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EXECUTIVE SUMMARY

Improving the way that WSDOT performs business is an important objective to
pursue. The objectives of this research were to develop tools that will monitor the
contractor’s performance during construction in order to detect any unsatisfactory
progress, and to develop tools that will improve the time and cost prediction of highway
projects in order to reduce time and cost overruns.

To achieve the first objective, the research started by surveying other state DOTs
about how they measure and evaluate work progress and contractor performance. The
survey showed that a formal progress measurement and performance evaluation process
is lacking in many states, and that there is an apparent lack of progress charts for
measuring contractor performance.

By using WSDOT historical project data on actual payment estimates and the
elapsed working days of each estimate, the current research developed minimum and
average performance bounds for highway projects. Performance bounds were devel oped
for al projects and for clusters of projects grouped in categories based on quantities of
asphalt concrete pavement/hot mix asphalt (ACP/HMA), contract value, project duration,
and project miles. The bounds were developed using (1) regression analysis with
polynomial functions, and (2) regresson anaysis with “Logit” transformation
Contractors actual performance, measured as percentage of work completed to
percentage of time completed, can be evauated as unsatisfactory if it is below the
minimum benchmark performance bound.

Performance bounds charts would be an excellent addition to the standard

specifications/construction manual of WSDOT. This would establish a benchmark

Xii



performance that contractors must not cross without being subjected to penalties or
default. A completed performance chart would also be a good addition to the pre-
gualification performance report/file.

To achieve the second objective in improving time ard cost prediction, WSDOT
time and cost performances were checked first. Cost growth (overrun), award growth,
estimate growth, and time growth performance measures were evaluated. The review
showed that WSDOT achieved a very good average, within 10 percent on these
measures, however, the range of variation between the minimum and maximum values of
the measures were 25 percent if measured at the 5" and 95" percentiles and wider than
that at the zero and 100" percentiles. The range of variation for the time performance
measure was substantial, although it has improved since 2000.

Time and cost prediction models were developed through the application of
general multiple regression analysis, ridge regression analysis, and nonlinear partia least-
square regression analysis on WSDOT historical project data. The models were
developed on the basis of a number of major variables in pavement projects, including
project duration (working days), final contract value (paid-to-contractor dollars),
ACP/HMA guantity (tons), grading (tons, cy), surfacing (ton), and the number of project
highway miles.

Along with prediction models, time and cost characteristic prediction tables were
developed to provide the average, minimum (5" percentile), maximum (95" percentile),

and deviation for the time and cost of projects.
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Both the time and cost characteristic tables and prediction models were checked
against actual projects and the results were satisfactory. Both tools are able to provide

good time and cost prediction before more detailed methods are used.

All time and cost prediction models and the performance bounds developed in

thisresearch were coded in spreadsheets (Excel files) to facilitate the implementation and

use of the research results by the WSDOT.
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CHAPTER 1
INTRODUCTION

1.1. Research Background

Evauating the performance of highway projects is an important project management
function to the Washington State Department of Transportation (WSDQOT). In some cases project
managers are faced with projects which are completed with unexpected time and cost figures or
whose time and cost progress during construction are irregular. For example, during construction
the actua project cash flow may significantly deviate from the original cash flow profile, which
would signify problems with the contractor’s performance and the possibility of time and cost
overruns. Similarly, a project may reach completion with time and costs that are significantly
different from those of similar projects. Therefore, project managers need tools that will assist
them in predicting and monitoring the contractor’s performance during construction and in

predicting the time and cost of projects.

1.2. Research Objectives

The objective of this research was to develop tools that would assist in predicting the time
and costs of projects and in evaluating the performance of projects:
= Develop a benchmark performance profile(s), e.g., construction performance chart(s), to
help compare the contractor’'s actual performance at any time during construction to a
benchmark performance and alow corrective actions to be taken as necessary.
» Deveop characterigtic tables and prediction models that will assist in predicting the time

and costs of projects. Such prediction formulas will assist in preparing budgets, in



predicting the time and costs of new projects, and in predicting contractors' bids before bid

submission.

1.3. Research Methodology

Historical records of projects can be used to predict the time and costs of future projects, as
well as to develop performance/progress profiles. This assumption has been used in severa
research studies for forecasting project cash flows and was adopted for the current study.

1. Performance profiles

A questionnaire of U.S. states was developed, and results were analyzed in order to
investigate how different states currently measure and assess the performance of
contractors. A literature survey was aso conducted to investigate the statistical methods
used in development of performance profiles.

For the development of performance profiles, detailed data for elapsed time and
progress estimates during construction were collected and analyzed. These data formed
the basis for the development of minimum performance bounds and average
performance bounds for WSDOT highway projects. Performance bounds were obtained
by using dtatistical techniques that included (1) regression analysis with polynomial
functions, and (2) regression anaysis with “Logit” functions. The minimum and
average performance bounds were developed for a set of projects, referred to as

successfully completed projects, and for groups (clusters) of the projects.

2. Time and cost prediction
A literature review was conducted to investigate methods used for predicting the time

and costs of projects. For the development d time and cost prediction models,



WSDOT historical records were analyzed. Data of interest included (1) cost data —
guantities of asphalt concrete pavement (ACP)/hot mix asphat (HMA), grading, and
surfacing, (2) time data— workable charged days of projects, and (3) geometric data —
centerline miles of projects. Statistical measures, e.g. minimum, maximum, 5" and
95th percentiles, average, and standard deviation of grouped data, were the basis for
the development of two-dimensiona characteristic tables for predicting project time.
The data were then subjected to regression analysis to develop prediction formulas for
the time and costs of projects; this included the use of (1) ordinary general multiple
regression analysis (GRM), (2) “Ridge’ regression analysis, and (3) genera partial

least square regression analysis (PLS).

1.4. Research Data Profiles

1.4.1. Data Collection

Data for WSDOT projects were collected from the construction contract information
system (CCIS) and the contract administration and payment systems (CAPS) databases. The total
number of projects reported in CCIS was 2725 for the period between May 1990 and March
2005. The types of projects included paving, electrical, signal, lighting, erosion control,
landscaping, facilities, bridge, and mixed projects. Highway pavement projects were chosen as
representative for the scope of the research study. With no prior classification codes for the
different types of projects, the pavement projects were isolated by (1) reading the description of
each project, and (2) checking the types of the highest 20 percent of the standard bid items,
which represent around 80 percent of a project cost. Through this process, pavement projects

were identified, and they represented 41 percent (1105 projects) of the total number of projects.



Once identified, the pavement projects were analyzed to determine whether they were

sufficient to be included in the datistical analysis of the research. Several records had

insufficient time and cost data and had to be excluded from the analysis; for example there were

records of payment estimates with no working days, projects with no duration, payments with

negative values, and payment estimates with a substantially higher number of working days than

one calendar month could contain. The WSDOT ontline files! in “State Highway Contracts’

were checked to obtain some of the missing information, particularly data regarding the number

of project miles that were not recorded in the databases. At the conclusion of this process, 964

workable projects (87 percent of the pavement projects) were chosen to represent WSDOT

highway pavement projects for the current research. Table 1.1 and Figure 1.1 contain a brief

summary of the these projects for every year in the study period.

Table 1.1: Workable pavement projects in the study

. : . lacement
Award Year | # of Proiects Prime Bid Amount | Paid to Contractors ACP (HMA) P $/ton
J ($2005) ($2005) Tonslyear ($2005)
1990 9 $16,066,283.86 $18,067,485.98 61,408 $294.22
1991 62 $127,071,553.19 $131,976,420.86 913,725 $144.44
1992 58 $134,409,467.46 $147,130,155.37 879,238 $167.34
1993 89 $350,888,111.68 $393,721,946.61 1,521,790 $258.72
1994 71 $168,205,047.80 $177,515,738.84 793,745 $223.64
1995 63 $172,503,466.93 $173,014,346.67 895,059 $193.30
1996 79 $184,337,527.38 $194,605,808.97 1,352,263 $143.91
1997 104 $209,902,022.99 $218,525,481.32 1,310,364 $166.77
1998 68 $153,203,371.26 $159,885,827.87 649,217 $246.27
1999 70 $182,461,951.91 $197,097,133.17 752,430 $261.95
2000 60 $105,636,796.16 $106,436,791.89 571,904 $186.11
2001 73 $203,346,701.37 $213,050,240.93 1,312,139 $162.37
2002 55 $123,588,258.75 $125,371,280.92 981,318 $127.76
2003 57 $184,030,627.83 $199,260,935.09 1,266,465 $157.34
2004 46 $96,717,464.17 $97,181,066.59 729,997 $133.13
Total 964 $2,412,368,652.74 $2,552,840,661.07
Average 64.3 $160,824,576.85 $170,189,377.40 932,737 $191.15

! Contract records at http://www.wsdot.wa.gov/eesc/desi gn/proj ectdev/AdReady/ContractRec.htm

4




$450 120
$394
00
$4 104
r 100

4350 $351
_ bo / \
8
Q $300 80 o
hid 79 3]
g 71 73 3
= $250 68 Q |5
= [}
= 62 ?3'/ $219 \04 L 60 =
© 58 $210 $213  \55 7 S
3 $200 $195 $197 $2 199 5
> $178  $173 $18 $182 $1 \ 2
8 $16877 $ $160 44 €
£ 3150 4 S a0 <
§ $125

$106 $1 $97
$100 T i $9Z
r 20
$50 1
$0 - o

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
Award Year

|- Prime contract value, $2005 C—1 Paid to contractors, $2005 ——Number of contracts |

Figure 1.1: Summary of contract values and number of projectsin the study period

1.4.2. Data Profile

The collected data included variables covering time, cost, and geometric information
about the projects. Some of the variables included the prime bid amounts, total working days,
project miles, and the ACP/HMA quantities. These variables are given below.

1. Primebid amount
Contract prime bid amounts for all the projects were converted to 2005 dollars through
the WSDOT Construction Cost Index. Figure 1.2 illustrates that nearly 60 percent of the
pavement projects were under $2 million, 38 percent of the projects were between $2
million to $10 million, and 2 percent of the projects were larger than $10 million. The

average contract value was $2.54 million, and the maximum was $55.96 million.
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Figure 1.2: Number and percentage of projects for specified range of contract value

2. Total working days
Figure 1.3 illustrates that 77 percent of the pavement projects had less than 150 working
days, 17 percent of the projects had between 100 and 200 working days, and 6 percent of

the projects had more than 250 working days.

3. Highway miles of projects
No standard lane-miles equivalents were recorded for projects in the databases, and
therefore only the centerline miles were available to determine the highway miles per
project. Figure 1.4 illustrates that 83 percent of the pavement projects had less than 10
miles, 13 percent of the projects had between 10 and 20 miles, and 4 percent of the

projects had more than 20 miles. The average length of projects was 6 miles.
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4. Quantities of work
Project data included the ACP/HMA, grading and surfacing quantities. The quantities
were recorded on the basis of the Standard Bid Items (SBI) used by WSDOT. Tables
1.2, 1.3, and 1.4 show the SBls. For example, quantities (tons) were aggregated for
ACP/HMA as used in the different classes of asphalt concrete pavement, pre-leveling,
approaches, and repair of projects. The quantities for metric standard items were also
collected and converted to English equivalents. Figure 1.5 illustrates that 74 percent of
the projects were in the range of less than 20,000 tons, 18 percent of the projects were
between 20,000 and 40,000 tons, and 8 percent of the projects had more than 40,000

tons. The average ton per contract was 14,381 tons, and the maximum was 157,293 tons.

Table 1.2: English and metric Standard Bid Items for ACP/HMA

English Metric

ACPHM Pre- Approa- .| ACPIHMA Pre- Approa- .

A . Repair . Repair
leveling ches Classes leveling ches
Classes

5751 5716 5854 5737 8822 8851 8888 8865
5752 5717 5872 5738 8823 8852 8881 8866
5753 5718 5873 5739 8824 8853 8882 8867
5754 5726 5874 5740 8825 8855 8883 8868
5756 5729 5875 8826 8856 8884
5757 5731 8827 8857
5758 5732 8828 8858
5760 5733 8876 8859
5761 5734 8877 8860
5762 5741 8878 8861
5764 5742 8870 8862
5765 5743 8871 8863
5766 5744 8841 8864
5767 8842
5768 8843
5769 -
5775 8872
5780 8873
5787 8874
5790 8875
5797 8880
5799 8885




Table 1.3: English and metric Standard Bid Items for grading

Grading, cy Grading, ton
English Metric English Metric
0300 2940 [ 0408 2974
0310 2945 [ 0431 2979

0320 2950
0330 2955

0360

0405 2972
0409 2975
0421 2977
0460 2987
0470 2990

Table 1.4: English and metric Standards Bid Items for surfacing

Surfacing, ton
English Metric
5047 8665
5090 8671
5100 8673
5110 8675
5120 8677
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Figure 1.5: Number and percentage of projects for specified range of ACP/HMA tons
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CHAPTER 2
PERFORMANCE EVALUATION AND MODELING

2.1 Introduction

A number of tools can be used to evaluate the progress of construction work and the
performance of contractors. Following the determination of construction methods and sequence
of operations, a construction schedule can be developed. When the schedule is developed with an
appropriate level of detail and sufficient time and cost data (i.e,. resource loaded schedules) for
the construction operations/activities, the construction schedule can serve as a comprehensive
tool for evaluating the progress of work during construction. Intermediate and final milestones
can be defined in the schedule network, and project progress can be evaluated on the basis of
whether the milestones have been met. Milestones help in assessing the time objectives of the
projects, and they usually serve as a basis for assessing the liquidated damages from the
contractor when intermediate and compl etion times have not been met.

Quantity sheets can serve in assessing the progress of work by comparing the actual
guantities put in place to the originally budgeted (planned) quantities. Percentage of work
completion can be determined on the basis of the actual and budgeted quantities.

The amount of expenditure in a project can also serve in assessing the progress of work.
During construction, the actual progress payments can be assessed against the total budgeted cost
(or the authorized revised budget), and thus completion percentage can be determined on the

basis of the actual and budgeted cost.
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As explained above, project time, quantities, and cost can serve in measuring the progress
of work. When these three project variables are collectively assessed at one point of time during
the construction duration, e.g., during the monthly progress payment estimate, they can help in
assessing not only the progress of work but also the performance of the project, i.e,. the
performance of the contractor. The collective measure for these variables represents the project
cash flow. A project cash flow represents the cumulative amount of money spent up to a
particular point of time, the elapsed time, during the life of a project; i.e., the percentage of
completion compared against the elapsed time. The cash flow isimportant because it reflects the
project time, the quantities put in place, and how much has been spent on these quantities and the
project. The cash flow is aso a representation of the cumulative progress payments during
construction; sometimes it is called payout curve. The actual project cash flow generated during
construction can be compared to the original (or revised) cash flow to assess the performance of
the project or the contractor. The performance can aso be used to predict the likely completion
cost of the project if the performance continues in a manner similar to that estimated at the
reference point (progress payment estimate date). For example, if at the progress payment date
the actual cash flow was below the originally estimated cash flow, the performance could be
assessed as unsatisfactory because the quantities and/or cumulative expenditure would be less
than planned. The size of the difference between the actual and original cash flow required to
declare the project unsatisfactory varies among agencies, as explained later, one state may use 10
percent and another 15 percent.

Similarly to assessing performance on the basis of the percentage of project cash flow
complete, other variables, such as time and quantities, can be used to measure the percentage of

completion. For example, the percentage of completion can be determined on the basis of the
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actual duration of project activities, and in this case the measure becomes schedul e performance.
Percentage of completion can also be assessed on the basis of the actual quantities placed at the
time of the progress payment estimate. This percentage of completion can be compared to the
original percentage of completion based on the quantities of work, and thus it can measure work
performance. Percentage of completion based on cash flow is considered to have the effect of
measuring both duration of completion and quantity of completion.

With percentage of completion determined based on the basis of time, quantity, and/or
cash flow, performance can be assessed when the percentage of completion is plotted against the
elapsed time of the project, making a “construction performance profile/chart.” Software
packages such as Primavera Project Planner can produce such performance charts by resource
loading the network activities. Contractors can generate construction progress charts or payment
schedules for highway agencies by which they can assess performance during construction by
comparing actual performance to planned performance. As explained later, a number of highway
agencies surveyed in this research have used contractor-developed construction progress charts
to assess the progress of work during corstruction.

When a sufficient number of projects is available, construction progress charts
(performance profiles) can be produced that are representative, or average, among all projects of
similar types and sizes. Once such a representative performance chart is developed, it can be
used as a benchmark to which the performance of new projects can be compared. One of the
objectives of this research was to develop such benchmark performance profiles for WSDOT
highway projects.

In the next sections the current practice of the US states for measuring and evaluating the

performance of projects will be surveyed. This will be followed by a literature review for the
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different statistical methods that could be used to develop such performance charts. This will be
followed by the development of performance chart(s) for WSDOT projects using the collected
project data. The performance charts/profiles will be a significant tool in judging the
performance of contractors during construction of projects. Project managers could use the charts
to monitor the performance of contractors, issue warnings for unsatisfactory progress, and/or

asses penalties for continued unsatisfactory performance.

2.2 Current Practices Survey

A structured questionnaire was administered to solicit information about the current practices of
state DOTs in measuring and evauating performance during construction. The questionnaire
(Appendix A) was developed with the WebQ survey software, part of the Catalyst package at the
University of Washington. All U.S. state DOTs were e mailed with the survey website, where
state engineers could respond only through the on-line version of the questionnaire. The survey
was designed to be brief and user friendly, with multiple choices and yes/no answers. The
guestionnaire had two parts relating to (1) performance evaluation, and (2) development and use
of progress charts. Twenty-four states responded to the online survey, producing a response rate

of 46 percent.

2.2.1 Performance Evaluation

The first part of the survey concerned the measurement and evaluation of project
performance and addressed (1) measuring progress and performance during construction, (2)
measuring performance at completion, and (3) administrating the progress evaluation process.

These are explained in below.
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2.2.1.1 Measuring Progress During Construction

The first question asked about current practice in measuring the progress of work during
construction, as shown in Table 2.1. Comparing actual project quantities to planned quantities
was the method most commonly used, chosen by 71 percent of the respondents. Around 54
percent of the respondents preferred to use a schedule to compare actual completion time with
the original schedule. Around 50 percent pointed out that both schedule and cash flow were used
in measuring performance, with 25 percent preferring to use cash flows (comparing actual and
planned cash flows).

guantities and calendar days, and (2) number of calendar days used (percentage of contract time

allocated).

Table 2.1: Methods for measuring the progress of work

Two respondents indicated other methods, including (1) the use of

1. During construction, for measuring the progress of work the agency analyzes the following
(choose all that apply):
Numeric Answer Frequency Percentage
value
1 ScheQu!e - Co_mparlng the actual project schedule to 13 54.17%
the original/revised schedules
Cash Flow — Comparing the actual project cash flow 0
2 to the planned cash requirements 6 25.00%
3 Both (a) and (b), i.e. schedule and cash flow 12 50.00%
4 Quantities — Comparllr-mg the actual project quantities 17 70.83%
to the planned quantities of work
5 Labor Hours — Comparing the actual labor hours to 0 0%
the planned labor requirements 0
All above, i.e. schedule, cash flow, quantities and
6 labor hours 2 8.33%
7 Other, please specify 2 8.33%

In dealing with unsatisfactory schedule progress, e.g., failure to meet milestones, Table

2.2 shows that small percentage, 8 percent, of the state respondents did nothing, probably
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expecting the contractor to reschedule and finish on time or relying on liquidated damages at
contract completion. One third of the respondents identified performance pendties as a
consequence taken by the states. However, a significant percentage, 60 percent, of the
respondents identified other strategies for addressing unsatisfactory schedule progress, including

(2) require updated schedule and plan to get back on track (16.7 percent; 4 respondents)

(2) correspond and hold meeting with contractor (12.5 percent; 3 respondents)

(3) disgualify contractor for bidding on further work if schedule deviation is 25 percent or
more (8.3 percent; 2 respondents)

(4) apply incentive/disincentive for intermediate completion dates (8.3 percent; 2
respondents)

(5) withhold anticipated liquidated damages (8.3 percent; 2 respondents)

(6) suspend work if schedule deviation pattern is continued (4 percent; 1 respondent)

Table 2.2: Consequences for unsatisfactory schedule progress

4. During construction, an unsatisfactory progress with project schedule , e.g. not meeting
intermediate milestones, may trigger the agency to:
Numeric Answer Frequency | Percentage
value
1 Charge performance penalties to the contractor 8 33.33%
Increase the retainage percentage of progress o
2 payments 0 0.00%
Do nothing 2 8.33%
4 Other, please specify 14 58.33%

In dealing with unsatisfactory cash flow progress, 46 percent of the respondents
identified “do nothing” (see Table 2.3). Some respondents identified other strategies; for
example, three respondents replied with “N/A Not Applicable” or emphasized that cash flow is
generaly on the department’s end, i.e., under its control. Increasing retainage percentage or
charging performance penalties were also mentioned, but by a low percentage of respondents.
The other strategies mentioned by 41 percent of the respondents included methods similar to
those for schedule deviation:

(1) put contractor in default
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(2) limit future bidding and withhold anticipated liquidated damages
(3) require an updated schedule

(4) correspond with the contractor on progress
(5) withhold money from the contractor

Table 2.3: Consequences for unsatisfactory cash flow performance

5. During construction, an unsatisfactory progress with project cash flow , e.g. not
meeting cash flow expenditure, may trigger the agency to:
Numeric
value Answer Frequency Percentage
1 Charge performance penalties to the contractor 1 4.55%
Increase the retainage percentage of 0
2 progress payments 2 9.09%
3 Do nothing 10 45.45%
4 Other, please specify 9 40.91%

2.2.1.2 Measuring Performance at Completion

Measuring the performance at completion was addressed through a number of questions.
The first question addressed the methods used to measure performance at completion. The two
major methods identified were cost growth percentage (deviation from original contract amount),
selected by 67 percent of respondents, and time growth percentage (deviation from original
contract days), chosen by 50 percent of respondents (see Table 2.4). Award growth was selected
by 8 percent of respondents and construction placement by 17 percent of respondents. Some

respondents (21 percent; 5 respondents) identified other methods, including the quality of the

contractor’ s work, safety, and project timelines.

A number of questions were posed to the respondents in order to establish a percentage
below which a project would be considered completed successfully or satisfactorily. The first

guestion tried to establish the basis for success, whether it was considered to be related to

meeting contract value, completion time, or both.
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Table 2.4: Methods for measuring performance at project completion

7. At project completion, the agency uses the following for measuring the performance of a project
(choose all that apply):
Numeric
value Answer Frequency | Percentage
1 Deviation from engineer’s estimate (Award Growth), i.e. (Original 5 8.33%
Contract Amount — Engineers’ Estimate) / Engineers ' Estimate '
Deviation from original contract amount (Cost Growth), i.e. (Final
2 Contract Amount — Original Contract Amount) / Original Contract 16 66.67%
Amount
3 Deviation from original contract days (Time Growth), i.e. (Final 12 50.00%
Contract Days — Original Contract Days) / Original Contract Days '
4 C.onstructlon Plgcement, i.e. Final Construction Contract Cost / 4 16.67%
Final Construction Contract Days
5 Other, please Specify 5 20.83%

For a project to be considered successfully completed, the mgjority of the respondents, 73
percent, stated that the project should be within a reasonable percentage of both the bid price and
completion time, while 18 percent of the respondents were restricted to the origina contract
price and completion time (see Table 2.5). Table 2.6 shows that a significant percentage of the
respondents, 42 percent, established a range of 5 percent to 10 percent to be reasonable br
contract value. An increased cost deviation, e.g., between 10 percent and 20 percent, was not
favored by the respondents; only 5 percent would consider a project satisfactorily completed in
this range. One state respondent mentioned that the range was lelow 3 percent, and another
respondent explained that projects were not rated as successful or unsuccessful on the basis of a
specific rate, but project engineers have to explain al under/over runs beyond 10 percent. In
summary, around 70 percent of the respondents reported that 10 percent or less is a reasonable

percentage for judging a project to be successfully completed project within budget.
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As for completion time, Table 2.7 shows that 55 percent of the respondents required
finishing on time within a 10 percent allowance. This was further emphasized by haf (20
percent) of the respondents who specified other percentages than those posed in the question (see
Table 2.7); those respondents were restrictive about finishing on time. The other half (20
percent) explained that there was no established percentage, and one respondent mentioned no
liquidated damages for time overrun.

Table 2.5: Criteriafor satisfactorily completed projects

8. At project completion, a project would be successful or satisfactory if it was completed:
Numeric Answer Frequency | Percentage
value
1 At the award bid price (or authorized adjustments) 0 0.00%
2 At the required completion time (or authorized working days) 0 0.00%
3 At both the award bid price and completion time 4 18.18%
4 Within a reasonable percentage of the bid price 2 9.09%
5 Within a reasonable percentage of the completion time 0 0.00%
6 Within a reagonable percentage of both the bid price and 16 72 73%
completion time

Table 2.6: Percentage range for successfully completed projects on budget

9. If a reasonable percentage of "bid price" is selected for a project to be

successful (as in previous question), the percentage would be:

Numeric

value Answer Frequency Percentage
1] Less than 5% 5 26.32%
2 | Between 5% - 10% 8 42.11%
3 | Between 10% - 20% 1 5.26%
4 | Other, please specify 5 26.32%

Table 2.7: Percentage range for successfully completed projects on time

10. If a reasonable percentage of completion time is selected for a project to

be successful (as in previous question), the percentage would be:

Numeric

value Answer Frequency Percentage
1| Less than 5% 7 35.00%
2 | Between 5% - 10% 4 20.00%
3 | Between 10% - 20% 1 5.00%
4 | Other, please specify 8 40.00%
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2.2.1.3 Administration of the Progress Evaluation Process

A surprising result from the questionnaire was that 71 percent of the state respondents (17
out of 24 respondents) had no official documents to explain the progress evaluation process
(Table 2.8). Of the states responding, 28 percent had documents related to progress evaluation;
these documents included standard specifications and construction manuals. Three respondents
mentioned that progress was measured on the basis of the contractor’'s updated progress

schedules, but no official internal documents were mentioned.

Table 2.8: Availability of progress evaluation documents

11. Does the agency have an official document, or part of document, that
describe the progress evaluation process?
Numeric
value Answer Frequency | Percentage
1 No. 17 70.83%
Yes. (Please specify the document 0
2 titte and where it could be located 7 29.17%

In the next question, state DOTs were asked about the tools for measuring work progress,
and nearly haf of the respondents, 46 percent, reported using reports, 17 percent (four
respondents) used progress charts, and 17 percent used both reports and charts (see Table 2.9).

Seven respondents indicated other methods, including the use of the critical path method (CPM).

Table 2.9: Measuring progress of work

2. During construction, the agency uses the following tools for measuring the

progress of work

Numeric

Value | Answer Frequency | Percentage
1 Progress reports 11 45.83%
2 Progress charts (or curves) 4 16.67%
Both progress reports and progress 0

3 curves (charts) 4 16.67%
4 Other, please specify 7 29.17%
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How states record the progress of work was another survey question. In answer, 75
percent of the states reported using software or spreadsheets for recording progress, while 25
percent used paper work (Table 2.10). The respordents identified the following systems:

(2) internal construction management or payment systems (33.33 percent; 8 respondents)
(2) Primavera Project Planner (25 percent; 6 respondents),

(3) ASHTO's SiteManager (17 percent; 4 respondents),

(4) Sure Trak (4 percent; 1 respondent), MS Project (4 percent; 1 respondent), and

Sciforma’ s PS8 (4 percent; 1 respondent)

Table 2.10: Media type for recording the progress of work

6. During construction, does the agency use a specific software or spreadsheet
to record the work progress?
Numeric
value Answer Frequency | Percentage
1 No; paper work is used instead. 6 25.00%
2 Yes, please specify if possible 18 75.00%

The frequency of measuring the progress of work was reported by 38 percent of the
respondents to be at every progress payment; 38 percent of the respondents reported monthly
periods, and 13 percent weekly periods (Table 2.11). Still another 13 percent used other periods,
including (1) monthly and mid-monthly estimates, (2) ad hoc, when an issue arose, and (3)
frequently, varying between daily to monthly.

Table 2.11: Frequency in measuring progress of work

3. During construction, the frequency for measuring the progress of work is:
Numeric
value Answer Frequency | Percentage
With every progress payment, pay
1 request, or voucher 9 37.50%
2 Daily 0 0.00%
3 Weekly 3 12.50%
4 Monthly 9 37.50%
5 Quarterly 0 0.00%
6 Semi-annually 0 0.00%
7 Annually 0 0.00%
On-demand for special events (e.g.
8 analysis of claims) 0 0.00%
9 Other, please specify 3 12.50%
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2.2.2 ProgressCharts

A construction progress chart is a profile (graph or table) of the percentage of
construction completion compared with the construction elapsed time. Generally, progress charts
are depicted as an S cumulative curve, with a slow start, then steep progress, then a slow finish
near completion. If construction project duration is divided into three periods, then in a progress
chart 80 percent of the work is expected to be done within the middle third, and the other 20
percent of work is divided between the first and third periods. This section reviews the state
respondents’ accounts of how progress charts are developed and their use and effectiveness in

managing the performance of contractors.

2.2.2.1 Development of Progress Charts

The survey addressed the development and use of progress charts through a number of
guestions. The first question inquired about the use of these charts, and 38 percent (9
respondents) indicated that they used progress charts, while 67 percent (16 respondents) reported
no use of progress charts. Four respondents (31 percent) said they had an official document that
explains the process or a chart that explains how the progress is measured. The documents
mentioned by the respondents were the respective DOTS' standard specifications. A check of the
documents of the four states showed that progress analysis was generally explained through
Division 100 “General Provisions’ Subsection 108 “Prosecution and Progress.” The process
generaly required updated schedules in which the actual contractor progress or project progress
was measured against the contractor’ s submitted schedules. No specific progress curve was used.

The nine state respondents who used progress charts described different methods for

establishing a progress chart (see Table 2.12): (1) based on cash flow (4 respondents), (2) based
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on schedule completion (2 respondents), and (3) based on quantities of work (1 respondent).
Progress charts, however, were not developed by the state agencies. A significant percentage (67
percent; 6 respondents) of the nine state respondents used a progress chart submitted by the
contractor after bid award; generally, that was a chart developed by the scheduling software. One
state respondent mentioned using a percentage profile developed internally by the agency (see

Table 2.13).

Table 2.12: Basis for progress charts

14. As used by the agency, the construction progress chart (curve) reflects:
Numeric
value Answer Frequency | Percentage
Progress with project cash flow, e.g. the percentage of money
1 X . . 4 44.44%
spent (dollars -paid-to-contractor) against the elapsed time
5 Progress with pro!ect tlms_s, e.g. the percen_tage of time/ 5 22 2204
schedule completion against the elapsed time
3 Progress with project quantities, e.g. the percentage of 1 11.11%
guantities put in place against the elapsed time w70
Progress with project labor hours, e.g. the percentage of labor
4 . . 0 0.00%
hours used against the elapsed time
5 Other, please specify 2 22.22%

Table 2.13: Development method for progress charts (1)

15. As used by the agency, the construction progress curve/chart(s) represents:
Numeric
value Answer Frequency | Percentage
1 A chart (or curve) s_tatlstlcally driven from records of progress 0 0.00%
on several past projects
5 A standard cumulative chart (or curve) in the form of an S- 0 0.00%
curve
3 A progress chart (or curve) submitted by the contractor after 6 66.67%
contract award
4 A specific progress profile, e.g. 0.5% work during the 1st 1 11.11%
month, 1% during the 2nd month, 5% during the 3rd month, etc S
5 Other, please specify 2 22.22%
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Table 2.13 shows that most states rely on the contractor submitting cash flow/time
schedules from which the contractor’s performance is evaluated. This is further emphasized in
Table 2.14, which shows that only one respondent reported using past records. The maority of
the respondents (89 percent) reported establishing the progress chart on the basis of the
contractor’s submitted schedules. The results shown in Table 2.15 further indicate that
categorizing projects into successful and unsuccessful projects is not typically a factor in
developing the progress charts; the charts are mainly produced by the contractor (78 percent in
Table 2.15). Because progress charts are contractor-generated, they become project-specific; this
isindicated by the 78 percent for the “other” chartsin Table 2.16.

