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Foreword 

This participant's notebook was developed by FHWA staff to compliment a 2-day 
workshop on life cycle cost analysis in pavement design. This workshop will be of 
interest to State highway agency personnel responsible for conducting and/or 
reviewing pavement design LCCAs. 

The FHWA Office of Engineering, Pavement Division, in cooperation with the Office 
of Technology Applications, offers LCCA technical support through Demonstration 
Project No. 115 Probabilistic LCCA in Pavement Design (DP-115). DP-115 is a free 
2-day workshop that demonstrates best practices in performing life-cycle cost 
analyses for pavement design. This workshop is available, upon request, to State 
highway agencies. 

Disclaimer 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. 

The contents of this report reflect the views of the authors who are responsible for 
the accuracy of the data presented herein. The contents do not necessarily reflect 
the official policy of the Department of Transportation. 

This report does not constitute a standard, specification, or regulation. 

The United States Government does not endorse products or manufacturers. Trade 
or manufacturers' names appear herein only because they are considered essential 
to the object of this document. 
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Participant Evaluation Form 

Course Title: Life Cycle Cost Analysis in Pav't Design Dates: ______ _ 

Instructor(s): _____________ _ Location: _______ _ 

Please help us improve the training by evaluating the training course and workshop in which 
you participated. Your input is appreciated and needed. You may use the back of this form 
for additional comments. 

Very 
Please rate this workshop in the following areas: Excellent Good Good Fair 
• Adequate coverage of subject matter 5 4 3 2 
• Applicable to your current job 5 4 3 2 
• Meeting room location 5 4 3 2 
• Course materials 5 4 3 2 
• Knowledge gained from this workshop 5 4 3 2 
• This workshop overall 5 4 3 2 

Please rate the instructor(s) in the following areas: 

• Organization 5 4 3 2 
• Presentation 5 4 3 2 
• Clarity of instruction 5 4 3 2 
• Encouraging participation 5 4 3 2 

Would you recommend this training to other 

Poor 
1 
1 
1 
1 
1 

1 
1 
1 
1 

department employees? Yes No 

• Comments: (Please note exceptional points and/or clarify fair or poor ratings below) 
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Day 1 

Day 2 

Time 
08:00 am 

08:15 am 

08:30 am 

09:00 am 

09:30 am 

09:45 am 

10:45 am 

11 :00 am 

12:00 am 

01:00 pm 

01:30 pm 

02:45 pm 

03:00 pm 

04:00 pm 

05:00 pm 

08:00 am 

09:00 am 

10:00 am 

10:15 am 

12:00 pm 

01:00 pm 

02:00 pm 

02:30 pm 

02:45 pm 

03:30 pm 

04:00 pm 

05:00 pm 

Two Day Agenda 
Title 
Welcome 

Workshop Overview 

Background 

LCCA Process Overview 

Break 

Components & Issues 

Break 

Class Exercise No. 1 or 2 

Lunch 

Introduction to Work Zone User Costs 

Work Zone User Costs: Calculation Steps 

Break 

Class Exercise No.3 

Class Exercise No.4 

Close for Day 

Basic Statistics 

Risk Analysis Approach 

Break 

Software Demonstration 

Lunch 

Class Exercise Revisited 

Presentation Techniques 

Break 

Benefits & Implementation 

Workshop Summary 

Question & Answers - Workshop Evaluations 

Closeout 



Day 1 

Day 2 

Day 3 

Three Day Agenda 
Time Title 
01:00 pm Welcome 
01:15pm Workshop Overview 

01:30 pm Background 

02:00 pm LCCA Process Overview 

02:30 pm Break 

02:45 pm Components & Issues 

03:45 pm Break 

04:00 pm Class Exercise No. 1 or 2 

05:00 pm Close for Day 

08:00 am Introduction to Work Zone User Costs 

08:30 am Work Zone User Costs: Calculation Steps 

09:45 am Break 

10:00 am Class Exercise - No.3 

11 :00 am Class Exercise - No.4 

12:00 pm Lunch 

01:00 pm Class Exercise - NO.4 Continued 

02:00 pm Basic Statistics 

03:00 pm Break 

03:15 pm Risk Analysis Approach 

04:15 pm Software Demonstration 

05:00 pm Close for the Day 

08:00 am Class Exercise Revisited 

09:00 am 

09:30 am 

09:45 am 

10:30 am 

11 :00 am 

12:00 pm 

Presentation Techniques 

Break 

Benefits & Implementation 

Workshop Summary 

Question & Answers - Workshop Evaluations 

Closeout 
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1 

2 

3 

Workshop l 
Overview 

Project Team 

Max Grogg, 518-431-4224 x 223 

Keith Herbold, 708-283-3548 

Michael Smith, 202-366-4057 

James Walls, 202-366-1339 

Module 1- 1 

Workshop Overview 
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DP-115 Phases 
o Traditional approach and 

Introduce probabilistic concepts 

f} SHA Case Studies 

@ Application of Probabilistic 
Approach 

Phase I Objective 

• Provide training and practice on 
traditional LCCA 

• Introduce probabilistic concepts 

Workshop Outline 
• Background 

• Process Overview 

• Components and Issues 

• User Costs 

• Class Exercises 

• Basic Statistics 

• Probabilistic Approach 

• LCCA Probabilistic Example 

• Benefits and Implementation 

Module 1- 2 
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I 
WorkshoQ Overview 

I 7 

I 
Major Focus ... 

.LCCA process overview 

I .Components and issues 

.User cost procedure 

I .Introduce Probabilistic 
approach 

I 
I 
I 8 

I 
I 

End Session 

I 
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I 
I 
I Module 1- 3 
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Session Overview 
.Definitions 

• Levels of Application 

• Driving Forces 
.Implementing Guidance 

.National Pavement Design Review 

Definitions 

• Life Cycle Cost Analysis 
.Agency Cost 

.User Cost 

.Deterministic Approach 

• Risk Analysis Approach 

Module 11- 1 

Background 



Life Cvcle Cost Analvsis in Pavement Design Demonstration Project No. 115 I 
I 4 

LCCA Defined (NHS) 

"A process for evaluating the total I 
economic worth of a useable project 
segment by analyzing initial costs I and discounted future costs, such as 
maintenance, reconstruction, 

I rehabilitation, restoring, and 
resurfacing costs, over the life of the 
project segment. " 

I 
I 

5 

Useable Project Segment I 
A portion of a highway that when 

I completed could be opened to traffic 
independent of some larger overall 
project. 

I 
I 
I 
I 6 

TEA 21 (98) LCCA Defined 

Life-cycle cost analysis is a process for I 
evaluating the total economic worth of a 
usable project segment by analyzing 

I initial costs and discounted future costs, 
such as maintenanc~er cos]D 
reconstruction, rehabilitalon, restoration, 

I and resurfacing costs, over the life of the 
project segment. 

I 

Module 11- 2 I 
I 
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Background 

I 7 

I 
Agency Costs 
.Design and Engineering 

I 
.1 nitial Construction 

.Maintenance of Traffic 

.Maintenance 

I • Rehabilitation 

I 
I 
I 

8 

User Costs 

Costs incurred by users of a highway 

I facility including excess costs to those 
who cannot use the facility because of 

I 
agency or self-imposed detour 
requirements. 

I 
I 
I 9 

I 
Deterministic Approach 
The application of accepted LCCA 
procedures and techniques without 

I regard for the variability of input 
factors. 

I 
I 
I 

Module 11- 3 

I 
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11 

12 

Risk Analysis Approach 

A technique which identifies the 
variability associated with LCCA 
input factors and carries this 
variability through the computation 
process to generate results in the 
form of a probability distribution. 

Session Overview 

• Definitions 
• Levels of Application 

• Driving Forces 
.Implementing Guidance 

• National Pavement Design Review 

Levels of Application 

• Funding levels 

• Program allocation 

• Project selection 
.Design selection <: 100 

Module" - 4 
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SEAR('IIING 
FOR SOLUTIONS 

A Po//( \ DIICI/\\/()11 Serle.1 
"11<1"""'<"' 
""',""1""'''''''' 

Publication No. FHWA-PL-94-025 

Executive Order 12893 (94) 

"Principles for Federal 
Infrastructure Investments" 

• Directed at Federal Agencies 
• Grant Programs 
• Initiated FHWA Policy Statement 

NHS Designation Act (95) 

Section 303, "Quality Improvement," 

... requires States to conduct LCCA of 
each NHS high cost ($25M or more) 
useable project segment. 

Module 11- 6 
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I Background 

I 19 

I 
TEA 21 (98) 

• LCCA no longer mandated 

.Adds Users Costs to LCCA def. 

I • Directs· DOT to develop LCCA 
procedures based on principals 

I contained in Exec. Order 12893 

.Transportation Research Program 

I 
addresses analysis period, discount 
rates, user costs, ... 

I 
I 

20 

National Quality Initiative 

.National Policy on Quality of 

I Highways (92) 

.Survey conducted (11/95) 

I 
I 
I 

21 
NQI SURVEY 

I National 
Highway User 

Survey 1 
Introduction 

I 
2 

Background of Survey 

4 
SUrvey Design and Methodology 

6 

I 
Profile of Respondents 

National Quohty Initiatl.e 8 
Major FirKfings 

NQI 17 
AdditlooalFindings 

Slu,lngCornmIU •• 

I 20 
Summary 

COOP'" & Lybr.ndL.lP 

I 
I 

Module 11- 7 

I 
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Survey Highlights 

• Overall satisfaction 

• Pavement condition 

• Maintenance response time 
.Traffic flow 

Overall Satisfaction with Highway System 

40% -,----=-;----:-:7:---------, 

30% 

20% 

10% 

0% 
Very Satisfied Neutral Dissatisfied Very 

Satisfied Dissatisfied 

Opportunity to improve public satisfaction. 

Pavement Condition 
; 

Durability 1 144% ., 

f ',., 
Surface 49% Appearance f 

Smooth Ride 50% 

t 
Quiet Ride 50% 

0% 20% 40% 60% 80% 100% 
Respondents Satisfied 

Temporary repairs don't cut it ! 

Module 11- 8 
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I 
I 
I 
I 
I 
I 
I 

Maintenance Response Time 

Pavement Repairs 38% 

Snow Removal 56% 

Guardrail Repairs 57% 

Rest Area 58% Cleaning 

Litter Removal 58% 

0% 20% 40% 60% 80% 
Respondents Satisfied 

Response time needs improving! 

Traffic Flow 
Construction 129% Delays 

Level of /35% Congestion 

Toll Booth Delay 47% 

Accident Clean Up 58% 

0% 20% 40% 60% 

Respondents Satisfied 

Get in, fix it, and get out! 

NQI Survey Priorities 

oPavement Condition 
6 Safety 

e Traffic Flow 

80% 

Module 11- 9 

100% 

100% 

Background 
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29 
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Session Overview 

.Definitions 

.Levels of Applications 

• Driving Forces 
.Implementing Guidance 

.NHS - FHWA memo (4/96) 

.LCCA Policy Statement (9/96) 

.Technical Bulletin (97) 

.OP 115 

FHWA Memo (4/19/96) 

• Federal-aid eligibility contingent on 
LCCA for $25 Million + NHS projects 

• Defines useable project segment 

• LCCA procedures not prescribed 

• Focus on "good" practice 

LCCA Policy Statement (9/96) 

FHWA Philosophy ... 

• Decision support tool 

• Results are not decisions 

• Use process to improve maintenance 
and rehabilitation strategies 

• Logical evaluation process is as 
important as results 

Module 11- 10 
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I 
Background 

I 31 

I 
LCCA Policy Statement (9/96) 

• LCCA important consideration in all 
highway investment decisions 

I • Level of detail commensurate with 
level of investment 

I • Long analysis periods 
.Pavements - min. 35 years 

I 
.Bridges - min. 75 years 

(More) 

I 
I 32 

Policy Statement Can't ... 

I • Agency and user costs should be 
included 

I .Future costs should be discounted 
to their net present value (NPV) 

I 
I 
I 

33 

Technical Bulletin 

• State of the practice 

I .Traditional approach 

• User costs (work zone) 

I .vac 
.Delay 

I .Introduce risk analysis 
(probabilistic approach) 

I 
I 

Module II -11 

I 
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35 

36 

DP 115 

.Workshop 

• Case stud ies 

• Future activities 

Additional Resources 

.NCHRP 
• Synthesis reports 

• MicroBencost software 

.AASHTO 
• Red Book 
• Pavement Design Guide 

• Darwin 

Session Overview 

• Definitions 
• Levels of Application 

• Driving Forces 
.Implementing Guidance 

• National Pavement Design Review 

Module 11-12 
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I 37 

National Pavement Design Review 

I .Background 

I 
.Purpose 

.General Findings (LCCA) 

I 
I 
I 

38 

I Background 

.OIG/GAO reviews 

I .FHWA reviews 1995 - 1997 

.52 SHAs 

I .Areas addressed: 
./ LCCA 

I 
./ Design procedures 

./ Traffic 

I 
39 

I LCCA General Findings 

• Procedures 

I • Analysis Periods 

• Performance Periods 

I • Discount Rates 

• User Costs 

I 
I 
I Module" -13 

I 
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41 
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LCCA Procedures 

• Number Reporting .......................... 52 

• Documented Procedures ................ 33 
• New Location ................................ 33 

• Reconstruction .............................. 33 

• Major Rehabilitation ........................ 22 

LCCA Procedures Cont.'d 

• Not Documented ......................... 19 
• Informal Procedures ........................... 11 

• Plan to Develop Procedure............... 7 

• Has no Plan to Develop Procedure..... 1 

SHAs Reporting 

12.-------------------------. 
1 O~f---------------,--------
8+---------~,.r____,_~-

6+-~--------,.r_-----

Analysis Period 
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SHAs Reporting 

Engineering 
Judgement 

SHAs Reporting 

PMS Research 

Performance Data 

16r-------------------------------------, 
14+----------
12 
10+--------
8-

6i+----------
411--------

2'r----,.._
Ol+-t---,-II--~ 

o 2 3 4 4.5 5 

Discount Rate, % 

SHAs Reporting 

6 Range OMS 
(0-8) 

30,,-----------------------------------, 

Present Worth EUAC PW& EUAC 

Economic Indicator 

Module II -15 
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33 SHAs Reporting 

13 

20 

Session Summary 

• Definitions 

• Driving Forces 

.Implementing Guidance 

• National Pavement Design Review 

End Session 
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I Process OvelView 

I 1 

I L 

I c Process 
C Overview I A 

I 
I 

2 

I LCCA Process Steps 
o Establish strategies for analysis period 

I 6 Establish activity timing 

~ Estimate agency costs 

I 
o Estimate user costs 

o Develop expenditure streams 

o Compute NPV 

I 
fj Analyze results 

o Reevaluate strategies 

I 
I 3 

I 
I 
I ., 

I 
I 

Module 111- 1 
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1. Establish Strategies for Analysis 
Period 

• Initial pavement designs 

• Subsequent maintenance and 
rehabilitations 

Example: pee M&R Activities 

Yr. Activity 
5 Clean & Seal Jnts, Seal Coat Shoulders 

10 Same as 5 

15 Same as 5 

20 Same plus Patch & Slab Stabilization 

Diamond Grind & Spall Repair 

25 Same as 5 

30 Patch, Overlay, Saw & Seal Joints, Pave 
Shoulders, Adjust Guardrail & Drainage 

35 Seal Coat Shoulders 

LCCA Process Steps 
o Establish strategies for analysis period 

6 Establish activity timing 

Module 111- 2 
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9 

2. Establish Activity Timing 

C 
QJ 

E 
~ 
ro c.. 

Alt.-A 

Alt.-B 

Time 

Data Sources ... 
• Local Research Studies 

• Agency Personnel - Experience 

• Pavement Management Systems 

• National Research Studies 

• Other... ~SH~A'IR'P~ortl"~9 i~~~ 
Eng,neenng 
Judgemenl 

Let's Consider 
the following ... 

Module 111- 3 

Process Overview 
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Example 

.1 nitial Construction 

.Single Future Construction 

Performance Curves 

c c 
Q) 0 
E:'::: 
Q)'O 
> c co 0 

1---------------, 
-:!~~m~~a~ ~~r:'~C:,:b~I~~:- -- - - - -- - - - -- - -- --- - - - - - - -- --

~u ~ ______________________ ~ 

Pavement 
Life 

Analysis Period 

c c 
Q) 0 
E:'::: 
Q)'O 
> c co 0 

~u ~------------------_r--~ 
I ... I(E----ir:~~~!y.i.~~::~i.~i:?:~::f-! ----J~I Pavement 

Life 

Include at least one Rehab. 

Module 111- 4 

Demonstration Project No. 115 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Process Overview 

14 

Remaining Service Life (RSL) 

15 

Initial Design Rehab 

f t 
Pavement Life 

Module III - 5 
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LCCA Process Steps 
o Establish strategies for analysis period 

6 Establish activity timing 

@ Estimate agency costs 

3. Estimate Agency Costs 

Agency Costs Defined ... 

• Costs associated with roadway 
improvements 

• Born by Agency 

Agency Cost Include ... 

• Initial Construction Cost 

• Future Rehab and Preventive Maint. 

• Project Overhead ... 
• Preliminary Engineering, 

• Contract Administration, 

• Construction Supervision and Inspection 

• Traffic Control 

Module 111- 6 
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Process Overview 

I 19 

I 
Data Sources ... 

.SHA historical bid data 

I .Bid Analysis Management 
System (BAMS) 

I 
I 
I 
I 

20 

LCCA Process Steps 
o Establish strategies for analysis period I f} Establish activity timing 

e Estimate agency costs 

I e Estimate user costs 

I 
I 
I 21 

I 
4. Estimate User Costs 

User Costs Defined ... 

I • Costs incurred by users of a highway 
facility including excess costs to those 
who do not use the facility because of 

I agency or self-imposed detour 
requirements. 

I 
I 

Module 111- 7 
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22 I 

User Costs Include 

• Vehicle operating I 
I 

• User delay 

• Crash 

I 
I 
I 

23 

User Costs I 
I 

Can occur during ... 

• Normal operations 

• Work Zone 

I 
I 
I 

24 I 
I 
I 

Normal Operations 
"Between Work Zone" Rehabilitation A (Work Zone) 

r---- ----...... , / 

Pavement Life I 
I 

Module III - 8 I 
I 
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I 25 

User Costs (Normal Operations) 

I • Difficult to quantify 

I .Data suggest may be minimal if 
roughness is "small" 

I 
I 
I 
I 

26 

Our Primary Focus ... 

I Vehicle Operating User Delay 

~f 
' , 

( 

I \\ .... " Al 
/''''It' 

,; ;~A 
Crash 1;\ v 

'c,:;>' Costs 

I Work Zone 
~ +n 

~ 

I 
I 27 

Work Zone User Cost 

I Defined ... 

I 
• Excess VOC and delay costs to users 

of the facility during work zone 
operations . 

