri-
bution speed plots. The analyses revealed that none
of the methods generally altered speed variance.
However, certain individual speed control treatments
did significantly affect speed sample variance at
some sites. The effects of treatment and site on
speed variance are discussed in detail in the next
section.

Treatment Performance

Flagging Treatments

Table 6 gives a summary of the performance of the
various flagging treatments in terms of mean speed
reduction and percentage mean speed reduction. The
data in the table are based on drivers' responses to
the treatments at Station 2. The speed reductions
and percentage speed reductions were generated by
comparing the mean speed when a treatment was in
place to the mean speed during the base (i.e., sign-
ing only) condition.

The data in Table 6 indicate that the innovative
flagging treatment resulted in larger speed reduc-
tions than did standard MUTCD flagging at five of
the six study sites. (A direct comparison between
the two flagging treatments could not be made at
Site 2 because the number of flaggers differed by
treatment.) On one of the rural two-lane, two-way
highways (Site 5), for example, the innovative flag-
ging treatment reduced the mean speed by 16 mph (30
percent) and MUTCD flagging reduced the mean speed
by 12 mph (23 percent). It should be noted that the
difference between the innovative and the MUTCD
flagging treatments was small at some of the sites.
On the urban freeway (Site 4), for example, innova-
tive flagging reduced speeds by 4 mph (7 percent),
and MUTCD flagging reduced speeds by 3 mph (5 per-
cent).

The results of the ANOVA and Duncan's multiple
range tests indicated that the differences between
innovative flagging and MUTCD flagging were statis-

TABLE 6 Performance of Flagging Treatments in Terms of Reduction in Mean Speed at

Station 2

Reduction in Mean Speed (mmph)

Rural 2-lane

Urban Rural Freeway Urban Highway

Arterial —_— Freeway —mm
Flagging Treatment Site 1 Site 2 Site 3 Site 4 Site § Site 6
Innovative flagging 13:(24) 7(13) 47 16 (30) 10 (18)
Innovative flagging—both sides - 13 (22) - 5(8) - -
MUTCD flagging 11 (20) 7 (12) 4 (8) 34(5) 8(14)

INumbers in parentheses indicate percentages.
Not available.

12 (23)
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tically significant. The differences were only of
the magnitude of about 1 to 4 mph, however, and thus
they may or may not be significant from a traffic
safety and operational standpoint. Nevertheless, the
innovative flagging treatment did produce favorable
speed reduction results and allowed the flagger to
direct a specific speed message to drivers. MUTCD
flagging, on the other hand, displays a more general
"alert and slow" message.

The data in Table 6 reveal that the various flag-
ging treatments produced the greatest speed reduc-
tions at the two-lane, two-way highway and urban
arterial sites. They generally resulted in smaller
speed reductions at the freeway sites, particularly
the urban freeway site (Site 4)., The results suggest
that flagging may not be a solution for all situa-
tions in which it is desirable to reduce speeds at
work zones.

Table 6 does not clearly indicate if flagging
effectiveness is improved on freeways by using flag-
gers on both sides of the travel lanes. At Site 2,
innovative flagging on both sides reduced speeds by
13 mph (22 percent), whereas MUTCD flagging on one
side reduced speeds by 7 mph (12 percent). These
data suggest that using two flaggers may be bene-
ficial; however, they do not allow a direct com-
parison between one and two flaggers using the same
flagging approach.

Law Enforcement Treatments

Table 7 gives a summary of the performance of the
various law enforcement treatments. As seen in the

table, the police traffic controller treatment was
effective in slowing traffic at the three sites
where it was tested. At the urban arterial site

(Site 1), the police traffic controller reduced mean
speeds by 13 mph (26 percent) and at the two-lane,
two-way highway sites (Sites 5 and 6), it reduced
speeds by 14 and 9 mph (26 and 16 percent). A police
traffic controller was not evaluated at any of the
freeway sites because the participating police of-
ficers were reluctant to stand on the side of the
road, away from their vehicles, in the freeway en-
vironment. The officers cited two reasons for their
reluctance: some were concerned about their personal
safety, and others believed that the speed control
effort would be unsuccessful and thus an unproduc-
tive use of their talent and expertise.

A stationary patrol car was tested at all six
sites. This treatment effectively reduced mean speeds
between 4 and 12 mph (6 and 22 percent). It was most
successful at the urban arterial site (Site 1) and
least effective at the urban freeway site (Site 4).
At Site 4, a stationary patrol car was evaluated
with its lights on and then with its radar in opera-
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tion. Both of these treatments performed slightly
better than a stationary patrol car without 1lights
or radar. The stationary patrol car reduced mean
speeds at Site 4 by 3 mph (6 percent). When the
patrol car's overhead flashing 1lights were turned
on, the mean speed reduction increased only slightly
to 4 mph (8 percent). When the officer turned on a
hand-held radar gun and pointed it at passing motor-
ists, the mean speed reduction increased to 6 mph
(10 percent).

The circulating patrol car treatment was tested
only on the two-lane, two-way highway sites (Sites 5
and 6). It proved to be the least effective of all
the law enforcement treatments studied, reducing the
mean speed by only 2 mph (3 percent) at Site 5 and 3
mph (5 percent) at Site 6. The circulating patrol
car treatment was not evaluated at the other sites
because of its relatively poor performance on the
two-lane highway sites and because it would 1likely
be even less effective on divided, multilane road-
ways with limited access points.

The various law enforcement treatments, with one
notable exception, did not have much effect on speed
sample variance. The stationary patrol car without
lights or radar generally reduced speed sample stan-
dard deviation by 1 to 2 mph,

CMS Treatments

The performance of the two CMS treatments is sum-
marized in terms of mean speed reductions and per-
centage mean speed reductions in Table 8. From the
table, it is apparent that for a given site both
treatments had approximately the same effects on
speeds. Depending on the site, the "Speed-Only Mes-
sage" treatment reduced mean speeds in the range of
from 0 to 5 mph (0 to 9 percent), and the "Speed and
Information Message" also reduced speeds in the
range of from 0 to 5 mph.

The CMS treatments were least effective in slow-
ing drivers at the urban freeway site (Site 4).
Neither CMS treatment had any effect on speeds when
the CMS was located in the usual treatment location
(i.e., near the advance signing for the work zone).
However, when the sign was relocated closer to the
actual work area, the "Speed and Information Mes-—
sage" treatment reduced Station 2 speeds by 2 mph (3
percent) .

Neither of the CMS treatments had a statistically
significant effect on speed sample variance.

Effective Lane Width Reduction Treatments

Table 9 gives the performance of the two effective
lane width reduction treatments by site and roadway

TABLE 7 Performance of Law Enforcement Treatments in Terms of Reduction in Mean

Speed at Station 2

Reduction in Mean Speed (mph)

Rural 2-lane

Urban Rural Freeway Urban Highway

Arterial Freeway —
Law Enforcement Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Police traffic controller 13 (24)° b - - 14 (26) 9 (16)
Stationary patrol car 12 (22) 9 (15)¢ 5(8) 3(6) 7(14) 7(13)
Stationary patrol car with lights on - - - 4(8) - -
Stationary patrol car with radar on - - - 6 (10) - -
Circulating patrol car - - - - 2(3) 3(5)

ANumbery in parentheses indicate percentages.
CNol available,
Patrol car on left side of travel lanes.
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TABLE 8 Performance of CMS Treatments in Terms of Reduction in Mean Speed at

Station 2

Reduction in Mean Speed (mph)

Rural 2-Lane
Urban Rural Freeway Urban Highway
Arterial Freeway
CMS Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Speed-only message 3 (50 47 5(9) 0 (0) o -
Speed and information message 3(5) 5(8) 3(6) 2(3)° - -

:Numhun in parentheses indicate pergentages.
CNol avarilable.
CMS relocated nearer to the work zones,

TABLE 9 Performance of Effective Lane Width Reduction Treatments in Terms of Reduction

in Mean Speed at Station 2

Reduction in Mean Speed (mph)

Rural 2-Lane

Urban Rural Freeway® Urban Highway

Effective Lane Width Reduction Arterial® Freeway®

Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6

11.5-ft width using cones 4 (5)° 5(8) 2 (4) 0(0) 8 (16) 4(7)

12.5-ft width using cones 245} 2(3) 2(3) 0 (0) 7(13) 4(7)

“‘t.'onus placed on edges of pavement only,

.Cones placed on edge of pavement and centerline,

Mumbers in parentheses indicate percentages,
type. The data in the table indicate that the two actually decreased by 0.5 mph (i.e., the treatment
treatments, for a given site, had approximately the had no significant effect on variance).

same effect on speeds, with observed speed reduc-
tions ranging from 0 to 8 mph (0 to 16 percent) de-
pending on the site. The 11.5-ft lane width treat-
ment resulted in slightly higher speed reductions at
three of the six sites compared to the 12.5-ft
treatment. However, the differences between treat-
ments were not statistically or practically signifi-
cant.