Table 2.14: Development method of progress charts (I1)

16. The progress curves/charts were developed based on:
Numeric
value Answer Frequency | Percentage
1 Average progress of past projects 1 11.11%
2 Lower limit of progress of past projects 0 0.00%
3 Upper limit of progress of past projects 0 0.00%
4 Other, please specify 8 88.89%
Table 2.15: Project types for progress charts
17. The progress charts (or curves) were developed based on projects that were:
Numeric Answer Frequency | Percentage
value

1 Satisfactorily completed projects 1 11.11%

2 All satisfactorily and less-than satisfactorily completed projects 1 11.11%

3 Other, please specify 7 77.78%

Table 2.16: Types of progress charts
18. The agency uses for measuring progress:
Numeric
value Answer Frequency | Percentage
1 One construction progress chart for all projects 1 11.11%
A number of classified progress charts based on project o

2 type and other criteria 1 11.11%
3 Other, please specify 7 77.78%
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2.2.2.2 Use and Effectiveness of Progress Charts

As shown in tables 2.13 to 2.16, progress charts are mainly cash flow and schedule charts
delivered by the contractor. States receive these charts and use them as berchmarks against
which to check the actual progress. Only one respondent indicated the use of state experience
and records to develop a progress chart.

The use of progress charts is not limited to a specific contract size. Table 2.17 shows that
56 percent of the state respondents have no price limit for use of progress charts. The other
respondents (33.33 percent; 3 respondents) indicated no specific limit, with one respondent
mentioning that the use of progress charts in the form of CPM schedules is required on vertical
construction, complicated/ interrelated corridor projects, and mega projects.

Table 2.17: Progress charts and project size

19. The project progress chart (or curve) is used if the project value...???
N\ljgjgc Answer Frequency | Percentage
1 No price limit 5 55.56%
2 Projects over $10,000 0 0.00%
3 Projects over $100,000 0 0.00%
4 Projects over $500,000 1 11.11%
5 Other, please specify 3 33.33%

As indicated earlier, progress charts are used to check the progress of contractors against
their own developed schedules and cash flows, or against historical records, as indicated by one
state respondent. When the charts show the contractor’s performance/progress becoming
unsatisfactory, highway agencies would be expected to apply certain procedures to warn and
perhaps penalize the contractor. Table 2.18 shows that “continued” unsatisfactory progress
triggers several parallel actions, including declaring contractor default (56 percent of
respondents), informing the surety company and charging performance penalties (33.33 percent

of respondents), ranking the contractor lower in future prequalification of bids (22 percent of
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respondents), and/or retaining a higher percentage of progress payments (11 percent of
respondents). Other actions mentioned by the respondents included asking the contractor for a
revised schedule and choosing the action most suitable with how far behind the contractor is.
While continued unsatisfactory progress triggers the above actions, temporary (one or two
periods) unsatisfactory progress generally provokes no action; two respondents mentioned

issuing a warning to the contractor.

Table 2.18: Actions for the continued unsatisfactory performance

22. A continued unsatisfactory progress may trigger the agency to (choose all that apply):
Numeric
value Answer Frequency | Percentage
Charge performance penalties (e.g. dollar deductions)
1 to the contractor 3 33.33%
2 Retain a higher percentage of the progress payment 1 11.11%
3 Inform the surety company of the contractor 3 33.33%
4 Declare the contractor in default 5 55.56%
Rank the contractor at a lower prequalification level for 0
5 future bids 2 22.22%
6 Other, please specify 6 66.67%

While the above actions would be enforced with “continued” unsatisfactory progress,
date respondents were not clear about how long it take before progress is considered
unsatisfactory. One out of the eight respondents who reported using progress charts/schedules
indicated that two periods are sufficient to declare unsatisfactory progress (Table 2.19). The rest
of the respondents indicated no period; one respondent mentioned that progress is unsatisfactory
if the project is 15 percent behind schedule.

To assess whether progress charts are useful, respondents were asked about their
experierces. Nearly haf of the respondents agreed that progress charts are useful; the rest were

neutral. When asked about suggestions for performance evaluation, the respondents mentioned:
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(1) One respondent suggested changing the specification to require that the baseline and
updated schedule be monitored during construction. One respondent mentioned the use of
schedules but with no rea ties to performance; liquidated damages would be enforced
only at the end for late completion.

(2) When interim milestones are established, they should be implemented with an
incentives/disincentive clause

(3) One respondent suggested that the highway agency track the percentage of time against
the percentage of completion without charting the resultsinto a curve.

Table 2.19: Timelines for unsatisfactory progress

20. A progress is considered unsatisfactory if the actual progress is continued to be less than the

expected progress for:

N\ljgrséic Answer Frequency | Percentage
1 Two sequential/successive periods on the progress chart 1 12.50%
2 Three sequential/successive periods on the progress chart 0 0.00%
3 Other, please specify 7 87.50%

2.2.3 Specific Practicesfor Performance Evaluation

As reveded by the survey, few states use progress charts to measure the contractor’s
performarce, and only one or two states have developed their own progress charts. Some of the

states' requirements are described below for California, Virginia, North Carolina, and Alabama.

2.2.3.1 CaliforniaDOT

The California Department of Transportation (Caltrans) may be the only state DOT that
has full articulation and use of progress charts. Catrans, however, did not participate in the
current survey. Fortunately, Caltrans’ Standard Specifications and Construction Manual explains

all about the state' s process of performance eval uation (Caltrans 2006).
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Caltrans uses a progress chart to evaluate the progress and performance of contractors.
The chart, Figure 2.1, was developed by Caltrans on the basis of experience with past projects;
details can be found in Section 3-805B “Progress of Work” of the Construction Manual. After
each progress estimate, progress is considered unsatisfactory if the contractor’s progress curve
(using the formula given in Figure 2.1) falls below the curve of the contract progress chart or
when successive points on the contractor’s progress curve indicate that the contractor’s progress
rate will soon fall below the curve. The percentage of work completed is determined by dividing
the amount of the total work completed by the authorized final cost. The percentage of contract
time elapsed is determined by dividing the number of working days elapsed up to the date of the
progress estimate by the original working days plus the time extension approved to the date

Alternatively, on federally funded contracts, unsatisfactory progress is determined when

The number of working days charged to the contract exceeds 75 percent of the working
days in the current time of completion, and

The percent of working days elapsed exceeds the percentage of work completed by more
than 15 percentage points.

Actions Caltrans will take for unsatisfactory progress includes (briefly) the following:

Whenever the contractor fails to conduct the work adequately, the resident engineer must
notify the contractor of the apparent lack of progress.

If the resident engineer judges that the work on the original schedule will not be
completed by the original due date, the resident engineer must request the contractor to
submit a revised schedule showing how the balance of the work will be carried out.

When sufficient reasons are found, the resident engineer may notify the district that the
contractor’ s bonding company should be notified of the unsatisfactory progress.
“Termination for control” may be invoked by the district. This occurs when the
contractor fails to supply an adequate work force; this is defined by Caltrans when the

percentage of the contract completed is more than 25 percent behind the percentage of
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time elapsed. If the project is terminated for control, the surety (bonding company)
assumes the responsibility for completing the contract.

The resident engineer may start deducting an amount sufficient to cover probable
liquidated damages. The deduction is made in lieu of retention for unsatisfactory
progress. On federally funded projects, a 10 percent deduction is made.
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Figure 2.1: Caltrans progress chart
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2.2.3.2VirginiaDOT

The Virginia Department of Transportation (VDOT) uses a construction progress chart,
Figure 2.2, or other contractor-generated charts, to measure contractor progress during
construction. This schedule defines the contract work by maor components and indicates
anticipated progress in percentages for each time period.

Progress is evaluated by comparing the actua work completed to date with the
contractor's anticipated progress shown on the latest accepted schedule or progress chart (Figure
2.2). The progress schedule indicates the amount of work to be performed within given time
periods as percentages of the contract dollar value.

When the percentage of time used exceeds the percentage of work completed by more
than 10 percent, the contractor is notified that if the next monthly progress estimate shows a
delinquency of more than 10 percent, progress will be considered unsatisfactory, and 5 percent
retainage will be withheld on either bonded or unbonded contracts for each month the percentage
of time used exceeds the percentage of work completed by more than 10 percent. A similar
retainage is held if the cortractor's progress fals more than 10 percent behind the latest

approved progress schedule (VDOT 2005).
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2.2.3.3 North CarolinaDOT

The North Carolina Department of Transportation (NCDOT), one of the states that
participated in the survey, uses progress charts submitted by the contractors. Section 108
“Prosecution and Progress’ of its standard specifications provides that the contractor’s progress
is corsidered unsatisfactory if (NCDOT 2006)

The dollar value of the work completed is less than the dollar value of the work that
should have been completed, as determined by the contractor's approved progress
schedule, by more than 15 percent of the current contract amount.

The percentage of the work completed is less than the percentage of contract time elapsed
on the work by more than 15 percentage points. The percentage of work completed is the
dollar value of the work completed divided by the current contract amount as defined
above. The percentage of contract time elapsed is the number of calendar days elapsed, as
shown in the latest pay estimate, divided by the total contract time in calendar days.

The engineer anticipates the contractor will not complete the work described in the

contract by the intermediate contract time or the contract completion date.

When the contractor's progress is found to be unsatisfactory, the state engineer may
demand that the contractor state in writing the reason for the unsatisfactory progress. If the
Contractor cannot satisfactorily justify the unsatisfactory progress, the state engineer may invoke
one or more of the following sanctions:

withhold anticipated liquidated damages from amounts currently due or that become due
remove the contractor and all firms pre-qualified under the contractor's prequalification

number from the department’s Pre-qualified Bidders List.

The specifications also alow the use of liquidated damages if the contractor fails to
complete the work by any of the applicable completion dates, intermediate completion dates, or

intermediate completion times shown in the contract. The liquidated damage is an amount
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stipulated in the contract and is applied for each and every calendar day, for each and every hour,
or portion thereof, that the work or any portion of the work remains uncompleted after the
expiration of any completion date, intermediate completion date, or intermediate completion
time applicable to the uncompleted work. This amount is deducted from any money due the
contractor or his surety under the contract, and the contractor and his surety are liable for any

liquidated damages in excess of the amount due.

2.2.3.4 Alabama DOT
The Alabama Department of Transportation (ALDOT), one of the states that participated
in the survey, uses a progress chart that implies a linear trend (y = x; 45 degree line) in which the
percentage of work completed proceeds at the same pace as the percentage of time elapsed.
Section 108 “Prosecution and Progress’ of its standard specifications provides that the
contractor’ s unsatisfactory progress will invoke the following sequence (ALDOT 2006):

(1) After preparation of the contractor's monthly estimate, the department will review
work progress. The percentage of work performed is based on the dollar amount of
work performed and the total contract amount. This is compared to the percentage of
contract time elapsed. If the percentage of work performed, as compared to the
percentage of contract time elapsed, is behind by more than 25 percentage points, a
warning notice of possible disqualification is sent to the contractor.

(2) The warning notice states that ten days will be alowed to bring the progress within
the required 25 percent, complete the project, or furnish acceptable reasons why the
contractor should not be given afinal notice of disqualification.

(3) At the end of the 10-day period, if the contractor's progress is not within the required
percentage, nor has an acceptable reason been furnished to walve find

disgualification the department will issue afinal notice of disqualification.
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At completion, a contractor’s failure to complete on time triggers the use of liquidated damages
based on a schedule of values in the specifications. Common clauses for termination for default

on the contractor’ s part are included in the specs.

2.2.4 Summary and Conclusionson Survey Data

The analysis of the survey results led to a number of conclusions.

(1) A formal progress measurement and performance evaluation process is lacking in many
states.

Surprisingly, around 71 percent of state respondents indicated the unavailability of
any document that describes a progress evaluation process (see Table 2.8). Progress
reports are the major way to record work progress for 46 percent of the states (Table 2.9),
and within these reports, which measuring work quantities (71 percent) and the work
schedule (54 percent) are magjor factors (Table 2.1). Surprisingly again, 25 percent of the
states use paper work to record work progress (Table 2.10); other states use internal
management systems, as well as commercial systems such as Primavera Project Planner
and AASHTO's SiteManager.

(2) There is an apparent lack of progress charts for measuring contractor performance. Most
states own and manage records of thousards of projects; however, no progress charts
have been developed on the basis of this experience except for one or two states.
Contractor-built progress charts are used by the states to check the contractor’s progress.

As mentioned in (1) above and in Table 2.1, for measuring work progress, some
states analyze quantities of work (71 percent; 17 respondents), time schedules (54
percent; 13 respondents), and cash flow (25 percent; 6 respondents). However, only nine
of 24 states indicated the use of progress charts. Only one of those states (Utah) uses past
experience to develop progress charts (UDOT 2006), and the other states use contractor-
submitted charts after project award (Table 2.13). (Caltrans aso develops progress charts

from experience with past projects.)
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One state respondent mentioned that the DOT tracks the percentage of time against
the percentage of completion without charting the results. Also, one state indicated that
CPM schedules are used, but with no real ties to performance.

(3) States terd to evaluate projects as satisfactory if they are completed within a reasonable
time and cost overrun.

Tables 2.5 to 2.7 show that around 73 percent of the state respondents reported that
satisfactory projects should be completed within a reasonable percentage of both the
contract value and completion time; 70 percent of the respondents establish the
reasonable percentage at 10 percent or less, while around 30 percent or the respondents
establish the percentage at 5 percent or less.

(4) Methods and limits for establishing the unsatisfactory status of a project vary among
states.

In three state DOTs (ALDOT, NCDOT, VDOT), if the percentage of work complete
(based on dollar value) is less than the percentage of time comple (elapsed time) by a
specific tolerance value, then progress is deemed unsatisfactory. One state uses a 10
percent tolerance value, another uses 15 percent, and the third uses 25 percent. This
method implies that actua completion is compared to a linear line in which work
completed equals time completed (i.e., y = X).

Two of the three states (NCDOT, VDOT) also use another method in which a
tolerance value is applied to actual work completion versus planned work completion; a
value of 10 percent is used in one state and 15 percent in the other state.

A third method is used by California, in which the percentage of work complete at
the associated percentage of time complete is compared to a benchmark historical
progress chart/curve. No tolerance value is used; instead, once the actual progress is
below the progress chart, the progress is deemed unsatisfactory. The progress curve thus
acts as a minimum performance level.

(5) States measure work progress in terms of schedule time and project quantities more than

they measure the performance of contractors by using cash flow.
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Table 2.1 shows that comparing actual project schedule (time) to originally planned
time, as well as comparing actual quantities to planned quantities, are the “progress’
measurement factors most commonly used (54 percent and 71 percent, respectively) by
the state respondents. Comparing actual cash flow to planned cash flow, which
establishes the work done per unit of time, was selected by only 25 percent of the
respondents. Tables 2.2 and 2.3 emphasize this point, showing that the percentage of
respondents choosing the “do nothing” option was higher for unsatisfactory cash flow (46
percent) than for unsatisfactory schedule (8 percent). Also, the percentage of respondents
who said that there are performance penalties for an unsatisfactory schedule (33 percent)
was larger than those who reported penalties for unsatisfactory cash flow (5 percent).
Furthermore, the percentage of respondents explaining other strategies for dealing with
unsatisfactory schedule was larger than that for unsatisfactory cash flow.

Measuring progress means comparing actual construction work (time units and work
guantities), e.g., actual times/schedules for interim milestones and quantities placed, to
the established or planned work, e.g., target completion times and budgeted quantities.
However, measuring performance requires comparing the actual work done in a unit of
time to an established or planned set of work per unit of time along the duration of a
project. Measuring performance can explain whether the contractor is on the right track
to finish on time and within budget long before the project has been completed. It can
determine whether the contractor is going to meet an interim or completion milestone
before reaching those milestones. Measuring the “progress” of work can’t provide such
information. For example, a milestone that has not been met on time becomes known on
the milestone date, i.e., after it has not been met. Performance measurement at any time
during the project duration can help in taking precautionary actions before any
unsatisfactory time or cost problems have materialized.

The progress of schedule/time, quantities, and cost should not be measured in
isolation of each other. Measuring performance allows project parametersto be related in
a graph that aways has time along one axis and the other factors, e.g., proportion of
elapsed time, proportion of quantities placed, or proportion of money spent, along the

other axis.
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2.3 Performance M odeling M ethodology

Contractors are more interested than client agencies in developing cash flow profiles to
better plan for the size and timing of the funds required to support the development of a project and
to prepare for project financing. The difference between the cash out and cash in profiles represents
the amount that contractors will need to finance, given the client’s retention percentage and the
time lag between submitting a progress payment and the day it will be paid.

Most of the literature on time/cost cash flow supports the assumption that the cumulative
capital expenditure over time will resemble an sshaped envelope that normally has a dow build-
up period, then arelatively steady load/rise period, followed by afinal dow tail-off period. Various
studies have been conducted to establish a mathematical formula that can moded the sshaped
curve. These efforts can be classified into three main approaches.

The first approach is the development of a “standard s-curve” through a specially
developed mathematical formula, or by using an eisting one, such as the Norma or Gamma
distribution. The parameters of such mathematical formulae are obtained on the basis of matching
or comparison of the developed s-curve/formula with actua project time/cost cumulative cash flow
(De La Mare 1979; Miskawi 1989; Hwee and Tiong 2002). The approach is generally referred to
as the nomothetic approach because it generally tries to discover a general curvellaw to be used
with different types of projects. Once the parameters have been determined, the formula can be
used with future project cash flow forecasting.

The second approach develops s-curves by using Logit transformation. The transformation
of sgmoid (S) curves can produce linear function; the parameters of the linear function are
determined through linear regression of data from actual projects; and then the parameters of the

sigmoid Logit formula are determined through transformation (Kaka and Price 1993; Kaka 1996;
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Kenley and Wilson 1986, 1989). The approach uses historical data to determine two parameters,
and the approach is considered superior to the first standard scurve approach. The approach is
generally referred to as the idiographic approach because it tries to establish specific laws
pertaining to individual projects.

The third approach reflects the application of polynomial regression analysis to actual
project historical data to obtain a forecasting formula for future projects (Peer 1982; Navon 1996;
Nassar et a 2005; Shapanka and Allen 1984).

While most of the work cited has reflected deterministic-type analysis, a small number of
studies, on cash flow forecasting for contractors, has explained efforts to use earned value analysis
and stochastic s-curves via Monte Carlo smulation to expand the deterministic analysis into
probabilistic forecasting (Barraza et a 2000, 2004, Isidore and Back 2002).

In the literature, no single approach provides a better forecasting formula over the other.
The effectiveness of such approaches reflects the scarcity of project records to develop more
accurate models, the level of detail used in the analysis (e.g., the grouping of projects into a general
category and development of a single genera forecasting formula or development of formulae for
projects of similar sizes and types), and the number of variables used in the analysis. The

techniques commonly used have been polynomial regression analysis and Logit transformation.

2.4 Performance Modeling Approach

As outlined in the Chapter I, one of the objectives of this research was to develop a
representative, benchmark performance profile(s) that could be used for evaluating the
performance of contractors in future projects. The characteristics and conditions for this

development include the following:
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(1) Performance profile type
As discussed earlier, a performance profile explains the percentage of completion of a
project in comparison to the elapsed time from the start of the project. The percentage
of completion can be determined on the basis of schedule/time, quantities, or cash
flow. By using a project’s progress estimates and the number of working days for all
projects in WSDOT databases, the cash flow percentage of completion can be

determined, and this is the approach that was adopted in this research.

(2) Performance model methodology
The statistical techniques used in developing the model(s) for the current research
included both (a) regression analysis with polynomial functions and (b) regression

analysis with “Logit” functions.

(3) Performance model base and tolerance value
As revealed by the current practice survey and described by the specific practices
section, a performance model and the tolerance value for unsatisfactory performance
can be established by (a) comparing actual work completion to actua time
completion with a tolerance value of 10 percent to 25 percent, (b) comparing actual
work completion to planned work completion (based on a contractor-generated
progress chart) with a tolerance value of 10 percent to 15 percent, and (c) comparing
both actual work and time completion to an established agency-generated progress
curve, with no tolerance value if the curve is a minimum curve or use of a tolerance

value otherwise.
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The current research devel oped minimum performance bounds as well as average
performance bounds by using data from WSDOT highway projects. The minimum
and average performance bounds were developed for a set of projects, referred to as
successfully completed projects, and for groups (clusters) of the projects that were
classified on the basis of quantities of ACP/HMA, contract value, project duration,

and project miles.

2.5 Development of Performance Profiles

2.5.1 Successfully Completed Projects

The benchmark performance model needed to be developed on the basis of a set of
successfully completed projects. Table 2.20 shows the number of WSDOT projects completed at
different levels of time and cost overrun. For example, at O percent time overrun (Workable
Charged Days—Total Authorized Days/Total Authorized Days), 72.72 percent of the projects
were completed on time. At O percent cost overrun (Paid-to-Contractor—Original Bid
Price/Original Bid Price), 42.84 percent of the projects were completed within the bid price. At 0
percent both time and cost overrun, 33.16 percent of the projects were successfully completed at
the planned time and cost, but 66.84 percent experienced time and cost overruns.

For performance model development, a 5 percent time and cost overrun was considered
as a limit, and therefore, 497 projects (51.56 percent of al projects) were considered to have
been successfully completed and were used as the basis for model development. For each of
these projects, data collected included progress payment estimates and the number of working
days recorded at each payment estimate. From these data, work and time percentage complete

were obtained. Figure 2.3 illustrates the progress of 133 of the successfully completed projects.
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Table 2.20: Number and percentage of projects at different levels of time and cost overrun

No. of Projects at No. of Projects at No. of Projects at

% Overrun indicated % of indicated % of indicated % of

Time Overrun Cost Overrun Time and Cost

(WCD -TAD)/TAD (PTC-OBP)/OBP overrun

0% 710 (72.72%) 413 (42.84%) 310 (32.16%)
5% 731 (75.83%) 636 (65.98%) 497 (51.56%)
10% 753 (78.11%) 751 (77.90%) 583 (60.48%)
15% 777 (80.60%) 828 (85.89%) 667 (69.19%)
20% 799 (82.88%) 878 (91.08%) 726 (75.31%)
25% 817 (84.75%) 902 (93.57%) 764 (79.25%)
30% 825 (85.58%) 927 (96.16%) 792 (82.16%)

WCD - Workable Charged Days, TAD - Total Authorized Days, PTC — Paid-to-Contractor, OBP — Original Bid Pric
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Figure 2.3: Progress profiles of a sample of 133 successfully completed projects
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Figure 2.3 illustrates the wide range of progress that may be experienced in a project. The

lower part of the figure shows that some projects experienced slow progress, in that after almost
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25 percent of elapsed time, the work started to proceed at a Slow pace. In contrast, the upper part
of the figure shows that some projects had a quick start and proceeded at a fast pace. The
majority of the projects fall into the middle part of the figure, where the work and time
percentage of completion seem to cluster around an average progress, shown by a 45 degree line
(linear model y = x) between zero and 100. The range between average and slow progress is
around 35 percent. This helps explain why some states choose to measure the limit for
unsatisfactory progress at between 10 percent and 25 percent from the average linear line. On the
other hand, Caltrans works with the minimum performance level without a tolerance value. That

is also the approach contemplated in this current research.

2.5.2 Performance Modelsfor Project Groups - All Projects

2.5.2.1 Average Performance Bound

To develop an average performance profile for the projects, polynomial regression
andysis of the 3% 4" and 5" degree and logit regression analysis were performed. The
dependent variable in the analysis was the percentage of work completed, and the independent
variable was the percentage of time completed. The analysis did not explain significant
differences among the three models. In developing the models, two constraints were imposed on
the model design: to have no intercept in the final model and to have the sum of the three
regression coefficients equal unity. These constraints were defined in the loss function of the
regression analysis. The regression model for the 3 polynomial and logit function under these
constraints was ®lved by using three methods. Quas-Newton, Simplex, and the Rosenbrock
pattern search (Brent 1973; Gill and Murray 1974; Peressini et al. 1988; and Wilde and Beightler

1967).
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The results of the three models for each regression were analyzed to determine whether
any of the profiles would produce negative values at the lower extreme of the percentage of time
completed. The results for the logit regression were nearly identical with an R value (coefficient
of determination) of 81.630 percent. The results for the polynomial regression were very close to
each other: 86.602 percent (Quasi-Newton), 86.65 percent (Simplex), and 86.52 percent
(Rosenbrock). Figure 2.4 illustrates how the models were close to each other in explaining the
average performance and very close to the 45 degree linear line (y = x) a around a 5 percent
difference. The Simplex regression result was chosen because it had the highest R:

Y = (.99762)*x + (.455684)* X2 + (-.45322)*x"3 (2.1)

wherey is the percentage of work completed and x is the percentage of time completed.
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Figure 2.4: Average performance bounds for all successfully completed projects
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The average performance profile considers al the successful projects and thus can be
used with atolerance value to establish an unsatisfactory progress level. There is no specific rule
for determining a tolerance value, as it can be determined a number of ways:

(1) Visualy: A visua inspection of the graph of performance profiles and projects (Figure
2.3 and 2.4). For example, at the mid point, 50 percent, the range is about 35 percent to
40 percent between the average line and the lower points. Assuming a5 percent rejection
for the lower projects, then the tolerance becomes 30 percent to 35 percent. This is
equivalent to measuring the tolerance by using the 45-degree linear line.

(2) Statistically: The determination of the lower prediction interval for the devel oped average
model (Simplex). For the successfully completed projects, and by using model Eqg. 2.1,
the average lower prediction interval was determined to be 24 percent.

A lower prediction interval can be determined by using the standard errors and the

variance of the estimates (Dielman 2005). The variance of the prediction, Var , for any
value X, equals the variation around the regression line (called the MSE, or mean square

error), Var ¢, plus the square of the standard error of the estimate value, Var, (for sample

n):

€ 2¢
€ 1 (Xp' mx) L
Varp::Vare>g1+—+Tlf

e " (- DVay 2.2)

and the lower prediction interval becomes (where Sp is the square root of Var p):
lower prediction = prediction —ty n.2 * Sp (2.3
where 1y, n.2 is a vaue chosen from the t distribution with (1-8)100% prediction interval
and (n-2) degrees of freedom.
In the current case, where n is very large and at a prediction interval of 95 percent,
ta2n2 equals 1.96. In model Eq. 2.1, the variance around the regression line, Var ¢, is
0.0149, so the average value of (ly2n2 * Sp ) for a percentage of time completed of 0.1,

0.7, and 0.9, representing minimum, average, and maximum values of X n, respectively,
becomes 24 percent.
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Therefore, by using a lower prediction interval, the tolerance can be suggested at 24
percent measured from the average Simplex model line in Figure 2.4. Because the
difference between the ssimplex line and the average linear line (y = x) is around 5

percent, it is aso possible to assume a tolerance value of 19 percent measured from the
linear line.

(3) Departmentally: Decision makers and project managers can also check Figure 2.4 and
decide on a tolerance value. Choosing a large tolerance value, e.g., 45 percent or 50
percent, would send a wrong message to contractors, saying that lower performance is
acceptable. Choosing a low tolerance value, e.g., 5 percent, would require steady progress
amost on the average line (Figure 2.4) or the linear line, which would require the

contractor to carefully control the construction work and the pace of operations.

2.5.2.2 Minimum Performance Bounds

Rather than using the average performance (or linear performance), use of minimum
performance bounds would allow the tolerance value to be ignored and progress or contractor
performance to be compared against a performance benchmark curve. Determination of the
minimum performance bounds, however, is more complex than determination of the average
performance bounds. The average boundary is calculated by the least square regression anaysis
that was performed on “al” successfully completed projects. However, calculating a “minimum”
boundary or the “border” of the data requires further scrutiny. For example, in Figure 2.3, where
the progress profiles are plotted, the lower boundary or border includes the progress profiles of
several projects that intersect. The border itself can be considered a narrow strip that includes
several projects or portions of several projects. Consequently, the determination of the lower or
minimum bounds requires determination of the size of the border strip, the identification and
isolation of the projects on the border strip, and identification of portions or performance points

of projectsin the strip.



One way to do that is by developing a regression line for each project (there were 497
successful projects in the research study) and then evaluating those regression lines at
intermediate intervals between zero and 100 percent to get the values of the percentage of work
completed in each interval and choose the minimum of these values. This is equivalent to getting
the percentage of work completed for each interval or the percentage of time completed directly
from the collected data instead of developing 497 regression equations. The problem in both
methods, however, is how many intervals to work with. The number of intervals may have to be
statistically significant to produce significant results. In the following analysis, the number of
intervals was chosen to be 50, 100, 250, and 500. The number of intervals determined the
number of projects in each interval, and the number of points equalled the number of intervals.

Along with determining the number of intervals, the minimum performance points in
each interval has to be identified. However, looking back to Figure 2.3 and the performance
profiles, one can visudize that in some intervals there will be a number of minimum
performance points, and in other intervals there will be no performance points, or the
performance points will have a large value that can not be considered a “minimum” when
compared to the previous or next intervals. Therefore, it becomes necessary to work with
absolute minimum points, referred to here as the zero percentile values, and other, slightly higher
than minimum points, referred to here as the 5" and 7.5 percentiles. This also helps determine
minimum performance of projects that do not accidentally have extremely low performance.

Figure 2.5 illustrates the minimum performance boundary with 50 intervals and points
representing the minimum or zero percentile. The number of projects was 44. The boundary was
developed with regression analysis by using the Quas-Newton, Simplex, and Rosenbrock

methods. The bounds from the three solution methods were nearly identical; however, the
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Rosenbrock method was the only line that had all positive values at the lower percentage of time
completed and, consequently, would be the one selected for the 50-point case. Figures 2.6, 2.7,
and 2.8 illustrate the bounds for 100 (73 projects), 250 (168 projects), and 500 (264 projects)

intervals, the unique projects in these intervals are shown in brackets.
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Figure 2.5: Minimum performance bounds for 50 intervals and zero percentile
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Figure 2.7: Minimum performance bounds for 250 intervals and zero percentile
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Figure 2.8: Minimum performance bounds for 500 intervals and zero percentile

Figure 2.9 illustrates a summary of the best model in each interval, as well as the average
Simple model (Eq. 2.1; Figure 2.4), linear model (y=x), and the model Caltrans uses. The models
are written/listed in the same order they appear in the figure. The more interval points, the more
the minimum performance boundary moves toward the average line. The 50-point model
(Rosenbrock) covers more of the slow performance at the start of projects and proceeds with a
dow pace upward. The 100-point model (Quas-Newton QN) is similar, with a little better
performance. Decision makers could choose one of these models in the graph, knowing that the
100-point and 250-point models would be better than the 50-point model, since they would

require contractors to maintain faster progress.
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Figure 2.9: Minimum performance bounds for successful projects (zero percentile)

Figure 2.10 illustrates the results of producing minimum performance bounds by using
the 8" percentile points in each interval. The absolute minimum points (zero percentiles) were
not considered in model development. This could also be considered a way to remove any
projects with extremely low performance from development of the benchmark minimum
performance models. Of note in this graph is the closeness of the 50- and 100-point models to
each other; more consistency is produced by the 5" percentile. Decision makers could choose
any of the modes, however, the 50-point and 100-point models would provide a more

reasonable rate of work progress. These two models represent an average between the 100- and
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250-point zero percentile models of Figure 2.9. Therefore, they provide minimum performance

bounds with reasonable progress.
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Figure 2.10: Minimum performance bounds for successful projects (5th percentile)

Figure 2.11 illustrates the results for the minimum performance bounds for the different
interval points with 7.5 percentile points in each interval. In this case, the absolute minimum
points (zero percentile) and the 5" percentile points were not considered in the regression model
development. Again, this could be considered a way to remove any projects with extremely low
performance from development of the benchmark minimum performance models. In this graph,

the 50- and 100-point models match the Caltrans model, leaving many of the projects in the
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minimum bound strip. These two models show greater progress for minimum performance than
the 5" percentile models. Decision makers could choose any of the models; however, the 5"

percentile models would be more representative of minimum performance.
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Figure 2.11: Minimum performance bounds for successful projects (7.5 percentile)

2.5.3 PerformanceModelsfor Project Groups- ACP/HMA

The above anaysis developed average and minimum performance models by using the
full sample of successfully completed projects (497 projects). In this analysis, further models
were developed for groups of projects classified on the basis of quantities of ACP/HMA. The

groups were formed with cluster analysis, an analysis that tries to develop groups of similar data
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by minimizing the variance within the group and maximizing the variance between the groups.