I 
• Additional VOC and delay costs to 

users who do not use the facility 
because of agency or self imposed 

I 
detours. 

I 
Module 111- 9 
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LCCA Process Steps 
o Establish strategies for analysis period 

6 Establish activity timing 

8 Estimate agency costs 

e Estimate user costs 

o Develop expenditure streams 

5. Develop Expenditure Streams 

• Agency Costs 

• User Costs 

AGENCY COSTS 
Initial Design 

"E c 
<I> 0 
E'" <1>-0 > c ............................... . 

~ 8 1<----1.~~~!y.~!~.~~:.i~.~.! 

~2 c (/) 
<1l 0 

Rehab 

: Pavement Life 

Jl u ~===!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!l.==~..:.:.:. 
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I 
Salvage Value 

I 
.0 Ql 

..... co OJ 
Ul.I::. (Q 

o Q) > ro 00::: CIJ 

Life Rehab RSL 

I 
I 

t RSL ) Salvage Value = Life Rehab Rehab Cost 

I 
I 

32 

Routine Reactive Maintenance 

I • Usually small 

.When discounted its even smaller 

I 
.Can be ignored in the analysis 

I 
! 
I 33 

Inflation 

I 
• Use constant dollars 

I • Use real discount rate 

I 
I 
I 

Module III -11 
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AGENCY COSTS 
Initial Design Rehab 

USER COSTS 
Initial Design Rehab 

cc 
Q) 0 
E"" (l):C 
> c 
III 0 a.u Analysis Period 

LCCA Process Steps 

Pavement Life 

Pavement Life ... 

Pavement Life 

o Establish strategies for analysis period 

6 Establish activity timing 

@ Estimate agency costs 

o Estimate user costs 

o Develop expenditure streams 

o Compute NPV 
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Definition 

Discounted present value of 
benefits less discounted 
present value of costs. 

6. NPV Equation 

NPV = Initial Cost + 

t,Future Cost kX ~1: i)~ 
"---y--J 

i = discount rate 

n = year of expenditure Present Value Factor 

Present Value Factors 
Discount Rate (I) 

Year 4.0% 4.5% 5.0% 5.5% 6% 
0 1.0000 1.0000 1.0000 1.0000 1.0000 
1 0.9615 0.9569 0.9524 0.9479 0.9434 
2 0.9246 0.9157 0.9070 0.8985 0.8900 
3 0.8890 0.8763 0.8638 0.8516 0.8396 
4 0.8548 0.8386 0.8227 0.8072 0.7921 
5 0.8219 0.8025 0.7835 0.7651 0.7473 

• • • • • • • • • • • • 
NPV = (Future Cost) x (Present Value Factor) 

Module III -13 
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Initial Design Rehab 

C' c: 
Q) 0 

~~ 
~ 8 ··········· .. · .. ·{~~~iy.~i~·p~~i~d:-················~l 

o 20 Years 

Years 

Deterministic Approach 

$ 30.1 M $ 26 M 

NPV = Initial Cost + 

F~~r~ Cost x ~ i)~ 
4% 20 yrs 

o Agency NPV 

C[UserNPD 

Since User Costs May Dominate 
Separate Agency and User Costs 

Module III -14 

Demonstration Project No. 115 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 





Life Cycle Cost Analysis in Pavement Design 

46 

47 

48 

How bout 
an example! 

~i-'O~~\e Sensitivity Analysis 
Alternative - A Discounted Cost 

Activitv Year Cost 1% 2';' 3% 4% 5% 
Conste. 0 $177.0 $177.0 $177.0 $177.0 $177.0 $177.0 
Rehab. 10 $ 10.0 $ 9.1 $ 8.2 $ 7.4 $ 6.8 $ 6.1 
Rehab. 20 $ 15.0 $ 12.3 $ 10.1 $ 8.3 $ 6.8 $ 5.7 
Rehab. 30 $ 15.0 $ 11.1 $ 8.3 $ 6.2 $ 4.6 $ 3.5 
Salvaae 35 $( 7.5) $( 5.29) $( 3.75) $( 2.67) $( 1.90) $( 1.36 

NPV $204.2 $199.8 $196.3 $193.3 $190.9 

Alternative - B Discounted Cost 

Activitv Year Cost 1% 2% 3% 4% 5% 
Constr. 0 $125.0 $125.0 $125.0 $125.0 $125.0 $125.0 
Rehab. 15 $ 80.0 $ 68.9 $ 59.4 $ 51.3 $ 44.4 $ 38.5 
Rehab. 30 $ 80.0 $ 59.4 $ 44.2 $ 33.0 $ 24.7 $ 18.5 
Salvaae 35 $(53.3) $ (37.6) $ (26.7) $ (18.9) $ (13.5) $ (9.7) 

NPV $215.6 $202.0 $190.4 $180.6 $172.3 

Sensitivity to Discount Rate 

~ 220r-------~--~--------------------_, 
~ • Alternative AD Alternative B 
~ 210 

cP 
:::I 200 
iii 
> 190 
1: 
cP 
UI 180 
! ,', 
a. 170 '. 

Gi 
Z 160 

2 3 4 5 

Discount Rate (%) 
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I 
Sensitivity Analysis 

.Advantages 

I 
.Shows effect of changing input variable on 

outcome 
• Easy to perform 

I 
I 
I 
I 
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Sensitivity Analysis 

I • Disadvantages 
• One input variable changes (others held 

constant) 

I • Limited analysis 

• Does not ... 
• account for simultaneous change of ALL 

I 
inputs on outcome 

• account for likelihood of input value actually 
occurring 

• reflect reality 

I 
I 51 

I We need a technique that 
incorporates simultaneous 
changes of input variables 

I into our results. 

I 
I 
I 
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New Term 

Monte Carlo 
Simulation 

Monte Carlo Simulation 

.Input variables described using 
probability distribution 

• Samples randomly drawn from input 
distributions to calculate results 

• Hundreds, even thousands, of samples 
may be drawn to form a distribution of 
results 
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Monte Carlo Can't 

I • Rigorous extension of ... 
• Best Case 

I • Most Likely 

• Worst Case 

I 
• Data Input values based on likelihood 

of occurrence 

I 
I 
I 

56 
Monte Carlo Simulation 

Inputs Results 

I A ~ M 

I A 
0 

¢ D ¢ 
E Net Present 

I L Value 

% -" 

I 
I 57 

LCCA Process Steps 

I o Establish strategies 
Improved 
Strategy 

6 Establish activity timing 

I @) Estimate agency costs 

o Estimate user costs 

I 
o Develop expenditure streams 

o Compute NPV 

8 Analyze results 

I 
o Reevaluate strategies 

I 
Module III -19 
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59 
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8. Re-evaluate Strategies 

• Modify alternatives 
.rDesign lives 

.rStrengthen shoulders 

.rNew technologies 

• Revise maintenance of traffic plan 

.rReduce construction period 

.rRestrict contractor work hours 

.r Examine alternative modes of travel 

Implications 
q 

~ 
• Lengths and times of queues 

• Agency versus user costs 

• Reliability of LCCA outcome 

• Practical Realities ..... 

Practical Realities ... 

• Local politics 

• Availability of funding 

• Industry support to perform the required 
construction 

• Agency experience with a particular strategy 

• Accuracy of pavement design and 
rehabilitation models 
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In Closing 
I LCCA ... 

I • Decision support tool 

• Results are not decisions 

I 
• Use process to improve maintenance 

and rehabilitation strategies 

• Logical evaluation process is as 

I 
important as results 

I 
I 

62 

I 
I 
I 
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I 63 

LCCA Process Steps 
I o Establish strategies for analysis period 

@ Establish activity timing 

I f) Estimate agency costs 

o Estimate user costs 

I 
o Develop expenditure streams 

(:) Compute NPV 

o Analyze results 

I 
(:) Reevaluate strategies 

I 
Module III - 21 
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I 
End Session I 
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3 

Components and Issues 

Session Overview 

• Analysis periods 

• Traffic 
• Design strategy 

• Performance estimates 

• Expenditure streams 

Session Overview Cont'd 

• Costing 

• Discounting 

• Economic indicators 

• Agency cost 

• User cost 

Module IV - 1 
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Anal sis Period 

RSL 
c: __ ~,:~~~a~~~~~:,:b~I~~~~:~ _______ --------------~----; -

,g Alt.-A 
~ . c . 
o : 

~1 ~ E : 
QJ • 
~ --------------------------------------------. ---

Ll. : Alt.-B 
: . I ( J : 

Analysis Period 

Include at least one rehabilitation activity. 

Analysis Period 

• Capture alternative differences 
• Include one rehabilitation 

• FHWA LCCA Policy 
.Pavements ..... 35 Yrs 

.Bridges ............ 75 Yrs 

Traffic - Characteristics 

.AADT 

.Traffic mix 

• Growth rates 
• Directional hourly volume 
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Traffic - Projections 

I .Volumes - User costs 

I 
• Classification - User costs 

• Load factors - Design 

• ESALs - Design 

I 
I 
I 

8 

I Traffic - Hourly Demand 

Sources: 
I • Traffic data 

I 
• Typical default values 

ePennDOT 
eM icroBencost 

I 
I 
I 9 

?/' 
<v+'1><$f' Penn DOT AADT Distribution - Houri 

I Hour 
0- 1 
1 - 2 

I 
2 - 3 
3- 4 
4- 5 1.1 
5- 6 2.1 
6- 7 4.7 
7 - 8 6.4 

I 8- 9 5.6 
9-10 5.1 

10-11 5.2 
11-12 5.4 

I 
23 - 24 2.0 1.4 

I 
Module IV - 3 
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Performance Estimates 

• Performance periods affect 
timing of rehabilitation 
.Frequency 

.Expenditure timing 

• Traffic levels 

.User costs 

Design Strategy 

.Initial design 

• Identify supporting rehabs 

• Viable and competitive 

PCC Design Strategy 
Year 

Activity 5 10 15 20 25 30 
• Clean and Seal Joints X X X X X X 

• Seal Coat Shoulders X X X X X 
.CPR- Patch X X 

- Spall Repair X 
- Slab Stabilization X 
- Diamond Grinding X 

• Overlay X 
• Saw and Seal Joints X 

• Pave Shoulders X 
• Adjust Guard Rail and Drainage Structures X 
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Costing and Discounting 

• Costing - Type of Dollars 
.Constant (real) 

.Inflated (nominal) 

Can You Assume Inflation? 

1997 

$8,890 (Chevrolet) • $18,545 (Ford Taurus) , 
I Average time to earn that much I 

5.3 months 

$1.70 

Example: Deflation 

Computer Cost: 
.1989 - $2,500 

.1998 - $1,200 

11997 $Dollars$1 
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23 

24 

Discounting "True-isms" 

• Present costs valued higher 

• Out year costs worth less 

Discounting "True-isms" 

.Low Rates -

Favor alternatives with higher initial 
costs and lower future costs 

• High Rates -

Favor alternatives with lower initial costs 
and higher future costs 

Present Value Curves 
100 ~---------------, 

5 10 15 20 25 30 35 
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Discount Rate Selection 

• Opportunity Cost 

• Office of Management and 
Budget Circular A-94 

Opportunity Cost - Personal 

• 401K -IRA 

• Credit Cards 

28% - 35%+ 

15% - 22% 

• Signature Loans 12% - 15% 

• Car Loans 8% - 12% 

• Home Equity 7% - 11 % 

• Mortgage 5% - 8% 

• Savings/Checking 0% - 3% 

Nominal rates of return 

Opportunity Cost - Gov't 

.J. "Queue" Public 

• Other Investments 

.Old Bonds 

.New Bonds 

Module IV - 9 

Components and Issues 
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Real Discount Rate 

Real Discount Rates 
Source: OMS Circular A-94 

Investment Maturity 

YEAR 3 5 7 10 30 

Nov 92 2.7 3.1 3.3 3.6 3.8 

Feb 93 3.1 3.6 4.0 4.3 4.5 

Feb 94 2.1 2.3 2.5 2.7 2.8 

Feb 95 4.2 4.5 4.6 4.8 4.9 

Feb 96 2.7 2.7 2.8 2.8 3.0 

Feb 97 3.2 3.3 3.4 3.5 3.6 

Jan 98 3.4 3.5 3.5 3.6 3.8 

Avg 3.1 3.3 3.4 3.6 3.8 (No Inflation 

Std 0.6 0.7 0.7 0.7 0.7 Premium) 

Circular A-94 

Discount Rates Web Address: 

http://www.whitehouse.govIWH/EOP/OMB 
Ihtml/circularsl 

Select A-94 and see appendix C. 
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Recommend 

I .. 3 to 5 % 

I .. Real.rates with real dollars 

I 
I 
I 
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I Economic Indicators 

I 
• Internal rate of return 

• Benefit cost ratio 

I 
• Equivalent uniform annual costs 

• Net present value 

I 
I 
I 33 

Economic Indicator of Choice 

I 
I Net 

Present 
I Value 

I 
I 

Module IV - 11 
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Agency Costs 
• Design and Engineering 

• Initial Construction 

• Maintenance of Traffic 

• Preventive Maintenance 

• Rehabilitation 
• Reactive Maintenance/Operating Cost 

Salvage Value Sunk Costs 

Salvage Value 

• Remaining service life 
• % of last rehab cost 

• Residual value 
• Value of recycled material 

Sunk Costs 

... costs that are not relevant to 
the decision at hand 
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User Costs: 28 or not 28 

• Pro - User costs drive trans
portation investments. 

- User fees collected 
for public investment 

• Con - Can't recoup costs 
- "Not in my budget" 

AASHTO User Cost Survey 
for Innovative Contractin 

User Cost Components 

• Vehicle crash cost 

• Vehicle operating cost 

• User delay 

Module IV - 13 

Components and Issues 
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User Cost Components 

• Vehicle crash cost 
.Property damage only - $ 
.Injury - $$ 
• Fatality - $$$$$ 

• Data sources 

USC'-A~ ___ --"---,--,,,---
A loo~~ tfjt Sh~U!;,tli~:$ n\a1 $1~H~pe the natH2n 

HigherT;affiC Fatali'ty Award;-] 
Median Jury Awards for all Traffic Crash Fatalities ! 
Rose 102% from $288,000 in 92 to $ 581 

User Cost Components 

.Vehicle crash cost 

.Vehicle operating cost 
• Normal operations 

• Work zone 

Module IV - 14 
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voe Normal Operations 

• Function of ... 
• Pavement performance 

• vae - IRI relationship 

• May be significant but ... 
.. Not quantifiable at this time 

Effect of Roughness on Road User Costs in New Zealand 

120 -
," 

Base cost for a smooth road 

"f: 100 --- Additional costs due to roughness 1----.-, .~-
]! -+- Total operating costs ... 

~ ~==~~======~ .• ~'----! 80 o-
J!! 
~60---------=~------~~-

" '" ~ 40 

Q) g 20-

o oo---+:::;:::::;;~~. 
o 100 200 300 400 500 600 700 800 900 

Roughness in IRI (in/mi) 

voe in Work Zones 

• Speed change cost 

• Stopping cost 

.Idling cost 

Module IV - 15 
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User Cost Components 

.Vehicle crash cost 

.Vehicle operating cost 

.User delay 
.wz reduced speed delay 

• Congestion delay 

Bumper-to-bumper gridlock 
Commuters in 1/3 of Metro I 

Source: TTl 

USA SNAPSHOTSIi' 

Driving the Open Road · 
Least Congested Cities. ' 
Annual Hours 
Stuck in Traffic 
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Value of Time: Sources 

.A + B Bidding - Lane rentals 

• Toll facilities 
• Congestion pricing 
• High Occupancy Toll (HOT) 

• US DOT - FHWA HERS 
• Research studies 

Toll Facilities 
35 ,-------r~~~~~----I 

Average daily traffic count 

~ 30 
o 
~ 25 
T"" 
~ 20 
C/) 

~ 15 

{5 10 

> 

on the Dulles Greenway, 
in thousands 

9/1 9/5/95- I March April May June July Aug Sept. O~t. 

Free $1.75 $1 

Congestion Pricing 

• Houston 1990 

• Hardy toll road experiment 
.$1.00 peak - $.50 off peak 
.Too successful 

• Lost $500,000 in 90 days 

Module IV - 17 
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HOT Lanes 

• San Diego 1-15 
.$10 Million experiment 12/96 

.Started at $50/mo., now at $70 

.700 permits with 400 waiting 

• Orange Co - Riverside 
Freeway 
.$2.25 saves 20 minutes 

HOT Lanes Cont'd 

• Houston Katy Freeway 
.2 for 3 @ $2.00 

Value of Time (USDOT 1997) 

Travel 
CateaoN 
A Business 
u 
T·Personal 
o·Mixed 
Trucks 

( $ / Person Hour) 
Local Inter City 

Low Hiah Low Hiah 
15.00 22.60 15.00 22.60 
6.00 10.20 10.20 15.30 
6.40 10.70 10.40 15.70 

16.50 16.50 16.50 16.50 

1995 Dollars 

Module IV - 18 

Demonstration Project No. 115 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

55 

56 

57 

Value of Time (HERS 1997) 

Source: Highways Economic Requirement System 9/97 

C $ / Veh. Hour ;:> 
1 rucks Travel 

Category Autos Single Unit Combination 
Business 
Personal 

28 26 31 
13 NA NA 

%AADT 

Personal 

wt. Avg. 
90% 0% 
14 26 

1995 Dollars 

0% 
31 

Value of Time 
(Research Studies) 

1996 Dollars 

Vehicle Class 
Passenger Vehicles 
Single Unit Trucks 
Combination Trucks 

Average of ... 

$ / Vehicle Hour 
Value 
11.58 
18.54 
22.31 

AASHTO Red Book and MicroBENCOST Default Values 

Value of Time 
Recommendations 

Vehicle Class 
Passenger Vehicles 
Single Unit Trucks 
Combination Trucks 

$ / Vehicle Hour 
Ranqe 

10.00 - 13.00 
17.00 - 20.00 
21.00 - 24.00 

1996 Dollars 

Module IV - 19 
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Further Information """ 

LCCA Tech Bulletin ... I 
• Fundamental principles 

I • Good practice 

• LCCA issues 
• Case studies I • Uncertainty and variability 

• Computer software 

I 
I 

59 

J Parting Caveat 

• Defending LCCA results I .Justify all assumptions 

.Address all issues 

I (even if not relevant to the 
analysis at hand) 

I 
I 

60 I 
I 

End Session I 
I 
I 
I 
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I Introduction to Project Level User Costs 

I 1 

Introduction to 
I Project Level 

I User Costs 

I 
I 
I 
I 

2 

Session Overview 

I • Components 
• Operating Conditions 

I • Work zone 

I 
I 
I 3 

User Cost Components 
I .Vehicle operating 

I .User delay 

• Circuity 

I • Crash 

I 
I 
I 

Module V - 1 
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Operating Conditions 

Normal Operation 
"Between Work Zone" Rehabilitation 

A (Work Zone) 

r'---- '---....... , / 
"E' c 
Q) 0 

~~ ~ § __ ~~~~n_a~~~~~:,:b~I~~ _______________________________ _ 
o..u 

~--------------------~ 
Pavement Life 

Our Primary Focus ... 