It is important to note that the highway agency
would not allow cones to be placed on the lane lines
at any of the multilane sites (i.e., Sites 1-4) in
the interest of safety. Thus effective lane narrow-
ing at these sites was accomplished by placing cones
on the edges of the travel lanes. This may explain
why the treatments generally did not reduce speeds
as much at the multilane sites compared to the two-
lane, two-way highway sites. At the two-lane highway
sites, lane narrowing was accomplished by placing
cones on the edge of the travel lane and on the
centerline. Another important finding of the study
was that cones proved to be somewhat hazardous de-
vices for reducing lane widths to less than 12 ft.

The effective lane width reduction treatments had
some interesting effects on speed sample variance.
At every site except Site 6, the 11.5-ft treatment
resulted in a larger speed sample standard deviation
than the 12.5-ft treatment. At Site 6, the two
treatments resulted in about the same standard de-
viation.

The studies also revealed that when a treatment
was effective in slowing traffic at a site, it also
produced a higher speed sample variance. For exam-
ple, the 11.5-ft treatment produced an 8 mph (16
percent) reduction in mean speed at Site 5 but also
increased the standard deviation of the speed sample
by 2.4 mph. At Site 4, the 11.5-ft treatment had no
effect on the mean speed, and the standard deviation

Work Area Speeds

Speed data were collected at the study sites down-
stream of the treatment location to measure the
effects of the various speed control treatments on
traffic within the work area. The downstream station
(Station 3) was positioned 1/3 to 1/2 mi downstream
of the treatment location near the work activity.

The data from Station 3 were combined with data
from the upstream stations to generate speed profiles
for each site. The profiles illustrate the effects
of the speed control treatments upstream of and
entering the work area. As an example, Figure 2
shows speed profiles for selected treatments at the
urban arterial site (Site 1).

Figure 2 illustrates two important findings of
the studies. First, after being exposed to a par-
ticular speed control treatment, drivers continued
slowing down or at least maintained a reduced speed
as they approached and entered the work area. 1In
other words, drivers did not return to their normal

speed immediately after passing the speed control
treatment.
Second, most of the treatments (and especially

innovative flagging and a stationary patrol car in
Figure 2) reduced work area entry speeds well below
normal or base entry speeds. Thus the treatments
encouraged drivers to slow down much more than they
would have simply in response to sighting the work
activity. For example, the mean work area entry
speed at Site 1 was 50 mph under base (i.e., sign-
ing-only) conditions. The innovative flagging treat-
ment reduced the mean entry speed to 39 mph, and the
stationary patrol car treatment reduced the mean
entry speed to 41 mph. The 11.5-ft effective lane
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FIGURE 2 Speed profiles of selected treatments at Site 1 (urban arterial).

width reduction treatment and "Speed-Only Message"
CMS treatment reduced the mean work area speeds to
46 and 47 mph, respectively.

Statistical Significance

Figures 3-8 are bar charts that summarize the mean
speed data from Station 2 at each site. The figures

different speeds based on the results of Duncan's
multiple range tests. As seen in the figures, many
of the treatments were statistically different.
Because of the large sample sizes and consistent
variances, however, mean speed differences of as
little as 1 to 2 mph were found to be statistically
significant.

From a practical standpoint, a 1- to 2-mph mean
speed difference may not be significant because such
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FIGURE 3 Comparison of speed control treatment means at Site 1 (urban arterial).
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FIGURE 6 Comparison of speed control treatment means at Site 4 (urban freeway).
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FIGURE 7 Comparison of speed control treatment means at Site 5 (rural two-lane, two-way highway).
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FIGURE 8 Comparison of speed control treatment means at Site 6 (rural two-lane, two-
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surable effects on safety or traffic operations.
Mean speeds would probably have to differ by 4 mph
or more to support a contention that one treatment
was truly better than another. However, this is
merely speculation.

Speed Distributions

Figure 9 shows cumulative distribution plots of
Station 2 speed data for selected treatments tested
at the urban arterial site (Site 1l). Included in the
figure 1is a cumulative distribution plot for the
base (i.e., signing-only) condition. From the figure
it can be seen that certain of the speed control
treatments significantly shifted the speed distribu-
tion to the left of the base curve. This indicates
that these treatments lowered speeds in general
(i.e., both fast and slow drivers responded to the
speed control treatment). Most notably in Figure 9,
the innovative flagging and stationary patrol car
treatments shifted the speed distribution at Site 1.

It is also important to observe in Figure 9 that
all of the distribution curves shown in the figure
have approximately the same shape. This is further
evidence that the treatments did not generally af-
fect speed variance.

Safety Performance

As well as taking speed measurements, field person-

nel observed and recorded erratic maneuvers and
other evidence of safety problems. None of the
treatments resulted in any accidents or recurring

safety problems at any site. Only a few minor inci-
dences were witnessed during the studies:

1. At one of the two-lane, two-way highway sites
(Site 5) the flagger was at times too zealous and
aggressive in using the innovative flagging proce-
dure. As a result, a few drivers (i.e., three or
four in a l-hr period) overreacted and slowed exces-
sively. One driver even pulled onto the shoulder
thinking that he was supposed to stop. These prob-
lems were avoided at the remaining sites simply by
exercising proper flagging techniques.

2. At the two-lane, two-way highway sites (Sites
5 and 6) effective lane width reduction was accom-
plished by placing cones on the pavement edge and
centerline. When the 11.5-ft treatment was imple-
mented at these sites, cones were hit or blown out
of place on several occasions. On one occasion
several cones were hit by a truck and knocked into
the travel lane. Rather than running over the dis-
placed cones, a motorist stopped in a lane and got
out of his vehicle to move the cones. Several other
vehicles in turn were forced to stop and wait for
the motorist to move his car. In another incident, a
wide mobile home passed through the narrow lane
section and took out several cones.

3, At the freeway sites large trucks tended to
"straddle" the lane 1line within the narrow lane
section if other traffic was not present.

CONCLUSIONS

The study results, because of the relatively small
number of study sites and the incomplete factorial
design, do not answer all the gquestions concerning
the treatments tested, nor do they address all of
the critical issues relating to work zone speed
control. The results are significant, however, be-
cause they indicate that certain methods can be used
at some work zones to effectively slow drivers,
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which has positive effects on safety. Furthermore,
the study results provide insight into the factors
that influence work zone speeds and motorist response
to speed control techniques.
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Selection of Work Zone Channelizing Devices
Using the Value Engineering Approach

STEPHEN H. RICHARDS and CONRAD L. DUDEK

ABSTRACT

The use of value engineering for selecting work zone channelizing devices is
investigated. For illustration, the approach is used to select devices for a
lane closure taper at a rural freeway work zone. The results of the investiga-
tion indicate that value engineering can be a useful and practical work zone
traffic management tool. It provides an objective means of evaluating any number
of alternative channelizing devices using whatever performance and cost data
are available. Most important, it encourages the selection of low-cost devices
that are safe and effective under the prevailing work zone conditions.

There is a wide variety of channelizing devices cur-
rently available for use in highway work zones. The
Manual on Uniform Traffic Control Devices (MUTCD)
(1) presents basic design standards for these devices
and general guidelines for their use; however, it is
left up to the highway agency to decide where and
when to use particular devices or sets of devices.