K-means clustering was used, and Table 2.21 illustrates the statistics of the three clusters that

included all the successfully completed projects.

Table 2.21: ACP/HMA clusters for the successfully completed projects

Cluster | # of Min Max Mean Standard Variance

# projects ACP/HMA ACP/HMA Deviation

3 342 0.00 16,753.74 4,978.590 4,986.134 24,861,530
2 129 16,927.26 48,767.96 28,764.12 8,153.351 6,647,7130
1 26 51,338.70 99,426.20 69,997.30 16,447.71 270,527,300

The analysis and model development for the minimum performance bounds and average
performance bounds for each ACP/HMA cluster were conducted as explained for all cases of
successfully completed projects. Figure 2.12 illustrates the results for the Ok- to 17k-ton HMA
cluster, which contained the majority of the projects (342 projects); the model for 100 points
(Simplex) was most representative of the minimum performance bounds. Figure 2.13 shows that
for the 17k- to 51k-ton HMA cluster (129 projects,) the 100-point (Simplex) model aso
produced good minimum performance bounds. Figure 2.14 illustrates a unique cluster of 26
projects that ranged from 51k tons of HMA and above. The average and minimum performance
bounds were close to each other. The 50-point (Simplex) model would be chosen as the

minimum performance bounds. (A summary graph is shown in Figure 2.15.)
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Figure 2.12: Minimum and average performance bounds - HMA Cluster (Ok to 17k tons)
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Figure 2.13: Minimum and average performance bounds - HMA Cluster (17k to 51k tons)
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Figure 2.14: Minimum and average performance bounds - HMA Cluster (51k and above)

Figure 2.15 is a summary graph that includes the selected minimum performance models
for each of the three clusters, along with the associated average performance bounds. The
average in the model envelope for each cluster is the upper line, and the minimum is the lower
line. Each envelope explains the position of the projects and their associated cluster relative to all
the successfully completed projects. Cluster 3 projects with fewer HMA tons tended to have a
sower progress pace than projects with a medium amount of HMA in cluster 2, which had a
slower progress rate than projects with the largest amounts of HMA in cluster 1.

While the 50- and 100-point models in Figure 2.10 were previously suggested as the best
representative minimum performance bounds for al the successfully completed projects, Figure
2.15 provides more tools for monitoring and controlling progress, given specific quantities of

ACP/HMA in a project.
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Figure 2.15: Summary minimum and average performance bounds — ACP/HMA Clusters

Both figures 2.10 and 2.15 could be used in monitoring work progress. Contractors could
be generaly required to be within the average and lower bounds of Figure 2.10 and/or to satisfy

the specific requirements of their ACP/HMA group performance bounds.

2.5.4 Performance Modelsfor Project Groups - Contract Value

In the current analysis, further models were developed for groups of projects classified on
the basis of the contract value, i.e., paid-to-contractor dollars (in 2005 dollars). Table 2.22
illustrates the statistics of the four clusters that included al the successfully completed projects.

Cluster 1 was ignored because of the small number of projects.
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Table 2.22: Contract value clusters for the successfully completed projects

Cluster | # of Min Contract | Max Contract | Mean Standard Variance

# projects value Value Deviation

4 348 $105,018.58 $2,321,238.82 1073383 600158.0 3.602E+11
3 128 $2,357,167.46 $6,495,159.59 | 3612667 1031118 1.063E+12
2 19 $6,638,740.47 $18,715,549.56 | 9484181 3368837 1.135E+13
1 2 $30,304,343.08 | $49,787,911.29 | 40046130 | 13776960 1.898E+14

The analysis and model development for the minimum performance bounds and average

performance bounds for each contract value cluster were conducted as explained for all cases of

successfully completed projects. Figure 2.16 illustrates the results for the up-to-$2.3 million

cluster, which contained the majority of the projects (348 projects); the model for 100 points

(Simplex) was most representative of the minimum performance bounds. Figure 2.17 shows that

for the $2.3 million to $6.5 million cluster (128 projects), the 100-point (Rosenbrock) model also

produced good minimum performance bounds. Figure 2.18 illustrates a cluster of 19 projects that

had a range of $6.5 million and above. The average and minimum performance bounds were

close to each other. The 50-point (Simplex) model would be chosen as the minimum

performance bounds. (A summary gaph is shown in Figure 2.19.)
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Figure 2.16: Minimum and average performance bounds - Contracts (up to $2.3 million)
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Figure 2.17: Minimum and average performance bounds - Contracts ($2.3 million — $6.5 million)
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Figure 2.18: Minimum and average performance bounds - Contracts ($6.5 million and above)

Figure 2.19 is a summary graph that includes the selected minimum performance models
for each of the three clusters, along with the associated average performance bounds. The
average in the model envelope for each cluster is the upper line, and the minimum is the lower
line. Each envelope explains the position of the projects and their associated cluster relative to all
the successfully completed projects. Cluster 4 projects with the smallest contract values (up to
$2.3 million) tended to have a lower progress pace than projects with medium contract values
($2.3 million-$6.5 million) in cluster 3, which had a slower progress rate than projects with the
largest contract values ($6.5 million and above) in cluster 2. These clusters coincided with the
results of the ACP clusters. Figure 2.19 provides more tools for monitoring and controlling

progress, given the contract value of a project.
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Figure 2.19: Summary minimum and average performance bounds — contract clusters

2.5.5 Performance M odelsfor Project Groups - Duration

In the current analysis, further models were developed for groups of projects classified on

the basis of contract duration, i.e., workable charged days. Table 2.23 illustrates the statistics of

the clusters that included al the successfully completed projects.

Table 2.23: Duration clusters for the successfully completed projects

Cluster | # of Min Duration | Max Duration | Mean Standard Variance
# projects (WCD) (WCD) Deviation

3 331 3 64 39.81873 | 13.75843 189.2943
2 143 65 146.5 89.01748 | 20.44104 417.8360
1 23 154 615.5 212.0217 | 96.55574 9323.011
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The analysis and model development for the minimum performance bounds and average
performance bounds for each contract value cluster were conducted as explained for all cases of
successfully completed projects. Figure 2.20 illustrates the results for the up-to-65 days cluster,
which contained the majority of the projects (331 projects); the model for 100 points (Simplex)
was most representative of the minimum performance bounds. Figure 2.21 shows that for the 65-
to 150-days cluster (143 projects), the 100-point (Simplex) model also produced good minimum
performance bounds. Figure 2.22 illustrates a cluster of 23 projects that had a range of 150 days
and above. The average and minimum performance bounds were close to each other. The 50-
point (Simplex) model would be chosen as the minimum performance bounds. (A summary

graph is shown in Figure 2.23.)
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Figure 2.20: Minimum and average performance bounds — Duration (0 — 65 days)
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Figure 2.23 is a summary graph that includes the selected minimum performance models
for each of the three clusters, along with the associated average performance bounds. The
average in the model envelope for each cluster is the upper line, and the minimum is the lower
line. Each envelope explains the position of the projects and their associated cluster relative to all
the successfully completed projects. Cluster 3 projects with the fewest working days (up-to 65
days) tended to have a dlower progress pace than projects of medium duration (65 to 150 days) in
cluster 2, which had a slower progress rate than the longest projects (150 days and above) in
cluster 1. Figure 2.23 provides more tools for monitoring and controlling progress, given the

duration of a project.
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Figure 2.23: Summary minimum and average performance bounds — Duration cluster
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2.5.6 Performance Modelsfor Project Groups - Project Miles

In the current analysis, further models were developed for groups of projects classified on
the basis of project length, measured in miles. Table 2.24 illustrates the statistics of the clusters

that included all the successfully completed projects.

Table 2.24: Miles clusters for the successfully completed projects

Cluster | # of Min Miles Max Miles Mean Standard Variance
# projects Deviation

3 326 0.01 6.27999973 2.380509 | 1.737348 3.018379
2 145 6.4 18.9500008 10.37874 | 3.238595 10.48849
1 26 20.113 52.1700011 28.10381 | 7.845677 61.55465

The analysis and model development for the minimum performance bounds and average
performance bounds for each miles cluster were conducted as explained for all cases of
successfully completed projects. Figure 2.24 illustrates the results for the up-to-6.4 miles cluster,
which contained the mgjority of the projects (326 projects); the model for 100 points (Simplex)
was most representative of the minimum performance bounds. Figure 2.25 shows that for the
6.4- to 20-miles cluster (145 projects), the 100-point (Simplex) model also produced good
minimum performance bounds. Figure 2.26 illustrates a cluster of 26 projects that had a range of
20 miles and above. The average and minimum performance bounds were close to each other.
The 50-point (Simplex) model would be chosen as the minimum performance bounds. (A

summary graph is given in Figure 2.27.)
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Figure 2.27 is a summary graph that includes the selected minimum performance models
for each of the three clusters, aong with the associated average performance bounds. The
average of the model envelope for each cluster is the upper line, and the minimum is the lower
line. Each envelope explains the position of the projects and their associated cluster relative to all
the successfully completed projects. Cluster 3 projects with the smallest number of miles (up to
6.4 miles) tended to have a Slower progress pace than projects with a medium numbers of miles
(6.4 to 20 miles) in cluster 2, which ehad a Slower progress rate than projects with the most miles
(20 miles and abowe) in cluster 1. Figure 2.27 provides more tools for monitoring and controlling

progress, given project mileage.
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Figure 2.27: Summary minimum and average performance bounds — Miles cluster

2.6 Conclusions

This chapter provided a survey on how state DOTs evauate the progress and
performance of contractors during construction and at project completion. The anaysis
determined that only a few states (four out of 25) analyze the performance of contractors by
using a linear relation (y = x) that relates work completion to time completion and a tolerance
value beyond which performance is deemed unsatisfactory. Only one of those states, California,
has a true performance chart that describes a minimum boundary for performance without a

tolerance value. The magjority of other states measure work progress in lieu of performance.
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In this research, average and minimum performance bounds were developed on the basis
of data from a number of successfully completed projects (497 projects that had time and cost
overruns of less than 5 percent). On the basis of the analysis, the performance bounds in Figure
2.28 are suggested for evaluating the performance of contractors. However, other bounds could
be used, such as the minimum bounds shown in figures 2.9, 2.10, and 2.11. Figure 2.28 is a
subset of Figure 2.10. In using the average bounds, a tolerance value of between 20 percent and
24 percent could be used to identify unsatisfactory status. In using the minimum bounds, the

performance would be unsatisfactory if actual performance was below the minimum bounds.
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Figure 2.28: Average and minimum performance bounds for WSDOT projects
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Average and minimum performance bounds were also developed for groups of projects

that were clustered on the basis of four data categories. quantities of ACP/HMA, vaue of

contracts, duration of construction, and length of project (in miles) (see figures 2.15, 2.19, 2.23,

and 2.27). Cluster analysis segregated the projects into three groups that could be referred to as

small, medium, and large. The performance bounds for the small projects clusters shown in

Table 2.25 were significantly close to each other, even among the different categories of miles,

days, value, and amount of HMA. Thisisillustrated in Figure 2.29.

Table 2.25: Small projects clusters (cluster # 3 in each categ

ory) ($2005)

Category | # of Min value Max Value Mean Standard Variance
projects Deviation
Miles 326 0.01 6.27999973 2.380509 1.737348 3.018379
Days 331 3 64 39.81873 13.75843 189.2943
Value 348 $105,018.58 $2,321,238.82 | $1,073,383 [ $600,158 $3.602E+11
HMA 342 0.00 16,753.74 4,978.590 | 4,986.134 | 24,861,530
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Figure 2.29: Average and minimum performance bounds for the small projects clusters
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Table 2.26 shows the medium projects clusters; the values for these clusters are higher

than those for the small projects clusters. The performance bounds, minimum, and average are

illustrated in Figure 2.30. A project that would be categorized as a medium project could then be

evaluated on the basis of any of the performance profiles in Figure 2.30. For example, a project

that had 40,000 tons of HMA, a 15-mile length, a $5 million vaue (based on 2005 dollars), or a

duration of 100 working days could be evaluated with Figure 2.30.

Table 2.26: Medium projects clusters (cluster # 2 in each category) ($2005)

Category | # of Min value Max Value Mean Standard Variance
projects Deviation
Miles 145 6.4 18.9500008 10.37874 3.238595 10.48849
Days 143 65 146.5 89.01748 20.44104 417.8360
Value 128 $2,357,167.46 | $6,495,159.59 | $3,612,667 | $1,031,118 | $1.063E+12
HMA 129 16,927.26 48,767.96 28,764.12 | 8,153.351 6,647,7130
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Figure 2.30: Average and minimum performance bounds for the medium projects clusters
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Table 2.27 shows the large projects clusters; the values in this cluster were higher than
those in the small and medium projects clusters. The performance bounds, minimum, and
average are illustrated in Figure 2.31. A project that would be categorized as a &rge project
could then be evaluated on the basis of any of the performance profiles in Figure 2.31. For
example, a project that had 70,000 tons of HMA, a 40-mile length, a $15 million value (based on

2005 dollars), or a duration of 200 working days could be evaluated with Figure 2.31.

Table 2.27: Large projects clusters (cluster # 1 in each category) ($2005)

Category | # of Min value Max Value Mean Standard Variance
projects Deviation
Miles 26 20.113 52.1700011 28.10381 7.845677 61.55465
Days 23 154 615.5 212.0217 96.55574 9323.011
Value 19 $6,638,740.47 | $18,715,549.56 | $9,484,181 | $3,368,837 | $1.135E+13
HMA 26 51,338.70 99,426.20 69,997.30 | 16,447.71 | 270,527,300
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Figure 2.31: Average and minimum performance bounds for the large projects clusters
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2.7 Recommendations

The analysis and conclusions explained a number of average and minimum performance

bounds for categories of projects that includede (1) al projects, (2) three clusters of projects

based on the quantities of ACP/HMA, number of highway miles, contract value, and number of

working days. It is recommended that WSDOT use the average and minimum performance

bounds to assess the performance of contractors during construction.

The actual performance of contractors would be estimated at every payment estimate or
at the discretion of the WSDOT management office.

The performance would be assessed by measuring the percentage of time completed
(ratio of elapsed time to original or authorized duration) and the percentage of completed
(ratio of the cumulative payment to the contract amount or the authorized value). Both
values represent a single point that could be plotted on one or al of the performance
curves (figures 2.28 to 2.31) (or other bounds, as selected by WSDOT from those in
figures 2.9, 2.10, and 2.11).

When performance curves were made available to the contractors (e.g., through standard
specifications, specia provisions, or the construction manual), contractors would be
required to remain near the average performarnce curve. Contractors would be warned if
an actual performance curve moved toward the minimum performance bounds.

If the contractor’ s performance moved below the minimum bounds, then the performance
would become “unsatisfactory,” and suitable WSDOT action would be taken. A phased
consequence would be to aert the contractor if performance had not improved within a
specific period (e.g., in a month), and then a performance penalty would be imposed.

Such penalties might include, for example, holding more percentage retainage of the
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payments, holding liquidated damages in anticipation of delay, charging a performance
deduction, acknowledging the surety company, and at the extreme, declaring the
contractor in default.

= WSDOT could use the overall performance cuve (Figure 2.28), as well as the

categorized performance curve, in assessing the contractor’s performance.

The performance of the contractor during construction would be plotted directly on the
performance curve. The fina completed curve (actua and officialy planned) would be added to
the contractor’s qualification file for use in future projects.

While the average performance curve was developed to evaluate the contractor’s
performance, it could also be used by WSDOT as a “payout curve,” or as a stardard payment
schedule, for deciding how much would be needed to pay out during every month of
construction. In particular, the categorized average performance in figures 2.29 to 2.31 of the
project cluster curves could be used to establish the funding requirements for small, medium, and
large projects. Once an average curve had been selected, the percentage could be determined by
using the formulas given on the curves. Then working days could be converted into calendar

days, given WSDOT’ s standard list of working days of every calendar month.

2.8 Implementation

It is suggested that the performance curves be included in the WSDOT Standard
Specifications and/or the WSDOT Construction Manual. Official charts could be developed
explaining the process of evaluating performance, along with the performance bounds
established in figures 2.28 to 2.31. The developed models in this research were coded in an Excel

file to facilitate the implementation and use of the performance bounds, see Appendix C.
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CHAPTER 3
TIME PERFORMANCE AND PREDICTION

3.1 Introduction

The aim of time prediction is to forecast the most likely number of working days required
to complete a project. There are a number of methods for determining the duration of a project.
The most accurate way of predicting project duration isto develop acritical path method (CPM)
network, which defines all project activities, establishes the sequence/logic between the
activities, and determines the duration of the activities on the basis of the quantities of work and
the production rates of the work crews. However, in the planning stages, sufficient information
may not be available to apply a full scale CPM analysis. Highway agencies usually record
information about the planned and actual duration of a project, the quantities of work, the costs,
the weather conditions during construction, and the number of miles. By applying a set of
statistical methods, e.g., regression analysis methods, to these historical records, they can be used
to predict the duration of a project.

Applying statistical methods to these data can help predict the approximate duration of a
project, where the quality of the prediction will depend on the quality of the data (some project
data may not be recorded for a project), variability of the data, sufficiency of the number of
projects, variability of project sizes, and variability in weather conditions during a project life
time and between projects, among other factors. Although the time predicted is approximate, it is
still useful because it can be obtained very early in a project life, when data insufficiency is

usually the case.
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This chapter starts with a literature review on methods for estimating the duration of
projects. Next is an analysis of the time performance of WSDOT projects. The chapter then
explains the methodology/approach for developing time prediction characteristic tables and
developing time prediction models. The characteristic tables were developed on the basis of
statistical analysis of WSDOT's historical project records. The prediction models were
developed by using a holistic approach that considered final project duration and the associated
guantities of work (ACP/HMA, grading, and surfacing), project miles, and project contract
value.

The models will support the current tools and methods WSDOT uses to estimate the

duration of highway projects.

3.2 Current PracticesLiterature Review

A number of research studies have attempted to determine and/or predict the duration of
transportation projects. In 1984, Shapanka and Allen (1984) developed methods for forecasting
payments on construction contracts for the Florida Department of Transportation. Along with
forecasting payments, the research used regression analysis to develop a formula for forecasting
contract duration. A formula was developed to predict the project duration in months on the basis
of the original contract amount, the month in which the contract is signed, the road system, and
project type. The authors reported that the contract amount was the most important factor in
determining project duration.

In 1995, the National Cooperative Highway Research Program (NCHRP) endorsed a
study to identify the methods used by state DOTs to determine contract time for highway

congtruction (Herbsman and Ellis 1995). The research was based on interviews and a survey of
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practitioners in highway agencies and private contracting firms. The researchers found that
manual methods involving the use of spreadsheets and computer systems, developed internally
and commercially, were used to determine time. Basically, the systems used a predefined set of
controlling activities with a predefined logic and production rates to determine the duration of
activities, then added activities, or performed CPM calculations, to determine completion time.
The research emphasized the importance of considering the impact of specific factors in
determining project duration, including geophysical conditions, construction operations (e.g.,
mobilization, utility relocation, traffic), project characteristics (type and dominant operations),
and economic/legal factors (e.g., letting time and permits). The research recommended
development of historical data to support production rate determination and suggested the
development of a statistical database for determining contract time, as well as using expert
systems to support professional judgment.

In 2000, Hancher and Werkmeister (2000) developed a system for determining contract
time for the Kentucky Transportation Cabinet (KyTC). The system determines the time for a new
project by relying on a predefined project template comprising a set of controlling activities
linked via a specific logic/sequence. Six project templates were defined to reflect the work type
of six project classifications: reconstruction limited access, reconstruction open access, new
route, relocation, bridge rehabilitation, and bridge replacement. The duration of activities in the
template is determined by the associated production rates for each activity; lower, average, and
maximum production rates were determined on the basis of analysis by managers of KyTC. The
system runs on the software package M S Project.

In 2002, the Federal Highway Administration produced a brief guide on procedures for

determining contract times (FHWA 2002). In this guide, FHWA mentioned a number of
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methods, including CPM calculation with a software package, bar charts, and the “ estimated cost
method.” CPM was labeled the most accurate method. The estimated cost methods rely on
historical information gathered in tables to illustrate project cost versus project time for different
project types, traffic volumes, and geographic locations. However, contract time is developed
solely on the basis of the engineer’ s estimate.

In 2006, Stoll et al. (2006) conducted research for the South Carolina Department of
Transportation (SCDOT) to identify the best practices for predicting duration estimates, evaluate
current methods, and suggest improvements to SCDOT’ s current methods for time prediction.
Similarly to the project template system developed for Kentucky, five project templates were
defined to reflect work types in five project categories. bridge replacement, intersection
improvement, primary and interstate improvements, resurfacing, and secondary road
improvements. For each template, critical activities and CPM logic were defined and combined
with SCDOT’s recorded production rates. Primavera Project Planners is the software package

used for running the system templates.

3.3 Time Performance Analysisof WSDOT Projects

“The State Transportation Agency (STA) should periodically review its procedures for
determining contract time, which should include a comparison of the actua
construction time against the estimated completion time for several projects to ascertain
whether its procedures result in appropriate contract times.” (FHWA 2002)

WSDOT uses CPM to estimate project duration. Duration of activities is determined on
the basis of actual duration of similar activities, expert judgment guided by historical information
of smilar projects, and use of work quantities and historical production rates.

In a 1998 performance audit by the State of Washington Joint Legidative Audit and
Review Committee (JLARC), the JLARC found that WSDOT highway construction contract
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work days exceeded bid work days by 3 percent (JLARC 2005). In a 2005 review, the JLARC
analyzed data for fiscal years 2003 and 2004 and found that the contract days exceeded the bid
work days by 8 percent. The current research was not a performance audit; rather, it was an
investigation of time performance at the project level and whether there is a relationship between
changes in performance and changes in major project parameters such as contract value,
ACP/HMA quantities, project miles, and project duration. The objective was to review the
relationship between project duration and those project parameters to develop time prediction
formulas. However, Appendix B provides a review of time growth (overruns) for the WSDOT
projects from which data for the curent study were taken. Time performance needs considerable
attention (prediction and control); however, the range of variation is narrowing.

Project time performance at completion can be evaluated through a performance measure
that relates the completion time (duration) to the original contract duration. The following
subsections review the time performance of WSDOT highway projects and analyze the

relationships that exist between the duration of a project and the variablesin a project.

3.3.1 Time Growth Percentage Measure

Time performance measurement can be established on the basis of arelationship among a
number of project time variables, such as original contract days, authorized working days,
workable charged days, and total working days. The performance measure adopted in this study
is the “time growth” percentage, which measures the deviation of a project’s workable charged
days from the original number of contract bid days:

Time Growth = 100 x (workable charged days — original contract days) / original contract days
The time growth percentage chart in Figure 3.1 shows a substantial range in the growth of

completed projects. Of all the projects, 53.3 percent finished later than originaly planned
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(greater than zero, with 37.2 percent having atime growth of larger than 10 percent. Around 47.7
percent of the projects finished earlier than originally planned duration, with 34.3 percent
finishing within 10 percent earlier than the planned duration. This reflects the high variance of
the projects, for which the average time growth was 21 percent, the standard deviation was 55.78

percent, and the coefficient of variation was 264.86 percent.
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Figure 3.1: Distribution of projects with respect to the time growth percentage
To further arelyze time performance, Figure 3.2 shows the change of the average time
growth percentage in relation to the brackets/ranges of the prime bid amounts of the studied
projects. For example, the $2.0 million to $2.5 million bracket has an average the time growth of
30.91 percent. The “maximum” time growth percentage has substantially extreme valuesm with
an average of 353.4 percent. While the maximum growth line represents the maximum time
growth in each bid bracket, it represents extreme cases that should not be used for making

decison. The 95" percentile line is a more reasonable and representative substitute for the

maximum line. The 95" percentile line, however, still shows that projects had a substantial
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average time growth of 109.6 percent. Figures 3.1 and 3.2 and Table 3.1 illustrate that projects

tend to exceed the original contract durations.

Similarly wide ranges of variation in time growth percentages can also be illustrated if

the growth percentage is plotted in relation to the main project variables. Figures 3.3 and 3.4

illustrate this variation with respect to ACP/HMA quantities and project miles.
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Figure 3.2: Time growth percentages for specified prime bid amount
Table 3.1: Statistics of the time performance measure
M easur e Average | Std. Dev. | Coeff.of | Min. Max. Avof 5™ | Avof 95"
Variation Percentile | Percentile
Time Growth 21.06% 55.78% 264.86% -71.6% 624.55% -21.57% 109.62%
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Figure 3.4: Time growth percentages for specified project miles
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3.3.2 Elapsed Daysto Start Work

WSDOT's Standard Specifications establish that the “contract time shall begin on the
first working day following the 10" calendar day after the date the contracting agency executes
the contract. The contact provisions may specify another starting date for contract time, in which
case, time will begin on the starting date specified.” The December 4, 2006, revisions to the
General Specia Provisions extended the 10 calendar days to 21 calendar days in recognition of
all preparatory work that a contractor must do to mobilize and begin work.

The WSDOT databases (CCIS) define three dates for starting work: contract execution
date (ED), time-started date (TSD) (e.g., official date to start work or to start counting the
working days), and work-started date (WSD) (e.g., contractor’s first day of work). Figure 3.5
shows that 65 percent of the projects followed the specifications for starting after 10 (21) days,
while 35 percent of the projects were beyond that, and some did not begin until more than 100
days out. This, however, does not necessarily mean a contractor’s delay in starting work because
the time-started date is a function of WSDOT. However, contractors did start projects late.
Figure 3.6 shows the elapsed time between the contractor’s start of work and the contract time-
started date. In this figure, 30 percent of the projects did not start on time, and 13 percent of
those started more than 10 days beyond the TSD. Collectively, this can be explained by relating
the contractor’s start of work to the execution date. Figure 3.7 shows that 46 percent of the

projects started more than 21 days beyond the execution date.
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Figure 3.5 Number of days between contract execution and the time to start work
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Figure 3.6 Days between the contractor’ s start of work and the contract-date to start work
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Figure 3.7 Days between the contractor’ s start of work and the contract execution date

Figure 3.8 shows a decreasing trend in elapsed days with an increase in the prime bid
amount. The maximum and 95" percentile graphs show how far the elapsed days reached for
each prime bid bracket. However, plotting the elapsed days in relation to quantities of
ACP/HMA, in Figure 3.9, shows that the average and 95" percentile nearly leveled for the

different ACP brackets.
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3.3.3Workable Charged Days

Figure 3.10 illustrates how the workable charged days (WCD) of projects varied in
relation to the prime bid amounts (PBA). The average coefficient of variation was significant at
65 percent. A dlight and steady increasing trend can be noted between the WCDs and the PBAs.

The range of variation for each prime bid bracket is still substantial.
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Figure 3.10: Variation of workable charged days against the prime bid amounts

The relationship between the WCDs and the length of projects (miles), in Figure 3.11,
showed a surprisingly level/flat average WCD value for the various lengths/miles of projects, i.e.,
a weak relationship in which WCD did not change much with variations in project miles or
ACP/HMA tons. A similar pattern is shown in Figure 3.12, in which WCD did not change with
an increase or decrease in ACP/IHMA quantities. Thus, WCD is more related to a project’s

value/amount than to any other project variable.
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3.4 Resear ch Approach for Time Prediction

As explained in the analysis of time performance, WSDOT uses CPM, production rates,
and historical data to estimate the duration of activities and projects. This research was intended
to supplement WSDOT work by using historical data to predict project duration. However, this
research was based on a holistic method that relied on the recorded final project duration and the
associated contract value, quantities of work, ard the number of miles of highway to predict the
duration of new projects. The work quantities utilized in the development of the prediction
models were the quantities of asphalt concrete pavement (ACP)/hot mix asphalt (HMA), grading,
and surfacing. Project data and the quantities of work were collected for each project (964
projects;, Table 1.1) by usng WSDOT standard bid items (tables 1.2 —to 1.4). With data for
projects awarded between 1990 and 2004, the total project costs were converted to the 2005
dollars by using WSDOT’s cost index before the prediction devel opment process began.

The data were then subjected to statistical analysisin order to develop

(1) time characteristic tables—statistical measures, e.g., minimum, maximum, 5" and
95th percentiles, average, and standard deviation of grouped data, were the basis
for the development of two-dimensional tables for predicting project time.

(2) time prediction models—this included the use of (a) ordinary general multiple
regression anaysis (GRM), (b) “Ridge’ regression anaysis, and (c) general

partial least square regression analysis (PLYS).

3.5 TimePrediction for WSDOT Projects—Characteristic Tables

The charts in figures 3.10 and 3.11 explain the relationship between workable charged
days and a single variable at a time. These two-dimensional charts have a nearly level/flat

average for WCDs. Thus, the charts provide little help in predicting project duration. A better
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method is to use three-dimensional matrixes, or characteristic tables, for prediction. A three-
dimensional table gives the duration of a project when two variables change at atime. This better
establishes the relationship between WCD and project variables. For example, Table 3.2 gives an
average value of 84 working days when 15,000 to 20,000 tons of ACP/HMA are planned and the
project length is 2.5 to 5 miles. Tables 3.2 and 3.3 give the WCD for a combination of project
cost and ACP/HMA quantity. Similarly, Table 3.4 gives the duration for a combination of

project cost and project miles.

The duration information given in tables 3.2 to 3.4 includes the following:

average duration (first line)
minimum and maximum values (second line)

standard deviation and the number of contracts in this category (third line).

For the same example given abowve (15,000-20,000 ACP/HMA and 2.5-5 miles),

The average value is 84 working days.
The minimum and maximum values are 37 and 155 working days, respectively.

The standard deviation is 47 working days, and the number of projectsis 17.

Figures 3.10 to 3.12 represent valuable time prediction tools at the early stages of a
project.