Vehicle Operating User Delay 

Crash 
Costs 

Work Zone 

WZ User Costs Function of ... 

• Type 
• Characteristics 

• Duration 

• Frequency 

• Timing 
• Traffic Operations 
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Work Zone Types 

• Road closures 

• Single lane closure 

• Two lane two way operation 

Single Lane Closure (SLC) 

I Shoufder 

Construction Zone 

.-.. .-.. 
... .. .. 

,,,~_C),,,,,,<>_ or.,/". _. _. _.-

Two Lane Two Way Operation 

I Shoulder 

* Also called "Crossover" or "Head to Head" 

Module V - 3 

Introduction to Project Level User Costs 
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WZ Characteristics 

• Length 
• Posted Speed 

• Hours of Operation 

• Capacity 
• Alternate Routes/Detours 

Work Zone Duration 

Includes: 

• Hours per day 

• Number of days 

Work Zone Frequency 

• Number of times rehab work 
zones need to be established 

over the analysis period 

• The more rehabilitations the 

more work zones 
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Work Zone Timing 

I 
• Refers to the year the work 

I zone.is in place 

• Impacts user cost NPV 

I • Out-year traffic levels 

• Discount factor 

I 
I 

14 

I Net Present Value (NPV) 

I NPV = Initial Cost + 
N 

~1 : I)"~ I LFuture Cost kX 
k~l 

'--y--' 

I I = discount rate 

n = year of expenditure Present Value Factor 

I 
15 

I Work Zone Analysis 

I 
• Different work zone types must 

be analyzed separately . 

I 
• Work zones with different 

characteristics, including traffic 

demand, must also be 

I analyzed separately. 

I 
I 
I 
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20 
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Work Zone Layout 

Upstream Queue Area Work Zone 

- . - . - . -". - .. :·~"'~·-"·~·"I ~tr\1""';"to~ I' - .. 
Shoulder I 

I- Work Zone -~~I 

WZ Operations 

• Free Flow (Sase Case) 

WZ Capacity Exceeds Demand 

• Forced Flow (Congestion) 

Demand Exceeds WZ Capacity 

Free Flow Cost Components 

WZ capacity not exceeded ... 

.. Speed change costs 
oVOC 
f) Delay 

.. Reduced speed costs 
8 Delay 

Module V· 7 

Introduction to Project Level User Costs 
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23 

24 

Free Flow 

I •. _ . _ . _ . J-.-~~st;';;ctkmZ~~~'.: ._.~.::::.~ .................... _._._._._._._._._._._._._0_0_0 . ..... ..... ..... ..... 
@; :W:'fW%'K$.v,~"·,~~,;.'<,,,-, "m -' ,/',I/''' .... ·~'' -;"f",,-,§;-nii£.·,di*&-WWj, >(AM jl 

--- ..... ..... - :.-::. ;:: .• -.. I Construction Zone '< I 
I" ·~houlder 

Speed Change 
VOC and Delay 

O. 6. 

Traverse Work Zone 

Reduced Speed Delay Speed Change 
VOC and Delay 

O. 6. 

Forced Flow Cost Components 

WZ capacity exceeded ... 

.. Stopping cost 
eVOC 

o Delay 

.. Queuing costs 
@ Idling 

fj Delay 

Forced Flow 
Upstream Queue Area Work Zone 

-.-.-.-.-.-.-.-.-.-.-.-.-.~-.. -.. 
_. _. _. _. _. _. _. _. _. -. _,JO_Cl_OO_ 

1 Should<H' . ..0.0.··· .. 
jo------Work Zone 
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I 25 

I 
Forced Flow 

Upstream Queue Area Work Zone 

I ..... ~ ------'~' -, -, -, -, ~:.:-.:.-.-. 