Typically, work zone channelizing devices are
chosen on the basis of one of the following prac-
tices:

1. Select the device with the 1lowest initial
cost,

2. Select a device that is normally used by the
agency,

3. Select a device already in stock, or
4. Select the "very best" device just in case.

Each of these approaches has drawbacks, and collec-
tively they have resulted in inflated job costs,
unnecessarily large inventories, lack of uniformity,
and, in some cases, improper device use.

VALUE ENGINEERING APPROACH
The selection of the most appropriate channelizing

device for a work zone situation is a critical task.
It requires an objective consideration of several

factors including cost, safety, maintainability,
availability, wuniformity, project 1life, and work
zone conditions. Because there is currently no widely
accepted, objective means for selecting work zone
channelizing devices, the need for a proven approach
like value engineering is well founded.

Value engineering is a formalized problem-solving
approach directed at analyzing the function of an
item with the purpose of achieving the required func-
tion at the lowest overall cost (2) . Two features of
value engineering set it apart from other formal
problem-solving techniques. First, it is concerned
with function (i.e., identifying the desired func-
tion of an item or service). Second, it attempts to
establish the relative value of alternatives for
accomplishing a function.

The relationship between value (or worth as it is
often called) and function is expressed in the fol-
lowing equation (3):

Value = Functional performance/Cost

From this equation, it is seen that value may be
increased by (a) reducing costs, if performance is
maintained or (b) increasing performance, but only
if increased performance is needed and wanted and
the user is willing to pay for it, or both (a) and
(b) .

The intent of value engineering is to find solu-
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tions that achieve the required function at the
lowest overall cost. Value engineering does not
strive to save dollars; dollar savings are automatic
and maximum (4). In emphasizing function, value
engineering lessens the chance that existing hard-
ware limitations or established practices will con-
fine creative thinking. Thus value engineering pro-
motes objective and innovative problem solutions (2).

APPLICATION OF VALUE ENGINEERING

channelizing devices
approach involves 7

The selection of work zone
using the value engineering
steps:

1. Determine the intended purpose (function) of
the devices.

2. Identify available alternative devices.

3. Select appropriate measures of device per-
formance (i.e., a means of evaluating how well a
device performs its intended function).

4. Determine the performance of the alternative
devices on the basis of selected performance mea-
sures. (If it has not already been done, alterna-
tives that do not meet minimum performance criteria
should be excluded.)

5. Estimate the total cost of each acceptable
alternative.

6. Calculate the relative value of each accept-
able alternative, where value = performance/cost.

7. Select the alternative with the greatest
value.

Instead of describing each of these steps, the fol-
lowing sections will demonstrate how they are per-
formed in selecting taper devices for a lane closure
work zone. For the purpose of the illustration, data
from NCHRP Report 236 (5) are used.

WORK ZONE SCENARIO

Bridge deck repair work is planned for the north-
bound, right lane of a rural freeway (Figure 1). The
four-lane divided freeway carries low traffic vol-
umes, and speeds are generally high (e.g., 55 mph).
In the area of the work, sight distance is excellent
and there are no ramps.

The value engineering approach will be used to
select the channelizing devices for the lane closure
taper. It is anticipated that the right lane will be
closed, day and night, for approximately 2 weeks. It
is also assumed that the minimum taper length and
maximum device spacings recommended in the MUTCD
will be used and that only one type of channelizing
device will be used in the taper.

FUNCTION OF LANE CLOSURE TAPER

The first step in the value engineering analysis is
to identify function. To accomplish this, a func-
tional analysis of the channelizing devices used in
a freeway lane closure taper was performed by a team
consisting of five traffic engineers and one human
factors engineer. The team first identified the
various functions performed by channelizing devices
in a lane closure taper and then categorized them as
either basic or secondary functions.

A FAST diagram, based on the team input, for
taper devices was developed. The FAST diagram, shown
in Figure 2, indicates that the most basic function
of channelizing devices in a lane closure taper is
to display color or 1light, or both, to approaching
motorists. The pattern of color or light identifies
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FIGURE 1 Freeway work zone site layout.

the closure, defines the workspace, and identifies
the travel path.

AVAILABLE DEVICES

After device function has been assessed, the next
step in the value engineering analysis is to identify
alternative channelizing devices that perform the
required functions. Data from NCHRP Report 236 (5)
provide a basis for selecting appropriate candidate
devices. From this report, the following six types
of channelizing devices were selected as viable
alternatives for a freeway lane closure taper:

1. 3-ft x 12-in. Type I barricades,

2. 3-ft x 12-in. Type II barricades,

3. 12-in. x 36-in. vertical panels,

4, 36-in. cones with reflective strips,

5. 42-in. tubes with reflective strips, and
6. 55-gal. drums with reflective strips.

It is recognized that there are many other possible
alternatives, but these six serve the purpose of
this illustration.

MEASURE OF PERFORMANCE

The third step is to identify appropriate measures
of performance for the alternative devices. From
NCHRP Report 236 (5), two measures of performance
were selected:

1. Mean array (taper) detection distance and
2. Mean location of lane change relative to the
beginning of the taper.

These performance measures were selected because
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FIGURE 2 FAST diagram illustrating the basic functions of lane closure taper channelizing devices.

they correlate with the basic functions of taper
channelizing devices (Figure 2) and because there
are corresponding performance data available for
each alternative device. With respect to the detec-
tion distance measure, there also are data available
that provide a basis for establishing a minimum
level of performance (6).

In addition to performing the basic channelization
functions, it is essential that the alternatives per-
form required secondary functions. Secondary func-
tions might include maintainability, durability, ease
in placement and removal, sign support, and the like.
It is assumed that the six alternative devices sat-
isfy all the desired secondary functions at the free-
way lane closure site.

DEVICE PERFORMANCE

After appropriate measures of performance have been
selected, the next step is to determine device per=-
formance based on the established measures. Table 1
gives the mean array detection distance and the mean
lane change location for each of the candidate de-
vice arrays under day and night conditions. These
performance data were extracted from the NCHRP Re-
port 236.

With respect to array detection distance, research

TABLE 1 Mean Detection Distances and Lane Closure
Locations for Alternative Channelizing Devices (5)

Mean Lane
Change Location

Mean Array Detec- Relative to Taper

tion Distance (ft) (ft)
Device Type Day Night Day Night
Type I barricades 4,250 3,150 640 660
Type Il barricades 4,100 2,800 400 810
Vertical panels 4,400 3,300 370 500
Cones 4,400 1,450 460 250
Tubes 3,200 1,900 620 350
Drums 4,200 3,000° 540 560

3Estimate based on supplemental research by Texas Transportation Insitute.

by Richards and Dudek (6) suggests that the minimum
detection distance for a freeway lane closure taper
should be 1,000 ft, Types I and II barricades, ver-
tical panels, and drums provide detection distances
that greatly exceed this minimum value. However,
based on the NCHRP studies, cones and tubes may not
fully satisfy the minimum detection distance re-
quirement at night. This limitation should be recog-
nized and considered in selecting an appropriate
channelizing device for the 2-week freeway work zone.

A basic assumption in this value engineering
analysis is that channelizing device performance has
no upper limiting values. In other words, all of the
detection distance and lane change distance provided
by a device is useful and therefore has value. At
other work zones (e.g., on a minor city street or
where sight distance is physically limited by geo-
metric features), it might be desirable to establish
upper performance limits. For example, devices on a
city street may only need to be detected trom a
distance of 1,000 ft. Any detection distance greater
than 1,000 ft provided by a device would not be used
and should not be considered in computing value.

DEVICE COSTS

Cost data for the alternative devices were obtained
from a traffic control device supplier in Texas.
These data were used to generate the relative device
costs given in Table 2. It should be noted that the
costs in Table 2 were developed on the basis of some
simple and general assumptions. They serve the pur-
pose of illustrating the value engineering approach
but should not be considered as truly accurate cost
estimates.