88



Table 3.2: Working days information for specific ACP/HMA tons and specific miles

ACP 0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 WCD for
Miles 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 >40,000 Miles
59, 83, 103, 128, 168, 149, 37, 9%, 72,
0 25 15, 148, 24, 230, 37,192, 37,337, 52, 290, 60, 203, 28, 45, N/A 64, 126, 16, 202,
58, 231 66, 74 52,27 101, 20 2,7 01,3 13,2 48,2 67, 366
66, 66, 70, 84, 90, 95, 117, 137, 296, 83,
25 5 24, 125, 24, 168, 29, 147, 37, 155, 47,163, 45,174, 80, 153, 86, 226, 79, 479, 26, 214,
59,50 47,45 46, 44 47,17 43,15 49,11 41,3 73,4 161,8 74,197
74, 142, 59, 56, P°, 76, 82, 68, 283, 9,
5 75 26, 152, 29, 428, 26, 126, 30, 89, 36, 208, 44, 144, 47,137, 50, 96, 63, 792, 30, 271,
44,33 145,15 35,18 2,21 68,21 40,15 40,6 29,3 295, 11 115, 143
101, 8L, 186, 58, 89, 64, 73, 100, 119, 9,
75 10 39, 232, 26, 230, 47, 391, 35, 95, 32,217, 44,91, 36, 108, 55, 160, 60, 189, 31, 241,
113,27 86, 10 154 ,6 25,8 65,12 18,9 25,16 62,3 54,7 84,98
76, 73, 117, 131, 105, 104, w2, 57, 144, 106,
10 125 29,171, 40, 93, 37, 169, 51, 200, 46, 170, 48, 201, 61, 122, 50, 64, 59, 374, 35, 213,
53,12 34,3 67,5 72,4 59,4 64,7 48,2 8,3 148, 13 89,53
78, 67, Yy 112, 73, 60, o4, 60, 132, 84,
125 | 15 53, 100, 67, 67, 44, 44, 77,147, 42,104, 60, 60, 61,128, 50, 74, 81, 227, 46, 155,
20,7 0,1 0,1 54,2 31,4 0,1 53,2 10,6 70,5 43,29
77, 52, 55, 76, 87, 78, 75,
15 175 N/A 11, 135, 52, 52, 55, 55, N/A N/A 42,141, 65, 108, 61, 106, 29,137,
67,4 0,1 0,1 45,6 33,2 19,6 38,20
72, a1, 257, 55, 184, 20, 135, 140,
175 | 20 55, 99, 41,41, 257, 257, 55, 55, 184, 184, 420, 420, N/A N/A 77, 238, 53, 273,
28,3 0,1 0,1 0,1 0,1 0,1 67,11 98,19
6L, 9, 35, 61, 77, 55, 83, 76,
20 30 36, 94, 66, 162, 35, 35, N/A 51, 76, 46, 108, N/A 55, 55, 61, 111, 35, 115,
34,3 44,6 0,1 15,3 34,3 0,1 23,5 33,22
o4, 13, 119, 75, 73, 6L, 88, 87,
30 50 53, 146, 13,13, 119, 119, N/A 45, 45, N/A 173,173, 61, 61, 41, 145, 31, 160,
54,3 0,1 0,1 0,1 0,1 0,1 42,7 48,15
196, oL, 128,
50 up 196, 196, N/A N/A N/A N/A N/A N/A N/A 61, 61, 68, 189,
0,1 0,1 95,2
WD for 66, 83, 87, 88, 98, %, 8L, 8L, 159,
16, 161, 22, 251, 30, 200, 32, 208, 37, 227, 44,211, 37, 158, 49, 166, 55, 444,
ACPHMA 62, 370 74,160 66, 105 67,74 65, 68 67,50 38,38 46,23 158,76
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Table 3.3: Working days information for specific project cost and ACP/HMA tons

PTC 0 500,000 | 1000,000 | 1,500,000 | 2,000,000 | 2,500,000 | 3,000,000 | 3,500,000 | 4,500,000 | 5,500,000 | >10,000,000 | WCD for
ACP 500,000 | 1,000,000 | 1,500,000 | 2,000,000 | 2,500,000 | 3,000,000 | 3,500,000 | 4,500,000 | 5,500,000 | 10,000,000 ACP
33, 57, 56, 67, 1009, 127, 74, 118, 215, 157, 219, 66,
0 5000 | 13,78, | 21,119, 20, 95, 36, 131, 59, 203, 40, 322, 46, 118, 71, 185, 82, 382, 87, 327, 131, 317, 16, 161,
20,105 | 48,100 30, 62 29,26 55,25 141, 14 31,7 40,11 171,3 104, 12 81,5 62, 370
28, 51, 62, 87, 119, 125, 139, 87, 100, 205, 234, 83,
5,000 | 10,000 | 13,42, | 22,105, 29, 108, 35, 162, 39, 288, 62, 263, 25, 304, 64, 102, 19, 226, 87, 385, 183, 297, 22, 251,
11,9 37,52 30,28 38,22 111,13 85,9 111, 10 18,5 120, 3 127,6 65,3 74,160
51, 55, 82, 105, 116, 68, 160, 179, 201, 257, 87,
10,000 | 15,000 N/A 27, 116, 29, 102, 35, 148, 56, 154, 67, 148, 59, 74, 67,300, | 160, 205, 131, 298, 257, 257, 30, 209,
27,25 24,32 40, 16 49,4 37,5 9,3 92,13 26,3 99,3 0,1 66, 105
50, 53, 64, 70, 133, 88, 121, 119, 288, 277, 88,
15,000 | 20,000 N/A 29, 117, 34, 86, 33, 112, 39, 96, 95, 187, 72, 107, 82, 176, 75, 188, 288, 288, 207, 351, 32, 208,
44,7 18,19 34,15 20,11 42,5 20,3 40,6 70,3 0,1 79,4 67,74
64, 74, 85, o5, 89, 108, 211, 183, 175, 98,
20,000 | 25,000 N/A N/A 27, 160, 36, 148, 41,147, 72,151, 55, 143, 50,208, | 146, 295, 61, 312, 175, 175, 37, 227,
53,10 40,13 42,16 33,8 45,4 65,8 86,3 110,5 0,1 65, 68
57, 50, 67, 109, 102, 102, 85, 180, 420, 93,
25,000 | 30,000 N/A N/A 46, 68, 44, 86, 42,103, 51, 199, 83, 116, 57, 186, 85, 85, 114, 215, 420, 420, 44, 211,
12,3 16,12 23,13 62,6 20,3 57,7 0,1 54,4 0,1 67,50
57, 66, 64, 61, 57, 111, 155, 173, 8L,
30,000 | 35,000 N/A N/A 46, 67, 34, 103, 43,91, 30, 96, 57, 57, 80, 148, N/A 151, 159, 173, 173, 37, 158,
17,2 26,12 20,7 29,5 0,1 27,8 6,2 0,1 38,38
56, 59, 62, 76, 67, o5, 181, 81,
35,000 | 40,000 N/A N/A N/A 50, 62, 57, 61, 50, 77, 53, 106, 51, 84, 90, 100, 136, 235, N/A 49, 166,
6,4 3,2 12,7 30,3 26,2 8,2 56,3 46,23
95, 30, 75, 88, 111, 158, 399, 159,
40,000 | Up N/A N/A N/A N/A 95, 95, 53, 102, 48, 104, 61, 122, 78, 166, 67, 284, 202, 768, 55, 444,
0,1 20,6 25,18 24,11 35,11 84,15 231,14 158, 76
WED for 33, 54, 57, 72, 91, 104, 90, 116, 138, 174, 317,
12,75, | 22,118, 24, 107, 35, 145, 40, 163, 44, 193, 47, 202, 58, 215, 72,282, 76, 353, 173, 579,
contract value | 19 114 | 42,184 29, 156 33,120 58,92 80, 65 58, 52 59, 71 81,29 91,51 183, 30
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Table 3.4: Working days information for specific project cost and project miles

PTC 0 500,000 | 1000,000 | 1,500,000 | 2,000,000 | 2,500,000 | 3,000,000 | 3,500,000 | 4,500,000| 5,500,000 | >10,000,000 V¥§D
Miles 500,000 | 1,000,000 | 1,500,000 | 2,000,000 | 2,500,000 | 3,000,000 | 3,500,000 | 4,500,000 | 5,500,000 | 10,000,000 Miles
34, 61, 63, 73, 117, 131, 187, 143, 161, 201, 286, 74,
0 25 | 13,77, | 22 131, 25, 99, 41,104, | 27,225, | 79,231, | 97,316, | 76,227, | 74,281, | 100,395, 195, 350, 16, 202,
19,100 | 52,101 | 30,53 21,25 69, 19 66, 16 % .6 54,17 86,6 116,9 76,5 67 , 366
27, 26, 52, 69, o1, 102, 0, 117, 179, 200 317, 83,
25 5 24, 30, 26, 99, 22, 95, 20,148, | 56,135, | 50,152, | 53,125 | 64,213, | 76,373, | , 115,341, 183, 483, 26, 214,
4,2 23,52 28,43 36, 26 26,18 40,15 ,28.8 49,15 145 .5 101, 6 131, 7 74,197
23, a1, 57, 70, 100, 76, 0, 97, 101, 242, 443, 96,
5 75 | 23,23 20, 67, 35,114, | 34,140, | 50,195 | 54,100, | 26,202, | 52 174, | 101,101, | 143, 388, 211, 921, 30, 271,
0,1 23,19 25,32 35,27 84, 24 17,9 63,9 49,8 0,1 106,7 318, 6 115, 143
23, 29, 60, 63, 69, 128, 66, 128, 167, 188, 227, 93,
75 | 10 | 2323 25, 68, 28,118, | 36,112, | 40,106, | 37,377, 46,91, 60,305, | 103,207, | 108,294, 130, 301, 31, 241,
0,1 22 .4 41,16 25,27 24 .10 168, 10 18,7 106, 10 53, 4 77.6 9,3 84,98
a7, 3L 131, 63, 97, 63, 107, 117, 153, 211, 106,
10 | 125 N/A 35, 61, 21, 40, 59, 176, 42, 89, 46, 191, 44, 73, 52,146, | 75,162, | 103,213, 226, 595, 35, 213,
12,5 10,3 56,5 20,6 65,6 13,6 35,9 39,5 51,6 290, 2 89,53
103, 55, 29, 72, 68, 88, 104, 74, 150, 84,
125 | 15 N/A 59, 146, 45, 65, 41, 56, 57, 95, 50, 87, 54,144, | 88,128, 74, 74, 101, 231, N/A 46, 155,
68,2 11,3 12,2 17,5 17,5 42,5 24,3 0,1 82,3 43,29
8, 31, 94, 29, 54, 81, 89, 83, 147, 75,
15 | 175 | 838, 31, 31, N/A 65, 128, 42, 55, 45, 63, 61,106, | 74,110, 83, 83, 137, 158, N/A 29,137,
0,1 0,1 36,3 6,4 14,2 26,3 22.3 0,1 17,2 38,20
50, 78, 70, 87, 132, 147, 282, 140,
175 | 20 N/A N/A 42,55, N/A N/A 78, 78, 58, 82, 76,97, | 104,176, | 83,233, 224, 395, 53, 273,
8.3 0,1 19,2 16,2 45,3 74 4 93, 4 98,19
55, 44, o1, 78, 65, 77, 106, 61, 179, 76,
20 | 30 N/A N/A 37, 73, 36, 54, 66, 111, 78, 78, 50, 75, 57, 97, 97, 114, 51,71, 179, 179, 35, 115,
29,2 10,3 24 4 0,1 11,5 31,2 13,2 16,2 0,1 33,22
50, 98, 53, 29, 60, 13, 110, 173, 87,
30 | 50 N/A N/A 50, 50, 79, 116, 46, 60, N/A 49, 49, 60, 60, 13, 13, 50, 154, 173, 173, 31, 160,
0,1 30,2 11,2 0,1 0,1 0,1 44,6 0,1 48,15
6L, 196, 128,
50 | up N/A N/A N/A N/A N/A N/A N/A 61, 61, N/A N/A 196, 196, 68, 189,
0,1 0,1 95,2
WCD for 33, 54, 57, 72, o1, 104, 0, 116, 138, 174, 317,
12,75, | 22,118, | 24,107, | 35,145 | 40,163, | 44,193 | 47,202, | 58215 | 72 282, 76, 353, 173, 579,
Cont.Value | 19”114 | 42 184 | 29,156 | 33,120 58,92 80, 65 58, 52 59, 71 81,29 91,51 183, 30
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3.6 Time Prediction for WSDOT Projects—Prediction Models
3.6.1 Introduction

The analysis of project time performance found that completion times among projects
were highly variable. Several variables may have contributed to that variability, including, for
example, a change in the work quantities of the major operation, such as surfacing, grading, and
ACP/HMA pavement; a change in the number of work crews and their production rates; the
weather conditions during construction, particularly if the weather affected the critical path
activities; logistics and delays in the procurement of materials, and inefficient resource
management or lack of labor or equipment. With so many factors contributing to completion
time variability, predicting completion times for future projects is complex and difficult. For
example, a project with 5,000 tons of ACP placed by a crew that has a production rate of 50 ton
per day would require 100 working days. However, if two crews were used, then the time would
be around 50 days. So in predicting the completion time of a future project of similar size, the
range would be between 50 and 100 working days, which is too wide to make sound decision
about completion time.

Adding more variables into the prediction equation will help in reducing prediction
errors. However, for the highway agency side, the number of variables is generally limited to
those under its control and supervision, e.g., work quantities. The number of crews, production
rates, logistics, and resource availability are mainly the contractor’s responsibility and are not
usually recorded in highway agency databases. Therefore, time prediction equations will have to
be used with the understanding that prediction errors will be encountered because of the many
factors that affect completion time and because prediction equations will have only a limited

number of variables. The variables that were considered in this research included work quantities
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of ACPIHMA (tons), grading (tons), grading (cy), surfacing (tons), project length (centerline
miles), and contract value (paid to contractor, dollars).

The following subsections explain the development of the time prediction equations. In
phase one, the statistical characteristics of the variables were investigated, and a preliminary
regression analysis was conducted. In the subsequent phases, a number of regression analysis
techniques were used to develop prediction equations that would attain reasonable mean absolute
percentage error (MAPE) values. The MAPE is used to check prediction error by comparing

predicted duration to actual duration.

3.6.2 Phase | Development

By using historical project data, the relationship between project completion time and
project variables can be partialy explained through graphical representation (e.g., scatter plots)
and through a study of the correlation between variables. Figures 3.11 and 3.12 illustrate that, for
categorized data, the average workable charged days (WCD) for projects did not change
significantly with a change in project miles and ACP/HMA quantities. This can be further
explained through figures 3.13 and 3.14, in which the correlation coefficient is 0.08 for project
miles and 0.38 for ACP/HMA quantities. Each dot on these two graphs represents a project. The
graphs and the low correlations clearly establish that the relationship between project completion

and the two variables is not strong.
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Project Miles

Figure 3.13: WCD in relation to project miles

and the other variables may be better explained if the variables are transformed with the natural
logarithms. For example, figures 3.15 and 316 illustrate a better linear relationship between
InN(WCD) and In(ACP) and between In(WCD) and In(Miles). This means that transformed

variables, rather than raw variables, should be considered in the prediction equations.
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Figure 3.15: In(WCD) in relation to In(Miles)
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However, an important finding from these graphs is that the relationship between WCD
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Figure 3.16: In(WCD) in relation to In(ACP)
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While the above variables are mainly physical variables (e.g., quantities of work, project

miles) related to tangible components of projects, the contract value, paid-to-contractor, aso



contributes to the determination of completion time. Figures 3.17 and 3.18 illustrate the
relationship between completion time, WCD, and the contract value before and after
transformation. Figure 3.18 shows the strong correlation between PTC and WCD, which
suggests that PTC is a better factor than the other variables in predicting completion time.
Similarly, figures 3.19 to 3.21 suggest that the natural logarithms of grading (cy), grading (ton),

and surfacing (ton), with their linear trend and correlation, can contribute to time prediction.
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Figure 3.19: In(WCD) in relation to In(Grading cy) Figure 3.20: In(WCD) in relation to
In(Grading ton)
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Ln(Surfacing ton)

Ln(WCD)

Figure 3.21: In(WCD) in relation to In(Surfacing ton)

The prediction models use formulas that have a dependent variable, workable charged
days, WCD, the predicted values of which depend on the number and value of the independent
variables (ACP/HMA quantity, grading (cy and ton), surfacing (ton), project miles, and value
(paid-to-contractors)). The six independent variables could be used in the development of alarge
number of predication models. In total, 63 nodels could be developed by using one, two, three,
four, five, or six of the independent variables. Both the completion time and contract value
naturally depend on the other five variables, which represent five physical elements in any
project. However because completion time is highly correlated to contract value, the time
prediction models were developed in two groups, with and without the contract value.

With large number of models that could be developed, the objective was to choose the
best among these models. The selection was based on how closely the time predicted through a
model matched the actual time. This was tested by using the mean absolute percentage error,

MAPE, statistic, which measures the deviation of predicted time from actual time.
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In devel oping the time prediction models, formulas could be designed with or without an
intercept, and the preference would be to have no intercept if it would not affect the value of
MAPE. Regression analysis could produce prediction models with negative coefficients, but
their meaning would be difficult to interpret, and therefore, models with negative coefficients
were rejected. For example, if the ACP/HMA resulted in a negative coefficient in a model, it
would mean that more quantities of ACP/HMA would produce a shorter completion time, which
would not be reasonable. However, before a model was rejected for negative coefficients, the
reasons for negativity were checked. For example, while correlation between the dependent
variable, WCD, and the independent variables was highly preferred because it would produce
better prediction, correlation between the independent variables would generally weaken the
prediction model. Correlation between independent variables is referred to as multicolinearity,
which needs to be treated if it is encountered in a model. Figures 3.22 and 3.23 illustrate
examples of significant correlation between ACP/HMA and miles and between surfacing and

grading. Negative coefficients can be produced if multicolinearity is found between variables.
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Figure 3.22: In(ACP) in relation to In(Miles) Figure 3.23: In(Sufacing) in relation to
In(Grading)
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In a first attempt at designing prediction models, a general multiple regression model
(GRM) (Tabachnick et. al 2007; Dielman 2005; Makridakis et. al 1998) was applied to the
origina raw variables. A best subsets regression analysis was performed using GRM. The best
subset regression runs all possible regressions between the dependent variable and all possible
subsets of the independent variables. Subset models are then ranked in terms of the best fit by
using the coefficient of determination, R, an adjusted R, or Mallows G, dtatistic. Table 3.5
illustrates the results of the first ten best models. The table shows that eight ou of ten models
had negative coefficients, particularly for grading (ton and cy). Multicolinearity was suspected

because grading (ton) and grading (cy) were highly correlated, asillustrated in Figure 3.24.

Table 3.5: Standardized coefficients using best subset regression (raw variables, no intercept)

Adj. Effects | Miles PTC ACP grading grading | surfacing
R2 ton cy

0.67008 | 5 0.13431 0.62267 0.08968 -0.06532 | 0.12767
0.66974 | 6 0.13360 0.62416 0.09035 | 0.00834 -0.07230 | 0.12610
0.66939 | 5 0.13892 0.61297 0.09039 | -0.04552 0.11360
0.66891 | 4 0.13596 0.61895 0.10023 0.07338
0.66728 | 4 0.17195 0.66228 -0.08125 | 0.14239
0.66695 | 5 0.17249 0.66005 -0.01036 -0.07243 | 0.14419
0.66660 | 4 0.17783 0.64885 -0.06432 0.13168
0.66602 | 4 0.13319 0.65111 0.10743 | 0.02693

0.66578 | 5 0.13087 0.65710 0.10815 | 0.05098 -0.02811
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Figure 3.24: In(Grading ton) in relation to In(Gradig cy)
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Figure 3.25 shows the normal probability plot of the six-variable model in the table; the
plot shows a violation of the normality assumption in regression analysis. In addition, Figure
3.26 shows a cone-shaped standardized residual plot, suggesting another violation of the constant
variance assumption of the regression model. The researchers concluded that the preliminary
modd using the original raw values of the variables was not appropriate for prediction because
of the violations of assumptions. The results further confirmed that transformation of the

variables with the natural logarithms would provide better models.
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Figure 3.25: Normal probability plot Figure 3.26: Predicted values vs. residuals

3.6.3 Phase |l Development

In Phase |1, both the dependent and explanatory variables were transformed with the
natural logarithms. Tables 3.6 and 3.7 show the results of the first ten best subset models with
and without the use of an intercept. In both models, the contract value had a higher weight than
the other variables. The use of transformation thus helped in alleviating the non-normality and
non-constant variance violations. For example, in Table 3.6, the six-variable model has a normal
probability plot, and the residuals in figures 3.27 and 3.28 represent significant improvement

over those in figures 3.25 and 3.26.
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Table 3.6: Standardized coefficients produced by best subsets models using transformed
variables (without intercept).

Adj Effects | Ln Ln Ln Ln Ln Ln

R2 (Miles) (PTC) (ACP) | (grad.ton) | (grad. (surfacing)
cy)

0.98794 | 5 0.0128 0.8295 -0.0641 | 0.1751 0.0493

0.98793 | 4 0.0132 0.8518 -0.0565 | 0.1941

0.98792 | 3 0.0090 0.7983 0.1943

0.98791 | 4 0.0082 0.7746 0.1791 0.0395

0.98790 | 6 0.0126 0.8308 -0.0652 | 0.1838 -0.0125 | 0.0528

0.98790 | 3 0.7767 0.1748 0.0465

0.98790 | 5 0.0133 0.8500 -0.0561 | 0.1880 0.0075

0.98790 | 2 0.8055 0.1925

0.98789 | 4 0.0091 0.7962 0.1855 0.0108

0.98789 | 4 0.8051 -0.0323 | 0.1716 0.0534

Table 3.7: Standardized coefficients produced by best subsets
variables (with intercept).

regression and transformed

Adj Effects | Ln(Miles) | Ln(PTC) | Ln Ln(gradi | Ln(grading | Ln(surfacing)
R2 (ACP) | ngton) cy)

0.59918 | 5.00000 | -0.13770 | 0.78639 | -0.08906 | 0.29029 -0.10273

0.59875 | 6.00000 | -0.13929 [ 0.77893 | -0.09554 | 0.28584 -0.12251 0.04106
0.59822 | 4.00000 | -0.12827 | 0.76721 | -0.08495 | 0.20586

0.59722 | 5.00000 | -0.12819 | 0.76303 | -0.08708 | 0.19810 0.01538
0.59615 | 4.00000 | -0.16578 | 0.74410 0.28443 -0.09323

0.59556 | 3.00000 | -0.15601 | 0.72840 0.20772

0.59524 | 5.00000 | -0.16775 | 0.73840 0.28179 -0.10355 0.02220
0.59444 | 4.00000 | -0.15608 | 0.72785 0.20691 0.00162
0.59029 | 3.00000 0.70846 | -0.12900 | 0.22840

0.59008 | 4.00000 0.71829 | -0.13386 | 0.28532 -0.06791
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Figure 3.27: Normal probability plot Figure 3.28: Predicted values vs. residuals

As shown in tables 3.6 and 3.7, the ACP/HMA, grading (cy), and miles variables still had
negative coefficients, suggesting the existence of multicolinearity. For example, the six-variable
model in Table 3.6 had tolerance vaues approaching zero and large variance-inflation-factor
(VIF) vaues, which strongly suggests multicolinearity, Table 3.8.

Table 3.8: Multicolinearity in six-variables GRM model (no intercept)

Adj R2 Tolerance VIF
Ln(Mileage) 0.502419 1.99037
Ln(PTCO05) 0.010447 95.72163
Ln(ACP) 0.014435 69.27436
Ln(Grading ton) 0.012782 78.23704
Ln(Grading cy) 0.010106 98.94826
Ln(Surfacing ton) 0.013255 75.44112

One of the common methods for dealing with the multicolinearity effects is “Ridge”
regression analysis (Dielman 2005; Kutner et al. 2005; Sen and Srivastava 1990). Ridge
regression uses a procedure to artificially decrease the correlations between the variables so that
more stable beta coefficients can be obtained. A constant (lambda) is added to the diagonal of the
corrdlation matrix, which is then re-standardized, and the off-diagonal elements are divided by
the constant. Lambda is a constant between zero and one. Therefore, the values of lambda are

increased to the point at which multicolinearity is reduced. For example, Table 3.9 shows the
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results for the no-intercept six-variable model, which, when compared to Table 3.8, shows

improvement in both tolerance and VIF when Ridge regression is applied with alambda of 0.15.

Table 3.9: Six-variables Ridge model (no intercept; 0.15 lambda)

Adj R2 Tolerance | VIF Coefficient
Ln(Mileage) 0.770404 1.29802082 0.064900
Ln(PTCO5) 0.202697 4.93346962 0.073366
Ln(ACP) 0.209983 4.76228266 0.098155
Ln(Grading ton) 0.211642 4.72495776 0.083372
Ln(Grading cy) 0.207070 4.8292918 0.083268
Ln(Surfacing ton) 0.199047 5.02394257 0.099831

Genera nonlinear partial least square regression (PLS) is another regression anaysis
method. Although the GRM model has been extended in a number of ways (multivariate
methods) to address more sophisticated data analysis problems, including the development of
“Discriminant Analysis,” “Principa Component Analysis,” and “Canonical Correlation”
(Tabachnick et. a 2007), the application of these methods has had restrictions. PLS is another
extension of the GRM regression, but with fewer restrictions than the other multivariate methods
(Rannar et. a 1994; de Jong, 1993; Geladi and Kowalsky 1986). PL S regression transforms the
original predictor (independent) variables into factor scores by using linear combinations of the
original predictors. The objective is to have no correlation between the factor score variables,
which are then used in the predictive regresson model. In this sense, multicolinearity is dealt
with.

The development of time prediction models for the current research started with the
general multiple regression models (GRM), and if negative parameters or multicollinearity was
found, then Ridge regression was used with different lambda values until multicollinearity was
removed. Then PLS regression was used to compare results with those of the Ridge regression.

The best model was then selected on the basis of the best MAPE value, i.e., the best model at
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reducing prediction error. For example, Table 3.10 shows the results for the six- variable modd.
The last two “GRM” models were rejected because of their negative coefficients; the other three
were ranked on the basis of MAPE, and the lowest was selected for its best prediction ability in
the six-variable model category. The same process was repeated for every model combination of
two, three, four, and five variables, and the best was selected for each category. Table 3.11
shows the best models when contract value (PTC) was not included in the model; similarly,
Table 3.12 shows the best models when contract value was added to the model. The addition of
contract value was expected to improve the prediction ability of the models. The best models
were ranked on the basis of the lowest absolute percentage of error, MAPE. Each model was
assigned a number (e.g., for model 4.3, 4 refers to four-variable models and 3 to the model
number in this category), and a suffix (P means a model with PTC (contract value) included, e.g.,

P4.2 is an equivalent to model 4.2 but with PTC added).

Table 3.10: Regression results for the six- variable time prediction model

Regression | AdjR2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln
cept (Miles) | (PTC) | (ACP) (Grad. | (Grad. (Grad.

Ton) Cy) Cy)
Ridge 0.4807 | 0.3405 | 0.1576 | 0.0146 | 0.2058 | 0.0306 | 0.0370 | 0.0316 [ 0.0483
PLS 0.9906 | 0.3642 | 0.0126 | 0.0126 | 0.1647 | 0.0904 | 0.0382 | 0.0389 [ 0.0605
Ridge 0.9540 | 0.4016 0.0649 [ 0.0734 | 0.0982 | 0.0834 | 0.0833 [ 0.0998
GRM 0.9879 | 0.3980 0.0344 | 0.2586 | -0.032 | 0.0902 | -0.006 0.0285
GRM 0.5987 | 0.3472 | -3.66 -0.074 | 0.5522 | -0.045 | 0.0893 | -0.041 0.0194
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Table 3.11: Best time prediction models without contract value

) Reg. | AdjR2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln

8 cept (Miles) | (PTC) | (ACP) (Grad. (Grad. (Grad.

= Ton) Cy) Cy)

4.3 | GRM |0.46399| 0.37709| 2.09200( 0.06149 0.06855| 0.10264 0.09002

5.1 [ GRM |0.45602( 0.38111| 2.06996| 0.06165 0.07143| 0.07527| 0.03186| 0.08547

3.1 | Rdg. |0.43001| 0.38122( 1.92910 0.10522| 0.08838 0.09362

4.1 | GRM |0.45456| 0.38691( 1.72118 0.12223] 0.07597| 0.02500| 0.08696

2.2 | GRM |0.45011| 0.38704| 1.98808 0.13220| 0.13893

3.2 | Rdg. |0.42121| 0.38728| 1.85634 0.10951 0.08285| 0.09857

2.3 | GRM |0.44389( 0.39153| 1.93251 0.12884 0.14727

3.3 | GRM |0.44542| 0.39666( 1.85635 0.13926| 0.07386| 0.07455

2.1 | GRM |0.41440( 0.40213| 1.88716 0.09476 0.19402

3.11| GRM |0.42645| 0.40345| 1.97274| 0.05779 0.07522 0.19540

2.4 | GRM |0.13941| 0.49191| 3.05272| 0.05967 0.11536

4.2 | Rdg. |0.92545| 0.51837 0.16850 0.13723| 0.14096| 0.18246
Table 3.12: Best time prediction models with contract value

T Reg. | AdjR2 | MAPE Inter- Ln Ln Ln Ln Ln Ln

8 cept (Miles) | (PTC) | (ACP) (Grad. (Grad. (Grad.

= Ton) Cy) Cy)

P5.2 | Rdg. [ 0.49931| 0.30707| 0.39454| 0.03301]0.20628 0.03501| 0.02802| 0.04935

P4.2 | Rdg. [ 0.44748| 0.33015| 0.22879 0.20399| 0.04015 0.04309| 0.05204

P5.3 | Rdg. [ 0.47518| 0.33897| 0.06827| 0.01128]0.21762| 0.02922| 0.04933 0.06072

P5.1 | Rdg. [ 0.48088| 0.33955| 0.06851 0.21102| 0.03394| 0.03682| 0.03104( 0.04903

P6.1 | Rdg. [ 0.48067| 0.34052| 0.15763| 0.01464]0.20585| 0.03064| 0.03704| 0.03164| 0.04829

P4.1 | Rdg. [ 0.46171]| 0.34294| 0.11409 0.21471] 0.03246| 0.04793 0.05994

P4.3 | Rdg. [ 0.46454| 0.34412| 0.06953 0.22788| 0.03526| 0.04270| 0.04065

P3.3 | Rdg. [ 0.42825]| 0.35089| 0.05581 0.23845| 0.03663 0.05988

P3.2 | Rdg. [ 0.42453]| 0.35211| 0.19493 0.23326| 0.03597| 0.05886

P4.11 | Rdg. [ 0.41689| 0.35453| 0.18487| 0.01506]0.21959| 0.03401 0.07248

P3.1 | Rdg. [ 0.41202]| 0.36614| 0.04268 0.23185| 0.03227 0.07632

P3.4 | Rdg. [ 0.32583| 0.39868| 0.05997| 0.00556|0.26806| 0.03041

P2.2 | Rdg. [ 0.30940| 0.40168| 0.25521 0.25400| 0.03196

P2.5 | PLS [0.98635| 0.43158| 0.01343| 0.00984|0.28804

3.6.4 Phase |1l Development

Although the time prediction models in tables 3.11 and 3.12 would be sufficient for
prediction, the researchers decided to further investigate avenues for enhancing the prediction
ability of the models. Cluster analysis was considered. Cluster analysis allows a number of
classification algorithms to organize observed data into meaningful structures. The k-means

clustering algorithm producesk different clusters of greatest distinction by moving cases/projects
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in and out of groups (clusters) to get the most significant ANOVA results that (1) minimize the
variability within the clusters and (2) maximize the variability between the clusters. Tables 3.13
and 3.14 show the results of cluster analysis. The table shows the number of projects in each
cluster based on clustering the ACP/IHMA quantities of projects. Working with two clusters,
GRM, Ridge, and PLS regression analyses were performed, and prediction models were
developed for various two-, three-, four-, five-, and six- variable models in each cluster.

Tables 3.15 to 3.18 show the time prediction models for cluster #1 (26k tons to 160k
tons) and for cluster #2 (0 to 6k tons). Clustering of ACP/HMA quantities into two clusters
dlightly improved the MAPE values, but not with a significant difference between the population
and the two clusters. Increasing the number clusters, e.g., to three or four, would have added
better quality to the prediction; however, the number of projects (observations) necessary would
have been problematic for obtaining good results. It is suggested that the two-cluster models be
used to check the results of the other models developed in tables 3.11 and 3.12.