I /O------Work Zone 

I 
I 
I 

26 

Forced Flow 

I 
Upstream Queue Area Work Zone 

--- ~ --- ..... _._._._._.-.-._.-._._._._._._. 
~ ~ ---

I 
/O------Work Zone 

I 
I 

27 

I Forced Flow 
Upstream Queue Area Work Zone 

I 
~~~~ -... 

I 
--.; - '-.-' -, -, -, -, -:.:-.; ..... _. 

o· 

/O------Work Zone 

I 
I 
I 
I 

Module V - 9 
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28 I 

Forced Flow 

Upstream Queue Area Work Zone I 
I 
I 
I 
I 

29 

Forced Flow I 
Upstream Queue Area Work Zone 

I 
-.-.-.-.-.-.-.-.-.-.- .. ~ .. -~.-

I 
I 
I 

30 

Forced Flow I 
Upstream Queue Area Work Zone 

I ... ~~ ... _.-.-~-. _. -.- .-.~.:.-'-'-

I' I 
I 
I 

Module V - 10 
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I 31 

Forced Flow 

I Upstream Queue Area Work Zone 

I 
I 
I 
I 
I 

32 
• ~rced FI~W. 

/ "'" Upstream Queue Area ' Work Zone 

I --- ---------------
I I<-----Work Zone 

Speed Change Stopping Queue Reduced Speed Delay 

I 
VOC & Delay VOC & Delay Idling & Delay (Traverse Work Zone) 

O. @. O. 0. 0. fl. @}. 

I 
33 

I 
I End Session 
I 
I 
I 
I 
I 
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2 

3 

WZ User Costs Steps 

1. Determine Capacity 

2. Calculate Directional Hourly Demand 

3. Identify User Cost Components 

4. Quantify Traffic Affected by each 
Component 

5. Compute Reduced Speed Delay 

6. Assign vac Cost Rates 

(More) 

WZ User Costs Steps (Cont'd) 

7. Assign Delay Cost Rates 

8. Assign Traffic to Vehicle Classes 

9. Compute User Costs by Vehicle Class 

10. Determine Circuity 

11. Compute Crash Costs 

12. Sum Total User Costs 

Module VI- 1 

Work Zone User Costs: Calculation Steps 
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1. Determine Capacity 
I • With and without WZ 

• Resources: I 
.Research Studies 

.Highway Capacity Manual I 
I 
I 

5 

I Free Flow Capacity 

.Ideal 
I .2200 to 2300 pvplph 

• Mixed flow reductions 

I • Trucks present 

.Lane width 

.Hazard offset I 
• Recreational drivers 

I 
6 I 

Mixed Traffic Capacity 

I 
1000 - 2300 vplph 

I 
See Table 3.4-3.6 of Technical Bulletin 

I 
I 
I 
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I 
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I 
I 9 

I 
I 
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I 
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I 

Work Zone Capacity 

Directional Lanes 
Normal WorkZone No of Capacity 

Operations Operations Studies (vph) Veh/Ln-Hr. 
3 1 Open 7 1170 1170 
2 1 Open 8 1340 1340 
5 2 Open 8 2740 1370 
4 2 Open 4 2960 1480 
3 2 Open 9 2980 1490 
4 3 Open 4 4560 1520 

Source: 1994 Highway Capacity Manual - Table 6.1 

.. 

• : 3 Lanes - 1 Open 
I Range of observed 

• •• • work zone capacities . 

----- 2 Lanes - 1 Open 

......... 5 Lanes - 2 Open 

--- 4 Lanes - 2 Open 

-- 3 Lanes - 2 Open 

• Volume observed in one study I ..... 4 Lanes - 3 Open 
- Range of observed volumes 

I '. 
1000 1100 1200 1300 1400 1500 1600 1700 1800 

Capacity, Vehicles/Hour/Lane 
Source: Highway Capacity Manual Pg 6-11 (1994) 

Cumulative Probability of Observed Work Zone Capacities 

Note: Parentheses figures indicate (no. of original 
lanes, no.of open lanes) 

100 (3,1) (2,1) (5,2 

*' 85% 
~ 80 

:c 
'" .c 60 e 50% 

II.. 

~ 40 

~ 
'3 
E 20 
::::I 

(.) 1025 1170 

900 1000 1100 1200 1300 1400 1500 1600 1700 

Capacity, Vehicles/Hour/Lane 
Source: Highway Capacity Manual (1994). 

Module VI- 3 
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Queue Dissipation Cap. 

• Has significant impact on time to 
clear queue 

• Ranges from 1500 to 2000 vphpl 

• See HeM Page 2-32 

2. Calculate Directional Hrly Demand 

Directional Hourly Demand = 
... (AADT) x 

... (% Hourly Demand) x 

... (Directional Factor) 

Sources 

• AADT & directional factor 

• Traffic counts 

• Hourly distributions 

• MicroBENCOST 

• Traffic counts 

Module VI- 4 
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I 
Work Zone User Costs: Calculation Steps 

I 13 
Rural Default Hourly Distributions, MicroBenCost 

I 
Principal Minor Major 

Jnlerstate \rterials \rll'ri~l~ 

% Direction % Directior % Direction % Direction 
Hour ADT In 'Out ADT In i Out ADT IniOut ADT In lOut 

I 
0- 1 1.8 4~ i 52 

i , 
i 

1 - 2 1.5 48 52 

! 
2 - 3 1.3 45 55 
3 - 4 1.3 53 47 
4 - 5 1.5 53 47 
5 - 6 1.8 53 47 

I 6 - 7 2.5 57 43 lSame Same Same I 
7 - 8 3.5 56 44 

f f f 
8 - 9 4.2 56 44 
9- 10 5.0 54 46 

10 - 11 5.4 51 49 

I 11 - 12 5.6 51 49 

I 
I 14 

Rural Default Hourly Distributions Con't, MicroBenCost 

Principal Minor Major 
In''''r~t"t", IriE"ials Irterials 

I 
% Direction % Directio % Direction % Direction 

Hour AD In 'Out ADT In lOut ADT InlOut LADT In lOut 
12 -13 5.7 50 i 50 : 
13 -14 6.4 52 48 
14 - 15 6.8 51 49 

I 
15 - 16 7.3 53 47 
16 -17 9.3 49 51 
17 -18 7.0 43 57 
18 -19 5.5 47 53 I Same Same Same I 

I 
19 - 20 4.7 47 53 i 

i 
i 20 -21 3.8 46 54 

21 -22 3.2 48i52 
22 - 23 2.6 48 52 

! ! 23 - 24 2.3 47 53 

I 
I 15 

I 
T H PennDOT AAD Distribution - ourly Percentages 

Traffic Pattern Group. 
Interstate Prin. Arterial Min. Arterial 

Hour Urban: Rural Urban: Rural Urban: Rural 

I 
0- 1 1.3 ! 1.7 0.9 0.9 0.8 0.7 
1- 2 0.9 1.4 0.5 0.5 0.4 0.4 
2- 3 0.8 1.3 0.4 0.5 0.3 0.3 
3- 4 0.8 1.3 0.4 0.5 0.3 0.4 
4- 5 1.1 1.4 0.6 0.9 0.4 0.8 
5- 6 2.1 2.1 1.8 2.3 1.3 2.2 

I 6- 7 4.7 3.7 4.4 4.9 4.0 4.5 
7 - 8 6.4 4.9 6.2 6.2 6.4 5.5 
8- 9 5.6 4.9 5.7 5.5 5.7 5.3 
9-10 5.1 5.2 5.1 5.3 4.8 5.4 

10-11 5.2 5.5 5.2 5.4 4.9 5.8 

I 
11 -12 5.4 5.8 5.6 5.6 5.5 6.0 

I 
Module VI- 5 

I 
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18 

PennD o AADT Db' T istri utlon - Hourly Percentages 

Traffic Pattern GrouP 
Interstate Prin. Arterial Minor Arterial 

Hour Urban : Rural Urban: Rural Urban : Rural 
12-13 5.5 : 5.7 6.0 5.7 6.0 i 62 
13-14 5.5 5.9 5.9 5.9 5.7 6.4 
14-15 6.1 6.3 6.4 6.6 6.3 7.2 
15-16 7.3 6.9 7.4 7.7 7.6 8.1 
16-17 7.8 7.2 7.8 8.0 8.3 8.0 
17 -18 7.2 6.6 7.5 7.4 8.0 7.1 
18-19 5.4 5.3 5.9 5.5 6.2 5.4 
19-20 4.3 4.4 4.8 4.3 5.1 4.4 
20-21 3.7 3.8 4.0 3.6 4.3 3.6 
21-22 3.2 3.4 3.3 3.0 3.4 2.9 
22- 23 2.6 2.9 2.4 2.3 2.4 2.1 
23-24 2.0 2.4 1.7 1.5 1.6 1.4 

3. Identify User Cost Components 

• Free Flow 
• Speed Change 
• Reduced Speed 

• Forced Flow 
• Stopping 
• Queuing 

Free Flow Cost Components 

WZ capacity not exceeded ... 

• Speed change costs 
o Delay 
f) vac 

• Reduced speed costs 
8 Delay 
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19 

20 

21 

Free Flow 

.......... -._._._0-'_'_0_'_._._0_._0_._0-..... ..... ..... _._.-._0_._0_0_'_'_._0_._0_._0-..... ..... ..... 
!~",,,,~. c ' "~1ili"'~' "V~W: "'5M,')'''>M'~J 

.... .... --. 
- " - " - ~ ::. ". ;-.".- • - • - I 

Speed Change 
Delay and VOC 

O. 6. 

Traverse Work Zone 

Reduced Speed Delay 

Forced Flow Cost Components 

WZ capacity exceeded """ 

.. Stopping cost 
o Delay 

o VOC 

.. Queuing costs 
@ Delay 

8 Idle 

Forced Flow 

Upstream Queue Area ........ --.--.~ Work Zone 

-=" -" --'"'-':-"-':"'-" -" -" -" i 
- ~- " -"-.:-~~:.'" « 

Speed Change 
Delay & VOC 

O. 6. 

Stopping 
Delay & VOC 

O. 0. 

." 
1411
---- Work Zone 

Queue Reduced Speed Delay 
Delay & vac (Traverse Work Zone) 

0. o. e. 

Module VI- 7 
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23 

4. Quantify Traffic Affected by 
Each Component 

• Lane closure hours 
• 24 Hours analysis period 

Example 
• MDT = 67,406 veh per day. (SouthBound) 

• Traff. Mix 90% Auto, 5.4% SU, 4.6% Combo 

• 3 Lane Open Non Work Zone (Cap. 6285 vph) 

• 2 Lane Open - 1 Lane Closed for Work Zone 
(Cap. 3027 vph) 

• Work Zone Hours 8 pm - 5 am, 9 am - 3 pm 

• Length = 5.25 miles 

• Approach Speed = 55 mph 

• Work Zone Speed = 40 mph 

• Work Zone In Place 60 Days 
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Work Zone User Costs: Calculation Stee.s 

Twen Four Hour Anal is Period - SouthBound 
Hourly Queue Vehicles that ... 
Distr. Demand Cap. Rate Queued Stop I Traverse WZ : Slowdown 

I 

Hour (%) (vph) (vph) (vph) Veh. 55-0-55: @40 mph i 55-40-55 

(MDT)(b) (c-d) See Note** IF g=O, h,O 

(a) (b) (c) (d) (e) (h) (i) 

o - 1 0.9 607 3,027 (2,420) 0 0 607 607 
1 - 2 0.5 337 3,027 (2,690) 0 0 337 337 
2 - 3 0.4 270 3,027 (2,757) 0 0 270 270 
3 - 4 0.4 270 3,027 (2,757) 0 0 270 270 
4 - 5 0.6 404 3,027 (2,623) 0 0 404 404 

1.8 1,213 6,285 (5,072) 0 0 0 0 
4.4 2,966 6,285 (3,319) 0 0 0 0 
6.2 4,179 6,285 (2,106) 0 0 0 0 
5.7 3,842 6,285 (2,443) 0 0 0 0 
5.1 3,438 3,027 411 3,438 3,027 0 

10- 11 5.2 3,505 3,027 478 3,505 3,027 0 
11 - 12 5.6 3,775 3,027 748 3,775 3,027 0 

0 0 0 0 0 0 0 0 

0 0 a a a a 0 0 
a 0 a a 0 a 0 a 

** If(d=3027,lf (c>d,d,c),O) 

Module VI- 9 
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Table Continued 
Queue 

Cap. Rate Queued 
Hour (vph) (vph) Veh. 

(b) (c) (d) (e) 

6.0 4,044 3,027 1,017 
5.9 3,977 3,027 950 
6.4 4,314 3,027 1,287 
7.4 4,988 5,454 (466) 
7.8 5,258 5,454 (196) 
7.5 5,055 5,454 (399) 
5.9 3,977 5,454 (1,477) 
4.9 3,303 5,454 (2,151) 

20 - 21 4.0 2,696 3,027 (331 ) 
21 - 22 3.3 2,224 3,027 (803) 
22 - 23 2.4 1,618 3,027 (1,409) 
23 - 24 1.7 1 146 3,027 1881 

*Prorated based on portion of hour required to clear queue. 

Module VI - 10 

Demonstration Project No. 115 

Vehicles that ... 
Stop : Traverse WZ : Slowdown 

I I 

55-0-55 : at 40 mph : 55-40-55 

See Note-- h,D 

(h) (i) 

3,027 0 
3,027 0 
3,027 0 

0 0 
0 0 
0 0 
0 0 
0 0 

2,898 1,051 
2,224 2,224 
1,618 1,618 
1,146 1,146 

27,936 7,926 

I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
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I 
I 
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26 

27 

28 

Traffic Affected - Free Flow 

• Speed Change (55-40-55) 
.7,926 vpd (60 days) = 475,569 veh. 

• Traverse Workzone 

(at reduced speed of 40 mph) 
.27,936 vpd (60 days) = 1,676,152 veh. 

Traffic Affected - Forced Flow 

• Stopping (55-0-55) 
.47,279 vpd (60 day) = 2,836,762 veh. 

• Queuing 
• Same as above 

5. Compute Reduced Speed Delay 

./ Traverse Work Zone 

./ Que 

Module VI - 11 

Work Zone User Costs: Calculation Steps 
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Free Flow 

.... .... .... _._0_'_._'-,-,-,-,-,-,-'-'-'-'-.... .... .... 
'VA" ,/ d¥11@ii\? 'iZ<'N HtWWW*k ~, '" +-fJ § >Sf0JM > , dW@%i'4 N ,«i£iij 

Reduced Speed Delay (Traverse WZ) 

• Reduced speed delay is ... 

increased travel time necessary to 
traverse the work zone at the 
posted speed compared to the up 
stream posted speed 

Reduced Speed Delay 
(Traverse WZ) 

~ ..... _.-._._._._._._._._.-._._._._. 
- . :::-':" ... :-_ .. _---

Work Zone 
Length 

5.25 miles 
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33 

34 

Reduced Speed Delay (WZ) 

Reduced Speed Delay = 

WZ Length 

WZSpeed 

WZ Length 

Upstream Speed 

Reduced Speed Delay (WZ) 

WZ Length 

WZ Speed 

5.25 Miles 

40 mph 

WZ Length 

Upstream Speed 

5.25 Miles 

55 mph 

.. Delay / Vehicle = O. 0358 Hours 

Forced Flow 

Upstream Queue Area Work Zone 

...... ---------~~ -~ - . -.;..-=---.:~:.""''''' 

Speed Change 
Delay & VOC 

o. 6. 

Stopping 
Delay & VOC 

O. 0. 

1-/ .. ---- Work Zone 

Queue 
Delay & VOC 

0. 6. 

Reduced Speed Delay 
(Traverse Work Zone) 

@. 

Module VI - 13 
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Reduced Speed Delay (Queue) 

Reduced Speed Delay = 
Queue Length - Queue Length 

Queue Speed Upstream Speed 

Reduced Speed Delay (Queue) 

Reduced Speed Delay = 

Queue Length - Queue Length 

Queue Speed Upstream Speed 

~ -C?~s 
~ 55 mph 

Reduced Speed Delay (Queue) 

• Determine queue speed 

• Determine average queue 
length 
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39 

40 

Reduced Speed Delay (Queue) 

• Determine queue speed 

VIC = VolOueue/Capacity 

~ -~ 

VIC = 3,027/6,285 = 0.48 

Average Speed vs. VIC Ratio for LOS - F 

:2 30 
0. .s 25 
-0 

3l 20 
0. oo 
Ql 15 
Cl 
III 
Qj 10 
~ 

5 

o 

/' 
./ 

,-~ /' 18 mph ~ I-t ............ ··· ......... 
./ 

~., 

~ I~ 
o 02 04 O~ 0.8 1.0 

VIC Ratio 

Source: NCHRP 133 (1972) 

Reduced Speed Delay 
Queue 

Queue Length - Queue Length 

Queue Speed Upstream Speed 

? Miles ? Miles 

55 mph 

Module VI - 15 
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Reduced Speed Delay (Queue) 

./ Determine queue speed 

• Determine average queue 
length 

Reduced Speed Delay (Queue) 

Average Queue Length = 

Maximum Queue Length /2 

607 3,027 (2,420) 0 
337 3,027 (2,690) 0 
270 3,027 (2,757) 0 
270 3.027 (2,757) 0 
404 3,027 (2,623) 0 

1,213 6,285 (5,072) 0 
4.4 2,966 6,285 (3,319) 0 
6.2 4,179 6,285 (2,106) 0 
5.7 3,842 6,285 (2,443) 0 
5.1 3,438 3,027 411 
5.2 3,505 3,027 478 
5.6 3,775 3,027 748 

•• If(d=3027,lf (c>d,d,c),O) 
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I 
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·Prorated based on portion of hour required to clear queue. ** If(d=3027,lf (c>d,d,c),O) 

4 

Cumulative 
Queued Vehicles* 

~ 

~ 
~, 

£ 
Ail 

'" ~ ~ '" :'! :f! C!? 01 ; 0\ ;2 :i i :2 

I\.. 

" 
<-

:::- ;:? 
;e ;:: 

Time Period 
"'Average Hour 

"-
I\. 

:?! ; t)I 
~ ;!2 1;; 

Reduced Speed Delay (Queue) 

Caution: 

• Queue could grow and stabilize for a 
period of time and then dissipate . 

• This would support calculating 
queue length on a per hour basis. 

Module VI - 17 
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Reduced Speed Delay (Queue) 

I 
Average Queue Length = I 

Maximum Queue Length / 2 

I 
I 
I 

48 

Reduced Speed Delay (Queue) I 
Maximum Queue Length = I 

Maximum No. of Queued Vehicles 

I Change in Traffic Density 

I 
I 

49 I 
Traffic Density (veh.lmi.) 

I • The number of vehicles on a 

mile of road. 
I --

• Computed by ... 

• Volume I Speed (vph/mph) 
I 
I 
I 

Module VI - 18 
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Change in Traffic Density 

[
- .. ---.--.-- ·-1 ,--::------.. --

wz Capacity l Demand at max. no. I 
at m_ax. no. queued veh. queued veh. ~ 

. --- .. ~ ~---

cQUeue VOlu~e~ 
Queue Speed Upstream Speed 

Change in Traffic Density 

Queue Volume -
Queue Speed 

Gv~ 

0- 1 
1 - 2 
2 - 3 
3 - 4 
4 - 5 
5 - 6 
6 - 7 4.4 
7 - 8 6.2 
8 - 9 5.7 
9 -10 5.1 
10-11 5.2 
11-12 5.6 

8 mph 

Upstream Volume 
Upstream Speed 

GvpE) 
55 mph 
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·Prorated based on portion of hour required 10 clear queue. 

Change in Traffic Density 

Queue Volume -
Queue Speed 

<@27V£B> 
(8 mph) 

Upstream Volume 
Upstream Speed 

~14V~ 
(55 mph) 

Change in Traffic Density 

Queue Volume - Upstream Volume 
Queue Speed Upstream Speed 

(3027 vph) (4314 vph) 

(8 mph) (55 mph) 

C€ 300 veh.l;;> 
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58 

Reduced Speed Delay (Queue) 

Maximum Queue Length = 
Maximum no. of Queued Vehicles 

Change in traffic density 

4,891 vehicles ~ 16.3 Milev 

300 vehicles/mile 

Reduced Speed Delay (Queue) 

Average Queue Length = 
Maximum Queue Length / 2 

= 16.3 Miles =<t2" 5 M~ 
2 

Reduced Speed Delay 
Queue 

Queue Length - Queue Length 

Queue Speed Upstream Speed 

<8.15 Mile§:> -<I.15 Miles'::> 

8 Mph 55 mph 

Module VI - 21 
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Reduced Speed Delay 
Queue 

Queue Length 

Queue· Speed 

- Queue Length 

Upstream Speed 

8.15 Miles 

8 Mph 
- 8.15 Miles 

55 mph 

1.02 Hours 0.15 Hours 

.. Delay / Vehicle =<[ 87 Hour0 

6. Assign VOC Cost Rates 

Sources: 
.NCHRP 133 Procedures for 

Estimating Highway User 
Costs, Air Pollution, and Noise 
Effects, 1972 

• Economic Analysis for 
Highways, Winfrey 1969 

Added Time & Veh. Running Cost 11000 Stops and 
Idling Costs (Aug 1996 values) 

. Added.Time (Htl1000 stops) Added Cost ($11000 Stops) 
Initial (Excludes Idlilill Time) (Excludes Idlin Cost) 

Speed Pass Single Comb. Pass Single Comb. 
i(mohl Cars UnitTrk Truck Cars UnitTrk Truck 

5 1.02 0.73 1.10 2.70 9.25 33.62 
10 1.51 1.47 2.27 8.83 20.72 77.49 
15 2.00 2.20 3.48 15.16 33.89 129.97 
20 2.49 2.93 4.76 21.74 48.40 190.06 
25 2.98 3.67 6.10 28.67 63.97 256.54 
30 3.46 4.40 7.56 36.10 80.23 328.21 
35 3.94 5.13 9.19 44.06 96.88 403.84 
40 4.42 5.87 11.09 52.70 113.97 482.21 
45 4.90 6.60 13.39 62.07 130.08 562.14 
50 5.37 7.33 16.37 72.31 145.96 642.41 
55 5.84 8.07 20.72 83.47 160.89 721.77 
60 6.31 8.80 27.94 95.70 178.98 798.99 
65 6.78 9.53 NA 109.02 195.84 NA 
70 7.25 NA NA 123.61 NA NA 
75 7.71 NA NA 139.53 NA NA 
80 8.17 NA NA 156.85 NA NA 

Idling Cost ($/ Veh·Hr.) 0.6927 0.7681 0.8248 
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55 mph _ 40 mph .. 55 mph 