DEVICE VALUE

Table 3 gives a value summary for the alternative
devices. The table shows the relative value of each
alternative device based on its ability to provide
detection distance and encourage early lane changes
under day and night conditions. The values in Table
3 were computed on the basis of the performance data
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TABLE 2 Device Cost

Cost Per
Device Type Device ($)
Type I barricades 40
Type II barricades 45
Vertical panels® 22
Cones’*© 18
Tubes?:¢ 22
Drums? 25

Bportable vertical panel mounted on
pitand,
4-in. reflective collar added.
Cost bused on 50 percent replacement
uring 2-week duration,
Two 4-in. reflective collars added.

TABLE 3 Relative Value of Alternative Devices

Device Cost per 100 ft
of Array Detection
Distance ($)

Device Cost per 100 ft
of Lane Change
Distance ($)

Device Type Day Night Day Night

Type I barricades 0.94° (S)b 1,27 (5) 6.25 (5) 6.06 (4)
Type II barricades 1.10 (6) 1.61(6) 11.25(6) 5.56 (3)
Vertical panels 0.50 (2) 0.67 (1) 5.95 (4) 4.40 (1)
Cones 0.41 (1) 1.24 (4) 3.91 (2) 7.20 (6)
Tubes 0.69 (4) 1.16 (3) 3.55 (1) 6.29 (5)
Drums 0.60 (3) 0.83 (2) 4.63 (3) 4.46 (2)

°Ifxnmplu caleulntion: Device cost per foot of array detection distance = Device
cost/Array detection distance = $40/4,250 ft = $0,0094/ft. Device cost per 100 ft
of array detection distance = $0.0094/ft x 100 = $0.94,
Ranking with respect to other devices (1 = best value).

in Table 1 and the cost data in Table 2 using the
basic equation: Value = Performance/Cost. However,
the values are expressed in inverse form in the
table (i.e., device cost per unit of performance).

It should be noted again that the minimum taper
length and maximum device spacing recommended in the
MUTCD were assumed for all the alternatives. Thus
each alternative array would contain the same number
of devices. For this reason the values in Table 3
are expressed in device cost rather than array cost.

DEVICE SELECTION

From Table 3, vertical panels and drums are "good
values" for combined day and night use at the free-
way work zone, and vertical panels by a slight margin
are the best value. From the table, a vertical panel
costs only $0.67 for every 100 ft of nighttime de-
tection distance it provides. This cost is slightly
lower than that of drums that cost $0.83 per 100 ft
of nighttime detection distance.

Vertical panels also are the best value for en-
couraging early lane changes at night. For each 100
ft of lane change distance, they cost $4.40. Drums
also are a good value at $4.46 per 100 ft of lane
change distance.

Both vertical panels and drums have
good value in the daytime. Only cones
represent a better daytime value.

Thus, based on the value engineering analysis,
vertical panels mounted on portable stands are
recommended for the freeway work zone. Drums could
be used as an alternate. Both of these devices are
relatively low cost ($22 and $25, respectively), and
they provide adequate performance, day and night.

relatively
and tubes

CONCLUSIONS AND RECOMMENDATIONS

Value engineering appears to be a useful and prac-
tical tool for selecting work zone channelizing de-
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vices. It provides an objective means of evaluating
any number of alternative devices using whatever
performance and cost data are available. Most im-
portant, it encourages the selection of low-cost
devices that are safe and effective under the as-
sumed conditions.

To be most effective, a value engineering study
should be based on comprehensive and accurate in-
formation. It is also important to use a team ap-
proach in which team members are well trained and
diverse in experience and technical background. For
these reasons, it is recognized that the value engi-
neering approach is most appropriate for central
office use. By pooling central office staff and
data-gathering resources, value engineering can be
used as an analytical tool for establishing work
zone traffic control standards and for planning and
allocating resources.
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Potential Impact of Speed Reduction at Freeway
Lane Closures: A Simulation Study

ZOLTAN A. NEMETH and AJAY K. RATHI

ABSTRACT

The objective of this study was to evaluate the potential impact of reduced
speed limits at temporary freeway lane closures at work zones at arbitrarily
assumed levels of compliance. Although some transportation engineers prefer to
reduce speeds at work zones to protect the working crew, others are hesitant to
introduce such a disturbance to the traffic flow. The study approach involved
simulation experimentation, using FREESIM, a microscopic, stochastic model. A
fractional factorial design was developed for the analysis of three independent
variables: two-lane volumes (800, 1,200, 1,500 and 1,800 vehicles per hour):
speed limits (55, 50, and 45 mph); and assumed compliance with speed limit (33,
66, and 100 percent). The number of uncomfortable decelerations and the vari-
ance of the speed distribution were selected as the dependent variables. These
two variables were offered as a measure of the internal friction created by the
merging of two-lane traffic into a single lane., It was hypothesized that this
internal friction is increased by the introduction of lower speed limits. The
results of this simulation study indicate that compliance with reduced speed
limits will have no significant impact on the number of uncomfortable decelera-
tions but will reduce variance in speed distribution. These results, therefore,
do not support the assumption that effective speed reduction at work zones would
create a potentially hazardous disturbance in the flow of traffic.

Freeway lane closures at work zones require properly
developed traffic control plans to minimize the dis-
turbance of the traffic flow and provide for the
safety of both drivers and working crew. The intro-
duction of reduced speed zones is a somewhat con-
troversial aspect of traffic control. Although, at
least intuitively, reduced speed implies greater
safety especially for the working crew, it intro-
duces a disturbance that may well have a negative
impact on the safety of the traffic flow.

The objective of this computer simulation study
was to evaluate the potential safety impacts of speed
zones at freeway lane closures at different levels
of assumed compliance. The specific configuration
selected for analysis was the closure of the median
(left or passing) lane on two-lane, rural freeway
sections.

it 1is generally recognized that posted speed
limits are not necessarily effective in reducing

mean speeds, although there are means by which the
effectiveness can be improved. This study, however,
was concerned only with the impact of the reduced
speed limits at specified levels of compliance on
the stability of traffic flow.

SIMULATION MODEL

FREESIM is a microscopic, stochastic simulation
model. The model logic is based on a rational de-
scription of the behavior of drivers in a lane
closure situation. The vehicles are advanced in the
system using the classical car-following approach.
The model simulates lane changing as well as over-
taking. The simulation program is written in SIM-
SCRIPT II.5 programming language (1l).

Verification of the simulation model included
operational testing of the simulation dynamics
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algorithms (i.e., car following and lane changing)
and sensitivity analysis of measures of effective-
ness to the exogenous (input) variables.

Validation of the simulation model was accom-
plished by the comparison of simulated time-headway,
speed, and merging distributions with four sets of
actual observations obtained from three different
rural freeway lane closure sites (2). Also, the
simulation model outputs on overall speed, flow,
throughput, and lane-changing frequencies were com-
pared with some well-known empirical data from the
literature.

The input requirements for implementing reduced
speed zoning are the reduced speed limit parameters
(i.e., legibility and perception-reaction time) for
the speed limit sign and the proportion of drivers
that complies with it.

DESIGN OF SIMULATION EXPERIMENTS

A fractional factorial design was developed for the
analysis of three independent variables: speed limit,
specified compliance with the speed 1limit, and two-
lane approach volume. Compliance levels of 0.33,
0.66, and 1.00 were used for each of the two reduced
speed limits implemented: 50 and 45 mph. Four levels
of two-lane approach volumes (vehicles per hour)
were used: 800, 1,200, 1,500, and 1,800. A total of
140 simulation runs were made: five "replications"
of each of the 28 combination of factor levels.
Because the objective of this study was to eval-
uate the safety impacts of speed zoning, two safety-
related measures of performance were selected:

1. The number of uncomfortable decelerations per
vehicle~hour (UNCOM.DECEL) and

2. The variance of speed distribution in the
open lane at the beginning of the transition zone
(i.e., taper).

UNCOM.DECEL is perhaps the best representation of
driver response to unexpected, potentially unsafe
conditions. An uncomfortable deceleration is defined
as one that exceeds by more than 2 ft/sec? what is
normally considered the comfortable deceleration
rate for vehicular traffic at a given speed [see
Table 2.7 of The Transportation and Traffic Engi-
neering Handbook (3)].