Table 3.13: Clustering based on ACP variance

oty | semeenss | winss [0 [0 T E [0 [G | G
2 1.893448E+11 1.151274E+11 | 173 789
3 2.528505E+11 5.162170E+10 | 43 258 661
4 2.729557E+11 3.151647E+10 | 24 124 267 547
5 2.832719E+11 2.120033E+10 | 20 61 157 229 495
6 2.898917E+11 1.458051E+10 | 14 33 103 162 230 420
Table 3.14: Characteristics of ACP/HMA clusters
ACP Min Max Mean SD #
Clusters
1 26,226.4 157,293.43 44,342.67 20,375.36 173
2 0 26,001.64 7,812.42 7,448.69 789
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Table 3.15: Cluster #1 of 2 - Best time prediction models “without” contract value

) Reg. | Adj R2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln
8 cept (Miles) | (PTC) | (ACP) (Grad. (Grad. (Grad.
= Ton) Cy) Cy)

3.1 | Rdg | 0.93701| 0.35754 0.16323| 0.13981 0.16192

2.1 | Rdg | 0.89629| 0.37680 0.20377 0.23134

4.1 | Rdg | 0.93311| 0.37765 0.13227] 0.10279| 0.10249]| 0.12746

3.2 | Rdg | 0.92152| 0.37823 0.15482 0.14009| 0.16033

2.3 | Rdg | 0.93662| 0.37948 0.24323 0.20148

2.2 | Rdg | 0.89320| 0.37974 0.21870| 0.20883

3.3 | Rdg | 0.91719| 0.39112 0.16984| 0.13806| 0.13842

4.3 | Rdg | 0.94199| 0.39375 0.29430 0.13745| 0.12587 0.14037

5.1 | Rdg | 0.93874| 0.41505 0.28178 0.11197| 0.09215| 0.09307| 0.10987
3.11 | Rdg | 0.91275| 0.42100 0.42869 0.15976 0.18647

2.4 | Rdg | 0.87150| 0.48239 0.67014 0.23649

4.2 | Rdg | 0.93430| 0.50054 0.41021 0.11919| 0.11914]| 0.15143

Table 3.16: Cluster #1 of 2- Best time prediction models “with” contract value

T Reg. | AdjR2 | MAPE Inter- Ln Ln Ln Ln Ln Ln
8 cept (Miles) | (PTC) | (ACP) (Grad. (Grad. (Grad.
= Ton) Cy) Cy)
P3.2 | Rdg [ 0.94113]| 0.30233 0.10392| 0.14543]| 0.14541

P4.1 | Rdg [ 0.95165| 0.32405 0.08265| 0.11555| 0.10641 0.12013
P3.3 | Rdg [ 0.94084| 0.33054 0.10441] 0.14566 0.14176

P3.1 | Rdg [ 0.94180| 0.33119 0.10001| 0.13775 0.16178
P4.3 | Rdg [ 0.95020| 0.33453 0.08749| 0.12350| 0.10098| 0.10141

P2.2 | Rdg [ 0.91850| 0.33670 0.14162| 0.19485

P5.1 | Rdg [ 0.95658| 0.34155 0.07332] 0.10317| 0.07922| 0.07924( 0.09865
P5.2 | Rdg [ 0.95006| 0.40774 0.26606]0.08515 0.08970| 0.09009| 0.11086
P5.3 | Rdg [ 0.95370| 0.35643 0.20184]0.07467| 0.10233| 0.10052 0.10921
P6.1 | Rdg [ 0.95810| 0.37402 0.17927]0.06685| 0.09228| 0.07487| 0.07586| 0.08973
P4.11| Rdg [ 0.94611| 0.38380 0.25812]0.08789| 0.11885 0.14366
P3.4 | Rdg [ 0.92935| 0.40672 0.37585]0.11627| 0.15692

P2.5 | Rdg [ 0.89795| 0.46153 0.63246]0.17875

106




Table 3.17: Cluster #2 of 2 - Best time prediction models “without” contract value

) Reg. | Adj R2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln
8 cept (Miles) | (PTC) | (ACP) (Grad. (Grad. (Grad.
= Ton) Cy) Cy)
5.1 | Rdg. | 0.47248| 0.34230| 2.18549| 0.07907 0.07153| 0.08476| 0.01657| 0.06971
4.3 | GRM|0.48445| 0.34342| 2.14943| 0.07957 0.07328| 0.10105 0.07247
3.1 |GRM | 0.46089| 0.35032| 1.85084 0.11236| 0.09519 0.08102
4.1 | Rdg. | 0.42638| 0.35185( 2.00006 0.10105| 0.06771| 0.02541| 0.07695
4.2 | Rdg. | 0.42647| 0.35248| 2.72655| 0.10363 0.06912| 0.02805| 0.08018
2.2 |GRM|0.41552| 0.36390| 2.07506 0.13195| 0.12455
3.3 |GRM|0.41142| 0.36924| 2.03202 0.12856| 0.08615| 0.04823
3.2 |GRM|0.38178| 0.39630| 1.78965 0.11413 0.09159| 0.08959
2.3 |GRM|0.35481| 0.39874| 2.10343 0.12533 0.12844
2.1 |GRM|0.37489| 0.40104| 1.90239 0.09044 0.19353
3.11 | GRM | 0.34276| 0.43286( 2.08449| 0.06890 0.07398 0.17943
2.4 |GRM | 0.08935| 0.50293| 3.21619| 0.06569 0.09326
Table 3.18: Cluster #2 of 2 - Best time prediction models “with” contract value
- Reg. | AdjR2 | MAPE Inter- Ln Ln Ln Ln Ln Ln
§ D cept (Miles) | (PTC) | (ACP) (Grad. (Grad. (Grad.
Ton) Cy) Cy)
P5.2 | Rdg | 0.44442| 0.31228] 0.61920| 0.02945|0.19465 0.03681| 0.02645| 0.04280
P6.1 | Rdg | 0.42859| 0.32225| 0.46193| 0.01544|0.18574| 0.03272| 0.03766| 0.02604| 0.04604
P5.3 | Rdg | 0.42300| 0.34998| 0.16399| 0.02067|0.21438| 0.02676| 0.04634 0.05957
P3.2 | Rdg | 0.38932| 0.35209| 0.24315 0.22503| 0.04737| 0.05213
P4.1 | Rdg | 0.37760| 0.36102| 0.27109 0.21381] 0.02507| 0.04544 0.05298
P4.3 | Rdg | 0.40053| 0.36187| 0.21235 0.21154| 0.05033| 0.03756| 0.03793
P3.3 | Rdg | 0.37704| 0.36907| 0.18835 0.22382] 0.04362 0.05937
P2.5 | Rdg | 0.28680| 0.37749| 0.48620| 0.01454|0.25251
P4.11 | Rdg | 0.35780| 0.38065| 0.19329| 0.01489|0.22247| 0.03066 0.07265
P2.2 | Rdg [ 0.28173]| 0.39965| 0.27909 0.24847| 0.03219
P3.1 | Rdg [ 0.34189| 0.40293| 0.20678 0.21735| 0.03792 0.07187
P5.1 | Rdg [ 0.36141| 0.41209| 0.00614 0.22338| 0.02405| 0.04087| 0.03014( 0.04567
P3.4 | Rdg [ 0.93494| 0.43754 0.09033|0.14914| 0.19538

3.6.5 Examplesfor Using Time Prediction Models

Tables 3.11 and 3.12 show the best time prediction models. The following are examples
of the application of those models. The first example is contract #5159 in 1995; the work
guantities of the project are shown in Table 3.19, and the work was actually accomplished in 115
working days.

For a preliminary prediction, the milesACP characteristic table, Table 3.2, produced 83

working days for the miles and ACP/HMA quantity associated with the project. The ACP/PTC
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(contract value) characteristic table, Table 3.3, produced 111 working days, and the miles/PTC
table produced 106 workings days. These compared very well with the actual 115 working days
of the project.

By taking the natural logarithms of the project’s miles and quantities and multiplying the
logarithmic values by the corresponding model’s coefficient, the results for the different models
were obtained as shown in Table 3.20. For each model, the percentage of error (deviation of the
predicated value from the original value) is shown next to the model results. The average value
for the models with no contract value was 122 working days, and it was 112 days when the
contract value was considered. The first had a MAPE of 6.46 percent, and the MAPE of the

second was 2.62 percent. The predicted values compared well with the original values.

Table 3.19: Contract #5159 in 1995

year | Contract | Miles PTC 05 ACP/HMA Grad. Grad. Surfacing | WCD
# ton cy Ton
1995 5159 22.26 | 5007423.24 | 45801.30 | 37246.43 | 18457.41 | 8281.66 115
Table 3.20: Predicted completion time for contract #5159 in 1995
Model # Predicted MAPE Model # Predicted MAPE
WCD WCD

4.3 136 18.07% P5.2 118 2.36%

5.1 135 17.25% P4.2 110 4.45%

3.1 126 9.22% P5.3 127 10.09%

4.1 129 12.49% P5.1 124 8.08%

2.2 130 13.22% P6.1 127 10.38%

3.2 114 1.01% P4.1 124 7.79%

2.3 117 1.70% P4.3 123 6.94%

3.3 129 12.26% P3.3 112 2.90%

2.1 105 8.65% P3.2 121 5.54%

3.11 112 2.25% P4.11 103 10.14%

2.4 88 23.59% P3.1 105 8.67%

4.2 148 28.80% P3.4 94 18.63%

P2.2 92 20.41%

P2.5 89 22.71%

Average 122 6.46% 112 2.62%

Std Dev. 16 14
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Another example represents contract # 6708 of 2004. The information for this contract is

listed in Table 3.21. The project was completed in 110 working days.

Table 3.21: Contract #6708 in 2004

year | Contract | Miles PTC 05 ACP/HMA Grad. Grad. Surfacing | WCD
# ton cy Ton
2004 | 6708 15.92 | 3382380.43 | 37618.30 | 91823.00 | 91823.00 | 1031.30 110

In a preliminary prediction, the milesACP characteristic table, Table 3.2, produced an
average of 87 working days (minimum 65 to nmaximum 108) for the project’s miles and ACP
guantity; with the ACP quantity at the upper end, a value between the average and maximum
days would be selected on the basis of interpolation (around 97 days). The ACP/PTC (contract
value) characteristic table, Table 3.3, produced an average of 76 working days (minimum 54 to
maximum 106); with interpolation this would be around 91 working days. The miles/PTC table,
Table 3.4, produced an average of 81 workings days (minimum 61 to maximum 106); this would
be around 92 days with interpolation. These values compared well with the actual 110 working
days of the project.

By taking the natural logarithms of the values and multiplying them by the relevant
model coefficient, the predicted time was reviewed, as shown in Table 3.22. The average for the
no-contract-value models was 114 working days, and it was 100 working days when contract
value was included. The MAPE for the first model was 4.06 percent and for the second 9.41
percent; both represented very good predictionin comparison to the original contract value.

Thus, both the characteristics tables (tables 3.2 to 3.4) and the time prediction models could

support each other in estimating a reasonable number of days for a project.
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Table 3.22: Predicted completion time for contract #6708

Contract: 6708 in 2004
Model # Predicted MAPE Model # Predicted MAPE
WCD WCD
4.3 119 8.49% P5.2 105 4.93%
5.1 123 11.61% P4.2 97 12.04%
3.1 110 0.33% P5.3 106 3.57%
4.1 117 6.78% P5.1 112 1.37%
2.2 144 30.73% P6.1 114 3.57%
3.2 104 5.79% P4.1 104 5.14%
2.3 144 31.29% P4.3 124 12.63%
3.3 151 37.57% P3.3 111 1.04%
2.1 69 37.43% P3.2 116 5.43%
3.11 72 34.26% P4.11 81 26.76%
2.4 84 23.45% P3.1 81 26.11%
4.2 136 23.48% P3.4 84 24.02%
pP2.2 82 25.16%
P2.5 79 28.07%
Average 114 4.06% 100 9.41%
Std Dev. 28 15

Early in the planning stages of most projects, not all the information will be available,
and in such a case the project manager will have to choose the prediction model from those in
tables 3.11 and 3.12 that can be used with the available information. For example, atwo-variable
or three-variable model might be used. Once more data become available, then the other models

should be checked, and then an average value can be obtained.

3.7 Summary and Conclusions

Through a literature review, this chapter explained the procedures states use to determine
project duration. Next the chapter described the effort to analyze the time performance
characteristics of WSDOT projects. Time growth percentage was used to measure performance.
Through a statistical analysis of WSDOT historical records, time prediction characteristic tables

(tables 3.2 to 3.4) were developed in which the duration of a project can be obtained for
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combinations of work that include contract value, ACP/IHMA quantities, project length (miles),
and a combination of of two categories at atime.

To improve the prediction ability of the characteristic tables, prediction models were
developed to predict completion time (working days) by using genera multiple regression
models (GRM), Ridge regression models, and nonlinear partial least-square regression models
(PLS). Six variables were used in building the models:. ACP/IHMA quantity (tons), grading
quantity (tons), grading quantity (cy), surfacing quantity (tons), project length (miles), and
contract value (paid-to-contractors, PTC). By using the first five variables, the best MAPE
attained was 37.7 percent, and when the contract value was added, the best MAPE reached 30.7
percent. The MAPE is the mean absolute percentage error that measures the deviation of the
predicted value from the actual value of completion times. Tables 3.11 and 3.12 show the
parameters/coefficients of the models.

Tables 3.15 to 3.18 show time prediction models developed for two project groups, one
with zero to 26,000 tons of ACP/HMA and the other for 26,000 to 160,000 tons of ACP/HMA.
The models of the two groups showed a dight improvement in MAPE over the full sample
models.

Given that only six variables were used in developing the ime prediction models, the
MAPE values attained would be considered reasonable for predicting completion time during the

early stages of a project. Better models would be produced by doing the following:

* Increasing the number of variables in the model. However, this should be weighed
against the ease of the model’s use and the (im)possibility of having more information
available during the early stages of a project.

» Adding historical weather conditions into the model, e.g., through a categorical variable.

The complexity with this would relate to the changes in westher during construction
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time. An index might be developed to reflect a weighted average weather during
construction.

= Developing a lane-mile equivalent and identifying every new project in terms of how
many equivalent lane miles it has. A lane-mile equivalent would add more value to the
prediction models than the project centerline miles used in this research.

» The prediction models are best developed on the basis of historical data. Completion
time, as explained in the analysis, had high variability, which can affect the prediction
ability of models. MAPE values are thus the best “average’ value obtainable; MAPE can
have a range as shown in Figure 3.29 for the model P5.2 (Table 3.12). In the figure, most

values for MAPE are between zero and 40 percent, with average being 30.71 percent.
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Figure 3.29: MAPE for model P5.2 of Table 3.12

3.8 Recommendations

WSDOT has a number of tools for estimating the duration of a project. The models

described in this chapter would be excellent supplements to the existing tools. Time prediction
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through the characteristic tables should be valuable during the early stages of a project. Time
prediction models were also developed to give WSDOT more tools for estimating project time.
It is recommended that
= WSDOT to use the characteristic tables and the prediction models to produce a good

estimate of project duration before a fully detailed time estimate has been established

3.9 Implementation

It is suggested the characteristic prediction tables and the prediction models to be part of
WSDOT’ stime and cost estimating efforts, e.g., for use by the Design Office and Construction
Office. The developed models in this research were coded in a spreadsheet (Excd file) to

facilitate the implementation and use of the prediction models, see Appendix C.
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CHAPTER 4
COST PERFORMANCE AND PREDICTION

4.1 Introduction

The aim of predicting costs for a highway project is to forecast the most likely cost of a
project before it reaches the bidding stage. Development of a project starts with the planning and
programming stage and advances to the preliminary and final design stages, then proceeds to the
bidding stage. In each of these stages, project estimates are prepared and updated to reflect the
flow of information during the progress of design. A project budget is then prepared for funding
pUrpOSES.

At contract award, the bid price will most likely deviate from the engineering estimate,
which requires the agency to analyze and audit the actual bid prices and the engineering
estimates in order to determine where the bid is high or low. Funding decisions that are based on
the engineering estimate must be reviewed if more money will be required to accommodate the
increased bid price; this may cause the project to differ from the way it was originally listed in
order to compete with the other capital projects on the priority funding list.

Following contract award, the bid price becomes the benchmark for cost control
purposes. Contractors are required to submit a cash flow schedule or payout schedule that the
agency will use to assess project performance by comparing actual costs to the original bid price.

At project completion, the final cost is compared to the original bid price to assess any
cost overruns sustained by the project. A comparison is also made with the engineering estimate

to assess how far the estimate was off. This helps to improve the estimates of future projects.
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Project performance, as explained, is assessed three times: at contract award to compare
the bid price with the engineering estimate, during construction to compare the actual cost with
the original bid price, and at construction completion to compare the final project cost with the
original bid price. It is very common for highway projects to experience cost overruns. While the
causes of cost overrun can be numerous, there is aways a need to revisit how the estimate was
originally established. An estimate is the best prediction that @n be obtained at the time of
bidding, and therefore, to improve future estimates, the estimating methods need to be reviewed,
project conditions affecting the price need to be investigated and recorded, cost indexes need to
be developed or improved, and historical project cost records need to be analyzed.

This chapter starts with a literature review on cost estimating methods. It then analyzes
the cost performance of WSDOT projects at contract award and contract completion. Next, the
methodol ogy/approach and development of cost prediction models are explained. The models
were developed by using a holistic approach that considered the total (final) project cost and the
associated quantities of work (ACP/HMA, grading, and surfacing), project miles, and project
duration in predicting the costs of new projects. This is different than the common method of
using historical unit bid item costs.

The model results will support the current tools and methods WSDOT uses for estimating

highway projects.
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4.2 Current PracticesLiterature Review

A review of the literature indicated that a number of methods are used for estimating
highway projects; the methods generally range between conceptual methods based on historical
data and detailed methods based on actual/current data. The estimating methods include
parametric methods, unit price methods, regresson methods, and probabilistic risk analysis
methods.

A comprehensive guidance book for cost estimation and management for highway
projects was developed in a research study for the National Cooperative Highway Research
Program (NCHRP) of the Transportation Research Board (TRB) (Anderson et. a 2007). The
research identified 18 fundamental factors that cause cost escalation (overruns) in projects.
Internal factors included, for example, schedule changes, construction complexity, scope
changes, poor estimation, and ambiguous contract provisions. Externa factors included, for
example, effects of inflation, market conditions, and unforeseen events. Following a
comprehensive investigation into current and effective practices for cost estimation and
management, the research provided strategies, methods, and tools for developing, tracking, and
documenting more redlistic cost estimates for the planning, programming and preliminary
design, and final design phases. The research identified conceptual estimating methods for use in
the planning phase at the project or regiona levels (long-range planning). These methods
included parametric techniques in which the cost per parameter could be obtained through past
experience with similar projects or typical sections; e.g., cost per centerline mile of a highway.
The parameter would then be used with an order-of-magnitude quantity, e.g., number of
centerline miles, to obtain an approximate total cost. For the programming (project definition or

scoping) and preliminary design phase, a baseline estimate must be established. A number of
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methods and tools were identified, including historical bid estimates and percentages, and
parametric estimation. For the final design phase, the plans, specifications, and estimate (PS& E)
are the focus. The recommended tools and methods for estimating included a detailed cost-based
method and historical bid-based methods. The historical bid-based method relies on line items
with quantities and good historical bid data for determining line-item cost.

Another comprehensive study was done by Schexnayder et al. (2003) on cost estimating
for AASHTO and NCHRP. State DOTs were surveyed about the practice of cost estimating. As
outlined in the report, for conceptual estimating, 31 DOTSs reported using historic lane- mile cost
averages or historic square-foot (square- meter) cost averages for bridges/structures. For detailed
estimating, three methods were defined, including the use of historical data from recently
awarded contracts, detailed estimating based on crews and production rates, and a combination
of both. The report stated that most DOTSs used the detailed estimating for major items of work,
generaly items that composed 65 to 80 percent of a project’s cost. The report explained that state
DOTs might review any bid for rgjection or approval if it was above the DOT estimate by 5 to-
25 percent, depending on the individual state’'s laws. The report also explained that most DOT’s
did not have a set of written estimating procedures to guide those charged with preparing the
estimates. With so many variables that can affect the range of projected cost, the research
suggested the use of probability assessment for cost estimating.

The availability of historical project records alows regression analysis to be used to
develop cost prediction models. Sanders et. al (1992) described the development of a regression
analysis model for predicting the cost of bridge widening pojects for the Alabama Highway
Department (AHD). The model produced estimates within £20 percent of the low bid. Lowe et

a. (2006) used forward and backward stepwise regresson analysis models to predict the
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construction cost of buildings in the U.K.; the data for the models included 286 building
construction projects. One of the significant conclusions of the research was that the best models
used the log of the cost as the dependent variable instead of the raw cost, with a 0.661 coefficient
of determination (Rf) and a 19.3 percent mean square percentage error (MAPE). Nassar et al.
(2005) used regression analysis to predict the design cost of transportation projects for the
[llinois Department of Transportation (IDOT). Shapanka and Allen (1984) conducted a study for
the Virginia Department of Transportation to develop short-term forecasts of monthly cash flows
by using regression analysis of historical project records. The study was done to improve budget
forecasts for new projects. Similarly, Mills and Tasaico (2005) used regression analysis to predict
monthly progress payments for the North Carolina DOT. In another study, Chou et a. (2005)
assessed project data from the Texas Department of Transportation. The objective of the work was
to improve the accuracy of budget estimates for projects by applying probabilistic estimating (via
Monte Carlo smulation), in which project cost, or lane-mile cost, would be represented
probabilisticaly in an average value, range of values, and probability of occurrence.

Along with regression analysis, neural networks have also been used to develop
prediction models. For example, Hegazy and Ayed (1998) developed a neural network model to
predict a parametric cost estimate of highway projects, the data for the model included

information from 18 highway projects.

4.3 Cost Performance Analysisfor WSDOT Projects

In the WSDOT, a number of methods have been used to estimate highway projects. One
of WSDOT's guidelines suggests three methods for preparing the engineer’s estimate (WSDOT

2004): (1) actual cost approach—an accurate detailed method that requires knowledge of
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guantities of work, resources, construction methods and equipment, and production rates, (2)
historic data approach—an approximate method that makes use of the unit bid price of previous
projects, and (3) combination approach—an approach that uses both of historic bid data and
actual cost data. The guidelines recognize that the engineer’s estimate should be within +10
percent of the low bid for 50 percent of the projects in ayear. WSDOT utilizes a number of tools
and software packages for estimating, including spreadsheet templates, the Estimating and Bid
Analysis System package (EBASE), Planning Level Project Cost Estimation (PLCE) using
parametric techniques, Transportation Cost Estimator (TRACER) software, the Cost Estimate
Validation Process (CEVP) for cost risk analysis, and commercial software such asBidTabs Pro
(WSDOT 2007a). WSDOT is successfully using probabilistic risk analysis techniques for cost
analysis of mega-projects (Molenaar 2005; WSDOT 2005, 2007b)

In a 1998 performance audit by the State of Washington Joint Legidative Audit and
Review Committee (JLARC), the JLARC found that state highway construction costs increased
beyond initial bid awards by about 10 percent and concluded that WSDOT was comparable to
other states (JLARC 2005). The 1998 JLARC audit recommended that WSDOT begin tracking
construction change orders that were avoidable (i.e., preventable through appropriate design or
construction management) and that added no value (i.e., resulted in inefficiencies as opposed to
merely correcting inaccurate bid estimates). At the time, the JLARC determined that of al the
change orders, 38 percent were of the “avoidable/no-value added” kind. For its 2005 review, the
JLARC analyzed data for fiscal years 2003 and 2004 and found that WSDOT had had
construction cost increases between bid and close-out of only 6 percent during the last two years,

and that only 29 percent of the change orders were avoidable/no-value added.
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This current research was not a performance audit; rather, it investigated cost
performance at the project level to determine whether there was a relationship between a change
of performance and a change in mgor project variables such as contract value, ACP/HMA
guantities, project miles, and project duration. This was done to understand the variables on
which the development of cost prediction models would be based. However, interested readers
may check annual performance, as measured by cost growth, estimate growth, award growth,
and time growth, in Appendix B. These measures are illustrated in figures B.1 to B.4 for the data
in the current research (964 pavement projects, Table 1.1) for the years 1990 to 2004. The
measures show that WSDOT projects had a very good average of within 10 percent. However,
the range of variation between the minimum and maximum values of the measures was between
25 percent, which means that better monitoring and control of projects are needed to reduce the
gap. Time performance needs attention; however, the range of variation is narrowing.

The approaches for measuring project performance included the cost growth percentage,
the award growth percentage, and the estimate growth percentage. These measures of WSDOT

projects are briefly discussed in the following subsections.

4.3.1 Cost Growth Percentage Measure

The cost growth percentage measures the deviation of the final project cost against the
original contract bid amount:

Cost Growth = 100 x (paid-to-contractors — prime bid amount) / prime bid amount

The cost growth percentage graph in Figure 4.1 shows that 96 percent of the projects had
cost overruns of less than 30 percent; 91 percent of the projects had cost overruns of less than 20
percent; 78 percent of the projects had cost overruns of less than 10 percent; and 66 percent of
the projects had cost overruns of less than 5 percent.
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Figure 4.1: Distribution of projects with respect to the cost growth percentage
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In examining the brackets (ranges) of the prime bid amount in Figure 4.2, the average
cost growth was around 5 percent for all brackets except the last bracket of $10 million and
above. While the average was reasonable, the range between the minimum and maximum cost
growth for every bracket was quite significant. For example, the $2 million$2.5 million bracket
had a minimum of -15 percent and a maximum of 56 percent cost growth. The number of
projects in this bracket was 87. The minimum and maximum figures represent the lowest and
highest cost growth attained by projects; these limits could be considered the extreme cases,
which, if used, would bias a decision about whether WSDOT projects have significant cost
overruns. To obtain more representative cost growth ranges, the 5" and 95" percentiles could be
used. In the $2 million$2.5 million bracket, the 8" percentile was -11 percent and the 95"
percentile was 27 percent. Thus, by excluding the lowest 5 percent of the projects (5" percentile)
in the cost-growth scale, the lowest cost growth was -11 percent. Similarly, by removing the

highest 5 percent of the projects (95" percentile), the highest cost growth was 27 percent. As
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shown in Figure 4.2, the 95™" percentile had a consistent average value of 26 percent for all the

brackets.
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Figure 4.2: Cost growth percentages for specified prime bid amount (in $2005)

In assessing the relationship between the cost growth percentage and the main project
parameters, e.g., ACP/HMA, project mile, and workable charged days, further information could
be gleaned. For example, Figure 4.3 shows that projects in the range of 15,000 to 25,000
ACP/HMA tons had the highest cost growth percentage — 43 percent and 38 percent,
respectively, while the average for the maximum cost overrun graph was at 26 percent (using the
95th percentile). In Figure 4.4, cost overruns tend to decrease with the increase of project miles;
the average for the maximum cost overrun graph is 25.7 percent. In Figure 4.5, the average cost
overrun tends to increase with an increase in workable charged days, the average for the

maximum cost overrun is 25.9 percent for the different brackets of the workable charged days.
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In conclusion, figures 4.2 to 4.5 represent tools that could be used by project managers at
the planning stage. For example, for a given expected bid amount the likely range and average

value of cost overrun could be predicted.
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Figure 4.3: Cost growth percentages for specified quantities of ACP/HMA
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4.3.2 Award Growth Percentage Measure
The award growth percentage measures the increase/decrease of the contract value

against the engineering estimate for the project:

Award Growth = 100 x (prime bid amount — eng. estimate) / eng. estimate

Figure 4.6 shows that the mgjority of prime bid amounts had a range of variation of + 40
percent in conparison to engineering estimates. A total of 72 percent of the projects had negative
award growth percentages, mainly between O percent and -30 percent; i.e., the bid amounts were
less than the engineering estimate. On the other side, around 20 percent of the projects had a 10
percent award growth; 6 percent of the projects had an award growth of between 10 percent and
20 percent; and only 2.5 percent of the projects had an award growth of between 20 percent and

100 percent.
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Figure 4.6: Distribution of projects with respect to award growth percentage
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To explain the change of award growth with contract values, Figure 4.7 shows that the
award growth had an average of -6 percent over the different prime bid brackets, with a range of
variation of -25 percent to 13 percent, which represents the average 5" and 95 percentiles,
respectively. A similar range of variation for award growth can also be discerned for the other
project variables. For example, Figure 4.8 shows that for the different ACP/HMA brackets, the
award growth had a range of variation of between -24.8 percent and 13.6 percent. Project miles,
as shown in Figure 4.9, did not show a change in the range of variation with award growth; the
range was -24.9 percent to 13.5 percent. The results were nearly the same for the change of
award growth over different brackets of workable charged days; the range was -24.8 percent to
13.8 percent, as shown in Figure 4.10.

In conclusion, figures 4.7 to 4.10 can be used as tools to predict the likely range of

variation in the prime bid amount in relation to engineering estimates.
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Figure 4.7: Award growth percentages for specified prime bid amount (in $2005)
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Figure 4.10: Award growth percentages for specified workable charged days

4.3.3 Estimate Growth Percentage Measure

The estimate growth percentage measures the difference between the final project cost

and the engineering estimate:

Estimate Growth = 100 x (paid-to-contractor — eng. estimate) / eng. estimate

The estimate growth percentage is another measure of the quality of the engineering
estimate. This measure, however, is more rigorous than the award growth percentage measure, as
the engineering estimate is compared to the final project cost at completion. Figure 4.11 shows
that the majority of the final project costs (paid-to-contractor dollars) had a £+ 40 percent range of
variation in comparison to the engineering estimates. A total of 64.5 percent of the projects had

negative estimate growth percentages, mainly between 0 percent and -40 percent; i.e,. the fina
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project costs were less than the engineering estimate. On the other side, 27.5 percent of the

projects had estimate growth of between O percent and 20 percent, and 8 percent had estimate

growth of between 20 percent and 100 percent.
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Figure 4.11: Distribution of projects with respect to the estimate growth percentage

Figure 4.12 shows that the estimate growth changes between positive and negative

values, with an average of -3 percent over the different prime bid brackets and a range of

variation of around +27 percent (based on the 5" and 95" percentiles). A similar range of

variation for estimate growth can be discerned for the other project variables, as shown in Figure

4.13 for ACP/HMA, Figure 4.14 for project miles, and Figure 4.15 for workable charged days.

In conclusion, figures 4.12 to 4.15 can be used as tools to predict the likely range of

variation for the final project cost (estimate growth) based on the value of the engineering

estimates.
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Figure 4.12: Estimate growth percentages for specified prime bid amount (in $2005)
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Figure 4.13 Estimate growth percentages for specified ACP/HMA quantities
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Figure 4.15 Estimate growth percentages for specified workable charged days
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4.3.4 Summary of Cost Performance Measures

Table 4.1 summarizes the performance measures. While the average value for the cost
growth measure shows very good performance, being within +5 percent, the 95" percentile
values and the high coefficients of variation require further control of project cost (unless
extensions to the prime bid amounts were authorized for changes of scope or like reasons).
Similarly, while the average value of the engineering estimate is satisfactory, the high coefficient
of variation suggests a need for further attention. However, it is difficult to conclude that
engineering estimates were underestimated or overestimated; the 5" and 95" percentile values do
not firmly support that. Figure 4.16, illustrates the range of variation for each performance
measure around the average value.

Table 4.1: Statistics of cost performance measures

M easure Average | Std. Dev. | Coeff.of [ Min. Max. Avof 5™ | Avof 95
Variation Percentile | Percentile
Cost Growth 3.57% 14.88% 416.81% 75.4% 210.46% -12.60% 26.34%
Award Growth -5.8% 25.63% -441.90% | -51.14% 610.33% -24.94% 13.47%
Estimate Growth | -2.89% 25.24% -873.36% | -45.76% 490.98% -27.14% 26.47%
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Figure 4.16: Box whisker plot for the performance measures
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Figure 4.17 shows a summary of the “average” values of the performance measures
plotted in relation to the prime bid amounts of the studied projects. An analysis of this graph
suggests that better determination of project duration is generally needed, as well as better time
and schedule control during project execution. On the basis of the average values, it could be
concluded that contractors generally submit bids that are lower than the engineering estimates.
However, by project completion, the final amount paid to contractor ends up higher than the
prime bids. This could be interpreted —to mean that contractors submit lower bids to get the
work, but finaly end up getting more money than originally bid. This is further supported by
Figure 4.18, which shows that the cost and estimate growth percentages coincide with an average

value of around 26 percent, which is higher than the award estimate growth(average 13.5 percent.
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Figure 4.17 Average growth percentages for prime bid amount brackets
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Figure 4.18: The 95" percentiles of cost performance measures for prime bid amount.

4.4 Resear ch Approach for Cost Prediction

As explained in the performance analysis, WSDOT utilizes the unit bid items of recent
projects to obtain an average, or a unit price, for use in estimating the costs of projects. This
research also used historical datato predict project costs. However, unlike the WSDOT’ s current
practice of using historical unit bid item costs, this research applied a holistic method that used
the historical total (final) project costs and associated quantities of work, number of miles of
highway, and duration of projects to estimate the costs of new projects. The work quantities
utilized in the development of the prediction models were the quantities of asphalt concrete
pavement (ACP)/hot mix asphalt (HMA), grading, and surfacing. The quantities of work were

collected for each project (964 projects;, Table 1.1) by using the WSDOT standard bid items
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(tables 1.2 —to 1.4). With projects awarded between 1990 and 2004, the total project costs were
converted to 2005 dollars by using the WSDOT construction cost index.

The data were then subjected to regression analysis in order to develop prediction
formulas for the time and cost of projects; this included the use of (1) ordinary general multiple
regression analysis (GRM), (2) “Ridge’ regression analysis, and (3) genera partia least square
regression analysis (PLS). With the WSDOT construction cost index, cost estimates for new

projects had to be converted from the 2005 model output to the current year of the estimate.