Added Time (Hrl1000 Stops) Added Cost ($/1000 Stops) 
. (Excludes Idlin Cost)· Initial JE::}(Ch, Ms Irliino Ti_\ 

Speed Pass Single Comb. Pass Single Comb. 
(mph Cars UnitTrk Truck Cars Unit Trk Truck 

5 1.02 0.73 1.10 2.70 9.25 33.62 
10 1.51 1.47 2.27 8.83 20.72 77.49 
15 2.00 2.20 3.48 15.16 33.89 129.97 
20 2.49 2.93 4.76 21.74 48.40 190.06 
25 2.98 3.67 6.10 28.67 63.97 256.54 
30 3.46 4.40 7.56 36.10 80.23 328.21 
35 3.94 5.13 9.19 44.06 96.88 403.84 

45 4.90 6.60 13.39 62.07 130.08 562.14 
50 5.37 7.33 16.37 72.31 145.96 642.41 

60 6.31 8.80 27.94 95.70 178.98 798.99 
65 6.78 9.53 NA 109.02 195.84 NA 
70 7.25 NA NA 123.61 NA NA 
75 7.71 NA NA 139.53 NA NA 
80 8.17 NA NA 156.85 NA NA 

Idling Cost ($1 Veh-Hr.) 0.6927 0.7681 0.8248 

~e 
~i--'O"«\ 'Q 

Added Time & Veh. Running Cost / 1000 Stops and 
Idling Costs (Aug. 1996 values) 

Added Time (Hr/1000 Stops) Added Cost ($11000 Stops) 
Initial (Excl des Idlina Time) (Excludes Idlin Cost) 

Speed Pass Single Comb. Pass Single 
(moh) Cars UniUrk Truck Cars . UnitTrk 

55 5.84 8.07 20.72 83.47 160.89 
40 4.42 5.87 11.09 52.70 113.97 

55-40-55 1.42 2.20 9.63 30.77 46.92 

Note: 

Update tables to current year 
• Value of time 

• Overall current CPI to base year 
overall CPI 

.vae 
• Current year transportation 

component CPI to base year 
transportation component 

Module VI - 23 
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7. Assign Delay Cost Rates 

I 
I 

Value of Time 

Vehicle Class 
$ I Vehicle Hour 

Value i Range 

I 
Passenger Vehicles 11.58 j 10 - 13 
Single Unit Trucks 18.54 i 17 - 19 
Combination Trucks 22.31 i 21 - 24 
Aug. 1996 Dollars 

I 
I 

66 

8. Assign Traffic to Vehicle Classes I 
I Vehicle classification: 

• Passenger vehicles 

I 
• Personal 

• Commercial 

• Single unit trucks 

• Combination trucks I 
I 
I 67 

Vehicle No. 
Cost ComDonent Class Vehicles 

I 
I 

{O WZ Speed Change Delay Pass 428012 
(55-40·55) SU 25681 

Free I (475 569){%Class); Comb 21786 
6. WZ Speed Change vec Pass 428012 

Flow 
(55-40-55) SU 25681 
(475569)(%Class); Comb 21786 

0. WZ Reduced Speed Delay Pass 1 508537 
(Traverse WZ at 40 mph) SU 90512 
(1676152)(%Class); Comb 77103 

O. Queue Stopping Delay Pass 2553086 
(55·0-55) SU 153185 

I (2836 762)(%Class); Comb 130491 

I Forced 
0. Queue Stopping vec Pass 2553086 

(55-0·55) SU 153185 
fl 836 76W,Class}; Comb 130491 

Flow 0. Queue Added Travel Delay Pass 2553086 
(Traverse Queue at 8 mph) SU 153185 

ill 836 76W,Classt Comb 130491 
8. Queue Idle vec Pass 2,553,086 

I 
SU 153185 

(2,836,762)(%Class) Comb 130,491 

I 
Module VI - 24 
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68 

69 

9. Compute User Costs by 
Vehicle Class 

8WZ Reduced Speed Delay 
40 vs 55 mph 

OQueue Stopping Delay 
55 +.0 +.55 mph 

Vehicle 
Class 
Pass 
SU 

Comb 

No. 

Work Zone User Costs: Calculation Steps 

Added 
Time Cost Cost 

Total WZ User Cost = $33,826,855 
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72 

Queue Added Travel Time Delay 
8 vs 55 mph 

Added 
Vehicle No. Time Cost % of 
Class Vehicles (hpv) Factor Cost Total 
Pass 2,553,086 0.87 11.58 25,721,320 76.04 
SU 153,185 0.87 18.54 2,470,846 
Combo 130,491 0.87 22.31 2,532,792 

10. Determine Circuity 

• Detours - 31 cents per mile 
• Road closures 

• Self-imposed diversions 

• Driver type 

Driver Types 

• Hang Toughers 
.Time Shifters 

• Detourees 

• Trip Swappers 

.Trip Avoiders 

Module VI - 26 
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74 

75 

11. Compute Crash Cost 

Crash Cost = (Crash Rate) (Exposure) (Crash Cost) 
[units] [crash/100 M VMT] [VMT] 

Crash rate: Studies, MicroBENCOST 
Exposure: Traffic data 

[$/crash] 

Crash cost: MicroBENCOST defaults, Insurance, SHA 

Note: 
Crash rate and cost is determined by type of crash. 

Crash Costs 

• Commonly assumed that Crashes 
triple in work zone compared to 
normal operation of facility 

• Not much statistical data to 
support rule 

• WZ Crash rates? 

Crash Injury Rates Computed 
From 1995 Hiahwav Statistics 

Persons Injured per 100 Million VMT 

Rural Urban 
Non-Fatal 

Functional Class FatalitieE Iniurv Fatalities 
Non-Fatal 

Iniurv 
Interstate 1.0 25.0 0.6 74.3 

57.2 
208.8 
175.8 

Other Freeways 
Other Principal Arter 2.1 
Minor Arterial 2.8 
Major Collector 2.7 
Minor Collector 3.1 
Collectors 
Local 3.7 

55.8 
108.6 
100.8 
120.4 

224.8 

0.9 
1.6 
1.3 

2.0 
2.2 

172.4 
292.1 

Module VI - 27 
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77 

78 

Construction Costs and Safety Impacts of 
Work Zone Traffic Control Strategies 
Volume II Informational Guide 

"Construction Cost 
and Safety 
Impacts of Work 
Zone Traffic 
Control 
Strategies" 

Publication No. FHWA-RD-
89-210 (Dec. 1989) 

Constraints of Study 

• Single lane closure (SLC) versus 
two-lane two-way operation 
(TL TWO) Rural, 4-lane divided 
highways 

.ADT: 10,000 to 30,000 

.51 projects in 11 states 

.3 had traffic delays 

Primary Findings 

• Many variables influence WZ cost 
control strategy 

• No statistical difference in Crash rates 
for SLC vs. TL TWO 

• Fatal + injury Crashes had a signif. 
increase for both SLC and TL TWO 

• No significant accidents to construction 
workers 

Module VI - 28 

Demonstration Project No. 115 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

79 

80 

81 

Annual Crashes / mi / 10k ADT 
Single Lane Closure 

Before During Change 
Average 2.256 3.414 1.159 
StdDev 1.525 2.372 
Based on data from 26 projects. 

Average 
StdDev 

Two Lane Two Way Oper. 
Before During Change 
3.241 3.057 -0.184 
2.191 1.384 

Based on data from 22 projects. 

12. Sum Total Work Zone 
User Costs 

Delay & vac 
+ Circuity 
+ Crash 

Total User Costs 

Module VI - 29 
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WZ User Costs Steps 

I 1. Determine Capacity 

2. Calculate Directional Hourly Demand 

I 3. Identify User Cost Components 

4. Quantify Traffic Affected by Each 
Component 

I 5. Compute Reduced Speed Delay Times 

6. Assign vac Cost Rates 

I 
I 

83 

WZ User Costs Steps (Can't) I 
7. Assign Delay Cost Rates 

I 8. Assign Traffic to Vehicle Classes 

9. Compute User Costs by Vehicle Class 

10. Circuity I 11. Crash Costs 

12. Sum Total User Costs 

I 
I 

84 I 
I 

End Session I 
I 
I 
I 

Module VI - 30 

I 



I Basic Statistics 

I 1 

I 
I Basic Statistics 

I 
I 
I 
I 

2 

Session Overview 

I • Probability Concepts 

• Probability Distributions 

I 
• Measures of Central Tendency 

• Measures of Variability 

I 
• Interpreting Results 

I 
I 3 

Probability Concepts 

I • Probability is the likelihood of 

I an event occurring 

I 
.Probabilities sum to 100% 

I 
I 

Module VII - 1 

I 
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Two Same Birthdays 

P - 1 [ 365! ] 
. U365-n)! (365n~ 

n = number of people 

23 people ... P = 51 0
/0 

30 people ... P = 71 0/0 

Probability Development 

• Theoretical 
• Math 

• Empirical 
• Experience 

Variables 

• Discrete 
• Continuous 

Module VII - 2 
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Discrete 

• Countable 

• Examples - rolling dice 
- birthday 
- # of accidents 

DICE COMBINATIONS 
Dice 

1 
2 
3 
4 
5 
6 

Discrete Probability of Dice 

3% 6% 8% 11% 14% 17% 14% 11% 8% 6% 3% 

Module VII - 3 

Basic Statistics 
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11 

12 

Discrete Probability of Dice 

3% 6% 8% 11% 14% 17% 14% 11% 8% 6% 3% 

< •• 
<-

<-

Continuous 

• Uncountable 

17% 

67% 
83% 

100% 

•• > 

Probability Distributions 

• Common Varieties 

• Normal 
• Uniform 
• Triangular 

Module VII- 4 
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14 

15 

Normal Distribution 

• Bell shaped curve 
• Intelligence tests 

• Defined by mean and std. dey. 

Skewed Distribution 

Skewed Distribution 

~ , , - ' ' . ~ '" " . 
. - '. . 

Salaries 
Michael 
Jordan 

Module VII - 5 
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Uniform Distribution 

• Equal Chance I 
• Lottery Numbers 

I 
I 

NUMBER I 
I 

17 

Triangular Distribution I 
I • Defined by: 

• Min - Most Likely - Max 

• Handy for estimating 

I 
I 

Min Most Likely Max 

I 
18 I 

Histogram 

I 
I 

TOTAL OF 2 DICE I 
I 
I 
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19 

20 

21 

Basic Statistics 

Histogram with 0/0 

TOTAL OF 2 DICE 

100.10203[14.5.607.809010011.12.13.14.1 § 

Cumulative Ascending 
100% ,--~~~~~~~---== 

80% i-~~~~~~I-h 

60% i---~--= 

40%1-----

20% +-----~ 

0% +---------"=~ 
TOTAL OF 2 DICE 

Multiple Cumulative 

100% 

75% 

50% 

25% 

0% 

Module VII- 7 
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Measures of Central Tendency 

Median 

Mode Mean 

Mode 

• Point with the greatest 

frequency 

• Used for quick estimate 

• Identifies most common value 

• More than one possible 

Median 

• Equal number of variables on 

each side 

• Not sensitive to extreme 

values 
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I 25 

I 
Mean 

• Balance point of distribution 

I • Sensitive to all scores 

• Extreme values can effect 

I 
I 
I 
I 26 

Measures of Variability 

I • Range 
• Standard Deviation 

I • Coefficient of Variation 

I 
I 
I 27 

I 
Range 

.Difference between largest 

I and smallest measurement in 
a set 

I .In our dice example the range 
should be 12 - 2 = 10 

I 
I 

Module VII - 9 

I 
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Standard Deviation 

.Root Mean Square of I 
individual deviations from the 

I mean· 

.Sensitive to all values 
I 
I 
I 

29 

Formula I 
.Population I 
(j == -J"L (Xi - x/I n I .Sample 

s == -J "L (Xi - X )2 I (n - 1) I 
I 

30 I 
Rule of Thumb 

• Standard Deviation may be I 
estimated by dividing the I 
range by 4 to 6 

I 
I 
I 
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I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

31 

32 

33 

Basic Statistics 

Applications 

• 68% of data within ± 1 a 

• 96% within ± 2 a 
96% 

~ 68% 
:c 
cu 

V \-
.c 
~ 

Q. -- 2 s -1 s Mean +15 +2 S 

Means & Standard Deviations 

04 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

Coefficient of Variation 

• COV = Std. Dev.l Mean 
• Mean = 120 

• Std. Dev. = 30 

• COV = 25% 

• Use To Normalize Variation 

Module VII - 11 
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36 

Population - Set of all 
measurements of interest 

Sample - Subset of 
measurements selected from 
the population 

Random Sample 

• Each part of the population 

has an equal chance of being 

included in the sample 

Confidence Intervals 

• There is a 95% probability 

that the mean height of class 

members is between 63 and 

73 inches 

Module VII - 12 

Demonstration Project No. 115 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I Basic Statistics 
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Difference Between Means 

I 
• Significance levels 

I • Statistical versus practical 

significance 

I 
I 
I 
I 

38 

Interpreting Results 

I • Percentiles 

• Distributions 

I • Overlapping 

• Cumulative 

I 
I 
I 39 

Overlapping Normals 

I 
~ I I . 
/ 
I 

I I 
~. 

-5 10 15 

I 
I 

Module VII - 13 
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Overlapping Cumulative 

100% 

80% 

~60% 
:c 
~ 40% 

e 
D.. 20% 

0% 

Correlation 

• How well does a regression 

equation describe the data 

• R2 = 1.0 Perfect 

• R2 = 0.0 None 

• Percentage of variation 

described by equation 

Interpreting R 

.R>O 
• Positive correlation 

• R<O 
• Negative correlation 

Module VII - 14 
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I 
I End Session 

I 
I 
I 
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I 
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Risk Analysis Approach 

I 1 

I 
I 
I 
I 
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I 

2 

Session Overview 

I • Deterministic Approach 

• Sources of Variability 

I 
• Risk Analysis Approach 

• Applications 

I 
• Advantages/Disadvantages 

I 
I 3 

I 
Deterministic Approach 
• Select discrete point values 

I 
• Initial cost 

• Future cost 
• Timing of future cost 

I 
• Value of time 

• Discount rate 

• Compute discrete alternative NPV 

I 
I 

Module VIII - 1 

I 
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Deterministic Approach 

$ 29.4 M $ 26 M 

NPV = Initial Cost + 

Future Cost x ~1: i)J 
$9M ~ '\ 

5% 20 yrs 

Thar's an entire 

range of possible 

values to use! 

Minimum 

20 
III 

We didn't account 

for the variability of 
the inputs! 

Initial Cost 
Average Maximum 

26 34 
~ 

Range 

Module VIII - 2 
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As a matter of fact 
thac's a whole 

Initial Cost 
Minimum Average Maximum 

20 26 34 .. 

Sources of Variability 
Assumptions and estimates in ... 

+Agency Costs 
• initial, rehab. construction, and 

maintenance activities --->materials, 
labor, overhead 

+User Costs 
• Daily delay (traffic --> initial & growth 

rate, daily distribution), construction 
work days, value of time, ... 

• 

Sources of Variability Con't 
+Discount Rate 

.. Performance 

.Environment, traffic loading, 
subgrade properties, materials 
design and construction ... 

Module VIII - 3 

Risk Analysis Approach 
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With all this uncertainty how do I know 
that my answer is correct? 

;------' 

Introducin 

A Risk Analysis Approach 

Module VIII - 4 
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14 

15 

Risk Analysis ... 

• Exposes areas of uncertainty 

• Provides an opportunity to take 
mitigating action to reduce risk exposure 

• Provides those vested with appropriate 
authority the opportunity to make 
decisions about risk taking 

What is Risk? 

.Chance 

• Uncertainty 
• Deviation from the expected 

• Possibility of loss or gain 

Risk ... 
• Subjective 

• Intuitively deciding how risky a situation is. 

• Example: Driving vs. Flying 

• Objective 

~ 
~ 

• Quantitatively determining risks 

.1996 Fatalities: 1070 Aviation 40676 Highways 

Module VIII - 5 
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17 

18 

Probability Distributions 

Mean 

11 .. _ --- Range ---+1.1 
o Range of Outcomes 

Probability Distributions 

6 Likelihood of Occurrence 

Probability and Risk 

~ 
C 
Q) 
::l 
0-
~ 

LL 

-+ Low Risk +-
1\ 

More Certain 
. of Outcome 

V 
) ,\ 

Project Cost ($) 

Module VIII - 6 
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20 

21 

Probability and Risk 

~ :.-
c: Opportunity 

~ for Low Cost 

C'" 
Q) 
'-

Risk of High 

Cost 

~ ~--~====~====~---
! Project Cost ($) 

Five Step Approach to Risk 
Analysis 
o Identify structure and logic of problem 

@ Quantify assumptions wi probabilistic 
descriptions of uncertain variables 

e Simulate problem to obtain results 

o Analyze and interpret results 

o Make consensus decision 

1. Identify Structure and Logic 
of Problem 

NPV = Initial Cost + 

t,Future Cost k X b1: i)n~ 
i = discount rate 

n = year of expenditure 

Module VIII - 7 
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2. Quantify Assumptions Using 
Probability 

• Identify variables to include 

• Describe uncertainty 

Variables to Include ... 

• Agency costs 

• User costs 

• Timing of costs 

• Discount rate 

Agency Costs 
• Preliminary engineering 

• Construction management 

• Construction costs 

• Maintenance costs 

Module VIII - 8 
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27 

User Costs 
_ Current traffic _ Work zone hours of 
_ Future traffic operation 

_ Hourly demand - Work zone duration 

_ Vehicle distributions - Work zone activity 
_ Dollar value of delay years 

time - Accident rates 
_ Work zone 

configuration 

Timing of Costs 
• Pavement performance 

cc 
Q) 0 

~ i@ Terminal Serviceability Index : RSL 
> C • 
CO 0 --------------------------------------:------
~U • 

~t t . 
~l:;o(===============::::::;.;.~~saIVage 

Analysis Period Value 

Discount Rate 

NPV = Initial Cost + 

IFuture Cost x ~1 : j)oJ 

~ 

Module VIII - 9 
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29 

30 

Describe Uncertainty 

• Objective Method 

• Subjective Method 

Objective Method 

• Historical data 
.SAMS 

• PMS 
• Research studies 

• Other 
• Statistical analysis software 

• BestFit, ... 

Objective Method - Ideal 

~ 

~ 
is 
co 
.0 e 

Performance 

~~--~------------~~---
Range 
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31 

32 

33 

Subjective Method 