FINDINGS

The average UNCOM.DECEL and the variance of speed at
a transition zone in the open lane, for each combi-
nation of factor levels, are given in Tables 1 and
2, respectively. The impacts of reduced speed zoning
on uncomfortable decelerations and on variance of
speed are discussed separately.

Uncomfortable Decelerations

The base condition is represented by the 55 mph speed
limit condition. In this case, each driver has a
desired speed assigned from one of two normal dis-
tributions (means: 52.8 mph inner lane, 57.2 mph
passing lane) intended to represent near free flow
conditions.

It is quite clear that the UNCOM.DECEL increases
rapidly as volumes approach single lane capacity. The
question is: will compliance with a reduced speed
limit compound the problem or will it offset it?

Compared to the base case, some reduction in the
UNCOM.DECEL is observed in most cells in Table 1.
Note, however, that changes due to compliance with
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TABLE 1 Average Number of Uncomfortable Decelerations
per Vehicle-Hour

Speed Volume (vph)

Limit Compliance

(mph) (%) 800 1,200 1,500 1,800

93 0.0465 0.1130 0.2784 0.6989

50 33 0.0485 0.0947 0.2187 0.6767
66 0.0525 0.0990 0.2808 0.6767
100 0.0550 0.0937 0.3037 0.8416

45 33 0.0550 0.0847 0.2221 0.5453
66 0.0465 0.1063 0.2597 0.6544
100 0.0470 0.0837 0.2795 0.5844

TABLE 2 Variance of Speed (miles?/hr?) at the Beginning of
the Transition Zone in the Open Lane

Speed Volume (vph)

Limit Compliance

(mph) (%) 800 1,200 1,500 1,800

55 33.69 44.41 80.19 102.11

50 33 21:35 38.43 62.00 97.07
66 17.90 26.43 81.89 107.45
100 9.80 22.26 84.49 112.35

45 33 26.37 32.47 53.90 83.12
66 18.05 2519 56.59 81.63
100 10.14 20.07 64.83 84.70

reduced speed limits are insignificant in comparison
to changes due to variation in volume.

Overall, reduced speed limits have a mostly posi-
tive but negligible, in magnitude, impact on uncom-
fortable decelerations.

Variance of Speed Distribution

The variance of speed distribution at the taper is
suggested as another measure of disturbance created
by the forced merge of two-lane traffic into a single
lane. To facilitate the interpretation of the results
of the simulation study, the mean speeds are also
presented (Table 3). In the base case situation (at
55 mph speed limit), the mean speeds drop by about
10 mph as volumes increase from 800 to 1,800 vehi-
cles per hour (vph). This is not unexpected as prac-
tically all the approaching vehicles will be travel-
ing in the open lane at the beginning of the taper,
having completed the necessary merging maneuvers.
Because mean speeds are near or below 50 mph, com-
pliance with a posted 50 mph speed limit would have
little impact on mean speeds, especially at higher
volumes. The data presented in Table 3 confirm this
expectation. The reduction in speed variance is also
limited to the lower volume ranges (Table 2).

Compliance with a 45 mph speed limit, however,

TABLE 3 Mean Speed (mph) at the Beginning of the
Transition Zone in the Open Lane

Speed Volume (vph)
Limit Compliance
(mph) (%) 800 1,200 1,500 1,800
55 51,13 49.03 45.66 41.59
50 33 50.33 48.70 46.06 41.88
66 49.68 48.67 45.26 41.63
100 49.43 48.46 45.11 41.34
45 33 48.62 47.20 44.20 40.43
66 45.60 44.68 42.25 39.37
100 44.59 44,10 41.20 39.06
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would result in both lower mean speeds and lower
speed variances. The reduction in speed variance due
to compliance with the 45 mph speed limit can offset
or reduce considerably the impact of increased vol-
umes. For example, at 1,800 vph, the speed variance
at 45 mph is only slightly higher (83.12, 81.63,
84.70) than the 55 mph speed variance at 1,500 wvph
(80.19).

DISCUSSION OF RESULTS

There are two opposing interests in effect at work
zones involving freeway lane closures. The protec-
tion of the working crew appears to require speed
reduction to minimize the potential impact of cars
accidentally crashing into the working zone. The
obvious interest of the driving population is to
pass by working zones without delay or disturbance.

This study was undertaken to test the hypothesis
that the introduction of speed reduction will in-
crease the disturbance created in the traffic flow
by the lane closure. The simulation study, however,
did not generate any evidence to support this as-
sumption.

Compliance with either the 50 mph or the 45 mph
speed limit had negligible impact on uncomfortable
decelerations.,

Compliance with the 50 mph speed limit resulted
in a small reduction in the variance of speed reduc-
tion at lower volume ranges. At higher volume ranges,
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the changes were largely negligible. It was noted
that at higher volumes the mean speeds were con-
siderably lower than 50 mph even before the intro-
duction of speed control. Both mean speed and vari-
ance of speed distribution were found to be strongly
volume dependent.

Compliance with the 45 mph speed limit, howeve
offset at least partly the increase in speed var
ance created by increased volume levels.

-
7
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Guidelines for Positive Barrier Use in Construction

DEAN L. SICKING
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Zones

ABSTRACT

The need for positive barriers in construction zones is now based on individual
judgment, and there is an expressed need for objective barrier placement crite-
ria. The number, diversity, and variability of factors that affect barrier need
within a work zone eliminate the possibility of development of a set of totally
objective guidelines appropriate for any given circumstance. In an effort to
develop procedures for determining barrier need at a given site, a computer
program, which determines barrier warrants based on a benefit-cost algorithm,
was developed. This program was adapted for use on microcomputers with a user
friendly system that greatly simplifies its use. Further, a set of use guide-
lines for portable concrete barriers (PCBs) was developed for typical work
zone sites through the application of the benefit-cost computer program. Bar-
rier end treatment use guidelines were also developed with the computer pro-
gram. End treatments studied included flaring the barrier away from the travel-
way and two crash cushions. The optimum flare rate for flared end treatments
was found to be 10:1. Crash cushion end treatments were found to be cost bene-
ficial relative to flared end treatments only at extremely high traffic volumes.

Considerable attention has been focused on hazards
in construction zones that endanger both the travel-
ing public and working personnel. Efforts are being
made on the national and state 1level to improve
safety in these zones. Many studies have been and
are being made to evaluate traffic management and
control measures, accident data, driver needs, and
delineation devices, and to develop positive bar-
riers for work zones.

A major problem highway engineers have faced is
the absence of objective guidelines for selection
and deployment of positive barriers in work zones.
Engineers from 9 states were recently surveyed to
determine the current practices regarding the use of
positive barriers in construction zones. In general,
the survey showed that judgment is the prevalent
means by which most states establish barrier need
and that the use of positive barriers in construc-
tion zones 1is determined on a project-by-project
basis. Further, most of the engineers surveyed ex-
pressed a need for objective guidelines for positive
barrier use in construction zones.

The benefit-cost method of evaluating safety
alternatives has gained widespread acceptance in
recent years. This method 1is normally based on
either accident data analysis or encroachment proba-
bility predictions of accident frequency and severity
that can be expected with each safety alternative.

Numerous accident data studies have attempted to
quantify the frequency and severity of work zone
accidents as a function of work zone characteristics
(1-5). General findings were: accident rates typi-
cgily show a moderate increase when good traffic
control policies are implemented; lane closures,
bridge work, and reconstruction of roadways create
higher accident rates; there are no clear relation-
ships between work zone characteristics and accident
rates and severity; rear-end, head-on, and fixed-~
object accident rates increase greatly; and accident
severities do not increase significantly. Ideally,
accident data should provide estimates of work zone
accident rates and severities. However, such esti-
mates are impossible to obtain because of the limited
quantity and lack of sufficient detail in existing
work zone accident data records.

Encroachment probability models are more general
in nature and can be adapted to fit almost any high-
way or work zone configuration. Therefore, this re-
search was undertaken to use benefit-cost methodology
with an encroachment probability model to develop
simplified objective guidelines for the use of posi-
tive barriers in construction zones., The findings of
a research project completed in 1983 (6) are de-
scribed. The reader should refer to the cited report
for more detailed information about this study.