4.5 Cost Prediction for WSDOT Projects —Characteristic Tables

As discussed in the above analysis of cost performance, WSDOT cost overrun and
engineering estimate growth figures had a wide range around the average values. This section
provides prediction tables that can supplement WSDOT's current tools for predicting project
costs at the early planning stages.

Figures 4.19 to 4.21 illustrate the variation in the minimum, average, and maximum
values of some of the mgjor variables in relation to categories of the fina project cost (paid-to-
contractors dollars). The graphs show that good cost prediction could be achieved on the basis of
the historical representation of costs, as explained by the positive increasing trend for the
variables. However, note that the variation between the minimum and maximum increases the

variance, which would affect the predictability of any model.
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Figure 4.19: Variation of ACP/HMA quantities in relation to project costs ($2005)
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Figure 4.21: Variation of workable days in relation to project costs ($2005)

Figures 4.19 to 4.21 illustrate the relationship between the contract value (paid-to-
contrator) and quantities of ACP/HMA, project miles, and the duration of projects. These
figures, while useful, explain the relationship in a two-dimensional medium, the chart. With so
many variables affecting the cost of a project, a better method would be to explain the contract
value in terms of more than one variable. Characteristics tables are three-dimensiona matrixes
that can give project costs when two variables change at a time. The tables are based on
statistical measures of the historical contract values for categorized/classified project variables.
The statistical measures include the minimum, the average, the maximum, and the standard
deviation. As explained earlier, the minimum and maximum may not be best represented by the
absolute zero and 100" percentiles, and the 8" and 95" percentile are better. Table 4.2 lists

statistical information for contract values in relation to different categories of project length
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(miles) and number of working days. The sequential order of the information for each cell in the
table is (1) average value, (2) minimum value, (3) maximum value, (4) standard deviation, and
(5) the number of projects in the relevant categories. For example, for a project of 6.5 miles and
75 working days, $2.17 million would be the average project cost, $1.037 million and $3.529
million the minimum and maximum values, and $0.782 million the standard deviation; 60
projects were used in obtaining this information for the two categories. Table 4.3 gives the
contract values for a combination of ACP/HMA quantity and miles. Table 4.4 gives the contract
values or a combination of ACP/HMA and project duration. The contract values are in 2005

dollars, and new projects would have to be adjusted with the WSDOT construction cost index.
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Table 4.2: Contract value information for specific project miles and duration categories ($2005) (continued on next page)

Days 0 50 100 150 200 250 300 350 >400 Cont. Val
Miles 50 100 150 200 250 300 350 400 for Miles
623370, 1454248, 2677315, 4044195, 4525702, 3480321, 7970899, 15667109, 7686545, 1577728,
172595, 391946, 500405, 887139, 865872, 1236316, 2519808, 2314205, 7686545, 228035,
0 25 1457984, 3953080, 6757230, 8244334, 10889160, 5764571, 18770344, 29020013, 7686545, 4556590,
444284, 1045898, 1884804, 3276767, 3887985, 2516190, 7558105, 20982064, N/A 2563864,
180 114 33 20 7 3 6 2 1 366
1049317, 2040816, 3287691, 3616023, 7501039, 18715550, N/A 6958166, 21201188, 2599608,
573273, 840671, 789843, 1284957, 3836319, 18715550, 6958166, 6777769, 660609,
25 5 1816861, 4287260, 8133369, 9191015, 12344830, 18715550, 6958166, 31834589, 7827494,
425151, 1103868, 2077750, 3730504, 3482895, N/A, N/A, 12657803, 3844950,
76 73 29 6 7 1 1 4 197
1281889, 2171162, 2889641, 6585568, 12064694, 7558127, 9625847, 20097434, 29734472, 3354493,
556148, 1037819, 1096955, 2566543, 2340977, 3616396, 9625847, 20097434, 3185237, 686521,
5 75 2136003, 3529475, 6500585, 10418582, 27643882, 12193257, 9625847, 20097434, 55297718, 9625448,
667609, 782139, 2269303, 3377939, 15814026, 4841530, N/A, N/A, 27836431, 6912662,
52 60 14 5 3 3 1 1 4 143
1755768, 2375318, 3964012, 5848307, 5091600, 10372497, 17557065, N/A 3510577, 3052177,
777568, 1196865, 1694736, 1806500, 4553765, 10372497, 9436873, 2719573, 1100472,
75 10 3127255, 4369245, 8318242, 9406950, 5861527, 10372497, 25677257, 4301580, 8099955,
715272, 1168433, 2827720, 3117106, 781218, N/A, 12759651, 1242942, 3142592,
28 49 7 6 3 1 2 2 98
1895500, 3074013, 5175478, 3738146, 8019119, N/A N/A N/A 49787911, 4555713,
676975, 845208, 3925614, 1726973, 3732401, 49787911, 806885,
10 125 3689266, 5157314, 8187890, 7315757, 11396208, 49787911, 9232683,
1152724, 1512620, 1698978, 2525849, 3710819, N/A, 1 6770935,
11 21 10 6 4 53
1870244, 2604970, 5893159, 1995216, 6397329, N/A N/A N/A N/A 2957841,
1158503, 1023129, 4394903, 991094, 6397329, 942893,
12.5 15 2648359, 4359859, 7379003, 2999338, 6397329, 6202754,
831761, 1024388, 1657905, 1577825, N/A, 1635315,
3 21 2 2 1 29
1590339, 3031058, 3970170, 8583949, N/A N/A N/A N/A N/A 3136345,
497424, 1731838, 1818247, 8583949, 694037,
15 175 2534595, 4733824, 6327734, 8583949, 6786492,
957969, 1135083, 2139674, N/A, 1967099,
5 10 4 1 20
1231453, 3212135, 5630844, 5420014, 10290945, 10820065, N/A N/A 25826872, 6430572,
1231453, 1416232, 5122478, 4783410, 9280677, 10820065, 25826872, 1359073,
175 20 1231453, 5131491, 6240453, 6056618, 11371061, 10820065, 25826872, 12934633,
N/A, 1413486, 633601, 1000326, 1164535, N/A, N/A, 5639896,
1 8 3 2 3 1 1 19

(Sequential valuesin each cell: average, minimum, maximum, standard deviation, and number of projects)
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Table 4.2: Contract value information for specific project miles and duration categories ($2005) (continued)

Days 0 50 100 150 200 250 300 350 Cont. Val
Miles 50 100 150 200 250 300 350 400 >400 for Miles
2627345, 3468192, 3168605, 14008419, N/A N/A N/A N/A N/A 3612053,
1293112, 1783225, 2206568, 14008419, 1433871,
20 30 5208742, 5879706, 4736929, 14008419, 6118382,
1884282, 1444235, 1593355, N/A, 2722721,
5 13 3 1 22
3846079, 3143129, 2682717, 8341682, N/A N/A N/A N/A N/A 4861482,
1327041, 1280255, 2181493, 5987440, 1590938,
30 50 6834672, 5991862, 6535739, 11339362, 8728111,
2439807, 2145707, 2548489, 3078010, 2883059,
5 4 3 3 15
N/A 4274996, N/A 15663213, N/A N/A N/A N/A N/A 9960104,
4274996, 15663213, 4844407,
>50 4274996, 15663213, 15093802,
4274996, 15663213, 8052685,
1 1 2
1022981, 2151291, 3437805, 5157829, 7325552, 8113717, 10285041, 14507455, 22620394,
Cont Valuefor 2278486, 601001, 691189, 1047724, 1477798, 1911418, 2550687, 1749692, 2398755,
Working days 2403353, 4407703, 7629545, 12891495, 13363763, 16356664, 23998946, 28942733, 53157797,
832263, 1237366, 2181760, 3777291, 5786024, 5586811, 8564200, 13305936, 19830633,
366 374 108 53 28 9 9 4 13

(Sequentia values in each cell: average, minimum, maximum, standard deviation, and number of projects)
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Table 4.3: Contract value information for specific project miles and ACP/HMA quantities categories ($2005) (continued on next page)

Miles 0 25 5 75 10 12.5 15 17.5 20 30 >50 Vglol[‘ér
ACP 25 5 75 10 125 15 175 20 30 50 ACP
1004625, | 1826302, | 2083060, | 2901958, | 2857362, | 2284241, N/A 3737156, | 2656655, | 3506403, 15663213, 1530052,
187335, 666141, 553812, 838227, 723008, 830521, 1685561, 1422111, 1190886, 15663213, 222202,
0 | 5.0k | 2672653, | 4531323, | 5203881, | 9283625, | 6943450, | 5071906, 6030948, | 3593509, | 6879758, 15663213, 5029211,
1865071, 1647683, 1911533, 2586429, 2467720, 1796400, 2432628, 1261316, 3420739, N/A, 2167001
231 50 33 27 12 7 3 3 3 1 370
1714932, 1441193, 2674010, 4887334, 1668061, 2291156, 2346563, 1231453, 4842782, 5281789, N/A 2081210,
411431, 587247, 960127, 1023410, 830856, 2291156, 484316, 1231453, 1589689, 5281789, 483038,
5.0k | 10k | 4445144, | 3610337, | 7483847, | 16588446, | 2389197, | 2291156, | 5919439, | 1231453, | 12040883, | 5281789, 5806359,
1833971, 1059308, 2407798, 7721329, 877573, N/A, 2934421, N/A, 4785151, N/A, 2775044,
74 45 15 10 3 1 4 1 6 1 160
2563825, 1591562, 1194552, 3626653, 3900681, 1089956, 2024142, 10820065, 1514753, 1800690, N/A 2088256,
880707, | 742544, 705630, 619948, | 1373149, | 1089956, | 2024142, | 10820065, | 1514753, | 1800690, 713695,
10k 15k 4971890, 3783560, 1668314, 7533684, 7469596, 1089956, 2024142, 10820065, 1514753, 1800690, 4912708,
1668106, | 1022021, | 326175, | 2952869, | 2761482, N/A, N/A, N/A, N/A, N/A, 1788828,
27 44 18 6 5 1 1 1 1 1 105
4832655, 2489219, 1578083, 1998274, 5068926, 2708447, 2465315, 1373253, N/A N/A N/A 2940904,
1265003, 1191767, 888784, 1213495, 1962152, 1062417, 2465315, 1373253, 915550,
15k 20k 15487369, 5584189, 3110061, 3646158, 10678402, 4354476, 2465315, 1373253, 7546584,
6741141, 2208327, 684898, 1036687, 4613021, 2586485, N/A, N/A, 4005028,
20 17 21 8 4 2 1 1 74
3954113, | 2885236, | 2519587, | 2411198, | 2186139, | 4038936, N/A 4712676, | 4168025, | 2229137, N/A 2899253,
2247215, 1255579, 1183718, 1203828, 1263789, 1977659, 4712676, 2836941, 2229137, 1188226,
20k 25k 6309134, 5965806, 4323108, 5128760, 3429510, 6967988, 4712676, 5572717, 2229137, 6610085,
1648862, 2374565, 1780914, 1416937, 1058141, 2472435, N/A, 1522601, N/A, 1879102,
7 15 21 12 4 4 1 3 1 68
4478008, | 3350715, | 2528835, | 2155081, | 3585538, | 2026116, /A 25626872, | 2044868, N/A N/A 3331293,
2662866, 1850911, 1417496, 1424277, 1960800, 2026116, 25826872, 1625385, 1494643,
25k | 30k | 6703145, | 6396706, | 4593541, | 3480996, | 6499111, | 2026116, 25826872, | 2358676, 7341975,
2331595, 1798895, 1150991, 812165, 1934643, N/A, N/A, 427864, 3582142,
3 11 15 9 7 1 1 3 50
1880861, 3360922, 3359157, 2232258, 3380469, 3843711, 3557910, N/A N/A 11774570, N/A 3086472,
1803059, 2752666, 1427038, 1463789, 2583878, 3499237, 1751845, 11774570, 1505708,
30k 35k 1958663, 3785116, 7014960, 3864899, 4177060, 4188185, 7512284, 11774570, 8231428,
122254, 617133, 2479532, 773279, 1251722, 541289, 2630397, N/A, 2145589,
2 3 6 16 2 2 6 1 38
(Sequentia values in each cell: average, minimum, maximum, standard deviation, and number of projects)
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Table 4.3: Contract value information for specific project miles and ACP/HMA quantities categories ($2005) (continued)

Miles 0 25 5 75 10 125 15 17.5 20 30 >50 Cont
ACP Val for
25 5 75 10 12.5 15 17.5 20 30 50 ACP
N/A 6587322, | 3053865, | 4713051, | 3358569, | 2539203, | 2596938, N/A 1973631, 2145001, N/A 3664185,
43788380, 1912872, | 2856719, | 2840457, | 1943996, 1890040, 1973631, 2145091, 1851564,
35k | 40k 8611683, | 4581667, | 7552177, | 4002327, | 2955843, | 3303836, 1973631, 2145001, 8281937,
2228327, 1557981, | 2877101, 663937, 437988, 1110783, N/A, N/A, 2059355,
4 3 3 3 6 2 1 1 23
3037168, | 15879991, | 17821750, | 5134976, | 8502400, | 3977037, | 3718310, | 6091371, | 4062278, 5505962, 4272996, 8573130,
3724008, | 3805237, | 2661636, | 3048065, | 3310167, | 2921735, | 2605289, | 2841441, | 3146556, 3573294, 4274996, 2869093,
>40k 4150238, | 31460142, | 53633335, | 8974648, | 25550335, | 5987967, | 4834289, | 10846662, | 5380547, 7047647, 4274996, 30757113,
334807, | 10995860, | 19800520, | 2474369, | 12523528, | 1470025, 894007, 2043546, | 1093845, 1416372, N/A, 10827618,
2 8 11 7 13 6 11 5 7 1 76
1577728, | 2500608, | 3354493, | 3052177, | 4555713, | 2057841, | 3136345, | 6430572, | 3612053, 4861482, 9969104,
Cont Val 228035, 660609, 686521, 1100472, 806885, 942893, 694037, 1359073, 1433871, 1590938, 4844407,
. 4556590, | 7827494, | 9625448, | 8099955, | 9232683, | 6202754, | 6786492, | 12934633, | 6118382, 8728111, 15093802,
for Miles 2563864, | 3844950, 6912662, 3142592, 6770935, 1635315, 1967099, 5639896, 2722721, 2883059, 8052685,
366 197 143 98 53 29 20 19 22 15 2

(Sequential valuesin each cell

: average, minimum, maximum, standard deviation, and number of projects)
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Table 4.4: Contract value information for specific duration and ACP/HMA quantities categories ($2005) (continued on

next page)
ACP 0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 >40,000 Cont Val
Days 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 for Miles
692898, 998655, 1065236, 1372505, 2022779, 1952565, 2041053, 2895548, 4201706, 1026750,
172240, 407662, 706904, 892645, 1168739, 1506070, 1386663, 1937279, 2957402, 228035,
0 50 1718562, 2291968, 1612007, 2088704, 4677450, 2465837, 2820632, 3958955, 6649393, 2409039,
535190, 781045, 289010, 378858, 1258852, 376480, 512190, 1130660, 2025441, 834244,
192 64 39 26 16 13 9 3 4 366
1605636, 1957845, 1754780, 2228680, 2516197, 2774484, 2434716, 2826379, 3777504, 2167433,
404771, 829472, 804661, 1254799, 1697939, 1375637, 1617893, 1865189, 2577112, 601390,
50 100 3708753, 4244552, 3658458, 4448472, 3950817, 4951057, 3925506, 4510890, 5510951, 4450835,
1186700, 1152918, 926591, 989847, 736026, 1414250, 825898, 904216, 971535, 1254754,
125 60 35 31 30 25 19 15 34 374
3468543, 2438247, 2691401, 3452654, 3181063, 3019328, 3387684, 5620001, 5299924, 3437805,
488875, 635782, 920487, 2884749, 1348736, 2260401, 1867300, 3525424, 3732347, 691189,
100 150 9548782, 6395285, 5111591, 4373262, 6188983, 3539309, 4255793, 8279603, 7652753, 7629545,
2856646, 1802432, 1735076, 671154, 1839681, 619749, 1044065, 2732150, 1539995, 2181760,
30 16 17 7 10 5 6 3 14 108
5693069, 3991414, 4349677, 3057824, 4476489, 4403359, 8082692, 8023248, 7134181, 5131848,
787924, 1346907, 1944703, 1086900, 1331832, 3724498, 4457960, 8023248, 3790178, 1071337,
150 200 15628835, 10720608, 7215519, 5067339, 9775083, 5399574, 11295977, 8023248, 10702738, 12668110,
5374681, 3991363, 2078394, 1773959, 3473232, 1010033, 3276390, N/A, 2871882, 3709380,
11 9 7 5 7 3 4 1 6 53
3344563, 9212314, 4089917, 11084781, 3902253, 5895204, N/A 8310680, 11716966, 7325552,
767565, 5391791, 3658152, 10444014, 2324287, 3351511, 8310680, 5333090, 1477798,
200 250 8041152, 13032837, 4502050, 11725547, 5738807, 7639717, 8310680, 24314315, 13363763,
3432073, 6003373, 418383, 1006868, 1923743, 2579363, N/A, 7977298, 5786024,
5 2 4 2 3 3 1 8 28
10372497, 3568061, 10820065, 6024765, N/A N/A N/A N/A 15766942, 8113717,
10372497, 1337638, 10820065, 6024765, 13113196, 1911418,
250 300 10372497, 6095848, 10820065, 6024765, 18420689, 16356664,
N/A, 2289488, N/A, N/A, 4169960, 5586811,
1 4 1 1 2 9
11290728, 10768737, 8534630, 14697037, 7223018, N/A N/A N/A N/A 10285041,
3337082, 2748033, 8534630, 14697037, 5060472, 2559687,
300 350 19244375, 24222302, 8534630, 14697037, 9385564, 23998946,
12497950, 13693282, N/A, N/A, 3398113, 8564200,
2 3 1 1 2 9
830549, N/A N/A 30503669, N/A N/A N/A N/A 13527800, 14597455,
830549, 30503669, 7615130, 1749692,
350 400 830549, 30503669, 19440471, 28942733,
N/A, N/A, 9290866, 13305936,
1 1 2 4

(Sequential values in each cell: average, minimum, maximum, standard deviation, and number of projects)
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Table 4.4: Contract value information for specific duration and ACP/HMA quantities categories ($2005) (continued)

ACP 0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 >40,000 Cont Val
Days 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 for Miles
5063623, 5835600, 4389470, N/A N/A 25826872, N/A N/A 30497782, 22620394,
2855780, 2427987, 4389470, 25826872, 20740921, 2308755,
>400 7405155, 9243231, 4389470, 25826872, 54822180, 53157797,
2532837, 5354561, N/A, 25826872, 39497782, 19830633,
3 2 1 1 6 13
1530052, 2081210, 2088256, 2940004, 2899253, 3331293, 3086472, 3664185, 8573130,
. 222202, 483038, 713695, 915550, 1188226, 1494643, 1505708, 1851564, 2869093,
Cont V/ajue or 5029211, 5806359, 4912708, 7546584, 6610085, 7341975, 8231428, 8281937, 30757113,
ACPHMA 2167001, 2775044, 1788828, 4005028, 1879102, 3582142, 2145589, 2059355, 10827618,
370 160 105 74 68 50 38 23 76

(Sequential values in each cell: average, minimum, maximum, standard deviation, and number of projects)
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4.6 Cost Prediction for WSDOT Projects — Prediction Models

4.6.1 Introduction

The analysis of project cost performance showed that the average values for the
performance measures were within a range of 10 percent. While this average was reasonable, the
range of variation between the minimum and maximum values was large. Sources of variation
and cost overrun are numerous, as explained in the literature. The more that project managers are
able to control the sources of cost overrun, the narrower the gap will be between the minimum
and maximum values of the performance measures. As with the time prediction models, cost
prediction models would have to be used with the understanding that prediction errors would
occur because of the several factors that contribue to the determination of the fina project cost.
The prediction quality of a cost model depends on severa factors, including, for example, the
number of variables in the model, the quality of the data used to build the model, and the
correlation between the model’ s independent variables and dependent variable. As with the time
prediction model, the variables considered in this research included quantities of ACP/HMA
(tons), grading (tons), grading (cy), surfacing (tons), project length (centerline miles), and
contract value (paid —to contractor, dollars). These variables congtituted a significant percentage
of the cost of pavement projects.

The following subsections explain the phases of development for the cost prediction
models. In phase one, the statistical characteristics of the variables were investigated, and a
preliminary regression analysis was conducted. In the subsequent phases, a number of regression
analysis techniques were used to develop prediction equations that would attain reasonable mean
absolute percentage error (MAPE) values. The MAPE was used to check prediction error by

comparing predicted cost to actual cost.
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4.6.2 Phase | Development

The development of the prediction model included a number of phases. The objective
was to develop cost prediction models with reasonable mean absol ute percentage error (MAPE)
values. The models would preferably have no intercept values and no negative parameter values.
In phase one, the statistical characteristics of the variables were obtained, and apreliminary
regression analysis was conducted. The relationship between the fina contract value (PTC) and
the independent variables were checked. For example, the scatterplot between the paid-to-
contractors dollars (PTC05) and working days (WCD), shown in Figure 4.22, shows the data
clumped together at the lower left side of the diagram. This suggested that the relationship was
nonlinear and that a log transformation would be a good choice, which was substantiated by the
results of the scatterplot for the log of variables, shown in Figure 4.23.

The correlation between PTCO05 and WCD in both the non-log and log cases, as shown in
the figures, suggested a good correlation between the two variables, which is generally needed
for good model design. A similar analysis was done for PTC and the other independent variables,

as well as between the dependent variables.
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A first attempt was made to design the prediction models by using the origina variables.
However, with six variables, the number of models to be tested was considerable, and therefore
the best subset regression was used to assist in selecting the most significant models and
variables. The best subset regression runs all possible regressions between the dependent
variable and all possible subsets of the independent explanatory variables. Subset models are
then ranked in terms of the best fit by using the coefficient of determination R, adjusted R?, or
Mallows G, stetistic. Table 4.5 shows a sample of results for the first ten best subset models.
Table 4.6 shows the parameters of the six-variable model. The analysis was performed on a test

sample of 80 percent of the projects, while 20 percent was left for a validation sample.

Table 4.5: Best subset models with standardized coefficients

Subset | Adj. #of | WCD Mileage ACP Grading Grading | Surfacing
# R? Vars ton ton cy ton

1 0.73438 | 5 0.50626 0.23930 | -0.31556 | 0.33924 | 0.191570
2 0.73427 | 6 0.50219 | 0.01784 0.22911 | -0.32063 | 0.34386 | 0.192664
3 072446 | 4 0.54463 0.27051 [ -0.26336 | 0.42462

4 0.72424 | 5 0.54214 | 0.01153 0.26404 [ -0.26645 | 0.42791

5 071839 | 4 0.52982 0.26534 0.08018 [ 0.141038
6 071815 |5 0.53192 | -0.01016 | 0.27091 0.07993 [ 0.140878
7 0.71806 | 4 0.52183 0.24068 | -0.06964 0.270030
8 071779 |5 0.52323 | -0.00644 | 0.24435 | -0.06902 0.269250
9 0.71640 | 3 0.52819 0.25430 0.209828
10 071617 | 4 0.53058 | -0.01151 | 0.26065 0.209399

Table 4.6: Parameter estimates

Effect parameter | Std. Err t p-value | Tolerance VIF
WCD 21188.64 | 1014.19 | 20.89208 | 0.000000 | 0.478043 | 2.091861
Mileage 9351.88 12117.84 | 0.77174 | 0.440456 | 0.516883 | 1.934675
ACP 47.10 5.34 8.81994 | 0.000000 | 0.409351 | 2.442889
Gradington | -3.69 0.48 -7.68423 | 0.000000 | 0.158646 | 6.303333
Grading cy 7.13 0.92 7.76980 | 0.000000 | 0.141030 | 7.090704
Surfacing ton | 40.46 6.64 6.09277 | 0.000000 | 0.276240 | 3.620044

A closer look at tables 4.5 and 4.6 reveal that (1) through the t statistic and p-value, the
centerline mileage variable did not add much in explaining the variation of the contract value,
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and (2) negative coefficient values were experienced, suggesting the contradictory conclusion
that an increase in the quantities of these variables would reduce the cost of the project.
Therefore, multicolinearity between the variables was suspected. Table 4.5 shows the tolerance
of the “Grading (ton)” and “Grading (cy)” approaching zero, and a variance inflation factor of
greater than 6. Multicolinearity was aso expected because the number of working days in a
project should normally be dependent on the quantities of the ACP and grading operations.
Multicolinearity affects the stability of the model coefficients; however, Dielman (2005)
explained that it does not affect the quality of forecasts or predictiors, as long as the pattern of
multicolinearity continues for those observations for which forecasts are desired. In the six-
variable model the mean absolute percentage error (MAPE) was 70.9 percent.

Figure 4.24 shows the normal probability plot of the six-variable model with a violation
of the normality assumption. Also, Figure 4.25 shows a cone-shaped standardized residual plot,
suggesting another violation of the constant variance assumption of the regresson model. In
conclusion, the preliminary model was deemed not appropriate for prediction because of the

violations of assumptions and the use of the original variables.
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Figure 4.24: Normal probability plot Figure 4.25: Standardized residuals
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4.6.3 Phase |l Development

In Phase 11, both the dependent and explanatory variables were transformed by using the
natural logarithm. Table 4.7 shows the first ten best subset models. Note that around 99 percent
of the variations of the dependent variable, contract value, were explained by the models, i.e.,, a
better R? was obtained than those shown in Table 4.5. While transformation helped meet the
normality and linearity assumptions, the negative values of the mileage and grading variables
still suggested the existence of multicollinearity. As shown in Table 4.8, correlations between the

variables were generally greater than 0.5.

Table 4.7: Best subset models (transformed variables) with standardized coefficients

Subset | Adj. #of | Ln Ln Ln Ln Ln Ln(

# R? Vars | (WCD) (Mileage) | (ACP) (Grading | (Grading | Surfacing
ton) Cy) Ton)

1 0.993387 | 6 0.454197 | -0.029436 | 0.417384 | -0.081123 | 0.074937 | 0.154458

2 0.993347 | 5 0.457394 | -0.030630 | 0.414170 | -0.028739 0.177593

3 0.993340 | 4 0.446023 | -0.030094 | 0.418743 0.155753

4 0.993322 | 5 0.444281 | -0.029935 | 0.419584 0.005458 | 0.151168

5 0.993070 | 5 0.486856 | -0.028905 | 0.467181 | -0.074158 [ 0.139899

6 0.993019 | 4 0.477137 | -0.029372 | 0.468225 0.075002

7 0.992936 | 5 0.469871 0.370399 | -0.088881 | 0.099528 | 0.150559

8 0.992860 | 3 0.467347 0.367100 0.167074

9 0.992857 | 4 0.504210 | -0.031295 | 0.476289 | 0.040467

10 0.992855 | 4 0.459281 0.371939 0.023739 | 0.146876

Table 4.8:; Corrdations between variables

Ln Ln Ln Ln Ln Ln Ln
(PTCO5) [ (WCD) | (Mileage) | (ACP) | (Grading | (Grading | (Surfacing

ton) cy) ton)

Ln(PTCO05) 1.00 0.73 0.59 0.64 0.48 0.50 0.60
Ln(WCD) 1.00 0.30 0.38 0.53 051 0.53
Ln(Mileage) 1.00 0.60 0.12 0.10 0.30
Ln(ACP) 1.00 0.24 0.22 0.43
Ln(Grad. ton) 1.00 0.89 0.67
Ln(Grad. cy) 1.00 0.71
Ln(Surf. ton) 1.00

Ridge regression was tried in order to deal with the multicolinearity effects in the

regression models (Dielman 2005; Kutner et al. 2005; Sen and Srivastava 1990). Ridge
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regression uses a procedure to artificially decrease the correlations between the variables so that
more stable beta coefficients can be obtained. A constant (lambda) is added to the diagonal of the
correlation matrix, which is then re-standardized, and the off-diagonal elements are divided by
the constant. The use of Ridge regression in the current cost prediction models proved to be
helpful. In a test sample, the analysis was performed on models in which six, five, four, three,
and two log variables were used in the design. Validation was performed with the validation
sample.

With Ridge regression, none of the variables experienced negative coefficients and the
multicollinearity was substantially reduced with acceptable tolerance and VIF values. By using
the mean absol ute percentage error (MAPE) of the validation sample to test the quality of fit, the
best Ridge models were ranked, as shown in Table 4.9. While the MAPE values of the validation
and full sample were very acceptable, note that the values were for the transformed log variables.
Cdculating MAPE after transforming the predicted and observed values of the dependent
variable, PTC, alowed the right MAPE to judge the quality of fit of the models. Unfortunately,
as shown in column 6 or Table 4.9, the MAPE values did not suggest good prediction quality.

The use of the log transformation in the Ridge regression models reduced the violations
of the normality and constant variance assumptions, as shown in figures 4.26 and 4.27 for the
six-variable model. However, while the transformation and Ridge regression improved the model

design, good predictions were not attained.
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Table 4.9: Ridge regression model ranked on the basis of MSD and MAPE

- MAPELn | MAPE '\g?iPE Adj R?
8 Variables(Ln) Adj R? (va. Ln (Full (Fuﬁ' Full
= Sample) sample) Sample) Sample
(1) 2 3 4 ()] (6) )]
3.1 | WCD, ACP, ST 0.9582 0.0546 0.08027 0.90071 0.9577
2.1 | WCD, ACP 0.9433 0.0592 0.08270 0.72009 0.9425
4.1 | WCD, ACP, GT, ST 0.9643 0.0629 0.07929 1.03843 0.9648
5.1 | WCD, ACP, GT, GC, ST 0.9670 0.0643 0.08314 1.22998 0.9677
6.1 | All including mileage 0.9669 0.0650 0.08460 1.29144 0.9677
3.2 | WCD, ACP, GC 0.9557 0.0657 0.08366 0.93953 0.9562
1.2 | WCD 0.8945 0.0944 0.13381 1.37117 0.8943
11| ACP 0.8898 0.1047 0.12341 0.64304 0.8879

Expected Normal Value

Residuals

Figure 4.26: Normal probability plot

4.6.4 Phaselll Development

Residuals

Predicted Values

Figure 4.27: Standardized residuals

22

In an attempt to improve the prediction quality of the models, some of the required

assumptions/conditions, e.g. no intercept or no negative parameters, had to be relaxed. In this

phase of model development, general multiple regression (GRM), Ridge regression, and

nonlinear partial least-squares regression (PLS) were performed on the log transformed

variables while alowing for an intercept. Tables 4.10 to 4.12 show a significant improvement in

the models prediction through better MAPE values. The parameters were generally positive

except for “Grading (ton),” which had negative values in the GRM and Ridge regression models;

however, in both models this variable was not significant (p- value 0.44 and 0.22).
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Table 4.10: GRM regression for models with intercept values

< | AdR2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln
B Orig. cept WCD | Mileage| ACP Grad. Grad. Grad.
= ton cy cy
6.1)08269 |0.3364 |[8.6654 |0.7217 |0.1901 |[0.1995 | -0.0509 | 0.0912 | 0.0329
4.1[0.8087 | 0.3456 | 7.6303 [ 0.7535 0.3234 [ -0.0020 0.0719
5208022 | 0.3552 |9.1046 | 0.7022 | 0.2214 | 0.1280 0.0369 | 0.0705
5107986 | 0.3604 | 7.6386 | 0.7471 0.3150 [ -0.0679 | 0.0872 | 0.0613
3307730 | 0.3683 | 9.4597 | 0.8533 | 0.2301 | 0.1131

3207714 | 0.3747 | 7.9769 | 0.7698 0.3171 | 0.0251
42 (07772 | 0.3760 | 9.4254 [ 0.7086 | 0.2374 | 0.1301 0.0608
2207435 |0.3931 |10.1793 | 0.9017 | 0.2897

31| 0.7458 | 0.4053 | 8.4778 | 0.8057 0.2095 0.0732
21]0.7317 | 04122 |8.5825 | 0.8836 0.2263

Table 4.11: Ridge regression for models with intercept values

- | AdjR2 | MAPE Inter- Ln Ln Ln Ln Ln Ln
3 Orig. cept WCD | Mileage| ACP Grad. Grad. Grad.
= ton cy cy
6.1[0.7624 | 0.3555 |9.1018 | 0.5840 | 0.1809 | 0.1914 | -0.0138 | 0.0614 | 0.0542
4.1 ) 0.7272 0.3882 | 8.2542 0.6481 0.2803 0.0105 0.0866
51]0.7280 | 0.3904 | 8.2128 | 0.6345 0.2753 | -0.0222 | 0.0534 | 0.0826
32| 0.7046 | 0.4016 | 8.5390 | 0.6820 0.2850 | 0.0382

2.2 | 0.6697 | 0.4097 | 10.5685 | 0.8129 | 0.2713

31| 0.7008 | 0.4140 | 8.7405 | 0.6579 0.2251 0.0985
2.1 | 0.6444 0.4431 9.2187 0.7722 0.2066

Table 4.12: PLS regression for models with intercept values

< | AdR2 | MAPE Inter- Ln Ln Ln Ln Ln Ln
3 Orig. cept WCD Mileage ACP Grad. Grad. Grad.
= ton cy cy
6.1)08185 |0.3446 [8.9795 | 0.5163 | 0.2228 | 0.2178 | 0.0151 | 0.0247 | 0.0811
41[0.7736 | 0.3791 | 7.7222 | 0.7040 0.3255 | 0.0035 0.0775
51| 0.7486 | 0.4060 | 7.8908 | 0.5743 0.3220 [ 0.0040 | 0.0197 | 0.1116
52| 07439 | 0.4187 |9.2803 | 0.6602 | 0.2372 | 0.1094 0.0407 | 0.0871
4210.7404 | 04201 | 9.5255 | 0.6863 | 0.2507 | 0.1190 0.0708
2107146 | 04279 | 8.6080 | 0.8712 0.2281

2207105 |0.4391 | 101282 | 0.9158 | 0.2876

31| 06909 | 0.4576 | 8.6399 | 0.7298 0.2091 0.0947

4.6.5 Phase |V Development

While the models in tables 4.10 to 4.12 would be sufficient for prediction, the researchers

decided to investigate further avenues for enhancing the prediction ability of the models. Cluster
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analysis was considered. Cluster analysis alows a number of classification algorithms to
organize observed data into meaningful structures. The k-means clustering algorithm produces k
different clusters of greatest distinction by moving cases/projects in and out of groups (clusters)
to get the most significant ANOVA results that (1) minimize the variability within the clusters
and (2) maximize the variability between the clusters. Table 4.10 shows the results of cluster
analysis. The table shows the number of projects in each cluster. Working with two clusters,
GRM, Ridge, and PLS regression analyses were performed, and prediction models were
developed for each cluster. Increasing the number clusters, e.g., to three or four, would add better
quality to the prediction; however, the number of projects (observations) would be problematic

in obtaining good results.