• Interviews 

• Group discussion 
• Facilitated 

• Consensus 

Building 

• Surveys 

Subjective Method 

Most Likely 

Expert Opinion 

3. Simulate Problem to Obtain 
Results 

Monte Carlo Simulation ... 

• Values are randomly selected from input 
probability distributions 

.Each randomly selected set is used to 
determine an outcome 

.Combination of all outcomes form a 
probability distribution of results 

Module VIII - 11 

Risk Analysis Approach 
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35 

36 

Monte Carlo Simulation 

• Rigorous extension of ... 

• best case 

• most likely 

• worst case 

• Use empirical or theoretical 
equations 

• Calculation intensive 

Monte Carlo Simulation 

Inputs Results 

~ ~ M 

~~ 
0 

Q D Q 
E Net Present 

L Value 

% ~ 

NPV = Initial Cost + 

LFuture Cost x [ 1 J 
[1 + i)j 

..-.-___ ..,J 
V 

Uncertain In"puts 
.L::::...L::::.. ~ 

fR$sults = f(lnitial Rehab Year ) 
" . . ., .. Cost Cost Rehab 
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I 
I Calculated Results 

normal(avg, std) 

Q; 

I 
-" 
E 
::J 
Z 

I E 
0 

"C 
c: 
co 
cr: 

I Y, 
Sampled input values 

I 
I 

38 

I 
"Results" "Rehab Cost" 

I 
normal(avg, std) 

Q; 

I 
-" 
E 
::J 
Z 

I 
E 
0 

"C 
c: 
co cr: 

I 

Sampled input values 

I 
I 39 

I Rehab Cost 

~ 
0.8 

I :0 0.7 
co 

0.6 
65 

.0 57 e 
0.. 0.5 

48 
CD 0.4 > .41 

I 
~ 0.3 :; 
E 0.2 
::l u 0.1 

0.0 

I Values Sampled from Input Distribution 

I 
Module VIII - 13 
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Latin Hypercube 
1.0 r------------::"...."",~ 

~ rv II 0.8 ~ 
~ f---@-2-c, --~-,f 1 } Random Number 

ct 0.6 Between 0 and 1 

o 
Q) 

~OA @ 
:i 

~02 @ 
0,0 

Values Sampled from Input Distribution 

Combine Variability of Inputs to Generate 
Probability Distribution of Results 

NPV = Initial Cost + 

L Future ~ost x 51 : j)]:' 
A.-~ I 

.A: 

4. Analyze and Interpret Results 

75th Percentile 

ndard Deviation 

Minimum 
Mean Maximum 

90th Percentile 
Cumulative 
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43 

44 

45 

How do I interpret 
these results? 

Risk Analysis Results 

Probabilistic results provide ... 

o Distribution of "complete" range 
of outcomes 

8 Probability of occurrence 

Most Likely 

Range 

.. Complete Range of Outcomes 

.. Likelihood of Occurrence 

Module VIII - 15 

Risk Analysis Approach 
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47 
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Presenting Results: Histogram 

s=5 

160/0 

18 23 28 

Presenting Results: Cumulative 

100% 

80% 

g 60% 

:g 40% 
..c 
e Il.. 20% 

0% 

[84%1 /' 

150"10 I / 
[16%J / 

/! 
18 23 28 

Project Cost, $ Millions 

Examples 
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49 

50 

51 

Risk Analysis Approach 

Agency NPV 

6 8 10 7 9 11 

Which alternative do you select? 

Agency NPV 
S8 = 1/2 SA 

6 8 10 7 8 9 

Which alternative do you select? 

Agency NPV 

9 10 11 9 10 11 

Which outcome has greater risk? 

Module VIII- 17 
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53 

54 

Agency NPV 

.......... 

Agency NPV 

// ............. ~~ 
.: "0. 

:' ........ 

". 
' . . ...... . 

~)/ ........ \ 

........ 
.' .. ' 

example. 
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56 

57 

Agency NPV 
Frequency 
30% .... 11 .... L'I.=$1Miliion 

20% ...... ·A 

-B 
10% 

22 23 $ Millions 

100 %.-,-----------~~~~=j 
...... 

........ 

80 % 

~ 60% ~!0 / 
D ~~------~ 
co -g 40 % 
L-a.. 

20% 

22 23 

100 %.-,------------::;:;=:::::;~~=j 

80%~~--------_W 

g 60% 
:0 

~~ 
co -g 40 % 
L-

a.. 
20% 

............ Project Cost 
($ Million) O%~--~-=~--L---~~~ 

24.4 

Module VIII - 19 
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59 

60 

r
--··········_···_···················_·_-
Agency NPV 

100%.,-----------------~~~==~ 

£' 60% 
:0 
ro .g 40 % 
'-a.. 

20% 
Project Cost 

O%~ __ ~~~ ______ ~L_ __ ~($~M~ill~iOn~) 

25.6 26.5 

x Agency NPV 
30

1 A ~ 25 
ffi 20 I ~~ ............... . 

5 •••••• ". 
O~--~I •• ~··~~----~~··.~ •• -----

$ Millions 

······A-B 
A B 

Mean 22 23 
s 3.5 2.0 
Min 8.5 15 
Max 36 32 

... $ 3.2 million 

95 to 100 ... $ 2.8 million 
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I 
I 
I 
I 
I 
I 

Regression Sensitivity 
(Tornado GraQhsl 

Agency Net Present Value 

~---~=::;r:;;::;-;:;;:;-;;:::;;,;;;:;:~I 0.8 -0.38 1 Agency Cost Initial Construction 

Performance Initial Constr. 1 0.35 

_0.301,------1 Agency Cost Rehab Construction 

Discount Rate 

-0.19 1'---__ 4 
Performance I Rehabs. 

--------------'-----.. _-------

Regression Coefficient 

Regression Sensitivity 
(Tornado Graphs) 

Total Net Present Value 

---~-r.~;;;:;-;;::;;;;:~~:;:;;:::--,I 0.8 
-0.381 User Cost Rehab Construction 

Perform~a:::nce::::-;:ln;;;:itia~1 c;::::o=ns::tr·1-----1 0.35 

_0.301c------I Agency Cost Rehab Construction 

Discount Rate 

-0.19 1'-----4 
Performance I Rehabs. 

Regression Coefficient 

Scenario Analysis 
• Examine changes in policy 

variables 
• Example: 

• Closing down a lane of traffic 
versus 

• Keeping traffic lane open 

• Develop better alternatives 

Module VIII - 21 

Risk Analysis Approach 
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64 

65 

66 

5. Make Consensus Decision 

• Decisions about ... 

... Strategic Planning 

... Resource Allocation 

... Timing of Investments 

Risk Analysis Approach 
(Review) 

o Identify structure and logic of problem 

f} Quantify assumptions wi probabilistic 
descriptions of uncertain variables 

f) Simulate problem to obtain results 

o Analyze and interpret results 

o Make consensus decision 

Applications 

• Investment & new product 
analysis 

Q 

New Drug Research 
American Siock Exchange 
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I 67 

Applications 
I • Investment & new product 

I 
analysis 

• Capital ,"-;. 

I 
budgeting 

''; 

I 
I 
I 

68 

Applications 

I • Investment & new product 
analysis 

I 
• Capital budgetin 

• Performance 

I 
specifications 

I 
I 69 

Applications 
I • Investment & new product 

I 
analysis 

• Capital budgeting 

I 
• Performance 

specifications 

I 
• Quality control 

I 
Module VIII - 23 
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71 

72 

Applications 

• Investment & new product 
analysis 

• Capita'l budgeting 

• Performance specifications 

• Quality control 

• Traffic flow analysis. 

Applications 

• Investment & new product 
analysis Performance 

• Capital budgeting ~~tabase 

• Perf. spec. & quality control 

• Traffic flow analysis 

• Engineering design 

Example: Flexible Pavement Design 

10€l)zR X So + 9.36 x 10@l -0.2 

"'PSI 109,0 ---------------
4.2 -1.5 

+-------
1094 

OAO ~~~;~19 

+ 2.32 x 10~.07 
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I 73 

I 
Disadvantages 

• Computer intensive 

I 
.Proprietary software 
.Complex models 

• Requires some statistical 

I background 
~ 

• Requires "buy-in" of risk 

I 
management by senior 
executives 

I 
I 

74 
This won't work! 

You've got to have 

I data to develop those 
distributions. 

I 
I 
I 

75 

I Its easier to estimate a 

"range" than a single 

I 
I 
I 
I 
I 

Module VIII - 25 

I 
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Advantages 
I • Quantify risk 

• Provide decision maker the 

I opportunity to take mitigating action 

• Justify budget requests, pavement 
structural designs, ... I • Scenario analysis to create better 
alternatives 

I 
I 

77 

I Advantages Con't 

• Elevates the LCCA debate ... I • From validity of results 
• To what is "our" best policy 

I 
I 
I 

78 

Additional Resources I 
I 
I 
I 
I 
I 

Module VIII - 26 
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80 

81 

DP 115 Web Site 
'~'i"_:_ii.wa'tt!Wilni hl@."a:fti. 1BJti 
;J~ i~~~~_F~~~ __________ ._ ~ 

~hjtJ:l:I!wv;~end:com/.cJpJ~ -~!:: 
Probabilistic Life Cycle Cost AnalysIs In Pavement DesIgn 

Demonstration Project No. 115 

Welcome to the Federal Highway Administration's 
Demonstration Projeet No. 115 web site. This project Is a 
technology transfer effort that provides technical guidance in 
the conduct of life cycle cost analysis in pavement design and 
Introduces a probabilistic approach In the treatment of uncertaln 
data inputs. Foltowthe links below for more infomation. 

~ Alt.A 

Project Cost S Millions 

• Developer's .. Useful 
~ Links 

End Session 

Module VIII - 27 
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1 

2 

3 

-

[] 
F 
H !! :\ Software 

Demonstration 

W - A 

/i iQ\ -

Session Overview 

Part 1 

.Adding Uncertainty to Models 

Part 2 

• Running a Risk Analysis 

.@Risk Results 

~(,Vo~'f1NI~ttr-1>dt~.~~ 
A! .... tJ01P,.,etv,I'Je 

A I B C 0 
1 INet Preset Value I 
2 Discounted 

3 ITEM Year Cost Cost 
4 Initial Construction 0 $ 120.0 $ 120.0 

5 Rehab 30 $ 30.0 $ 12.4 

6 Salvage 35 $ (15.0) $ (5.3) 

7 Net Present Value $ 127.0 

8 
9 Assumptions: 
10 Discount Rate 3% 

11 Initial Life 30 Years 

12 Rehab Life 10 Years 
.:~~.1:\"""<llj?~rl~I " ········L'J - "" 

Module IX - 1 

. 
..JoJ. 

P 

,Jr 

Software Demonstration 
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6 

~'~~~;~~::rB---c--'::~=~l 
i ITEM Year Cost CO:t~~~J ... ~·-t.>:""-~' -~-.-~~~:::::"'::"';:~ 
'" Inrtlal Construction 0 $ 120 0 $ . ._- A B - C 0 
5 Rehab c:::::J 25 $ 30 0 $ 1 Net Preset Value 

6 Salvage 35 $ (100) $ I' 
I Net Present Value !Ii -3 ITEM 

Discounted 
Year Cost Cost 

• 9 Assumptions: 
"10 Discount Rale 
111nillallife 

..IC 1200 $ 1200 

~'11;Nelipres~::~,'"~e fr.~·~· .c~=o~~'I~O: 113 
,,~.J Discounted :; Value $ 131.3 

.. ~~ •. ~~~~ .. ~~ ........ 3 ITEM Year '!i!!C0i!!l!:" ~C~o,,!!,!,""_,~ ___ ~ 

!~...... ·········1: ~~~~bcDruc'ion ;5 '~.~'~~JL::;j~~.~ !-··B'"-··--···C··-·········-····ii·--···~~ 
I ~ Salvage Net ;;esl ~ Net Preset Value Discounted 

i 8 3 "ITEM Year Cost Cost 

[

9 Assumptions: 4 Initial Construchon a $ 120 a $ 120 0 
J~ DlscountRate 3% $, RehabD 30 $ 300 $ 12.4 
11 InltlalUfe 25 ~ -e .Salvage 35 S (150) $ (53) 
12 Rehab life 12' 7 Net Present Value $ 1270 
,~ e 

a Assumptions: 
1(} DtScountRate 3% 
11,Inlliallife 30 Years 
12 ~Rehab life 10 Years 
~-'''''"_'_l'''''( .1(-
~ "" 

NPV = $132 NPV = $150 NPV = $97 NPV = 123 
NPV = $76 NPV = $200 NPV = $156 NPV = 
$148 NPV = $45 NPV = $187 NPV = ($156) 

NPV = $~RR NQ1L.;.SQfLhlP\l- CI:-=t.1 f\II='V = $165 
NPV = l p NPV = 

$129 NPi HI' ~7 NPV= 
$27 NP~ e p 175 NPV 

= $141 • = ($94) 
NPV = ~) NPV = 
$190 NP= $167 NPV - $10 NI-'V - ~ 132 NPV 
= $88 NPV = $98 NPV = $44 NPV = $22 NPV = 
~N~=~N~=~N~=mN~= 

$50 NPV = $65 NPV =$90 

Solution: Modeling Uncertainty 
with Probabilitv 

@Risk works with Excel or Lotus 

• How to add risk analysis to 
spreadsheet models 

• How to use built-in @Risk functions 
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Software Demonstration 

x 

,ii~~c .. ~ ....... _ .. ____ ...... ~~._.~L_._"! .. __ ._. ___ Q._~_~ ___ rL. ___ J---,-_E=--_~-L"m~~""._.F. .. _ ... :;J 

f.~! .Net Present Value 
'. [29 1 

• . 'fl 
1 30 i ' Altemative""A Sarftle$ 

.·.t-~l! 
5.0 5.0 5.0 5.0 

$ 4,375,000 $ 4,375,000 $4,375,000 $ 4,375,OC 

.!l 1.39 i Initial 
IA{)! Year »> 0 
1~1i Agency Costs (Constant $) $17,500,000 
r,42 : Present Worth Factor 1.0000 
14;31 Agency Cost (Present Worth) $17,500,000 
144 .. 1 Total NPV A enc Cost $22,486,723 

I;~~i 
1471 ····1 14~1 
L491 
/ill] 

)!JJ 
~lL!lJ '!~L~~J~~f--·· 
Ready 

Rehab 
20 

$ 4,375,000 
0.4564 

$ 1,996,693 

Adding Variability to Spreadsheet 
Models 

• Identify uncertain variables 

Module IX - 3 

Rehab 
25 

$ 4,375,000 
0.3751 

$ 1,641,136 

Rehab 
30 

$4,375,000 
0.3083 

$1,348,894 

35 
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HiiM¥!lji.·j!i'M'.I' 
'I~E'o ~ __ """"_"""" IQtjs Q.i. _ t!oIp 

I~~;i;;i: :LfEiITl - -----------------------'----
ES2 'II!" /:: 

2L!J_;A, B 

- 27: .Net Present Value 
28! 

L29i 
30 ! 

20.0 
7,500,000 

4 

o 

Alternative A Sam les 
5.0 5.0 5.0 

$ 4,375,000 $ 4,375,000 $4,375,000 

Rehab Rehab Rehab 
20 25 30 

$ 4,375,000 $ 4,375,000 $4,375,000 
0.4564 0_3751 0.3083 

$ 1,996,693 $ 1,641,136 $1,348,894 

5.0 
$ 4,375,OC 

35 

-------------~~------------

What are the 
Uncertain Variables? 

~l 

-!lr 
N&i' -14: 

Adding Variability to Spreadsheet 
Models 

• Identify uncertain variables 
• Describe uncertain variables as 

probability distributions 
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12 

13 

Adding Variability to Spreadsheet 
Models 

• Identify uncertain variables 

• Describe uncertain variables as 
probability distributions 

.@Risk provides over 30 
built-in probability functions 

@Risk Probability Functions 

Beta Gamma Normal 

Binomial Geometric Pareto 

Chi-Square General Poisson 

Cumulative Histogram Truncated Exponential 

Dependent Hypergeometric Truncated Lognormal 

Discrete Independent Truncated Normal 

Discrete Uniform Logistic Triangle 

Error Function Lognormal Trigen 

Erlang Lognormal2 Uniform 

Exponential Negative Binomial Wei bull 

Functions are Similar to Excel 

=RiskNormal(A 1 ,A2) 

=RiskNormal(3500*B7,C12/3000) 

=RiskNormal(RiskLognormal(A 1 ,A2),RiskUniform( 1 ,5)) 

=If (G7>O,RiskNormal(3500,300),RiskNormal(3500,300*G8)) 

Module IX - 5 

Software Demonstration 
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15 

MICIO:ooft Ellcel SoflwaieDemo3 xis '1m 
'i~ 1lI&f.",jJew . !"""t """" 10ds 1«"- \'i<d>w !lei> 

·i~~'6.,'t.:i" f"! 

Analysis Period 

Variable 

Discount Rate (%) 

Construction Costs 

:Initial 

:Rehab 
i Performance (yrs) 

Initial 
)Rehab 

L~Q 
121. ' 
122 

t! 
~;, 4 ) ~1.~i\~.~.~.i.~b.!e5j 

35 

Lower 
Estimate 

3 

$ 15,000,000 
$ 3,750,000 

16 
4 

il'!!J r.io ~dt :;;.. Insert ~l\!J1I<lt 10015 Qat. \'i<d>w tfoJp 

F G 

years 

.Risk Analysis Input Parameters 
Upper Lower Upper Standard Distibution 

Mean Estimate Percentile Percentile Deviation Type 

4 5 0 100 Trigen 

$ 17,500,000 $ 20,000,000 $1,250,000 Normal 

$ 4,375,000 $ 5,000,000 $ 312,500 Normal 

20 24 0 100 Tngen 

5 6 0 100 Tngen 

Pavement Life 
i!~~:4.;t..:1 ...:r w

._., •• • ••• 

•. ;RlSk Tngen(IBI16,ICI16 ,IDI16,IEI16,IF$16) §'/\ ~ 0% 100% e 
0.. 

4 5 6 

5.0 
$ 4,375,OC 

Initial Rehab Rehab Rehab 
0 20 25 30 35 

,f! 39 i -4'0 +-, --------:cy-,-e-a-r->->->r------'.=c-'-'----------''-'::c::''''---'----'-'-'='=='-----'c:.=='------

,·41.1 Agency Costs (Constant $) 
! 421 Present Worth Factor 

··f431 Agency Cost (Present Worth) 
i 44 j Total NPV A enc Cost 
[451 
·46[ 
.. I 

,47\ 
48 
f4~ 

$17,500,000 $ 4,375,000 
1.0000 0.4564 

$17,500,000 $ 1,996,693 
$22,486,723 

Module IX - 6 
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0.3751 0.3083 

$ 1,641,136 $1,348,894 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

16 

17 

Software Demonstration 

• MICIOSOft Excel SoftwareDemo3 xis 

Altern 
5.0 

,375,000 $ 4,375,000 $4,375,000 $ 4,375,OC 

Year »> 

Agency Costs (Constant $) 
Present Worth Factor 

A:~-l Agency Cost (Present Worth) 
: 44 i Total NPV A enc Cost 
r4S ! 
,461 
'4I1 
,4~1 
j 491 
: 50! 
" I 51 ! 

Initial 
o 

$17,500,000 
1.0000 

$17,500,000 
$22,486,723 

Rehab 
20 

$ 4,375,000 
0.4564 

$ 1,996,693 

Rehab Rehab 
25 30 35 

$ 4,375,000 $4,375,000 
0.3751 0.3083 

$ 1,641,136 $1,348,894 

~. ··5i-la'i.able'J---·--·-~-· -----l!JJ .tI.1 
r--i---·-·----·· -----·····OOM·-. -1-,-

I· , 

1~:r~~~~~~~Bc=~~j£ 110' :.0 

.Net Present Value .2 

Altern 

2 
0... 

Pavement Life'r-=-:-==:=::=-=-. 5.0 
p.:..:..=~=-=-, $ 4,375,000 $ 4,375,000 $4,375,000 $ 4,375,OC 

Rehab Rehab Rehab 

L~11 Age How Do I Know ''-2) 
431 Agenc 

: 44 To 
'45. 

!tfl Its a Normal 
Distribution? 

Module IX - 7 
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@Risk Probability Functions 

Normal 

Binomial ,---_-'G""e~o!'_'m"'et!.!.>ric'__ __ ....!.P~a!_"re""to~_, 
Beta Gamma 

Chi-Sqw Wh· h 0 
Cumulati len e ponential 
Depende bgnormal 

Discrete Should I Use?prmal 
Discrete L.,----,------,------=-c----' 
Error Function Lognormal Trigen 
Erlang Lognormal2 Uniform 
Exponential Negative Binomial Wei bull 

@Risk & 8estFit ~ 
• Based on historical data input 

distribution models are developed 
using BestFit 

• BestFit automatically determines the 
"bestfit" probability distribution 

• Distribution model is "copied" directly 
into @RisklExcel spreadsheet 

Module IX - 8 
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Software Demonstration 

M.closoll Excel Book2 I!Im x 

~" it) ~Io .<It wow __ Framat l"""\tata W'- ... tfeJp 