REVIEW OF TEMPORARY BARRIER DESIGNS

A review of practices in selected states was made to
determine the types of temporary positive barriers
and barrier end treatments in use. With few excep-
tions, portable concrete barrier (PCB) designs are
being used when a positive barrier is determined to
be warranted. Some typical installations of the bar-
rier are shown in Figure 1. A variety of end treat-
ments has been used on portable concrete barriers
including the construction zone GREATcz barrier (7),
sand-filled plastic barrels, and flaring the barrier
away from the travelway. Of these end treatments,
only the GREATcz crash cushion has been crash tested
and proven to meet existing performance standards.
Another end treatment that has passed recommended
performance testing is the steel drum and sand crash
cushion (8). Although this cushion has only recently
been developed and has little field experience, it
offers a low-cost alternative to the GREATcz. Fiqure
2 shows the two PCB end treatments that have passed
recommended crash tests.

IMPACT PERFORMANCE

In developing guidelines for positive barrier use in
construction zones, the impact conditions for which
a barrier will perform adequately, or performance
level, must be quantified. It is generally known
that the degree of impact loading or "impact sever-—
ity" experienced by a barrier during an accident is
related to mass, velocity, and impact angle of the
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FIGURE 1 Typical use of precast concrete safety shape barriers in
work zones: top, bridge widening projeci; bottom, construction
overpass.
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FIGURE 2 End treatments for portahle conerete harriers that have

been tested successfully: top, GREATcz; bottom, barrel and sand.
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vehicle striking the barrier. Studies have shown the
following relationship to be good indicator of impact
severity and the demands imposed on longitudinal bar-
riers (9-11):

IS = 1/2 m(V sing)?

where
IS = impact severity (ft-1b),
m = vehicle mass (lb-sec?/ft),
V = vehicle impact velocity (ft/sec), and
8 = vehicle impact angle (angle between

resultant velocity vector of vehicle and face
of barrier).

For any barrier system there is a limiting value
of IS beyond which the barrier will not contain or
smoothly redirect the impacting vehicle, or both.
The limiting value of IS is defined herein as the
barrier's "performance level" (PL). When a vehicle
strikes the barrier with an IS greater than its PL,
the vehicle may penetrate the barrier. Table 1 gives
a summary of performance levels established by Ivey
(9) for many commonly used work zone barrier designs.

TABLE 1 FEstimate of Performance Limit for
Representative Work Zone Barriers (9)

Performance Estimated
Level, PL Displacement

Description of Joint (ft-kips) (ft)?

Tongue and groove 20.4 1.0

Steel dowel 20.4 1.0

Lapped joint 36.5 1.0

Pin and rebar 97.3 2.0

Vertical I-beam 97,3 1.0

Channel splice 97.3 2.0

3Values given are deflections expected to occur at given PL,

BARRIER COSTS

As part of the subject study, researchers at the
Highway Safety Research Center (HSRC), University of
North Carolina, gathered barrier cost and labor re-
quirement intformation from six work zones in four
different states. The work zones studied employed
PCB barriers with performance levels (PL) ranging
from 20,000 to 97,000 ft-1lb. As part of another
study, costs and labor associated with the use of
PCBs were examined (9). Data from these sources were
used to arrive at nominal cost figures for commonly
used PCBs. A major finding was that high-performance
precast concrete barriers are not significantly more
costly than are low-performance barriers. The initial
cost of PCBs with a PL of 96,000 ft-1b was found to
be approximately $21.00 per foot and the salvage
value was estimated at $10.50 per foot. Normal main-
tenance costs, exclusive of accident damage repair
costs, were found to be quite low.

Another important cost is that required to restore
a damaged barrier following impact by an errant ve-
hicle. Barrier damage 1is generally believed to be
proportional to the degree of impact loading on the
barrier. As discussed earlier, barrier loading can
be quantified by the impact severity (IS), and it
follows that barrier repair costs should be roughly
proportional to IS.

Average costs to repair PCBs have been collected
from a limited number of highway work zones as men-

i i < A wAmame~ havra Fatind Lhab o Tawea
ticned previcusly. The researchers found that a large

number of impacts caused no barrier damage and that
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the average cost to repair PCBs after accidents
causing damage was approximately $100. Accident
reports were also collected from the construction
zones studied. Some of the accident reports show
estimated impact conditions and barrier repair costs.
PCB crash test reports also give impact conditions
and barrier damage. Data from these two sources were
used to develop a straight line least squares fit
between IS and barrier repair costs. Figure 3 shows
the relationship developed and the raw data points.
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FIGURE 3 PCB repair costs.

Estimates of end treatment costs were limited to
the two systems that have been successfully crash
tested as end treatments for concrete barriers, the
GREATcz and the steel drum and sand cushion. Initial
cost estimates for the GREATcz system were obtained
from the manufacturer. Similar estimates for the
steel drum and sand cushion were obtained through
basic cost estimating procedures. Table 2 gives
estimated costs for the two systems. End treatment
repair costs for the steel drum and sand cushion
were estimated from crash test results. GREATcz sys-
tem repair costs were assumed to be half those of
the steel drum and sand system. Plots of repair cost

TABLE 2 Crash Cushion Costs and Impact Severities

Barrel and

Sand Crash GREATcz

Cushion Crash Cushion
Initial cost (§) 4,000.00 11,000.00
Salvage value ($) 2,500.00 8,000.00
Maintenance cost ($/yr) 200.00 100.00
Severity index corresponding to

60 mph impact 5.0 5.0

versus IS for the two end treatments are shown in
Figure 4.

BENEFIT-COST METHODOLOGY

The benefit-~cost methodology compares the benefits
derived from a safety improvement to the direct
highway agency costs incurred as a result of the
improvement. Benefits are measured in terms of re-
ductions in societal costs due to decreases in the
number or severity, or both, of accidents. Direct
highway agency costs are comprised of initial, main-
tenance, and repair costs of a proposed improvement.
A ratio between the benefits and costs of an im-
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FIGURE 4 Repair costs for crash cushion end treatments.

provement is used to determine if the improvement is
cost beneficial:

B/Co-1 = (SC; = 8C3)/(DCy; - DCy)
where
B/Cy-1 = benefit-to-cost ratio of Alternative 1
compared to 2,

societal cost of Alternative 1, and
direct cost of Alternative 1.

5Cq
DCy

When studying the cost effectiveness of work zone
barriers, safety treatment Alternative 1 is normally
an unprotected work zone and Alternative 2 is PCB
protection of the work zone.

The benefit-to~cost ratio makes possible compari-
son of the benefits and costs of two alternatives,
one of which is normally viewed as a safety improve-
ment in comparison with the other. If the improvement
has a benefit-to-cost ratio less than 1.0, the im-
provement normally should not be implemented. It
does not follow, however, that all improvements with
a benefit-to-cost ratio greater than 1.0 can be im-
plemented. Budgeting limitations prevent the funding
of all projects that have a benefit-to-cost ratio of
1.0 or more.

ESTIMATION OF BENEFITS AND COSTS

Benefits or reductions in societal accident costs
and safety improvement repair costs can only be
estimated through predictions of accident frequency
and severity. As mentioned previously, an encroach-
ment probability model is the only available method
of predicting construction zone accident frequency
and severity. Encroachment probability models have
been used by numerous authors to predict roadside
accident frequencies and severities (12-15). A simi~
lar model with certain improvements was used in this
study. The most notable improvement was the develop-
ment of a procedure to estimate the frequency of
multiple vehicle accidents resulting from automobiles
inadvertently crossing the centerline of a two-lane,
two-way highway.

The societal cost or severity of an accident and
the damage incurred by highway appurtenances due to
an accident are related to many factors, including
object struck and speed and angle of impact. Quanti-
fication of the costs associated with a predicted
accident is therefore a formidable task.

Accident severity has frequently been measured in
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terms of severity indices as shown in the 1977 AASHTO
Barrier Guide (13). To a limited extent the severity
indices associated with accidents involving certain
roadside features such as barriers, signs, ditches,
and driveways have been determined via crash testing,
computer simulation, and accident data. However,
severity indices for many features had to be inferred
or extrapolated from limited data, as shown in Fig-
ures 5 and 6. Techniques for determining severity
indices used in the present effort are presented
elsewhere (6).
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FIGURE 5 Accident severity versus impact speed for PCB.
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FIGURE 6 Impact severities of construction zone activities.