Table 4.13: Clustering based on ACP variance

Clﬁgtpers Between SS Within SS #C'f #clzn #é:'g #82 #é:'g #é:'g
2 1.893448E+11 | L151274E+11 | 173 | 789

3 2528505E+11 | 5.162170E+10 |43 | 258 | 661

4 2.729557E+11 | 3.151647E+10 | 24 | 124 | 267 | 547

5 2832710E+11 | 2.120033E+10 | 20 |61 | 157 | 229 |49

6 2.898017E+11 | 1.458051E+10 | 14 | 33 | 103 | 162 | 230 | 420

4.6.6 Summary on Project Cost Prediction

The above section discusses the cost models built on the basis of general multiple
regression models (GRM), Ridge regression models, and nonlinear partial least-sguare regression
(PLS). Six variables were used in building the models: ACP/HMA quantity (tons), grading
guantity (tons), grading quantity (cy), surfacing quantity (tons), project length (miles), and
project duration (working days). Tables 4.14 to 4.16 present the best models developed in the
analysis. The smaller the MAPE value, the better the prediction. Given that only six variables
were used, the MAPE values should be considered reasonable.
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Table 4.14: Best regression models with intercept values — full sample

< | AdR2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln
B Orig. cept WCD | Mileage| ACP Grad. Grad. Grad.
= ton cy cy
6.1)08185 |0.3446 [8.9795 | 05163 |0.2228 |[0.2178 | 0.0151 | 0.0247 | 0.0811
5208022 | 0.3552 |9.1046 | 0.7022 | 0.2214 | 0.1280 0.0369 | 0.0705
3307730 | 0.3683 | 9.4597 | 0.8533 | 0.2301 | 0.1131

3207714 | 0.3747 | 7.9769 | 0.7698 0.3171 | 0.0251
42 (07772 | 0.3760 | 9.4254 [ 0.7086 | 0.2374 | 0.1301 0.0608
41[0.7736 | 0.3791 | 7.7222 | 0.7040 0.3255 | 0.0035 0.0775
2207435 |0.3931 |10.1793 | 0.9017 | 0.2897

31| 0.7458 | 0.4053 | 8.4778 | 0.8057 0.2095 0.0732
51| 0.7486 | 0.4060 | 7.8908 | 0.5743 0.3220 [ 0.0040 | 0.0197 | 0.1116
21]0.7317 | 04122 |8.5825 | 0.8836 0.2263

Table 4.15: Best regression models for cluster #1/2

- | AdjR2 | MAPE Inter- Ln Ln Ln Ln Ln Ln
3 Orig. cept WCD | Mileage| ACP Grad. Grad. Grad.
= ton cy cy
511 0.7696 | 0.2322 | 49065 | 0.5616 0.6662 | 0.0054 | 0.0282 | 0.0415
4.1 0.7844 0.2530 3.9779 0.6317 0.7457 0.0063 0.0476
6.1 [ 0.7965 | 0.2550 | 5.8858 | 0.7564 | -0.0092 | 0.5088 | -0.0652 | 0.0697 | 0.0557
3.2 | 0.7642 0.2567 5.2735 0.8148 0.5751 0.0152

3.1 ] 0.7670 0.2729 4.5693 0.7120 0.6563 0.0441
2.1 | 0.7449 0.2769 4.7516 0.7869 0.6439

4207701 | 0.2955 |5.3822 | 0.7622 | -0.0009 | 0.5698 0.0368

52| 07728 | 0.3000 | 5.4199 | 0.7353 | -0.0203 | 0.5559 0.0168 | 0.0517
3307625 | 0.3046 |5.3923 | 0.8521 | 0.0086 | 0.5590

22 06573 |0.3383 | 104916 | 0.9715 | 0.1177

Table 4.16: Best regressionmodels for cluster #2/2

< | AdR2 | MAPE | Inter- Ln Ln Ln Ln Ln Ln
3 Orig. cept WCD | Mileage| ACP Grad. Grad. Grad.
= ton cy cy
4.1 [0.7077 | 0.4009 | 8.3279 | 0.7043 0.2359 | 0.0095 0.0880
2206980 | 0.4025 | 10.3580 | 0.8500 | 0.2637

51| 0.6931 | 0.4043 |8.2871 | 05785 0.2788 [ 0.0088 | 0.0211 | 0.0934
6.1 07027 |0.4194 [95477 | 05909 | 0.2165 | 0.1083 | 0.0126 | 0.0475 [ 0.0646
31| 06598 | 04389 |9.0146 | 0.7620 0.1539 0.0821
21 0.6296 | 0.4468 |[9.2892 | 0.8418 0.1578

32| 05588 | 0.4934 |9.3793 | 0.6441 0.1889 | 0.0510
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4.6.7 Examplesfor Using Cost Prediction Models

Tables 4.14 to 4.16 show the best cost prediction models. The following examples
illustrate applications of the models. The first example is contract #6545 in 2003. The project
work quantities are in Table 4.17, and the work was originally accomplished in 104 working
days with a contract value of $2,469,162.80 (2003 dollars). The final amount paid —to contractor
was $3,178,849.82 ($2003), which equals the value of $3,858,465.99 in 2005 dollars.

Given the miles and working days in Table 4.17, the expected contract would be $3.96
million by using the miles-days “characteristic table”, Table 4.2. With the ACP/Miles
characterigtic table, Table 4.3, the expected value is $2.23 million (maximum is $3.86 million).
With the days/ACP characteristics table, Table 4.4, the expected value is $3.38 million. The
characteristic tables could establish a minimum and maximum range for the contract value, as
well.

By taking the natural logarithm of the project miles and quantities and multiplying the
logarithmic values by the corresponding model coefficients, the results for the different models
can be obtained as shown in Table 4.18. For each model, the percentage of error (deviation of the
predicated value from the origina value) is shown next to the model results. The average value
obtained by the models was $3,316,633.49, which is within 14 percent of the final amount paid
to the contractor §$3,858,465.99 in 2005 dollars). Given that only six variables were used in
building the models, the predicted value should be reasonable for planning purposes. The
characteristic tables and the prediction models can both supplement WSDOT’s methods for
predicting project costs.

Table 4.17: Contract #6545 in 2003
year | Contract | Days | Miles [ ACP/HMA | Grad. | Grad. | Surfacing PTCO05
# Tons ton cy Ton $

2004 6545 104 8.43 34297.59 | 384.06 | 579.64 3306.5 3,858,465.98
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Table 4.18:; Predicted contract values for contract #6545 in 2003

Model Predicted MAPE
# Cont value

6.1| $3,373,481.26 12.57%
5.2 | $3,208,667.81 16.84%
3.3 | $3,591,020.36 6.93%
3.2| $3,311,845.14 14.17%
4.2 | $3,164,994.34 17.97%
4.1| $3,404,745.39 11.76%
2.2 | $3,219,587.04 16.56%
3.1| $3,272,007.04 15.20%
5.1 | $3,185,618.30 17.44%
2.1| $3,434,368.21 10.99%

Average $3,316,633.49 14.04%

Std Dev. $134,739.85

Another example is contract #6708 in 2004. The information for this contract islisted in

Table 4.19. The project was completed in 110 working days, and the final amount paid —to —the

contractor was 3,382,380.43 (2005 dollars) .

million by using the miles-days characteristic table, Table 4.2. With the ACP/Miles

Given the miles and working days in Table 4.19, the expected contract would be $3.97

characterigtic table, Table 4.3, the expected value is $3.557 million. With the days’ACP

characteristics table, Table 4.4, the expected value is $3.38 million.

Taking the natural logarithms of the values and multiplying them by the relevant model

coefficients produced the predicted contract values shown in Table 4.20. The average value

obtained by the models was $4,037,560.71, which is within 19 percent of the final amount paid

to the contractor. Again, for planning purposes, this would be a good estimate.

Table 4.19: Contract #6708 in 2004

year | Contract | WCD Miles | ACP/HMA Grad. Grad. Surfacing PTC 05
# ton cy Ton
2004 | 6708 110 15.92 37618.30 | 91823.00 | 91823.00 | 1031.30 3,382,380.43
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Table 4.20: Predicted contract values for contract #6708

Model # Predicted MAPE
Cont Value

6.1| $4,572,146.38 35.18%
5.2 | $4,316,438.86 27.62%
3.3 | $4,406,344.72 30.27%
3.2 | $4,085,948.10 20.80%
4.2 | $5,273,127.93 55.90%
4.1] $3,399,518.62 0.51%
2.2| $4,071,571.25 20.38%
3.1| $3,204,820.47 5.25%
5.1 | $3,360,561.01 0.65%
2.1| $3,685,129.76 8.95%

Average | $4,037,560.71 19.37%

Std Dev. $642,285.08

Unlike the first example, the results from the prediction model in the current example
were on the high side in comparison to the results of the characteristic tables. However, a closer
look at the data tables 4.17 and 4.19 shows that the miles for the second example were almost
twice those of the first example. Furthermore, most of the results in Table 4.20 had a high
MAPE, including the mileage variables in the moddl (models 6.1, 5.2, 3.3, 4.2, and 2.2; check
the models in Table 4.14]). Whenever there is doubt about the effect of one variable on the final
results, the models that do not include this variable could be used for prediction. In that case,
these models would be 3.2, 4.1, 3.1, 5.1, and 2.1. As shown in the results of Table 4.17, these
models produced the smallest MAPE values, i.e., had better prediction; the average of these five
models was $3.55 million, a prediction that is in line with the actual value of the contract

($3,382,380.43), with an average MAPE value of 7.23 percent

4.7 Conclusions

This chapter reviewed the literature for cost estimating, and reviewed the cost

performance of WSDOT projects. A number of characteristic prediction tables were statistically
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derived in this research to assist in predicting the costs of projects early in a project’s life.
Furthermore, a number of cost prediction models were also developed by using different types of
regression analysis. Both the characteristic tables and the prediction models can be used at the
early stages of a project to predict project costs.

The prediction models were developed on the basis of six variables. The variables
represent common items in projects, such as quantities of ACP/HMA, length of projects, and
duration of a project. The models produced reasonable MAPE vaues and could be used by the

WSDOT Design Office and/or Construction Office.

4.8 Recommendations

WSDOT has a number of tools for estimating the costs of projects. The models discussed
in this chapter would be good supplements to WSDOT’ s existing tools. Cost prediction through
the characteristic tables should be valuable during the early stages of a project. Cost prediction
models were also developed to add more tools to WSDOT's cost estimating effort. It is
recommended that WSDOT use the characteristic tables and the prediction models to establish

good estimates of project costs before afully detailed cost estimate is undertaken.

4.9 Implementation

It is suggested the characteristic prediction tables and the prediction models be part of
WSDOT’s time and cost estimating efforts, e.g., for the use by the Design Office and the
Construction Office. The developed models in this research were coded in a spreadsheet (Excel

file) to facilitate the implementation and use of the prediction models, see Appendix C.

158



ACKNOWLEDGMENTS

The Principal Investigator would like to acknowledge the technical and administrative
assistance of both WSDOT's Construction Division/Office and Research Office. Without the
timely assistance and access to the records and databases, the current research would not have

been performed. The help of both offices is very much appreciated.

159



REFERENCES

Alabama Department of Transportation (ALDOT) (2006). “ Standard specifications for highway
construction.” Bureau of Construction, ALDOT, NC.

Anderson, S., Molenaar, K., Schexnayder, C. (2007). “Guidance for cost estimation and
management for highway projects during planning, programming, and preconstruction.”
NCHRP 574, TRB, Washington, D.C.

Barraza, G., Back w., and Mata, F. (2000). “Probabilistic Monitoring of Project Performance
Using SS Curves.” ASCE, J. Construction Engineering and Management, v 126, no 2, pp
142-148.

Barraza, G., Back w., and Mata, F. (2004). “ Probabilistic Forecasting of Project Performance
Using Stochastic S Curves.” ASCE, J. Construction Engineering and Management, v 131, no

1, pp 25-32.

Brent, R. F. (1973). “Algorithms for minimization without derivatives.” Englewood Cliffs, NJ:

Prentice-Hall.

California Department of Transportation (Caltrans) (2006). “Construction manual”, Division of
Construction, Caltrans, CA

Chou, J., Wang, L., Chong, W. and O Connor J. (2005). “Preliminary Cost Estimates Using
Probabilistic Simulation For Highway Bridge Replacement Projects.” ASCE Construction
Research Congres.

De Jong, S (1993) “SIMPLS: An Alternative Approach to Partial Least Squares Regression.”,

Chemometrics and Intelligent Laboratory Systems 18, 251-263.

160



De La Mare, R. F. (1979). “Modeling Capital Expenditure.” Eng. and Process Economics, v 4,
pp 467-477.

Dielman, T. (2005). “Applied Regression Analysis: A Second Course in Business and Economic
Statistics.” Brooks/Cole.

Federa Highway Administration (FHWA) (2002). “FHWA guide for construction contract time
determination procedures.” Web document, accessed April 25, 2007,

http://www.fhwa.dot.qov/l egsregs/directives/techadvs/t508015.htm

Geladi, P., & Kowalski, B. R. (1986). “Partial Least Squares Regression: A Tutoria/”, Analytica

Chimica Acta, 185, 1-17.

Gill, P. E., & Murray, W. (1974). “Numerical methods for constrained optimization” New Y ork:

Academic Press.

Hancher, D. E., and Werkmeistr, R.F. (2000). “Kentucky contract time determination system.”
Kentucky Transportation Center, Lexington, KY'.

Hegazy, T. and Ayed, A. (1998). “Neural Network Model for Parametric Cost Estimation of
Highway Projects.” ASCE, J. Construction Engineering and Management, v 124, no 3, pp
210-218.

Herbsman, Z. J., and Ellis, R. (1995). “Determination of Contract Time for Highway
Construction Projects.” NCHRP Synthesis Report 215, Transportation Research Board,
Washington, D.C.

Hwee, N. and Tiong, R. (2002). “Model on Cash Flow Forecasting and Risk Analysis for

Contracting Firms.” International Journal of Project Management, v 20, pp 351-363.

161



Isidore, L., and Back W. (2002). “Multiple Simulation Analysis for Probabilistic Cost and
Schedule Integration.” ASCE, J. Construction Engineering and Management, v 128, no 3, pp
211-219.

Joint Legidative Audit and Review Committee (JLARC) (2005). “Overview of Washington
State Department of Transportation Capital Project Management.” JLARC, State of
Washington, Olympia, WA.

Kaka, A. (1996). “Toward More Flexible and Accurate Cash Flow Forecasting.” Construction
Management and Economics, v 14, pp 35-44.

Kaka, A. AND Price, A. (1993). “Modeling Standard Commitment Curves for Contractor’s Cash
Flow Forecasting.” Construction Management and Economics, v 11, pp 115-1224.

Kenley, R. and Wilson, O. D. (1986). “A Construction Project Cash Flow Model- an Idiographic
Approach.” Construction Management and Economics, v 4, pp 213-232.

Kenley, R., and Wilson, O. D. (1989). “A Construction Project Net Cash Flow Model.”
Construction Management and Economics, v 7, pp 3-18.

Kutner, M., Nachtsheim, C., Neter, J., and Li, W. (2005). “Applied linear statistical models —

fifths edition.” McGraw-Hill, New Y ork.

Lowe, D. j., Emdey, M. W., and Harding, A. (2006). “Predicting Construction Cost Using
Multiple Regression Techniques.” J. Constr. Eng. Mange., 132(7), 750-758.

Mills and Tasaico (2005). “Forecasting Payments Made Under Construction Contracts. Payout
Curves and Cash Management in the North Carolina Department of Transportation”,
Transportation Research Record: J. Transportation Research Board,1907, 25-33.

Makridakis, S., Wheelwright, S., and Hyndman, R. (1998). “ Forecasting methods and

applications — third edition.” John Wiley & Sons, NJ.

162



Miskawi, Z. (1989). “An S-curve Equation for Project Control.” Construction Management and
Economics, 7, 115-1224.

Molenaar, K. (2005). “Programmatic Cost Risk Analysis for Highway Megaprojects.” J. const.
Eng Mgmt., ASCE, 131(3), 343-353.

Nassar, K. M., Hegab, M. Y., and Jack, N. W. (2005). “Design Cost Analysis of Transportation
Projects.” Construction Research Congress, San Diego, CA.

Navon, R. (1996). “ Cash Flow Forecasting and Updating for Building Projects.” Project
Management Journal, v 27, no 2, pp 14-23.

North Carolina Department of Transportation (NCDOT) (2006). “Standard specifications.”
NCDOT, NC.

Peer, S. (1982). “Application of Cost-Flow Forecasting Models.” ASCE, J. Construction

Division, v 108, No. CO2, pp 226-231.

Peressini, A. L., Sullivan, F. E., & Uhl, J. J,, Jr. (1988). “The mathematics of nonlinear

programming.” New Y ork: Springer.

Rannar, S, Lindgren, F., Geladi, P, and Wold, S. (1994). “A PLS Kernel Algorithm for Data
Sets with Many Variables and Fewer Objects. Part 1: Theory and Algorithm.”, Journal of

Chemometrics, 8, 111-125.

Sanders, S., and Maxwell, R., Glagola, C. (1992). “Preliminary Estimating Models for
Infrastructure Projects,” Cost Engineering, AACE, 34(8), 7-13, 1992.
Schexnayder, C., Weber, S., and Fiori, C. (2003). “Project cost estimating — a synthesis of

highway practice.” NCHRP 20-7, Task 152, TRB, Washington, D.C.

163



Sen, A. and Srivastava, M. (1990). “Regression analysis, theory, methods and applications.” ,
Springer, New Y ork.

Shapanka, A. and Allen, G. (1984). “Method for Forecasting Construction Contracts.”
Transportation Research Record, (955), pp 26-35.

Stoll, B., O'Rellly, J., and Bell, L. (2006). “Methodologies for determining construction contract
time and evaluating contract time extension.” South Carolina Department of Transportation,
research project 652, Columbia, SC.

Tabachnick, B. and Fiddll, L. (2007). “Using multivariate statistics — fifth edition”. Pearson
Education, New Y ork.

Utah Department of Transportation (UDOT) (2006). “ Standard specifications.” UDOT, Utah.

Virginia Department of Transportation (VDOT) (2005). “Construction Manua.” VDOT,
Virginia

Washington State Department of Transportation (WSDOT) (2004). “Guidelines on preparing
engineer’ s estimate, bid reviews and evauation.” WSDOT, Olympia, WA.

Washington State Department of Transportation (WSDOT) (2005). “Highway construction costs
—are WSDOT' s highway construction costs inline with national experience?.” WSDOT,
Olympia, WA.

Washington State Department of Transportation (WSDOT) (2007a). “Cost Estimate Process.”

Web document http://www.wsdot.wa.gov/Projects/ProjectM gmt/RiskA ssessment/Process

accessed April 25, 2007
Washington State Department of Transportation (WSDOT) (2007b). “CEVP and Cost Estimate

Process.” Web document http://www.wsdot.wa.qov/ProjectsProjectM gmt/Ri skA ssessment/

accessed April 25, 2007

164



Wilde, D. J., & Beightler, C. S. (1967). Foundations of optimization. Englewood Cliffs, NJ:

Prentice-Hall.

165



APPENDIX A
Online Survey Questionnaire

Forecasting Contractor’s Performance (Progress Curves) in Highway Projects

Background,

The construction office of the Washington State Department of Transportation (WSDOT) is
conducting a researchtoward improving the performance evauation process of projects and
contractors. One of the main sources of information for this research is a survey of State DOTSs.
Thesurvey aims at soliciting the current practice of highway agencies in measuring the
performance of highway projects and in using construction progress charts (or curves)
inevaluating the performance of contractors. The scope is limited to design-bid-build or
traditional procurement of projects.

Your agency’s response will maximize the value of the research results. The survey will take
approximately 10 minutes to complete and you will have the opportunity to review and modify
your answers prior to the final submission.

Thank you very much.
Sincerdly,

Ahmed M. Abdel Aziz
Principal Investigator and Assistant Professor

The University of Washington
Performance Analysis during Construction and at Project Completion

1. During construction, for measuring the progress of work the agency anayzes the following:
Schedule — Comparing the actual project schedule to the original/revised schedules
Cash Flow — Comparing the actual project cash flow to the planned cash requirements
Both (a) and (b)

Quantities— Comparing the actual project quantities to the planned quantities of work
Labor Hours — Comparing the actual labor hours to the planned labor requirements
All of the above (a), (b), (d), and (e)

Other, please specify

@™ pop o

2. During construction, the agency uses the following tools for measuring the progress of work:
a Progressreports
b. Progress charts (curves)
c. Both progress reports and progress curves (charts)
d. Other, please specify



3. During construction, the frequency for measuring the progress of work is:
With every progress payment, pay request, or voucher

daily

weekly

Monthly

Quarterly

Semi-annually

Annually

On-demand for special events (e.g. analysis of claims)

Other, please specify

T STQ oo

4. During construction, an unsatisfactory progress with project schedule, e.g. not meeting
intermediate milestones, may trigger the agency to:

a. Charge performance penalties to the contractor

b. Increase the retainage percentage of progress payments

c. Do nothing

d. Other, please specify

5. During construction, an unsatisfactory progress with cash flow, e.g. not meeting planned cash
expenditure, may trigger the agency to:

a. Charge performance penalties to the contractor

b. Increase the retainage percentage of the progress payment

c. Do nothing

d. Other, please specify

6. During construction, does the agency uses specific software for recording project progress:
a. No; paper work is used instead
b. Yes, please specify if possible

7. At project completion, the agency uses the following for measuring the performance of a
project (choose al that apply):
a. Deviation from engineer’'s estimate (Award Growth), i.e. (Original Contract Amount —
Engineers Estimate) / Engineers Estimate
b. Deviation from origina contract amount (Cost Growth), i.e. (Fina Contract Amount —
Origina Contract Amount) / Original Contract Amount
c. Deviation from original contract days (Time Growth), i.e. (Final Contract Days —
Original Contract Days) / Original Contract Days
d. Construction Placement = Final Construction Contract Cost / Final Construction Contract
Days
e. Other, Please Specify



8. At project completion, a project would be successful or satisfactory if it was completed:
a. At theaward bid price (or authorized adjustments)
b. At therequired completion date (or authorized working days)
c. At both the award bid price and completion time
d. Within areasonable percentage of the bid price
e. Within areasonable percentage of the completion time
f.  Within areasonable percentage of both the bid price and completion time

9. If areasonable percentage of bid price is selected for a project to be successful (in
previous question), the percentage would be:

a. Lessthan 5%

b. Between 5% - 10%

c. Between 10% - 20 %

d. Other, please specify

10. If areasonable percentage of completion time is selected for a project to be
successful (as in previous question), the percentage would be:

a. Lessthan 5%

b. Between 5% - 10%

c. Between 10% - 20 %

d. Other, please specify

11. Does the agency have an official document, or part of document that describe the progress
evaluation process?

a No.

b. Yes, (Please specify the document title and where it could be located)

Construction Progress Charts (Curves) — Development and Use

A progress chart (curve): aplotting of the percent of project completion against the percent of
time.

12. Does the agency use progress charts (or curves) for measuring project progress during
construction?

C. Yes. (Please proceed to the next questions.)

d. No. (Please proceed to question # 26)

13. Does the agency has a document, or part of document, that describe the progress charts (or
curves)?

a No.

b. Yes. (Please specify the document title and where it could be located)
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14. As used by the agency, the construction progress chart (curve) reflects:

a

b.

C.

d.

€.

Progress with project cash flow: the percentage of time elapsed against the percentage of
money spent (dollars-paid-to-contractor)

Progress with project time: the percentage of time elapsed against the percentage of
time/schedule compl etion

Progress with project quantities. the percentage of time elapsed against the percentage of
guantities put in place

Progress with project labor hours: the percentage of time elapsed against the percentage
of labor hours used

Other, please specify

15. As used by the agency, the corstruction progress curve/chart(s) represents:

opoTo

€.

A curve/chart statistically driven from records of progress on several past projects
A standard cumulative chart in the form of an S-curve

A progress chart (curve) submitted by the contractor after contract award

A specific progress profile, e.g. 0.5% work during the 1% month, 1% during the 2"
month, 5% during the 3" month, etc.

Other, please specify

16. The construction progress curves/charts were devel oped based on:

a
b.
C.
d.

Average progress of past projects
Lower limit of progress of past projects
Upper limit of progress of past projects
Other, please specify

17. The construction progress curves/charts were devel oped based on projects that were

a

b.

C.

Satisfactorily completed projects
All satisfactorily and less-than satisfactorily completed projects
Other, please specify

18. The agency uses for measuring progress:

a

b.

C.

One construction progress curve for al projects
A number of classified progress curves based on project type and other criteria
Other, please specify

19. The project progress chart (curve) is used if the project value:

©CoooTw

No price limit

Projects over $10,000
Projects over $100,000
Projects over $500,000
Other, please specify



Construction Progress Charts (Curves) — Consequences

20. A progress is considered unsatisfactory if the actual progressis continued to be less than the
expected progress for:

a. Two sequential/successive periods on the progress chart

b. Three sequential/successive periods on the progress chart

c. Other, please specify

21. A temporary (e.g. for one or two periods) unsatisfactory progress would trigger:
a. A warning to the contractor
b. Other, please specify

22. A “continued” unsatisfactory progress may trigger the agency to:
c. Charge performance penalties to the contractor
d. Retain ahigher percentage of the progress payment
e. Inform the surety company of the contractor
f. Declare the contractor in default
0. Rank the contractor at alower prequalification level for future bids
h. Other, please specify

23. For a more-than-satisfactory progress, the agency may:
a. May provide bonus payment
b. Do nothing
c. Other, please specify

Construction Progress Charts (Curves) — Effectiveness
24. The progress curves were useful tools for measuring overal progress of projects:
a Agree
b. Neutra
c. Disagree
d. Other, please specify

25. Progress charts (or curves) were useful tools, however as a suggestion they should

be improved to include/reflect the following
Please, specify

26. Are there other information for measuring the progress of projects and the performance of
contractors that you would like to mention, please
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APPENDIX B
Annual Time and Cost Performance M easur es

Figure B.1 show the change in the cost growth percentage (completion cost compared to
the original bid price) of WSDOT projects between 1990 and 2005 for the data set of the current
research (964 projects;, Table 1.1). The number of projects for each year is listed in the graph
along with the minimum, average, and maximum cost growth for the projects of the relevant
year. While the average is very reasonable, with an average value of 3.5 percent over the 1990-
2005 years, the range of variation between the minimum and the maximum values in a year
moves between -12 percent and 25 percent over the same period.

Figure B.2 show the variation of the estimate growth percentage (final project completion
cost compared to the engineer’s estimate), which, for the study period, had an average of -3.57
percent. However, the range of variation was between -25 percent and 24 percent. The award
growth (bid amount compared to the engineer’s estimate) in Figure B.3 had an average of -5.52
percent with arange of variation of between -23 percent and 13 percent.

The average values of the cost performance measures are much reasonable. However, the
range of \ariation needs to be narrowed to reduce the variability of the measures. This means
that more monitoring and control are needed.

The time performance shown in Figure B.4 was not as good as cost performance. Time
percentage growth had an average of 15 percent over the years, with a wide range of variation
that had an average minimum of -22 percent and an average maximum growth of 84 percent.

However, the variation has narrowed from 2000 to 2004.
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APPENDIX C
Spreadshests for the Performance and Prediction Models

C.1 Minimum and Average Performance Models

Minimum Performance Bounds for Evaluating Contractors Performance during
Construction

User Manual

1 Use one or all of the four worksheets to trace the contractor performance during construction
The first sheet "General - Bounds" provides the average and minimum performance bounds that could
work with all highway paving projects.
The second to fourth provide the average and minimum performance bounds for small, medium, and
large projects. Check each worksheet to see if the project can be categorized as one of these three sizes.
Classification can be based on the total ACP/HMA quantities in a project, contract value (in $2005),
project duration, and project centerline miles.

2 Use the yellow cells to input the required data which include the values recorded on the periodical
estimates (e.g. WSDOT Contract Payments in CCIS or CAPS Page MAK8210-S1):
a. The "Days Worked"
b. The estimate (the sum of which with all other estimates would equal the contract value or the
authorized amount), e.g. depending on the contract (state or federal) the estimate would be the "Gross
Payment" or the "Gross Payment" plus the "Sales Tax".

3 If the actual performance, as plotted on the graph in the selected worksheet(s), moves from the average
line toward the minimum line, then the contractor needs to be warned of slow performance.

4 If the actual performance crosses any of the minimum performance bounds, the contractor's performance
becomes "unsatisfactory".

