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Abstract:  Increased traffic demand, aging transportation infrastructure, competing transportation improvement demands, and shrinking funds available for roadway improvements, have made it important for transportation officials to optimize the pavement restoration operations. Previous research has shown that pavements deteriorate at a very slow pace when they are young, then the rate of deterioration increases as the pavement ages. If the pavement is not properly maintained, then at some point the deterioration becomes so severe that expensive reconstruction will be required. On the other hand, pavements at earlier stages of deterioration can be restored rather inexpensively using inexpensive. The decision to take action about the restoration of a specific roadway section involves certain risks, and is bound by the limitation of resources.  Developing the tools to provide information for decision-making can help in optimizing the allocation of resources and the delivery of well maintained roadways to the driving public.
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1. Introduction:  Increased traffic demand, aging transportation infrastructure, competing transportation improvement demands, and shrinking funds available for roadway improvements, have made it important for transportation officials to optimize the pavement restoration operations. Agencies with successful experiences in pavement management have invested time and money in building databases containing pertinent information about their pavements. The information normally include: date of original construction, date last restored, type of restoration, pavement type, layering information, section dimensions, type of traffic permitted, traffic volume, street classification, dates surveyed, characteristics of restored trenches, and the respective pavement condition. The 

pavement condition can be expressed in terms of a number of variables such as ride-quality, cracking, and raveling (asphalt pavements only).

To make productive pavement management decisions, the information in the Pavement Management System (PMS) database should be analyzed and cultivated to obtain the needed information. Previous research [3, 4] has shown that pavements deteriorate at a very slow pace when they are young, then the rate of deterioration increases as the pavement ages. If the pavement is not properly maintained, then at some point the deterioration becomes so severe that expensive reconstruction will be required, whereas pavements at earlier stages of deterioration can be restored rather inexpensively using inexpensive treatments such as slurry-seal or resurfacing. This information is illustrated in Figure 1 shown below. The graph shows that for every dollar spent restoring a pavement before it reaches 75% of its service life (around 16 years), four to five times that amount will be needed when the pavement reaches 87% of its service life (around 19 years.) 

According to Badawy [1], there are two types of decision situations: Programmed and non-programmed. Programmed decision situations are those that are repetitive and predictable.  For these types of decisions, procedures can be developed in the form of standard operating procedures to handle these situations. Non-programmed decisions are those that occur in non-repetitive, sporadic, and ill-defined situations. They tend to be complex, and do not lend themselves to the utilization of explicit decision rules.  Pavement management decisions tend to be programmed, and can be handled within standard operating procedures if reliable information is available.

2. Pavement Performance Variables. While there are many variables that can be used to quantify the condition or the quality of the pavement, and to predict its performance, two types of measurements are commonly taken. Structural variables, such as the pavement’s response to a falling weight, and comfort-visual variable, such as ride quality and visual attributes of the pavement, are commonly employed. In the City of San Francisco’s Pavement Management database [3], the pavement quality is determined by quantifying measurements for ride quality, extent and level of cracking, and extent and level of raveling (for asphalt pavements only).

Fig. 1. Pavement Life Cycle Graph (Reproduced from APWA Reporter [4])
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3. Possible roadway restoration decisions. There are four possible decisions that can be made regarding any roadway section. They are:

· Do nothing.

· Use slurry seal. This is an inexpensive treatment utilized at the early stages of pavement deterioration if there no structural flaws in the pavement. It is usually applied to low-volume low-distress roadways such as those in residential neighborhoods. A sealing mixture is spread over the surface to seal the small cracks, slow down raveling, and enhance the appearance of the pavement.

· Resurfacing. When there are structural flaws in the wearing asphalt surface of the pavement, but not the underlying structural areas, a roadway surface can be restored by resurfacing. This usually entails the process of “mill-and-fill” where part or all of the old surface is removed and replaced by a new wearing surface.

· Reconstruction.  When the pavement has deteriorated to the point where both the wearing surface and the underlying structural areas have sustained structural damage, total roadway reconstruction will be needed.

The decision to select one of the above four courses of action is subject to the availability of resources and is a process of risk taking. Usually, agencies with jurisdiction over these roadways must operate within budgets allocated by the law-makers, and they are accountable for the prudent allotment of funds for the various expenditures.

4. Optimizing the Assessment of Decision Options.  According to Chicken [2], there are six characteristics pertaining to the issue in question that will determine the selection of the optimal assessment method. The six characteristics are:

· The decision environment 

· The type of decision

· Available methods 

· Experiences with the available methods

· Data available 

· How the efficacy of the selected method will be tested?

Pavement management in the City and County of San Francisco was designated to the Public Works Department in the City (environment). The decisions are basically selecting what street sections require restoration and determining what level of restoration is needed and is doable within the Department’s budget. The available methods for selecting an optimal method for assessing decision options range from the risk ranking approach to several alternative approaches, including Bayesian inference, multivariate analysis, resource allocation, and robustness analysis. The Department’s staff had experience in pavement restoration, but little experience in the analytical methods of decision-making. Data about the roadways was available, but additional data about roadway quality will need to be collected periodically. The efficacy of the selected method will be tested by monitoring the over-all quality of the roadways in the City. That is, if the all the roadways, as a group, in the City score better quality ratings relative to the previous year, and this improvement is sustained over a period of time, then the selected method has been effective for that year.

5. Risks Assessment.  Making any of the above four decisions entails taking a risk. Deciding to do nothing when erroneously made will lead to higher restoration costs at a later date. Similarly, deciding to take a lower level restoration action when a higher level action is warranted will also lead to ineffective treatment and/or a higher restoration costs at a later date. On the other hand, deciding to take a higher level restoration action when a lower level action will suffice will result in spending more money than needed and in depriving more deserving streets of needed restoration. The costs associated with these risks can be easily quantified. The costs of the various levels of restorations are known from the present contracts the City has with contractors doing such restorations.