Direct costs arising from safety appurtenance
repair can be estimated from crash test results and
available accident data as described previously.
Direct initial costs and normal maintenance costs
can be determined through basic cost estimating pro-
cedures or previous contractor bids.

ASSUMPTIONS AND LIMITATIONS

A number of assumptions are necessary in an analysis
of the type employed herein. These assumptions are
as follows:

1. It was assumed that recommended traffic con-
trol and delineation devices (16) will be used re-
gardless of the presence or absence of a positive
barrier.

2, It was assumed that the rate of inadvertent
encroachments trom the travelway will not be altered
by the presence of a positive barrier. The validity
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of this assumption depends to a large degree on the
validity of Assumption 1.

3. It was assumed that the use of a positive
barrier will not, on the average, appreciably alter
access to the work zone. In other words, it was as-
sumed that the total direct cost of a project, ex-

cluding barrier costs, is not altered by
of positive barriers. It 1is believed that worker
productivity will be enhanced by the presence of a
barrier, balancing any negative effects the re-

striction of access may have.

is not altered by the presence

The analysis procedures and results presented
herein, when combined with good engineering judgment,
should enable an agency to develop a rational and
uniform set of quidelines for the use of work zone
barriers. However, the guidelines should not be
viewed as absolute because of the diverse and com-
plex nature of the problem and the inexactness of
the analysis procedure. Those responsible for estab-
lishing policies for barrier use should become fa-
miliar with the procedure, its limitations, and the
input parameters used in developing the criteria.

APPLICATION OF BENEFIT-COST METHODOLOGY

A computer program was written to facilitate imple-
mentation of the benefit-cost methodology. The
original version of the program was written for use
on a mainframe computer. The guidelines presented
herein were determined by application of this pro-
gram. The methodology has also been programmed for
use on microcomputers with user friendly input fea-
tures. This version of the program will allow engi-
neers to apply the benefit-cost methodology to in-
dividual work zones.

BARRIER END TREATMENT

Barrier end treatments are a major factor in the
cost-effectiveness of work zone barriers. Two basic
treatments were examined, namely flaring the barrier
away from the travelway and crash cushions.

For analysis of flared end treatments, it was
assumed that the flare would begin at the upstream
end of the work zone. If sufficient room is available
to start this flare before the end of the zone,
flaring the barrier becomes more cost beneficial
relative to other end treatments. Three different
barrier flare rates, 17:1, 10:1, and 6:1, were
examined over a wide range of barrier end offsets.
General findings were that the 6:1 and 10:1 flare
rates were approximately equivalent, and that both
end treatments are cost-effective over a wide range
of conditions. The 10:1 flare rate is recommended
because it provides a somewhat safer treatment at
essentially the same cost. A 10:1 flared end treat-
ment with a flare offset of 20 ft was found to be
cost-effective over a wide range of conditions and
was therefore used for all subsequent studies. Al-
though the 17:1 flare rate was not found to be cost-
effective compared to the other flare rates, this
flare rate is the most cost beneficial when the
flared region can be started within the required
work zone because the flared region does not increase
the required length of barrier.

The two crash cushions studied were the GREATcz
(7) construction zone crash cushion and a steel drum
and sand cushion (8). Estimated crash cushion costs
are given in Table 2 and shown in Figure 4. Figure 7
shows the traffic volumes and barrier offsets at
which each of the two cushions first becomes cost
beneficial. Surprisingly, these end treatments do
not appear to be cost beneticial until traffic vol-
umes become relatively high. Note that the higher
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FIGURE 7 Guidelines for use of crash cushion end
treatments (project duration = 1 year).

cost GREATcz crash cushion was not found to be more
cost beneficial than the steel drum and sand cushion
under any highway condition studied and that, for
most reasonable traffic volumes, flaring the barrier
was found to be more cost-effective than either crash
cushion.

GUIDELINES FOR BARRIER USE IN SPECIFIC WORK ZONE
ACTIVITIES

During the early phases of the study, numerous high-
way work zones across the country were visited and
construction activities were photographically re-
corded. Films of these work zones were carefully
reviewed in an effort to determine activities,
distributions of obstacles and construction person-
nel, zone length, project duration, and so forth
found in typical construction zones. This analysis
revealed that, from the standpoint of number, type,
and offset of roadside hazards, no two construction
zones are alike. However, it was found that a large
percentage of work zone activities can be placed in
one of three basic categories. These are roadway
widening, bridge widening, and construction of road-
side structures such as bridge piers for an overpass
structure.

It was impossible to define a single typical work
zone for each of the construction zone categories
identified. However, project-dependent parameters
such as project duration, construction zone length,
and number of rigid hazards were then varied over a
limited range to determine a group of "typical" work
zones for each construction zone classification.
Guidelines were then developed for barrier deploy-
ment in each typical zone.

Another common construction zone activity of
interest is the use of two-lane, two-way operations
(TLTWO) on what is normally a divided highway. Fewer
unknown parameters are of significance to this type
of activity, and it was therefore not necessary to
define a typical zone to develop barrier need. In
addition to developing guidelines for barrier use in
the TLTWO, an attempt was made to determine an opti-
mum geometric configuration or layout for the bar-
rier.

Barrier end treatments are a major factor in the
cost-effectiveness of work zone barriers, As men-
tioned previously, flaring the barrier away from the
travelway at a 10:1 flare rate over a distance of
200 ft was found to be cost beneficial over a wide
range of conditions. This end treatment was used for
all barrier applications studied.
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BARRIER WIDENING

At the initiation of a bridge widening project,
traffic is normally shielded from the construction
zone by the existing bridge rail. After the bridge
rail is removed, traffic exposure to the work zone
can normally be divided into three distinct phases.
During the initial phase, new bridge deck is under
construction and a dropoff exists near the edge of
the travelway. The new deck 1is poured during the
second phase and the dropoff is moved to the edge of
the new traffic lanes. The final phase is completed
after the new bridge rail is in place and traffic is
no longer exposed to a dropoff. Each of these phases
is assumed to comprise one-third of the entire proj-
ect duration.

Other hazards assumed to be present in the bridge
widening construction zone included either four or
eight workers and two large pieces of equipment. The
equipment hazards were assumed to be in the zone
only during the final phase of the project. Figure 8
shows the assumed locations of the workers and
equipment in a bridge widening work zone. It should
be noted that the lateral position of workers and
equipment and equipment size affect the probability
that a vehicle will strike these hazards. It was
assumed that the longitudinal position of these
objects had no influence on probability of impact.

Eight typical work zones were established for the
bridge widening project. Variations between the
zones involve the number of workers, the number of
heavy equipment hazards, and the severity of the
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FIGURE 8 Typical bridge widening construction zone.
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dropoff hazards. A bridge normally crosses a highway
or a terrain discontinuity such as a river or a
stream. The severity index associated with a vehicle
running off a bridge at a grade separation was as-
sumed to be approximately 15 percent greater than
the severity index for leaving a bridge over a ter-
rain discontinuity.

Figure 8 also shows the assumed geometric con-
figurations of a construction zone barrier used to
shield traffic from a bridge widening project. Al-
though not explicitly shown in this figure, the
roadway is assumed to be a four-lane divided highway
and is typical of many roadside construction =zones

studied. For divided highways, traffic exposed to
the work zone is only one-half the total traffic
volume.

Guidelines for deployment of the PCB were devel-
oped for each of the bridge widening zones studied
in the form shown in Figure 9. The line plotted in
this figure corresponds to a benefit-to-cost ratio
of 1.0 for a project duration of 1 year. As shown in

Figure 9, barrier need decreases sharply as highway
operating speed decreases.
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FIGURE 9 Typical guidelines for PCB protection of bridge
widening zones (bridge over grade separation).

Guidelines such as those shown in Fiqgure 9 can be
used to determine when barrier implementation be-
comes cost-effective. Use of the gquidelines is il-
lustrated in the following example for a bridge
widening project.