5 Penalties for the "unsatisfactory performance" is subject to WSDOT policies, and could include:
Holding more percentage retainage of the payments,
Holding liquidated damages in anticipation of delay
Charging a performance deduction payment
Informing/acknowledging the surety company of the contractor
Declaring the contractor in default.
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Average and minimum bounds for general projects

Contract # Date:

Contractor:

Total or authorized working davs Total davs to date 0

Total or authorized contract value Total value to date $0

Estimate [Working Payments % Time % Work Estimate |Working Payments % Time % Work

# Days $ Completed _ICompleted # Days $ Completed _1Completed
1 0% 0% 26 0% 0%
2 0% 0% 27 0% 0%
3 0% 0% 28 0% 0%
4 0% 0% 29 0% 0%
5 0% 0% 30 0% 0%
6 0% 0% 31 0% 0%
7 0% 0% 32 0% 0%
8 0% 0% 33 0% 0%
9 0% 0% 34 0% 0%
10 0% 0% 35 0% 0%
11 0% 0% 36 0% 0%
12 0% 0% 37 0% 0%
13 0% 0% 38 0% 0%
14 0% 0% 39 0% 0%
15 0% 0% 40 0% 0%
16 0% 0% 41 0% 0%
17 0% 0% 42 0% 0%
18 0% 0% 43 0% 0%
19 0% 0% 44 0% 0%
20 0% 0% 45 0% 0%
21 0% 0% 46 0% 0%
22 0% 0% 47 0% 0%
23 0% 0% 48 0% 0%
24 0% 0% 49 0% 0%
25 0% 0% 50 0% 0%

Notes:

% Time Completed = cumulative working days to the estimate date / Total or authorized working days
% Work Completed = cumulative payments to the estimate date / Total or authorized contract value
The "yellow" cells are the only INPUT cells, other cells may have been blocked for protection
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Contract #

Date:

Contractor:

Minimum Performance Bound - General Projects

100%

95% T
90% 1
85% T

C (Average) = 0.99762 w + 0.455684 w"2 - 0.45322 w"3

C (Minimim) = 0.021358 w + 1.0963 w2 - 0.11685 w3

NN

C: work percent complete = cumulative payments/ total contract value

w: time percent complete = elpased working days / total contract days
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Average and minimum bounds for small projects

Contract # Date:

Contractor:

Total or authorized workina days Total davs to date 0

Total or authorized contract value Total value to date $0

Estimate {Working Payments % Time % Work Estimate [Working Payments % Time % Work
# \Days $ Completed Completed # Days $ Completed _1Completed
1 0% 0% 26 0% 0%
2 0% 0% 27 0% 0%
3 0% 0% 28 0% 0%
4 0% 0% 29 0% 0%
5 0% 0% 30 0% 0%
6 0% 0% 31 0% 0%
7 0% 0% 32 0% 0%
8 0% 0% 33 0% 0%
9 0% 0% 34 0% 0%
10 0% 0% 35 0% 0%
11 0% 0% 36 0% 0%
12 0% 0% 37 0% 0%
13 0% 0% 38 0% 0%
14 0% 0% 39 0% 0%
15 0% 0% 40 0% 0%
16 0% 0% 41 0% 0%
17 0% 0% 42 0% 0%
18 0% 0% 43 0% 0%
19 0% 0% 44 0% 0%
20 0% 0% 45 0% 0%
21 0% 0% 46 0% 0%
22 0% 0% 47 0% 0%
23 0% 0% 48 0% 0%
24 0% 0% 49 0% 0%
25 0% 0% 50 0% 0%

Notes:

% Time Completed = cumulative working days to the estimate date / Total or authorized working days
% Work Completed = cumulative payments to the estimate date / Total or authorized contract value
The "yellow" cells are the only INPUT cells, other cells may have been blocked for protection
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A project is categorized as small project if it is mainly within the following classifications:

Category  |# of Min value Max Value Mean Standard Variance
projects Deviation

Miles 326 0.01 6.27999973 2.380509 1.737348 3.018379

Days 331 3 64 39.81873 13.75843 189.2943

Value 348 $105,018.58 $2,321,238.82 $1,073,383 $600,158] 3.60E+11

HMA 342 0 16,753.74 2,978.59 4,986.13 24,861,530

Manager Note:

C-5




Contract # Date:
Contractor:

Minimum Performance Bound - Small Projects

100% I \ I I I I I I \ I I -
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Average and minimum bounds for medium projects

Contract # Date:

Contractor:

Total or authorized working days Total days to date 0

Total or authorized contract value Total value to date $0

Estimate [Working Payments % Time % Work Estimate |Working Payments % Time % Work
# Days $ Completed Completed # Days $ Completed |Completed
1 0% 0% 26 0% 0%
2 0% 0% 27 0% 0%
3 0% 0% 28 0% 0%
4 0% 0% 29 0% 0%
5 0% 0% 30 0% 0%
6 0% 0% 31 0% 0%
7 0% 0% 32 0% 0%
8 0% 0% 33 0% 0%
9 0% 0% 34 0% 0%
10 0% 0% 35 0% 0%
11 0% 0% 36 0% 0%
12 0% 0% 37 0% 0%
13 0% 0% 38 0% 0%
14 0% 0% 39 0% 0%
15 0% 0% 40 0% 0%
16 0% 0% 41 0% 0%
17 0% 0% 42 0% 0%
18 0% 0% 43 0% 0%
19 0% 0% 44 0% 0%
20 0% 0% 45 0% 0%
21 0% 0% 46 0% 0%
22 0% 0% 47 0% 0%
23 0% 0% 48 0% 0%
24 0% 0% 49 0% 0%
25 0% 0% 50 0% 0%

Notes:

% Time Completed = cumulative working days to the estimate date / Total or authorized working days
% Work Completed = cumulative payments to the estimate date / Total or authorized contract value
The "yellow" cells are the only INPUT cells, other cells may have been blocked for protection
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A project is categorized as medium project if it is mainly within the following classifications:

Category  |J# of Min value Max Value Mean Standard Variance
projects Deviation

Miles 145 6.4 18.9500008 10.37874 3.238595 10.48849

Days 143 65 146.5 89.01748 20.44104 417.836

Value 128 $2,357,167.46 $6,495,159.59 $3,612,667] $1,031,118 1.06E+12

HMA 129 16,927.26 48,767.96 28,764.12 8,153.35] 66,477,130

Manger Notes:
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Contract # Date:

Contractor:
Minimum Performance Bound - Medium Projects
100% T \ I I I I I I \ I I - 7
95% 4— C (Average) = (1.02419) w + (0.508561) w2+ (-0.53269) w"3 "
5% C (Minimim) = (0.142259) w + (1.32259) w"2+ (-0.46485) w"3 P . //
90% T .
C: work percent complete = cumulative payments/ total contract value . - /
85% T—w: time percent complete = elpased working days / total contract days Vg /’
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Average and minimum bounds for large projects

Contract # Date:

Contractor:

Total or authorized working days Total days to date 0

Total or authorized contract value Total value to date $0

Estimate |Working |Payments % Time % Work Estimate |[Working Payments % Time % Work

# Days $ Completed Completed # Days $ Completed |Completed
1 0% 0% 26 0% 0%
2 0% 0% 27 0% 0%
3 0% 0% 28 0% 0%
4 0% 0% 29 0% 0%
5 0% 0% 30 0% 0%
6 0% 0% 31 0% 0%
7 0% 0% 32 0% 0%
8 0% 0% 33 0% 0%
9 0% 0% 34 0% 0%
10 0% 0% 35 0% 0%
11 0% 0% 36 0% 0%
12 0% 0% 37 0% 0%
13 0% 0% 38 0% 0%
14 0% 0% 39 0% 0%
15 0% 0% 40 0% 0%
16 0% 0% 41 0% 0%
17 0% 0% 42 0% 0%
18 0% 0% 43 0% 0%
19 0% 0% 44 0% 0%
20 0% 0% 45 0% 0%
21 0% 0% 46 0% 0%
22 0% 0% 47 0% 0%
23 0% 0% 48 0% 0%
24 0% 0% 49 0% 0%
25 0% 0% 50 0% 0%

Notes:

% Time Completed = cumulative working days to the estimate date / Total or authorized working days
% Work Completed = cumulative payments to the estimate date / Total or authorized contract value
The "yellow" cells are the only INPUT cells, other cells may have been blocked for protection

C-10




A project is categorized as large project if it is mainly within the following classifications:

Category |# of Min value Max Value Mean Standard Variance
projects Deviation

Miles 26 20.113 52.1700011 28.10381 7.845677 61.55465

Days 23'| 154 615.5 212.0217 96.55574] 9323.011

Value 19| 96,638,/40.47| $18,/15,549.56| | $9,484,181] $3,368,837]  1.14E+13|

HMA 26] 51,338.70 99,426.20, 69,997.30]  16,447.71] 270,527,300}

Manger Notes:

C-11




Contract #

Date:

Contractor:

100%
95%
90%
85%
80%
75%
70%
65%
60%
55%
50%
45%
40%

Work Percent Completion
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Minimum Performance Bound - Large Projects

C (Average)
C (Minimim)

(1.0138) w +(0.473444) wA2+(-0.48687) w3
(0.310695) w +(1.35677) w2+(-0.66733) w3

C: work percent complete = cumulative payments/ total contract value
T |w: time percent complete = elpased working days / total contract days
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C.2Time and Cost Prediction M odels

Time and Cost Prediction for highway projects

1 Use the worksheets of "Time Prediction Models" and "Cost Prediction Models" to predict time and cost of
a highway paving project. (Use the "Time Tables" and "Cost Tables" to have preliminary predictions.

In the two prediction sheets, the predicted values of the individual models or the average values could be used
to support the prediction of WSDOT time and cost models. Prediction could be done using the "general”
models or those classified based on the total quantity of ACP/HMA in a project.

2 Prediction is based on small number of variables and therefore should be reasonable only for the early stages
of a project, i.e. planning stage. Not all of the six variables are needed for the prediction. The availability of all
variables should produce better prediction.

The total quantities of ACP/HMA used in a project represent one of the prediction variables. Quantities that
may be used in any of the current WSDOT Standard Bid Items, or their future equivalents, should be added to
get the total ACP/HMA quantity. The "preparation” worksheet has the SBIs used for aggregating the
ACP/HMA.

Quantities of grading in tons and in cubic yards, as well as quantities of surfacing (tons) represent three other
variables. SBIs used for these quantities are also listed in the "preparation” worksheet.

3 Use the yellow cells to input the required data. All other cells are blocked for protection.

Review the reference below for solved examples on how to use the time and cost prediction models.
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Preparation Sheet
Skip this preparation sheet if the quantities for ACP/HMA, grading (ton and cy), or surfacing (ton) are already known.

1 ACP/HMA, tons (SBIs for ACP/HMA, pre-leveling, approaches and repair)

2 Grading, cy
3 Grading, tons
4 Surfacing, ton

5 Project duration (working days; used in cost prediction models only)
6 Contract value (used in time prediction models only)
7 Project miles (centerline miles including auxiliary lanes)

The two prediction models uses the following variables. Not all of them are needed to use the models:

ACP/HMA ACP/HMA
English ton Metric ton
ACP/HMA Pre- ACP/HMA
Q leveling Annroachec Q Renair Q Classes (o) Preleveling (o) Annroachec Renair
5751 5716 5854 5737 8822 8851 8888 8865
D752 YAV 5872, 5738 8823 8852 8881 8366
5753 5718 5873 5739 8824 8853 8882 8867
5754 5726 5874 5740 8825 8855 8883 8868
D756 5729 0875 8826 8856 8884
5757 5731 8827 8857
5758 5732 8828 8858
0760 5733 8876 8859
5761 5734 8877 8860
5762 5741 8878 8861
D764 D742 8870 8862
5765 5743 8871 8863
5766 5744 8841 8864
D767 8842
5768 8843
5769 -
5775 8872
5780 8873
5787 8874
5790 8875
5797 8880
5799 8885
Sub Total 0 0 0 0 0
Total 0
ACP/HMA ton
Grading Grading [Surfacing
Grading, cy. Grading, ton Surfacing, ton
English Q Metric (m3) English Metric English Metric
300 2940 408 2974 5047 8665
310 2945 431 2979 5090 8671
320 2950 5100 8673
330 2955 5110 8675
360 5120 8677
405 2972
409 2975
421 2977
460 2987
470 2990
Subtotal 0 Subtotal 0 Subtotal 0 0
Total 0 Total 0 Total 0
Grading cy Grading ton Surfacing ton
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Time Prediction:
Input the values in the yellow cells. Check the predicted duration (working days) in the darkened cells

- Project Project Contract Value in ACP/HMA Grading Grading Surfacing WSDOT Current WSDOT
Descriptions car Contract # Miles rojectyear $ tons tons c tons Cost Index Cost Index
Y proj 4 Y in 2005 of the project year
Input Values 2004 6708 15.92 3267072.01 37618.30 91823.00 91823.00 1031.30 176 170

1. General Determination

1 (a) : Population - Best in Non-Cost Models

Data Log |Interce| Cost ? | Reg Type| Notes [Model 4 Adj R2 MAPE Tntercept Miles Contract Value ACPTHMA Grading Grading Surfacing Predicted value Predicted
NonLog | pt? tons tons cy tons (logarithmic) i

Duration
1[Population|Log Yes [No Cos{GRM 0.46399 0.37709 2.0920( 0.06149 0.06855 0.10264 0.09002 4.781990582
2[Population|Log Yes [No Cos{GRM 0.45602 0.38111 2.06994 0.06165 0.07143 0.07527 0.03186 0.08547, 4.810365555
3[Population|Log Yes |No CosJRIDGE 0.43001 0.38122 1.9291( 0.10522 0.08839 0.09362 2.697149366
4[Population|Log Yes |No Cos{GRM 0.45456 0.38691 1.72114 0.12223 0.075971 0.02500 0.08696 2.76611101
5|Population|Log Yes |No Cos{GRM 0.45011 0.38704 1.98804 0.13220 0.13893 4.9684506
6[Population|Log Yes [No Cos{RIDGE 0.42121 0.38728 1.85634 0.10951] 0.08285 0.09857, 4.640829613
7[Poputation|Cog Yes |No Cos{GRM 0.44389 0.39153 1.93251] 0.12884 0.14727 4.972755974
8[Population|Log Yes |No Cos{GRM 0.44542 0.39666 1.85634 0.13926 0.07384 0.07455 5.019464305
9[Population|Log Yes [No Cos{GRM 0.41440 0.40213 1.88714 0.09476 0.19402 4.231651678
T0[Population|Log Yes |No Cos{GRM 0.42645| 0.40345 197274 0.05779 0.07522 0.19540 4.280964204
11[Population|Log Yes |No Cos{GRM 0.13941 0.49191 3.05277 0.05967 0.11536 2.433193995
12[Population|Log No [No Cos{RIDGE 0.92545 0.51837 0.16850 0.13723 0.14096 0.18246 4.911417831

Average

Std Deviation 24.42%

1 (b) : Population - Best in Cost Models

Data Log |Interce| Cost ? | Reg Type| Notes [Model 4 Adj R2 MAPE Tntercept Miles Contract Value ACPTHMA Grading Grading Surfacing Predicted value Predicted
NonLog | pt? tons tons cy tons (logarithmic)

Duration
1|Population|Log Yes |Cost RIDGE P5.2 0.49931 0.30707 0.39454 0.03301 0.20628 0.0350Y 0.02802| 0.04935 4.649949443
2|Population|Log Yes |Cost RIDGE P4.2 0.44748| 0.33015 0.22879 0.20399 0.04015 0.04309| 0.05204] 4572151801
3|Population|Log Yes |Cost RIDGE P5.3 0.47518 0.33897 0.06827 0.01128 0.21762 0.02922] 0.04933 0.06072| 4.664151812
4|Population|Log Yes |Cost RIDGE P5.1 0.48088| 0.33955 0.0685] 0.21102 0.03394] 0.03682 0.03104 0.04903 4.714081667
5[Population|Log Yes [Cost |RIDGE P6.1|  0.48067] 0.34052] 0.15763 0.01464 0.20585 0.03064] 0.03704 0.03164] 0.04829 2.73559739
6|Population|Log Yes |Cost RIDGE P4.1 0.46171 0.34294 0.1140! 0.21471 0.03246 0.04793 0.05994 4.647730118
7|Population|Log Yes |Cost RIDGE P4.3 0.46454 0.34412] 0.06953 0.22788 0.03526 0.04270y 0.04065 4.819453169
8|Population|Log Yes |Cost RIDGE P3.3 0.42825 0.35089 0.0558Y 0.23845 0.03663 0.05988 4.71083745
9|Population|Log Yes |Cost RIDGE P3.2 0.42453| 0.35211] 0.19493 0.23326 0.03597| 0.0588! 4.753347875
10[Population|Log Yes [Cost |RIDGE Pa11|  0.41689) 0.35453] 0.18487 0.01506 021959 0.03401 0.07248| 4.389066811
11|Population|Log Yes |Cost RIDGE P3.1 0.41202| 0.36614] 0.042@ 0.23185 0.03227| 0.07632] 4.397925671
12|Population|Log Yes |Cost RIDGE P3.4 0.32583| 0.39868| 0.05997 0.00556 0.26806 0.03041] 4.425755629
13|Population|Log Yes |Cost RIDGE P2.2 0.30940 0.40168 0.25523 0.25400 0.03196 4.410658143
14|Population|Log Yes |Cost PLS P2.5 0.98635 0.43158 0.01343 0.00984 0.28804 4.371071678

Averag

15.52%

Std Deviation
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2.1: Cluster 1 : ACP/HMA > 26,000 tons
2.1 (a) : Cluster 1 /2 Best in Non-Cost Models
Data Log Interce| Cost ? | Reg Type| Notes |Model # Adj R2 MAPE Intercept Miles Contract Value ACP/HMA Grading Grading Surfacing Predicted value Predicted
NonLog pt ? tons tons cy tons (logarithmic)
Duration
1|Cluster 1/2|Log No No Cos§RIDGE L 0.15 3.1 0.93701] 0.35754 0.16323 0.1398Y 0.16192 4.440836886
2|Cluster 1/2|Log No No CosfRIDGE L 0.2 2.1 0.89629 0.37680 0.20377 0.23134] 3.751924739
3|Cluster 1/2|Log No No Cos{RIDGE L 0.2 4.1 0.93311 0.37765 0.13227 0.10279| 0.10249 0.12746 4.623714085
4[Cluster 1/2|Log No No CosRIDGE L 0.2 3.2] 0.92152] 0.37823| 0.15482] 0.14009 0.16033 4.344479236
5|Cluster 1/2|Log No No Cos§RIDGE L 0.1 2.3] 0.93662 0.37948 0.24323 0.20148 4.864951969
6|Cluster 1/2|Log No No CosfRIDGE L 0.2 2.2] 0.89320 0.37974 0.21870] 0.20883 4.690440983
7|Cluster 1/2|Log No No CosffRIDGE  |L 0.2 3.3] 0.91719 0.39112 0.16984 0.1380¢| 0.13842 4.948778909
8|Cluster 1/2|Log No No Cos§RIDGE L 0.15 4.3 0.94199 0.39375 0.29430 0.13745 0.12587] 0.14037 4.675038007
9|Cluster1/2|Log No No CosRIDGE L 0.2 5.1 0.93874 0.41505 0.28178 0.11197 0.09215 0.09307 0.10987 4.838443163
10][Cluster 1/2Log No No Cos§RIDGE L 0.2 3.11 0.91275 0.42100| 0.42869 0.15976 0.18647 4.163322838
11][Cluster 1/2|Log No No CosyRIDGE L 0.2 2.4 0.87150] 0.48239| 0.67014 0.23649 4.346168587
12|Cluster 1/2|Log No No CosfRIDGE L 0.15 4.2| 0.93430 0.50054 0.41021 0.11919 0.11914 0.15143 4.909555925
Average|
Std Deviation
FALSE
2.1 (b) Cluster 1/2 Best in Cost Models
Data Log Interce| Cost ? | Reg Type| Notes|Model # Adj R2 MAPE Intercept Miles Contract Value ACP/HMA Grading Grading Surfacing Predicted value Predicted
NonLog | pt? tons tons cy tons (logarithmic) !
Duration
1|Cluster 1/Log No Cost RIDGE L0.1§ P3.2 0.94113 0.30233] 0.10392 0.14543 0.14541 4.756057343
2|Cluster 1/3Log No Cost RIDGE L0.1§ P4.1 0.95165| 0.32405| 0.08265 0.11555f 0.10641 0.12013 4.509375511
3|Cluster 1/9Log No Cost RIDGE L0.1§ P3.3] 0.94084 0.33054] 0.10441 0.14566 0.14176 4.724264735
4[Cluster 1/4Log No [Cost [RIDGE [Lo0.1§ P3.] 0.94180) 0.33119 0.10001 0.13775] 0.16178] 4077345856
5|Cluster 1/3Log No Cost RIDGE L0.1§ P4.3] 0.95020] 0.33453 0.08749 0.12350] 0.10099 0.10141 4.929206311
6|Cluster 1/Log No Cost RIDGE L0.1§ P2.2] 0.91850] 0.33670] 0.14162 0.19485| 4.181943628
7|Cluster 1/3Log No Cost RIDGE L0.1§ P5.1 0.95658 0.34155] 0.07332 0.10317| 0.07922 0.07924 0.09865| 4.684661008
8|Cluster 1/Log No Cost RIDGE L0.1§ P5.2] 0.95006 0.40774] 0.26606 0.08515 0.0897( 0.09009 0.11086 4.840408862
9|Cluster 1/4Log No Cost |RIDGE |L0.1§ P5.3] 0.95370) 0.35643 0.20184 0.07467 0.10233] 0.10052 0.10921] 4.665730161
10|Cluster 1/9Log No Cost RIDGE L0.1§ P6.1] 0.95810] 0.37402] 0.17927 0.06685 0.0QZZj 0.07487 0.07586 0.08973 4.818482899
11|Cluster 1/2Log No Cost RIDGE L 0.1y P4.11] 0.94611] 0.38380] 0.25812 0.08789 0.11885 0.14366] 4.28451128
12|Cluster 1/3Log No Cost RIDGE L0.1§ P3.4 0.92935| 0.40672] 0.37585 0.11627 0.15692] 4.441385898
13|Cluster1/2Log No Cost RIDGE L0.1§ P25 0.89795 0.46153] 0.63246 0.17875 4.437739091
Average
Std Deviation
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2.2 Cluster 2 : ACP/HMA <= 26,000 tons

2.2 (a) Cluster 2/2 Best in non-cost models

Data Log Interce| Cost ? | Reg Type |Notes [Model #  Adj R2 MAPE Intercept Miles Contract Value ACP/HMA Grading Grading Surfacing Predicted value Predicted
NonLog | pt? tons tons cy tons (logarithmic) .
Duration
1|Cluster 2/2Log Yes [No Cost|RIDGE  [L0.05 5.1 0.47248 0.34230 2.18549 0.07907 0.07153 0.08476 0.01657, 0.06971
2|Cluster 2/2]Log Yes [No Cost|GRM 4.3 0.48445 0.34342 2.14943 0.07957 0.07328 0.10105 0.07247
3|Cluster 2/2Log Yes [No Cost|GRM 3.1 0.46089 0.35032 1.85084 0.11236 0.09519 0.08102
4|Cluster 2/2Log Yes [No Cost|RIDGE  [L0.15 4.1 0.42638 0.35185 2.00006 0.10105 0.06771 0.02541 0.07695
5|Cluster 2/2Log Yes |No Cost|RIDGE L0.15 4.2] 0.42647 0.35248| 2.72655| 0.10363| 0.06912 0.02805 0.08018|
6|Cluster 2/2Log Yes [No Cost|GRM 2.2 0.41552 0.36390 2.07506 0.13195 0.12455
7|Cluster 2/2Log Yes |No Cost|GRM 3.3 0.41142 0.36924 2.03202 0.12856 0.08615 0.04823|
8|Cluster 2/2Log Yes [No Cost|GRM 3.2 0.38178 0.39630) 1.78965] 0.11413 0.09159] 0.08959
9|Cluster 2/2Log Yes |No Cost|GRM 2.3 0.35481 0.39874 2.10343 0.12533 0.12844
10[Cluster 2/2Log Yes [No Cost|GRM 2.1 0.37489 0.40104 1.90239 0.09044 0.19353
11[Cluster 2/2Log Yes [No Cost|GRM 3.11 0.34276 0.43286| 2.08449 0.06890 0.07398 0.17943
12[Cluster 2/2Log Yes [No Cost|GRM 2.4 0.08935 0.50293 3.21619 0.06569] 0.09326
Average
Std Deviation
2.2 (b) Cluster 2/2 Best in Cost Models
Data Tog [interce| Cost ? | Reg Type | Notes |[Model Ad] RZ MAPE Tntercept Miles Contract value ACPTHMA Grading Grading Surfacing Predicted value Predicted
NonLog | pt? tons tons cy tons (logarithmic) .
Duration
1|Cluster 2/2Log Yes |Cost RIDGE L0.75 P5.2 0.44442 0.31228| 0.61920 0.02945| 0.19465 0.03681 0.02645] 0.04280
2|Cluster 2/2Log Yes [Cost RIDGE |LO0.8 P6.1 0.42859 0.32225 0.46193 0.01544 0.18574 0.03272 0.03766 0.02604 0.04604
3|Cluster 2/2Log Yes |Cost RIDGE LO0.8 P5.3 0.42300 0.34998| 0.16399 0.02067| 0.21438 0.02676 0.04634 0.05957|
4|[Cluster 2/2Log Yes [Cost RIDGE [L0.85 P3.2 0.38932 0.35209 0.24315| 0.22503 0.04737 0.05213
5|Cluster 2/2Log Yes |Cost RIDGE L0.9 P4.1 0.37760 0.36102] 0.27109 0.21381] 0.02507 0.04544 0.05298|
6|Cluster 2/2Log Yes [Cost RIDGE [L0.85 P4.3 0.40053 0.36187 0.21235 0.21154 0.05033 0.03756 0.03793
7|Cluster 2/2Log Yes |Cost RIDGE [LO0.8 P3.3 0.37704 0.36907| 0.18835 0.22382 0.04362 0.05937|
8|Cluster 2/2Log Yes [Cost RIDGE [L0.9 P2.5[ 0.28680 0.37749 0.48620 0.01454 0.25251
9|Cluster 2/2Log Yes |Cost RIDGE [L0.9 | P4.11 0.35780 0.38065 0.19329 0.01489 0.22247 0.03066 0.07265
10[Cluster 2/2Log Yes [Cost RIDGE  [L0.95 P2.2 0.28173 0.39965 0.27909 0.24847 0.03219
11[Cluster 2/2Log Yes [Cost RIDGE  [L0.95 P3.1] 0.34189 0.40293 0.20678| 0.21735 0.03792 0.07187
12|Cluster 2/4Log Yes |Cost RIDGE [L0.85 P5.1 0.36141 0.41209 0.00614| 0.22338 0.02405 0.04087 0.03014 0.04567
13|Cluster 2/2Log No Cost RIDGE |LO.1 P3.4 0.93494 0.43754 0.09033 0.14914 0.19538
Average|
Std Deviation
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Cost Prediction:

Input the values in the yellow cells. Check the predicted total cost in the darkened cells

. Project Original Project ACP/HMA | Grading Grading | Surfacing wsDoT WSDOT Cost Index
Descriptions Contract # ) Cost Index )
year WCD Miles tons tons cy tons in 2005 of the project year
Input Values 2007 6545 104.00 8.43 34297.59 384.06 579.64 3306.5 176 245

1. General Determination

Population Best
Data NDLnul?ng \n;;a;ce Cost? | Reg Type|Notes [Model # AdjR2 MAPE Intercept Original WCD | Project Miles ACP/HMA G{ztii;\g Gra:;mg Su{:_‘csing (\Sg;z?ilfl:idic) Z)rfgj I;é{&_(;ecaorz)
1|Population [Log PLS 6.1| 0.81847| 0.34464 8.9795 0.5163 0.2228 0.2178 0.0151 0.0247 0.0811 15.03145578 $4,696,039.25
2|Population |Log GRM 5.2| 080218 0.35517 9.1046| 0.7022] 0.2214| 0.1280 0.0369) 0.0705| 14.9813664 $4,466,611.44
3|Population |Log GRM 3.3 077301 0.36829) 9.4597] 0.8533 0.2301] 0.1131 15.09394694 $4,998,863.56
4|Population [Log GRM 3.2| 0.77144| 0.37468 7.9769 0.769¢ 0.3171 0.0251 15.01301604 $4,610,238.98
5|Population |Log GRM 42| 0.77717| 0.3759 9.4254| 0.708 0.2374| 0.1301 0.0608] 14.96766183 $4,405,815.99
6|Population |Log PLS 4.1] 0.77360| 0.37910 7.7222] 0.7040) 0.3255| 0.0035 0.0775 15.04068072 $4,739,560.35
7|Population |Log GRM 2.2| 0.74354| 0.39313] 10.1793] 0.9017] 0.2897 14.98476364 $4,481,811.51
8|Population |Log GRM 3.1 0.74581] 0.40527] 8.477§ 0.8057] 0.2095 0.0732) 15.0009141. $4,554,782.53
9|Population [Log PLS 5.1| 0.74863| 0.40600 7.8908 0.5743 0.3220 0.0040 0.0197 0.1116 14.97415696 $4,434,525.48
10|Population [Log GRM 2.1| 0.73169| 0.41222] 8.5825| 0.883 0.2263| $4,780,796.65

$4.616,904.57

Std Deviation $187,564

@cl

2. Classified

Cluster 1 /2 Best in Non-Cost Models

Determination using Clus
uster 1 : ACP/HMA > 26,000 tons

ters of ACP/HMA Quantities

Data N;':Eog 'e";lerac Cost 2 |Reg Type|Note| M‘f#de' AdjR2 | MAPE | intercept | originaiwep | Project iles | AcPiHmA Giz‘i‘;‘g Gracdymg Su:;a:‘cslng (|:;Ea?ilf|::ﬁc) (Ppr;sotz} Ieccli()i/e(;orssf)
1{Cluster 1/2JLog 5.1 07696] 0.2322) 4.9065| 0.5616 0.6662 0.0054] 0.0282] 0.0415] 15.01994534 $4,642,295.67
2[cluster 1/2JLog 41| 07844| 0.2530 3.9779) 0.6317] 0.7457 0.0063] 0.0476| 15.12242363 $5,143,260.84
3[Cluster 1/2|Log 6.1 07965| 0.2550] 5.8858 0.7564) -0.0092) 0.5088 -0.0652 0.0697] 0.0557] 15.19856609 $5,550,176.63
4[Cluster 1/2{Log 3.2 0.7642|  0.2567 5.2735 0.814§ 0.5751 0.0152 15.15363979 $5,306,345.87
5|Cluster 1/2JLog 3.1 07670| 0.2729 4.5693 0.712 0.6563 0.0441] $4,965,387.64
6/Cluster 1/2|Log 21| 07449| 0.2769 4.7516 0.7869 0.6439 $5,185,639.12
7|Cluster 1/2{Log 4.2 0.7701|  0.2955 5.3822 0.7622] -0.0009) 0.5698 0.0368 15.10425309 $5,050,648.94
8|Cluster 1/2|Log 5.2  07728]  0.3000] 5.4199 0.7353 -0.0203] 0.5559 0.0168 0.0517] 15.12334994 $5,148,027.41
9[Cluster 1/2|Log 33|  07625| 0.3046] 5.3923 0.8521) 0.0086| 0.5590 15.20575029 .

10[Cluster 1/2JLog 2.2| 06573 0.3383] 10.4916| 0.9719 0.1177 15.2545395 $5,869,697.86
Averagel  $5,245,167.37
Std Deviation $350,997
(b) Cluster 2 : ACP/HMA <= 26,000 tons
Cluster 2/2 Best in non-cost models

Data NOL:EOQ 'gp‘te',f Cost ? |Reg Type[Notes| M‘;de' AdiR2 | MAPE | Intercept | originaiweo | Project mites | AcpiHmA Grading G’idy'"g Surfacing (Iséz‘fiif,ﬁc) l(jprfotj ;C;E?/;?Sg)
1{cluster 1/2JLog 4.1| 0.707681| 0.40090) 8.327902] 0.704252 0.235890[  0.009475 0.087957
2|Cluster 1/2JLog 2.2 0.698021] 0.40250) 10.357993] 0.849974 0.263656|
3|Cluster 1/2JLog 5.1] 0.6931349| 0.40430) 8.287091] 0.57846! 0.278837| 0.008809039| 0.021055585| 0.093448
4[Cluster 1/2|Log 6.1] 0.7027005| 0.41938| 9.547663] 0.59087§  0.216508646) 0.108255  0.012621| 0.047533168| 0.064601775|
5|Cluster 1/2JLog 3.1| 0.6597947| 0.43889 9.014593] 0.762014 0.153886) 0.082092
6|Cluster 1/2|Log 2.1| 0.6296115| 0.44677] 9.289241] 0.841835 0.157824]
7|Cluster 1/2|Log 3.2| 0.558805| 0.49338| 9.379348| 0.644110 0.188885| 0.051040741
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