'I~~"'~_~J..~_LI .. .. . 
lI5 .. ;t 

hhcnlSofl Excel Book2 

9i 
-Jer1 
J11 
,:!2i .. I 
131 
';~-I 
_::::..l 
151 

-161 
17 
is 
19 
20 
21 
22 
2$ 
24 
26 
26 
21 
2S 
29 
30 
31 
32 
33 

E G 

Initial 
Construction Cost 

(800 Data Points) 

E 

$17,198,550 
$17,965,810 
$16,680,000 
$19,735,680 
$18,220,640 
$16,185,740 
$18,382,410 
$18,440,340 
$17,798,450 
$19,684,570 
$18,611,350 
$16,672,960 
$15,027,500 
$18,265,450 
$16,505,630 
$17,030,450 
,t 1~ 77.':1. Ai,;,rL . 

Initial 
Construction Cost 

(800 Data Points) 

J.!J 

A~f~'U\5h_e~t.!~:L~T·-···············--·--·-····-····· .. _._ ... u,,_%g.'~n .......... _ .......... _ .... HJ 

Module IX - 9 

K L 

_J ________ K ..... _.L. L .... J .... 
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22 

23 

;l~ Elle 'Edt ¥i!WJ Insert FQr'IMt: 100/$ Qata ~ ~ 
:i~ ~ on l.!OOoBoId Ctrl,Z .. . . 

"' f"~) : <" ~'> > ' .~85:::;5,,:O :::---..,.--;:::----"---,---,,,----;----,--;-----;----;-;---;--:----,.--:-;::::1 
.J(,C<t COl+< 0 E F G H K L 

10 ; 
11 

12 : 

13 ' 
I 

14 
15 
T6~ 
17 
19 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2S 
2& 
30 
31 
32 
33 

'lll .... 
@'e"5t~ orl+lf 

paste$peoal." 

-Clest 
Q.eIet. •.• 

Move or copy Sheet ... 

"EM... COI+F 

R!;!Place". ctti+H 
~To... Cb1+G 

Initial 
Construction Cost 

(800 Data Points) 

~~t~ ~.JN;.h~~tJ.l~Ije'e·~(X~j ............................................... "'~"Q 

:.ilijMimuoft PowerPoiti! , J~ MiCTO&oft EKeel - ._ 

hhcrosoft Excel Baok2 

riiiI My Briefcase 1!!l1ilE3 

1l ~ ~ .. f) rY 
CorelDRAWI Microsoft Excel MIcrosoft Microsoft Microsoft Word 

Outlook PowerPoinf 

iI ii1 M ~ II ,I' 

MS·DOS Prompt PrecisionTree Remote \Nindows WmZip 6.3 32·b,t 
for Excel {32·bit} Applieall Explorer 

[i] ~ M 
GroupWise (2) InForms Filler Malhcad 7 

Module IX - 10 
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Software Demonstration 

24 ............................ ~~ 

25 

Module IX - 11 
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27 Be.IF" I!lIilEi I 
I 
I 
I 
I 
I 
I 
I 
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I Preview • 
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I 
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I 
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30 

31 

Be.sfFrl 1lI1iJ£I 

Rank/Oisttibooon: 

, Normal 
Dioploy: 
r. ~pa!iwrt 
f; Qiffelence 

('E'P 
('.g·a 
Rank 0,: 
Ie Chi2,quate 

(' t-ST." 

-ax 
.,. fie Ed!! !npUl E~u!e liraph 2latisticS" ~I'ldow Help ___ ..d.!fI2:Sf 

nl~:I~I~1 J: j 4' ''''111111' IID'JiSt! /'" ~ ~ I Open Save P/;nt'jAuloF,!",,,,,dIRe,uft.!S,a. H;", I~ I, .... ,,;.! r·N I( 175M 125M) 
RankID.d.ibulion £N.Squa.. I, 0 rm a . ,. • 
-:: Gamma 4205913 0010 . 

3 Lognorm 7 946169 ~. """1~ __ ~0;20;.;' 5f62~5F."'''''''1''''''1':==;;::=::;;:Z:!'!!!!;=:;;''''''1'''''''_''F.''C''''_:;/1 4 Lognorm2 7946169..I!: 0015625 

f nput Did~ibulion Nonnal Gamma lo(ltKmn loono".2 tttVet$~a\iuian 0 ... 
Par~le,l 1750053e+7 194655873 1750075e+7 16675171 1750053e+7 :~~;:;~ ,-Patametel2 ,251136",+6 B990497e+4 1253617e+6 0071882 337810ge+9 

P<lfamele,3 
Forau,da Normal 1 75e+7J 25e+6 Gamma(l 95e+2 8 9ge-+-- Lognormll 75e+71.26e- lngnorm2(16 68 71ge 2 InverseGauSSIo:m(l 7Se+ Beta(482j 
NinilRUCR 13509('+/ 134'2.S47e 
N~.imuln 217408510+7 2176438tE 
Mean 1750053",+7 17500530:'+7 1 75005,"' 

, 
1 750075e+7 1750075e+7 1750053e+7 1750053,: 

Mode 17::'1333",+7 17'10053",+7 1 741053e+7 1736564",+ 506e+7 1 746918~ 
MediaR 1749855",+7 1750053e+7 , 747057e+7 1 749185~ 
Stand",d OC'Iiatioo 1.:'511351;'+5 1251135e+b 1 ::5~ 345e+1; 1 2~,1136~ 
Variance 156534'.:-+':: 1555341e+12 1573385e+12 Cut and Paste the 15653410i 
Skewncu 001(1235 00 014335 0(133318 : 
Kurtoris. .:''387764 30 3030824 2553302 : 

H~.t~am HIAtogr-sfI,11350'3e+7) "Best" Result Minimum 1350312'+7 1350'3e+7 1350ge+7 1 350'3e+t 
N4Xillium 2174085e+7 2174085e+7 2174085e+7 2174085J 
Pl 50 3502179 2322685 185007 0495232 ! 
P2 19(1 18533158 16650762 15713029 15713029 15716668 ~: ~~:;~~ P3 650 6361437 65206776 66011069 66011069 66114978 
P4 1420 141630145 14847077 151915063 151915063 151980428 14702752 
P5 2010 204527087 20728631 208354558 208354558 208238023 19227451 
PI; 18'30 191575792 185752819 182676196 182676196 182581353 18115368 
P7 1180 116392525 111.15511 108590269 108590269 108624001 1223504j 
PO 47(1 4586741 41) 977142 45995999 45995999 46042033 5345442i 
PO 130 11724059 13549369 14482022 14482022 14485136 10 83554S 
PlO 30 1943777 2921823 3514174 3514174 350156 02088261 

«Ias'M 100 
Interval \¥Jdlh 82318510'+5 
Ae,utI, 
o.;·Squam 

.ITrtV.al .... _ .1 S.~1Il4n .4?1l'i9B. ............. . ..794£;1);9. ..l~4fi16~ .......... a05Q412. ...... .... R.1 . .8,'lfll~r 

If 
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Software Demonstration 

X Mlcro,oft Exccl SoflwareDemo3 xis I!Il!1EJ 

27 .Net Present Value 
28 
29 

F 

Here. 
, 30 ___ ::-----_.,..,.-+-__ Alf:~(native A Samples 

31 Pavement Life 20.0 5.0 5.0 5.0 5.0 
RJ Construction Cost $17.500000! $ 4,375,000 $ 4,375,000 $4,375,000 $ 4.375,OC 

33 Discount Rate, (%) 4 
.; 39 Initial Rehab Rehab Rehab 

.------.~--

Year»> 0 20 25 30 35 
-~---------~ 

Agency Costs (Constant $) $17.500,000 $ 4.375,000 $ 4,375,000 $4,375,000 
Present Worth Factor 1.0000 0.4564 0.3751 0.3083 

Agency Cost (Present Worth) $17,500,000 $ 1,996,693 $ 1,641,136 $1,348,894 

40 
41 
42 
43 
44 
45~' --~~~~~~~~~~~~--------------------------------~ 

Total NPV A enc Cost $22,486,723 

46 
47 

,48 
49 
50 
51 
52 

If:'~ ~;.-t~i\ Vari.abl~!i ['.~ A~ 

Select destination and press ENTER or choose Paste 

X Microsoft Excel SoflwaieDemo3 xis 1!!I[!ijE! 

832 

'i,'1 F 

27 
28 
29 =RiskNormal(17.5M,1.25M) 

r-----'::::.......~ 

30 S 
31 ~------~pp.a~vBiem~e;n~tULi~f~~~~~~~~~~~~~~~3Q~~~~5.~0~ RJ Construction Co $ 4,375,OC 
33 Discount Rate, (%cl'liIiiiiiii~~j"iiI~ 

.+i39-'-----------'==::...:..:='--'-'.:::L.L---:-,-:.---,---- -----=R-e-ha-,-b-------=R-eh:-a-,-b---R=-e-,-h-a-:-b-----

40 Year >>> 20 25 30 35 
41 Agency Costs (Constant $) $ 4,375,000 $ 4,375,000 $4,375,000 
42: Present Worth Factor 0.3083 
43 ' Agency Cost (Present Worth) $1,348,894 
44 ' Total NPV A enc Cost 
45 
4Sd 
47 
48, 
49 
50 
51 
52 

I.!" 'T[~\ vanabl~s / 
~lect dsstlfV3tJDn and pre':lS ENTER or choose Paste 

$17,500,000 

J'.II 

Module IX - 15 
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35 

Running a Risk Analysis 

A 

.Net Present Value 
28 
29 

30 ' 

31 Pavement Lif 
~ Construction Co~ 
33 . Discount Rate, (OA 

~: 39 ''-; __ ----===:...:.=='-l...:. 

.40: Year » 
'41', Agency Costs (Constant' 
4il Present Worth Facte 

.431 Agency Cost (Present Wortt 
:44 i Total NPV (Agency Cos 
. 45 
46 
47; 

.48 

.49, 
?9. 
51 
52 

14 i ~'. ';?~\ Y~r.iable§ / 
sele<.t de_on and press ENTER Of choose Pasli> 

Altern 
Simulation Settings m 

Iterations I Sampling I Convergence I Macro I External I 

# Iterations = ~ # ~imulations = ~ 

Each 1teration'--~~ 

rbllo\,./ r\'lUlf.I(>3~:!(Ing 

r Eause on ErrOl I 
Ii' .!J.pdate Display .. ___ .. ___ .... __ ~~ __ J 

J~.U 

Module IX - 16 

Cancel 

F .!.. 

5,OC 
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Software Demonstration 

X Microsoft Excel SoftwaieDemo3 xis I!IiIEI 

C D E F _ 

27! .Net Present Value 
,7~': 
29 

A ... ____ .&.: •• _ A rt. ___ I __ 

Simulation Settings . . t3 30 
--------~~--~ 

31 Pavement L 
jfJ Construction Cc 
33 • Discount Rate, (' 

.~i 39 
40 ' Year >: 

41! Agency Costs (Constant 
47i Present Worth Fact 

·4~. r Agency Cost (Present Wort 
. 44 • Total NPV (Agency Cm 
45 : 

46: 
47 i 

48' 
.49 
- 50 • 
• 51 . 

52 : 
11_!i~~}ij\v~.rj.~~!~.~.r ~~~.~~,. 

Sele<;t de.tinaU", and pr"'" ENTER '" choose Paste 

:i~Ei' 
j~.~. 

iterations I Sampling I Convergence Macro I External I 
Execute Macro" 

IX E~ecute Macro? 
MaQfo name: r-'I T-h-e --D-o-I t-A-:-II-M-a-cr-o-------, 

I---~~~.::.~=·.~~-'================:-:::::::: " 
Macro E~eeutes When? ~------.-.-,-.. "' .. -.,---,---. 

o l2.efore simulation 

o Before sampling/1':1orksheet reeale 

(i! ,ll.lter samplingl worl;,sheet reeale 

o After simulation 

Define Cell 
Reference 

D 

OK Cancel 

E 

27! .Net Present Value 
'28; 

291 

30 ' Alternative A Samples 

F 

.31 Pavement Life 20.0 5.0 5.0 5.0 5.0 

OC 

. '. 

jfJ Construction Cost $17 500 000 I $ 4,375,000 $ 4,375,000 $4,375,000 $ 4,375,OC 
33 Discount Rate, (%) 4 

ti . 39.,' ________ --r_..:.:ln-".it::.:ia~I __ .....::.:.=::::..... __ R:.:.ec_'_h=a_=_b __ _'R.c.ce.:.ch=ab=__ ____ -
40 : Year >>> 0 25 30 35 
41 i Agency Costs (Constant $) $17,500,000 
42 : Present Worth Factor 1.0000 
43i Agency Cost (Present Wod.liili .... "" .. .s 
• 44 i Total NPV A enc 
45 i 
46[ 
47 ; 

48 : ,,, •. _.,,! 

-,49J 
: §(). 

51 
52 

j~Trj'I~\Y~rjabl~5 / 
selec.t destinatlOl'l IMld press ENTER or choose Paste 

Module IX - 17 

Define Total 
NPVas 
Output 

L·L1 
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38 

39 

X ""closofl Excel Sollwa,eDemo3 xis. I!I~E! 

o E F 

27 ' 
)~; 
29 

30 Alternative A Sam les 
31;------~-p~~~~~~~::~~~~~~5~.0~~~~5~.0~~~~5~.0~ 2fJ $ 4,375,000 $4,375,000 $ 4,375,OC 

'33_' ____ ~~~~~~~ __ ~ ______________ -------------------
~; 39,~~~~~____:_:__~_,_~ln~it::=ia"-1 ~~_=_:Rc:::eh::;:a:::.b~~-'.R'":e::;;ha=b'------'.R'":e::;;ha=b'---~____::::__ 
~ 0 ~ ~ w ~ 
41~' ----:-~----:~----:~~~~$~1~7,~50~0~,0~00~$~4,~37~5~,O~00~$~4~,3~75~,0~0~0~$~4,~37~5~,0~00~~~~ 
45,i 1.0000 0.4564 0.3751 0.3083 

Simulating ... 

'Sims: 

# Iters: 

SimI: 

1000 

1 

Iter II: 750 
76% _ 

Select destination and press ENTER or choose P",,1e 

$17,500,000 $ 1,996,693 $ 1,641,136 $1,348,894 
$22,486,723 

Simulation Processing 

• Latin Hypercube 

• 24 Input Variables 

• 1 Output Variables 

• 1 0,000 Iterations 

• Run Time = 1 minute 15 seconds 

Module IX - 18 
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Simulation Results 

• Results from each iteration are stored 
and presented as probability 
distributions. 

Software Demonstration 

"@RISK I!I~E! 

file f:dil :,eWng< yariobles qacute ee$ults 'Limdow tlelp 

ltere.lions'" 1 0000 Simulations .. 1 
1/ InputV"".ble,. 24 
#QutputYanobles'" 1 
Sampling Type:: Latm Hypetcube 
Rtmim.·OO:01:15 

Module IX - 19 

Inputs and Outputs 

1711038 (, 78500~, 

1899993 ~ 999998 
2'354116 o 738~,2Bl 
8726799 o ~,454237 
-47J1112E-OS -2706401E-05 

2400014 2 39~'39 
I) 

2001629 500':1075 
150502'3 371:.30: 
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42 

43 

Module IX - 20 

3216117 

3210124 4999999 

5 
4999997 

1281439 

2715098 
1999999 
2954116 
8726799 
·4731112E·05 
2400014 
o 
2003629 
1505029 
1599839 
1672641 
1734015 

1281439 
2715098 
1999999 
2.954116 
8726799 
·4731112E·05 
2400014 
0 
2003629 
1505029 

1599839 
1672641 
1734015 
178805 
1836896 
1881751 
1923532 
1962859 
1999972 
2037111 
2076367 

2118179 

2163102 

22'1937 
2265885 
2327184 
2399989 
2494631 

6785005 
6790531 
6798125 

6802994 

6798399 

6789776 

Demonstration Project No. 115 

319558 

6785005 
4999998 
07385281 
05454237 
-2706401E-05 
239999 2399977 
o 0 
5009075 5009086 
376302 3762943 
3999634 3999972 
4.181~1 "~~ 
4 334829 4334908 

. _____ H6S.9&.-__ . __ .. ______ l.41.QQ1.6.... 

119558 3215575 

6.785005 6790531 

4.999998 5 
07385281 07385269 

05454237 05454221 
·2706401E·05 -2434887£-05 
239999 2.399977 

0 
5009075 5009086 
3.76302 3762943 
3999634 3999972 
4181541 4181695 
4334829 4334908 
4469966 4470016 
4.592065 4592226 
4.704302 4704391 

... ~·~98.9~4 4.809008 
4907123 490715 
4.999922 4999986 

5092699 5092684 
5.190944 5190793 
5.295305 5295395 
5407616 5.40767 
5.529604 5529773 
5.664655 5664673 
5818172 5818077 

5.999654 5999754 
6236944 6236899 
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I 44 

I 
I AllernallveA S3mplel 1281439 

319558 4999998 6785005 

Life/Estimate 3215575 5 6790531 
Life ! Pelcenlile 3215117 67%12~t 

Llle/Pelcenlile 3210124 4999999 68029'34 
Life/Deviation 3209837 4999998 67351306 

I 
Llle!Trlgen 3213648 5 67983'39 
,I 678977& 

I 
1281439 319558 ~ 215575 

I 
2715098 6785005 67'30531 
1999999 4999'398 5 
2954116 07385281 07385269 

8726799 05454237 05454221 
·4731112E05 ·2706401E·05 2434887E-O':-
2400014 .:39999 2399977 

0 

I 
2003529 500'3075 50091]81; 
1505029 376302 3762943 
1599R39 399%34 1999972 

1672641 4181541 4181E:3:· 
1734015 4334829 4334903 

,11_8805 AA63966 AA1OO1G 

I 
I 45 n@RISK - [SimulatIOn Data] I!I[!] EJ 

lei Ell" );:.dit Settings ~,,';.bl.$ E~eC\Jle Besolls !6jndow t:!elp 

I 
I 

4677584 
4435757 4841287 

2305772E+07 1852183E+07 2121186 4396759 4708482 

2434059E+07 1711903E+07 185422 5144017 5116165 
2285['E+07 2002709E+07 189[,022 5045822 402295E, 

21')2406E+07 169185GE·07 2363155 5517721 6158058 

I 
1439176E·07 1650325E+07 1493987 3529779 607284 
2152317E+07 1705151E·OI 2068883 5150303 GS1060(, 

9 2211088E+07 1677901E+07 2137854 6311J9G 1528')35') 

10 1844G05E+07 1 877138E +07 21540575 5118252 1;.678833 

11 ::' 212229E+07 19113S7E+07 19915281 4514734 4 ~I2G.:J33 

12 2411793E+07 1442257E+07 1761503 5122742 6287985 

I 13 2352151E+07 1812831E+07 2203385 5133116 3883109 

14 2330118E·07 186114E·07 1847469 379127 531108 

15 2497J51E+07 1819874E·07 1825941 4185094 4363712 

'. 12174J3E·07 1988075E·07 2181091 5583984 5204998 

11 2386051E+07 1893097E+07 1767594 6592777 54975 

I 
18 1111111E·07 1924483E+07 2335806 5700949 5315555 

1S 2365417E+07 1607501E·07 1659105 5777596 4365477 

20 2353938E+07 1650041E+07 1912016 5619378 469413 

11 2 ~46654E +07 1675703E+07 1333757 5048025 4g7445 

22 2 J58105E·07 1507J45E·07 2184911 5141917 3411816 

13 1191101E·07 18624)IE·07 2056302 4301559 41686E.8 

I 
24 2438033E+07 1 6751J~E·07 1011086 4688188 611%4 

15 221439E+07 1845887E+07 2061653 50~%51 5386622 

26 2446014E+07 1890542E+07 21 38161 1)455017 4100144 

17 " 122457E+07 1640737E+07 2103812 4780933 157[.3663 

28 2052929E+07 1 (;2%56E+07 1380799 54264 5424806 

I 
I 
I 

Module IX - 21 
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47 

Agency NPV 

• Probability 

• Sensitivity 

• Scenario Analysis 

"@RISK 1!l1iIE! 

lteration$'" HiOOO Simulations'" 1 
# Input Variables'" 24 
# OutputVanobies"' 1 
Sampling Type'" lebo Hypercube 
Rutrti,".- 00:01 :15 
Run on Gill/98 a18:S1 54 AM 

B44 i"m"IG4i1i$liW".MiI 
K6 (input) DlstlbuliOn 

8S1 (Inp'!!) F'a,lI?ment Life I Alternatl'"E' A Semples 

C31 (Input) Pa .. lemenl Lite I Meetl 

03t (Input) Pevement Life i EstmlBte 

£31 (Input) Pe'Jemenl Life I Percentile 

r:31 (Input) Pallement Life! Percenhle 

1331 (Input) Pavement Life IOe,116110n 

I Statistics Dote. 

1.241904E+-O 1 749998E+O 2232156E+O 

1281439 1999999 1715098 
319558 4999998 6785005 
3215575 5 67(JD531 

3216117 6795125 

3210124 4999999 680299Ll 
3209837 4999998 6795606 

Sens/t::;:ty I Scenw;os I 

>. Simulation Sto.hstlCs I!!!II;JEi 

2715098 6785005 
1999999 ~ 999998 
1.954116 07385281 

8726799 05454237 
-4731112E-O, -1706401E-05 
2400014 239999 
0 0 
2003G2g 5009075 
1505019 376302 

Module IX - 22 
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Software Demonstration 

n@RISK- [Output Graph - Cell B44[ I!J~CI 

~ file fdlt ~eltingg ~on"bles El!;eo,lte Besults ~ndow t!elp 

Agency NPV 

O.144,~--"'----"'----I11111!1---""--"" 

o 

0.000 -----
16.47 18.79 2111 

• Graph Settings El 

Display Using 

(' .ear graph 

(i Qumulatillil ascending .' rafPmest 
f"""!"~-... -!I!III'I~grC!!fj~~flc;l!~i 

#Classesl ~ 

Use As Oe(BuH I ~ Cancel 

Agency NPV ($ Millions) 

n@RISK - [Output Graph Cell 844] I!J~ CI 
j;;dit Selton9' YOll.~lss E~.""to 800"11$ ytindow tlolp 

,---,...."..-

Probability of 

Agency NPV 

<= X-axis Value 

Agency NPV 

0000 '----.,... 
1647 

Values in ($ Millions) 

Module IX - 23 
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Agency Cost 

• Probability 

.Sensitivity 

"-" .. ,, __ ,,_.~_,~,,_~,,_J r--r-=-~~~-~~T'"" 
, SimUaIlon#l-of: 
l SoIlwaretl-emo3XL$ 
; lter.alion&>=: 10000 Simlialions.. i 
l I:tIm-tVoIIIild:lle",,24 

:lOtll;ptJlVati.;!bfa~ .. l 

! ~=~;~:WlHypetCubc 
, R", ""Gill/SS" a 5t54AM 

Llf ... I Perc':!nlile 

Life/DeI/fallon 
,Llle!TJlgen 

" 

Module IX - 24 

3216117 
3210124 4999999 
3209837 4999998 
3213648 5 
J 

8726799 
·4.73,112E05 

2400014 
0 
2003629 
1505029 
1599839 
1672641 
1734015 

.17.8805 

Demonstration Project No. 115 I 
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I 6785005 

6790531 
6796125 

6802994 
6795606 
6798399 

I 
I 
I 05454237 05454221 

·2706401E·05 -2 434887E.O~ 
239999 2399977 

0 0 
5009075 5009086 