6. Determining when to restore. Determining when to restore pavements is a simple process when the PMS database contains the proper information to determine the current condition of the pavement. For example, in the City and County of San Francisco, a system where a numerical rating for the condition of the pavement is calculated using the results of a pavement survey is employed. Previous research [3, 4] has shown that pavements start their rapid deterioration after their condition score dips below 65%. Consequently, tax-payers’ money is wisely spent when pavements are restored before their condition score reaches 65%.

7. The Decision-Making plan for pavement restoration.  Based on the above information, the multivariate approach was selected as the method for standardizing decision-making. Previous research [3] has shown that ride-quality and the extent and level of cracking (both asphalt and concrete pavements) and raveling (asphalt pavements) will suffice as variables needed to quantify the condition of the pavements. Furthermore, an existing, widely accepted, formula for combining these variables into a multivariate measure of the condition of the pavement was adopted. The plan can be stated as follows:

Establish a database containing information about every roadway section in the City. This information will include:

Identification number for the street

· Street name

· The two cross streets for the section in question

· Date street was constructed/reconstructed

· Physical dimensions of the street

· Type of traffic in the street (heavy, light, heavy vehicles, etc.)

· Type of wearing surface (asphalt, concrete, asphalt on concrete, brick, etc.)

· Who is responsible for the street’s maintenance?

· Does the street meet the City’s construction requirements?

· What was the last restoration treatment?

In addition to the above information, the City will collect periodic (annual if possible) information about the condition of the roadway sections. The variables to be collected are:

1. Ride quality  (asphalt and concrete pavements)

2. Extent and level of cracking (asphalt and concrete pavements)

3. Extent and level of raveling (asphalt pavements only)

4. Number of restored trenches and approximate percentage area of the street trenched

To compute the condition score of a pavement, the pavement is given a perfect score of 100, and then values are deducted for each variable deviating from the conditions of new pavements. The deduction values are given in Tables 1 through 3.

It is proposed that pavements with a condition score approaching 65 be restored as a first priority. This will save expensive reconstruction costs if the condition score was allowed to go significantly below 65. Roadways subjected to low-volume light-traffic be treated with slurry seal at 10 to 15 year intervals, or when their condition score approaches 75. Streets not falling in these two groups should be evaluated based on their importance, land use location, future plans for the area, in addition to their condition score, and decisions regarding their restoration should be made based on these criteria and prioritize based on the available funding.   Furthermore, if additional funding is needed to  maintain 

PAVEMENT CONDITION RATING SHEET

Table 1.  IDE QUALITY

	DESCRIPTION
	SCORE

	Recently paved surface that is smooth and without distortions.


	0

	Minor distortions which produce minor vehicle vibrations but no reduction in speed is necessary.


	14

	Distortions produce more pronounced vehicle vibrations but no reduction in speed is necessary.


	25

	More pronounced distortions produces a bumpy ride 


	35

	Distortions produce vehicle vibrations which are so excessive that speed must be reduced.


	60


Table 2.  CRACKING
	
	% of Pavement Area that is Cracked

	SEVERITY
	1-25%
	26-50%
	>50%

	None


	0
	0
	0

	A Little Cracking


	5
	10
	15

	Moderate Cracking


	13
	19
	26

	Unacceptably Severe


	23
	30
	40


Table 3.  RAVELING

	
	% of Pavement Area that is Cracked

	SEVERITY
	1-25%
	26-50%
	>50%

	Recently paved surface
	0
	0
	0

	Surface is beginning to wear away
	4
	8
	12

	Surface is moderately rough and pitted
	11
	16
	21

	Surface is rough and pitted with loose aggregate.


	18
	24
	31


(asphalt only, concrete = 0)
Condition Score  =  100 - Ride - Cracking - Raveling
(Source: City and County of San Francisco)

all streets in the City before they deteriorate to the level requiring expensive reconstruction, a strong case can be made to the law makers to provide additional funding as this will eventually save the tax payers money.

8. Additional Benefits of the PMS database. In addition to the ability to determine when it is best to restore pavements under the agency’s jurisdiction, information contained in the PMS database can provide the following benefits:

· It can pinpoint pavement problems that are starting, but have not progressed to a serious level. For example the pavement condition score exhibits higher than expected reduction between two surveys, a cause for this phenomena can be investigated and concluded, and a remedy can be implemented before things get much worse.

· Improperly restored trenches can be detected by their influence on the pavement condition score (and its constituents), and blame and/or penalty can be allocated for the party responsible for restoring the trench.

· Information for long term planning and fiscal budgeting can be greatly facilitated by the presence of PMS database.

· The information in the PMS database can help the appropriate agency in charge of the pavements to coordinate the trenching activities of the utility companies and other parties operating in their area. Also, it can provide justification for a decision to deny a trench permit, or to assess equitable fees for granting such permits.

9.  Conclusion. Therefore, a properly structured PMS database can help in identifying the type of information decision makers want, and can also help in identifying the type of information needed to overcome some of the deficiencies of the decision-making process itself.  Decisions that go beyond the focus on short-term problems can be made with an eye on the future objectives, with the focus on instilling the spirit of quality organizations can be made.

Decision-making in pavement management is a programmed situation with routine and predictable occurrences. The proposed plan provides a workable framework within which restoration decisions about every street section in the city can be made in a simple and systematic manner. While the data collection is a little cumbersome and a little expensive, it an effort and expense well worth the benefits to be reaped.
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