Example 1
Typical Bridge Widening Zone 1
(bridge over a grade separation)

Operating speed 50 mph
Project duration 1.0 yr
Average daily traffic 20,000 ADT

From Figure 9 the benefit-to-cost ratio of PCB use
is determined to be greater than 1.0 and barrier use
merits further consideration. As has been discussed,
the decision should be made 1in conjunction with
benefit-cost analyses of other safety projects in
view of limited safety funds.

ROADWAY WIDENING

Hazards located in roadway widening projects are

normally limited to four basic types: construction
personnel, dropoffs, heavy equipment, and 1light
equipment. Figure 10 shows the assumed hazard dis-

tribution and barrier configuration for a roadway
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FIGURE 10 Typical roadway widening

construction zone.

widening project. Sixteen typical work zones were
established for roadway widening construction proj-
ects. Variations among the zones include number of
construction personnel, number of heavy eguipment
hazards, work zone offset, and depth of dropoff. The
pavement edge dropoff is assumed to be either 1 ft
for simple pavement widening or 10 ft for vertical
realignment projects.

Guidelines for PCB barrier implementation were
again developed for each of the 16 typical roadway
widening zones. Combinations of construction zone
length and average daily traffic (ADT) which produce
a benefit-to-cost ratio of 1.0 were plotted as shown
in Figure 11. Use of these guidelines is demonstrated
in the following example.

Example 2
Typical Roadway Widening Zone 4
(vertical realignment--dropoff depth = 10. ft)
Operating speed 40 mph
Average daily traffic 30,000 ADT

Figure 11 shows the benefit-to-cost ratio of PCB use
in this zone to be less than 1.0 and therefore bar-
rier use is not normally recommended.

ROADSIDE STRUCTURE CONSTRUCTION

Construction projects involving erection of roadside
structures such as bridge supports at grade separa-
tions normally require construction of falsework
structures. Large falsework structures are costly;
pose a serious hazard to motorists; and, if damaged

when gtruck by an errant wnhisla conld cancn in-
....... Struc¥x 2y an errant venlicic, Lgula cause in

juries to workers and involve significant cost to



Sicking
60
BARRIER
RECOMMENDED
50
OPERATING
SPEED
(MPH)
BARRIER NOT
40F——-RECOMMENDED —~ — — —
I
]
1
|
i
30 . A i 4 "
0 10 20 30 40 50

TRAFFIC VOLUME (ADT) X 1000

FIGURE 11 Typical guidelines for PCB protection of roadway
widening construction zone (with vertical realignment activity).

restore. After removal of the falsework, a rigid
support structure that can pose a serious hazard to
motorists usually remains. For the purpose of gener-
ating barrier placement guidelines, it was assumed
that the falsework would remain in place for one-half
the total project duration and that a rigid support
structure would remain during the balance of con-
struction.

Other hazards assumed to be present during the
construction of roadside structures include two
heavy equipment hazards and either eight or twelve
construction personnel. Figure 12 shows the assumed
construction zone geometric configuration and hazard
distribution. Note that heavy equipment and worker
hazards are assumed to be present only while the
falsework is present., A total of 12 zones were stud-

00
R HEAVY EQUIPHENT

-

1
| S=sif
- Y BRIDGE PIERS

| — FALSEWORK

O @O=fF— WORKERS

TRAFEIC
FLOW o ®-

00

U U Z—‘ HEAVY EQUIPMENT

\ PCB

FIGURE 12 Typical roadside structure construction
zone.
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ied. Variations among the typical roadside construc-
tion zones included the number of workers, size of
falsework, and the offset of the construction zone.

Guidelines for barrier implementation were devel-
oped on the basis of average daily traffic, highway
operating speed, and damage to falsework resulting
from an impact. Lines corresponding to a benefit-to-
cost ratio of 1.0 were plotted for average daily
traffic versus operating speed. Figure 13 shows
guidelines developed for a typical roadside struc-
ture construction zone. Use of these guidelines is
illustrated in the following example.

Example 3
Typical Roadside Structure Construction Zone 11
Potential structural damage $100,000
Operating speed 50 mph
Average daily traffic 5,000 ADT

Figure 13 shows that the benefit-to-cost ratio for
barrier use in this zone is greater than 1.0 and
therefore barrier use merits further consideration
as discussed previously.
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FIGURE 13 Typical guidelines for PCB protection for major
structural elements under construction (falsewark cost =

$100,000).

TWO-LANE, TWO-WAY TRAFFIC OPERATIONS

Frequently, during long-term construction activities
on a four-lane divided highway, all traffic is
diverted to one side while the other side is closed
for maintenance. This creates a two-lane, two-way
operation (TLTWO) on what is normally a divided
highway. For these work =zones, multiple vehicle
median crossover accidents are of primary concern.

In the development of barrier guidelines for
TLTWO work zones, it was assumed that opposing vehi-
cles comprise all hazards to encroaching vehicles.
Further, no effort was made to evaluate the effect a
barrier would have on rear-end accident rates. The
reader should refer to Ross and Sicking (6) for a
discussion of encroachment rates into opposing traf-
fic lanes and the probability of affecting opposing
traffic.

A typical TLTWO work zone can be described by
determining the appropriate crossover configuration.
Two basic types of barrier layouts were investigated.
The barrier configuration shown in Figure 14 was
found to be more cost-effective than the other con-
figuration studied for all combinations of work zone
length and traffic volume. Note that the treatment
involves a barrier flared at a 10:1 rate to an off-
set of 20 ft from the edge of the travelway. No
special end treatments were used on either end of
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FIGURE 14 Two-lane, two-
way traffic operations with
positive barrier lane separation.

the barrier. Guidelines were developed by determining
combinations of TLTWO operating speed, project dura-
tion, and traffic volume for which the benefit-to-
cost ratio for barrier implementation equals 1.0 as
shown in Figure 15. These guidelines are used in the
same general manner as those developed for other
barrier applications. It is important to note that
the guidelines shown were developed on the basis of
the assumption that the work zone contains no at-
grade intersections in the TLTWO. If such intersec-
tions cannot be avoided, the benefit-cost computer
program should be employed to determine barrier
warrants on a case-by-case basis.

CONCLUSIONS

The problem of formulating a set of guidelines for
barrier use in work 2zones is indeed formidable. The
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FIGURE 15 Guidelines for conventional PCR nse in centerline

of TLTW construction zones (project duration = 1 year).
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number, diversity, and variability of factors that
affect barrier need within a given work zone greatly
complicate the problem., Moreover, there are simply
no two work zones that have the same characteristics.
In other words, a set of totally objective guidelines
appropriate for any given circumstance cannot be
developed.

To give engineers the option of determining bar-
rier need for any specific site, a computer program,
which automates the benefit-cost analysis, was de-
veloped. This program has been adapted for use with
microcomputers and made user friendly to facilitate
its use by design engineers.

A set of use quidelines for work zone barriers
has been develcoped for typical work zone sites. The
guidelines were developed through application of the
previously mentioned computer program. The guide-
lines are applicable to a wide range of traffic
volumes, operating speeds, and construction zone
characteristics. These simplified guidelines provide
the practicing engineer with an objective criterion
against which to estimate positive barrier need.

General conclusions from the study are as follows:

1. Barrier end treatment: Flaring the barrier
away from the travelway is quite cost beneficial
over a wide range of traffic conditions. The optimum
flare rate is approximately 10:1 when the flare
cannot be started within the construction zone. High-
cost crash cushion end treatments are not generally
warranted when the barrier can be flared away from
the traffic lanes 20 ft or more, even at relatively
high traffic volumes.

2. Bridge widening zones: Positive barrier use
in bridge widening construction zones on high-speed
facilities is generally cost beneficial even at low
traffic volumes.

3. Roadway widening zones: PCB use in roadway
widening zones involving simple pavement widening is
not generally cost beneficial for projects with
durations of 1 year or less. However, barrier use in
construction zones involving vertical realignment is
warranted for moderate traffic volumes.

4, Roadside structure construction: Positive
barrier use in these zones is quite cost beneficial,
even at traffic volumes as low as 1,000 ADT.
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