376302 1762943 

3999634 3999972 
4181541 4181695 

4.334829 4334908 I 
4.469966", '"'''''''''''''''' ,,,,,,,,4..\10016. 
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Software Demonstration 

n@RISK I!lIiIEJ 

Sensitivity 

Select Graph Type: 

C 1;ollelation 

~j Regression 

Standard b 
Coefficient 

"@RISK-[RegresslOn Sensitivity Graph - Cell B44] I!lIilEf 

-1.00 ·0.50 0.0 0.50 1.00 

Coefficient Value 

Module IX - 25 
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Sensitivity Analysis 
Observations 

• Initial Pavement Life and Initial 
Construction Cost have the greatest 
influence on Agency NPV 

• Discount Rate and 1 st Rehab life have 
minor influence on Agency NPV 

Agency Cost 

• Probability 

• Sensitivity 

.Scenario Analysis 

Module IX - 26 

Demonstration Project No. 115 I 
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I 
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I 
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I 

~I "s~#i(,'f""'·"-
S_oIl_1XlS 

! :I~I~r-10000 Sitot1al:ioh$» 1 
I ~1"i'dY"-"24 

GOulputV",_' . I S~T_t..t"H#t<:ube 
1 Runtime>rOOOU5 I Runons/l1lS8~8:51:54AM 

I 
Life I Pefcenhle 
Life/DeViation 

Life I Togen 

Life 

Software Demonstration 

1999999 
4999998 

3215575 5 
3216117 
3210124 4999999 
3209837 4999998 
3213648 5 
3207759 

2715098 
1999999 4999998 
2954116 07385281 
8726799 05454237 
·4731112E·05 ·2706401E·05 
2400014 239999 
0 0 
2003629 5009075 
1505029 376302 
1599839 3999634 
1672641 4181541 
1734015 4334829 

..• 17.8805 .04.4699,6 

"@RISK l'l1iJ E! 

Output 
Variable 

~~.t_---=SJignifica~.n~t~_"······~il])1 ~ Inputs,..,.. -0 x 

M~Q1.s.wp~'fnDt¥iot11~rtgT ... ~r 

., Inputs when Tfirget#l Is Achieved (Totel NPV(Agency Cost) Ilmllel >75%) 

831=1730627 832=184487E+07 
Inputs 
When 

831·2161025 831·1646414E.07 
Inputs when Terget#3ls Achieved (Totel NPV (Agency Cost) /Inrtrel >90~C;) Agency 

1-_-""B3"-1'..:.1,,-,62,,,-60:::;6::..6 -"8""32--"1-"B::::BO",66,,,7E~.,,,07 ___________ -I NPV < 25% 

Initial Constr. Cost 
+0.88 
-0.83 

_ax 

Cum;.nt Venables: 1 output24 mputs Settings. s;muifitiont .. 1 tteretior'ls"10000 

Module IX - 27 
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But what does 
this mean? 

The Combination of "High" Initial Pvt. Life 
and "Low" Initial Construction Costs 
Produce "Low" Agency NPV 

01"~""""""""~~"""""""""""'" 
Ranking .... 
o Initial Pvt. Life ................................. '.1 ...... . 
f} Initial Constr. Cost 

· . ~ - - - - - - -,. - - - - - - - - - - - - - - -;- - - - - - -- - - - - -- -· . 

· . 
--~--.-.-----------~-- ..............• 

· . · . · . · . · . · . 

---- ... _------- .. --------------- .. -· . · . · . 

16.5 ... 

Module IX - 28 
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61 

@RISK (Output Graph Cell 8441 

The Combination of "Low" Initial Pvt. Life 
and "High" Initial Construction Costs 
Produce "High" Agency NPV 

0000 '---'"=----+-----+----+----~ 
16.47 

Agency NPV ($ Millions) 

Scenario Analysis 
Observations 

The Combination of .... 

• "High" Initial Pvt. Life and "Low" Initial 
Construction Costs Produce "Low" [< 25%] 
Agency NPV 

• "Low" Initial Pvt. Life and "High" Initial 
Construction Costs Produce "High" [>90%] 
Agency NPV 

Module IX - 29 

Software Demonstration 

_ox 

Agency NPV 

Ranking .... 
o Initial Pvt. Life 

30.4 
" 
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63 

SoItwaieDemc!lXlS 
Ib!I~ 10000 Sitnslalklt'l$= 1 
ijl",",V .. _24 
~O"""'V",_l 
S"""""'T"""·WIt~H",.,.,,,,,, 
RuntimeorOO:Ol15 
RLrloo6l111S8 ~ 8:51:54AM 

.,,.,,, 

f(1J (InpurjDlstlbutlon 

mt [Input) Pavement Life I AHernahveA S~mples 

C3t jlnput) Pavement Life I Mean 

001 (Input] Pavement Life I Estimate 
~f (InputjPavementllfeJPercenhle 

F!U (Input) Pavement Life I Percentile 

Q3:~ [Input) Pavement life I Deviation 

Hlt IlnputjPavement Life J Tllgen 

131 IlnpuljPavementLrfe 

I $tdi$llc$ 

, 241904E+O 1.749998E+0 2232156E+0 
1281439 1999999 2715098 
319558 4999998 6785005 
3215575 5 6790531 
3216117 5 6796125 

,3210124 4999999 6802994 
3209837 4.999998 6795606 
3213648 5 6798399 
3207759 4999997 6789776 

6.785005 
4999998 

2.954116 07385281 
8726799 05454237 
·4.731112E·05 ·270·6401E·05 
2400014 239999 
0 0 
2003629 5009075 
15.05029 3.76302 

:1599839 3999634 
1672641 4181541 
17.34015 4.334829 

X Microsoft beel SoilwaieDemo3 xis JI!I[!ij E! 

••••••• w •• ~4 

832 

'L'I ..... , ................. i'--__ ...,8=--___ -'-......... _ ... ::. ... : ........ L .. _._"':~_ ....... ...: .. __ .... _ .. ~~ ...... _ ...... " .............. . 

: 27 i .Net Present Value 
r2~1 
: 291 

30 i AltemativeA.$am 
~--------~p~a-ve-m-e-n~t~L~if~e~:===~~~~==:=:----~--------~~~~~~~------= 

$ 
20.0 5.0 5.0 
17 500 000 $ 4,375,000 $ 4,375,000 

:4~J 
:47[ 

L~] 

§1i 
: 521 

iiIiII"M\~~ti~!>~U . 

$ 

$ 
$ 

4 
Initial 

0 
17,500,000 

1.0000 
17,500,000 
22,486,723 

Module IX - 30 

$ 

$ 

Rehab Rehab Rehab 
20 25 30 3 

4,375,000 $ 4,375,000 $4,375,000 
0.4564 0.3751 0.3083 
1,996,693 $ 1,641,136 $1,348,894 

. I\<JM.' 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I Software Demonstration 

I 64 

Risk Modeling Review 

I • Build the traditional NPV model 

I 
• Identify and describe uncertain 

variables using risk functions 

• Define simulation parameters and 

I output variables 

• Run the simulation 

I .Analyze Results 

I 
65 

I Parting Caveat ... 

I • @Risk and 8estFit have been 
used for illustration purposes. 

I • Other software packages are 
available to do risk analysis. 

I 
I 
I 66 

For More Information: 
I .@Risk and BestFit 

I 
• Palisade Corporation 

http://www.palisade.com 

Phone: 800-432-7475 

I • Crystal Ball 
• Decisioneering 

http://www.decisioneering.com 

I Phone: 800-289-2550 

I 
I 

Module IX - 31 



Life Cycle Cost Analysis in Pavement Design Demonstration Project No. 115 I 
67 I 

I 
End Session I 
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LCCA 
Class Exercise 

Revisited 

Class Exercise Revisited 

MIClOsofl Excel Clan EKe'clse Revls,ledl xts I!lriI E! 
j~~_!~_! ... _~~~_!ooIs tl8ta ~ ~ ___ " .'_.~ ___ '_'. ______ 2-____ . ___________________ ::J!!:l" 
;1~~~·~~L,.,f!IJ . 

E5 .. .' 

1 if, 1 A 
~c-~ I ...... . 
~B Class Exercise Revisited 

~ti Analysis Period 35 years 
.' .5 . Discount Rate 4_0% 
'6 , 

c o 

[:1 .Risk Analysis In ut Parameters 

1

.90 i Lower 
• Variable Estimate 
11, ......... Construction Days 

'

· .. 1 .... 2iAlternative A 
13!1nllial 
14 iRehab 
j~:lAlternative B 
J_6.Jlnilial 
17 iRehab 
:1ij Performance Estimates 
19 !Alternative A 

~~j~:~a~b 
22, Alternative B 
23linllial 

··nJJt2~::.~::r----

200 
100 

150 
70 

16 
8 

10 
6 

Most Upper Lower 
Likely Estimate Percentile 

210 
105 

165 
85 

20 
10 

13 
7 

220 
110 

180 
100 

24 
12 

16 

o 
o 

o 
o 

0.00 
0.00 

0.00 

Module X - 1 

F G 

Upper Distibution 
Percentile Type 

100 Trigen 
100 Trigen 

100 Trigen 
100 Trigen 

100.00 Trigen 
100.00 Trigen 

100.00 Trigen 
100.00 Trigen 
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4 

.. 
,'Ifjfjo [<It _ n-t '""", 1";' ~ ... ~ !;!oI> 

IffO:i:,;,t.. ••• ~-I~"'~';-i-~' I~~~~~ ..... ;;;;_;;;;;;:=------- _____ , ___ ,-_".J!!J " , 

(36 '" _: =RlskTngen($B$21 ,$C$21 ,50$21 ,SE$21 ,$F$21) 

1" ; 
L~~i.Net Prese 
I-~~ 
i35 
1361 Alt A Pavement Life 

o E 

10.0 10.0 
105 105 

$ 9,000,000 $ 9,000,000 $ 9,000,000 $ 
137' Alt A Construction Days 210 
I 3B > Alt A Construction Cost L.:$~26.::2'-=-00:....:0"-"0:...:0-,-0---",--=.2.,:""::"":'~=---"'---=--=-=-::..c:....::...:---,,,--=,,--=-,,--=--=-=-=--,,, 

~ I~_' ______ ~ ___ ,--I~n~iti~alr_--~~~----~~~--~~~~r_ Rehab Rehab Salvage 

Pavement Life 
I 45 Year »> 0 I '" 'c-----,------:--'-'-'---,--j-:-c:-::-~ 
I 40 Agency Costs (Constant $) $ 26,000 
! 47 Present Worth Factor 1.000 

£ 
:0 

r~~ Agency Cost (Present Worth) $ 26,000 
L~ ___ ...:..T o.::.:t=alc..:.N.:.:.P-,V,--,(,,-A~ge=,-n,-=cLY -=C-,-os::.:tLL) -=$"",3""1",,,7-,4-"-11 
ISO 

ro 
..0 
0 
'-

0... 

8 10 12 

151, User Costs (Constant $) $7,000, 
[~2 i" Present Worth Factor 1.000 
53 ' User Cost (Present Worth) $7,000, 

154'-.1 ___ T:....:o:.,::ta::;,,1 ,;..:N"-P-,-V-,(U.::..,s:....:e",,r -,-C-,-os=tL,L) "",$""7.=2""",1,,,,13'1' 

,,,Jil' " ;i~!%'];,Qtal NP'\{I $103,855L--____________ ~---~ 

11LU!.ti.l\Yafiabll!s / 

ReIIdy 

rnative A Sam les 
Alt A Pavement Life 

$ 26~;la,00~8,~t~ 
10.0 10.0 

Alt A Construction Days 105 105 
Alt A Construction Cost 9,000,000 $ 9,000,000 

£' 
:0 
co 

..0 e 
0... 

Construction Dai:s 0 

100 105 110 
, 8 

Module X - 2 

Rehab Rehab Salvage 
20 30 35 

$ 9,000,000 $ 9,000,000 $ (4,500,000) 
0.4564 0.3083 L""", 0.2534, 

$ 4,107,483 $ 2,774,868 ' $ (1,140,370)' 

$42,527,146 $148,239,977 
0.4564 0.3083 

$19,408,834 $45,705,152 

$ 
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5 

6 

. , 

':I!lE.'o [cit \loW In!!'rt '...... 1.... ~ )!.ildow !Joi> 
-l~~I~r--~------

(38 

"fl.!.I; 

!33: .Net Prese 

r~l 
Alt A Pavement Life 

Alt A Construction Days 
Alt A Construction Cost $ 26, 0,000 

Year»> 
Agency Costs (Constant $) $ 26,000,000 

Present Worth Factor 1.0000 
Agency Cost (Present Worth) $ 26,000,000 

Total NPV (Agency Cost) $ 31,741,981 

User Costs (Constant $) $7,000,000 
Present Worth Factor 1.0000 

User Cost (Present Worth) $7,000,000 
Total N PV (User Cost) $72,113,987 

Module X - 3 

Class Exercise Revisited 

-(/) o 
o 
c 
o 
U I~--------~~ 
::::l 
L.. -(/) § ~ __________ L-__ _ 

o 
Construction Days 

20 
$ 9,000,000 

0.4564 
$ 4,107,483 

$ 

$ 

9,000,000 
Rehab 

30 
9,000,000 
0.3083 
2,774,868 

$42,527,146 $148,239,977 
0.4564 0.3083 

$19,408,834 $45,705,152 

$ 9,000,000 
Salvage 

35 
$ (4,500,000) 

0.2534 
$ (1,140,370) 

$ 
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8 

xC81 - CIH~S EXl!rclse Revl<.lled 1 

'Jt:J EJIo .. em j(iew 

il·~'~' 
Tl4 

N 
8 ' Value Time 10.00 .per hour 
: L Directional AADT (initial) 40000 . vpd 
10, Trame Growth Rate 3 percent 

"1'f; Delay per veh. Growth Rate 10 percent 
tii D~y 

13 ' DelayNeh. Delay r---;D:.:::ai~!Y_..., 

~ Year ~~~o min 5.0 ~~~3 I $ cO~~,333 ! 

IiI: ii ~ m~~ H ~~~~ i ~im 
20 . 5 46371 81 6223 $ 62.234 
21 ' 6 47762 89 7051 $ 70.511 
22 7 49195 97 7989 $ 79,889 
23 8 50671 10.7 9051 $ 90.514 
24: 9 52191 11.8 10255 $ 
25: 10 53757 13.0 11619 $ 

1 

... 2.6 ..... ;:. 11 55369 143 13165 $ 
27' 12 57030 157 14915 $ 
28 13 58741 173 16899 $ 
j~i 14 60504 19.0 19147 $ 
30' 15 62319 20.9 21693 $ 
3f' 16 64188 23.0 24579 $ 
32 17 66114 253 27648 $ 

'. -33: 18 68097 27.8. 31551 $ 

:"""", .• :1. , .... ~."~F~'yn~ .• E~,i~~,~~w,\\ .. !It~:;i::3~ ... ...Il . .... __ ~.c., 
~ ,_4J·h Jtj"\.y.~~.~.~!.~.~.! 'J.'< «"'"'-!i-"f"\*JS,·~;;~).";,, , .'. ',' {-t·41~ ~ , \"~{,&i't\<,, ; 
R /: //~Y!t?"'~''':~'" , ,~:;;vi*V'~ 

A1t A Pavement Life 
A1t A Construction Days 
A1t A Construction Cost~=.!-===-==-=---",-===-=-=.=-=----=---==:..::..::.=.::-=--~=-=-=.=-=--

Module X - 4 
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Class Exercise Revisited 

S5 Exercise Revlsltedl IIIli1E31 

:1~Ejlo "'tl(i!WlflSert F",mlt roo" ~" \!thO"'" tiO~ 
;I~ ~ '4.. i t..iti A:: ttT 

• • =IF(G66>=($B$4-D 5) JF(G71 ="5.lvage" ,-G65/G63'G68JF(G66>$B$4-D 5,"" ,G65)),G65) 

A 8 C Q E F G 

Alt B P8vemen~t L~ifje ~~~~;':';~~;':';:':'';;';::-'-:~~~~-7r;----7n-
Alt B Construction Days 
Alt B Construction Cost 

1m Agency Costs (Constant $) 

I 741 Present Worth Factor 

1751 Agency Cost (Present Worth) 
i 76 Total NPV (Agency Cost) 

I E I C":;,;:~' 0;~'~,~,:: 
User Cost (Present Worth) 

II !H I Total NPV (User Cost) 
-i2-~I,--~~~~~~~~~~~----------------------------------------~ 

res I Total NPvl $138,822,308 /84';------------'-=-'""---'" 

1651 
II 
1!lQ~ 

rHI 
J~~~ •. :l .• ~:~ '!~.~.i.~.~l~~/ 
Ready 

l;i~:F~~IO:( 
"'.1 

91 
i 92 

A 8 

; 93 .Deterministic Results 
94 Alt A Agency NPV $31,741,981 

:9~, Alt B Agency NPV $28,250,582 
96 ' Alt A User NPV $72,113,987 
97 Alt BUser NPV $110,571,726 
98 ! ~~~Alt A TotaLNPV $103,855,968 

! 
Alt B Total NPV 991 $138,822,308 

,100 
h01 
1021 

".1. i~1~~"""'.'1 I,ll 

C 

, I ..... 

Module X - 5 

, .;. 

>lr 
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Simulation Processing 

• Latin Hypercube 

• 44 Input Variables 

• 6 Output Variables 

• 10,000 Iterations 

• Run Time = 3 min 51 sec 

Simulation 
Results 

Module X - 6 

Demonstration Project No. 115 
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I Class Exercise Revisited 

I 13 r-hclOsofl Excel ctass [xelClse Revlslledl xis I!I~ 

!f~tIIe gdIt)/jew [nsert ~fIIl1J't 1oo1s Ili''' \'.(M>wf.io\> 
11~~I~L;_i4:TFJ .·W 

I 
I 
I 
I 
I 

A122 

1)'2ii 

~Ilii 
f~~ 
1106! 
I : 

~i $28.9 $24.1 $51.5 $61.0 $78.5 
1;1O! Maximum $35.8 $33.2 $128.5 $153.5 $155.3 

~
;Il Mean $31.9 $28.4 $88.8 $104.3 $117.3 

;12: Std Deviation $1.0 $1.4 $20.0 $9.2 $20.3 
1I~ Mode 1 0 7 

f;;4! Percentile -10 j---7~:----~~-+--:C:-::-:-=-------:-:-:-:-=---j---7===--~$8:':9~.3--1 

1

1151 25 $94.0 
liS! 50 $125.0 
iiil 75 $134.5 

m:l 90 t-~::.:.:.:=---'---'-=-=--.....J...--':=-=--_~:":":';:':""-....1---=-:~':"""'_"":":":'::":'=--..J 

c o G 

I 
i120 i 

11211 i12i1f------. 

I 
I 14 

I 
I Agency Costs 

I 
I 
I 
I 
I 
I 
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Agency Cost 

• Probability 
• Sensitivity 
• Scenario Analysis 

16 "@R1SK (Output Graph Cell 8941 ROO EJ 

O.211...,.----------IIJIIIII-----. 
• - - - - - - - - - _. ~ - - - - - - - - - - - - f - - - - - - - - - - - - f - - - - - --, , , , , , , , , , , , , , 

Legend: 

----_._--;._--------\-- ------------ " 

16.01 ~5J9 
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Class Exercise Revisited 

"@lRISK (Oulput Graph Cell 894) II!If!1EJ 
iI £Ie ~<lt ~,_ YaMbIe. £J!CC!h> ll..ull. l\!"""" !:l... ~~ 

'~ __ ._._, ____ . ___ ~~J~Ji£id_~ _____ . ___ , _______ ~ ________________ , 

Probability of 

Agency NPV 

<= X-axis Value 

0,000 '----""'i"'" 
24,01 

Agency Costs 

NPV ($ Millions) 

Legend: 

·AltA 

.. Alt B 

n@RISK (Output Graph Cell 894) I!JOO D1 

Probability of 

Agency NPV 

<= X-axis Value 

0,000 L---"i~--t"----F'~ 
2',07 

NPV ($ Millions) 

Module X - 9 

Legend: 

.. AltA 

·Alt B 
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20 

Probability Observations 

Agency Costs ... 

.Alt-B is 42% more variable than 
Alt-A 

.At any given level of reliability Alt-B 
is less expensive than Alt-A. 

Agency Cost 

• Probability 

.Sensitivity 

Module X - 10 
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Class Exercise Revisited 

n@RISK I!II!lEl 

Output 
Variables 

Input 
Distribution 

II II 

AltA Conshuchon Days / AltA Construdion Days 
AltA ConstructIOn Days! AltA ConstructIOn Days 

5289955E·02 +3534623E·02 
1811328E-03 '9279369E-03 

+6328398E·03 

Standard b 
Coefficient 

AltA Consttuctlon Da},sJAltA ConstructIOn Days '--~ ___ ~=~~~ 
AltA Construction Days I A.ltA Construction Days 

Alt B Pavemenilife I Alternative B Samples 
Alt B Pavement life! Rehab 
AltS Pavemenl Ltfe I Rehab 

63 AIIB Pavement Ltle I Salvage 
AItS Pavement Lrfe I Percenlile 

AItS Pavement Lrfe I Trlgen 
AltB Pavement Ltle 

-1484948E·02 
·0 -1.011977E·03 

·6206558[·03 
+1908307E·02 
·'153239E·02 
-6508905[·03 
·6.511287E·03 

"@RISK - [RegreSSion Senslllvity Graph - Cell 894] I!I(!J £i 

~[1 st ~ehab~ Life I 

~rfst Rehab Constr. Days [ 

-1.00 

Coefficient Value 

Module X - 11 
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24 

@RISK [Re resslon SensitIVIty Gmph Cell 8951 P.l1ilE.i: 

~
- ----- - ------ ------- --------

..... Initial Construction Days 

-_~_~~_~~J~=~-~~~, -
..... ~r1itia.!~avement Lif~1 .. 

" """ '" 

........ C~ffi<:i~~~V.~ltJ~ 

Sensitivity Observations 

Agency Costs ... 

• Alternative A 
.Initial Pavement Life has the 

greatest influence on Agency NPV 

• Alternative 8 
.Initial Construction Days has the 

greatest influence on Agency NPV 

Module X - 12 
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Class Exercise Revisited 

Agency Cost 

• Probability 

• Sensitivity 

.Scenario Analysis 

n@RISK 1!I[iiJE! 

Significa<tln:t~_, •••••• c~1 
r~~~~~tf.~~c:~::~~~~~~I~np~u~t~s~~~~~~~:r==~~~~~~ 

Inputs 

Significant Input 
Distributions for this Scenario 

c.t ~ Alt A Initial Pavement Life 
~ Alt A Initial Constr. Days 

I"lg~.~ 

83.8% 
69.8% 

Module X - 13 

21.7 Yrs 
212 Days 

+ 1.06 
+ 0.55 

When 
Agency 

NPV< 25% 
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28 ·.:;i;ii; 

rB~tw-hatd~es 
~"!~~rl?~ __ 

Ir"'/A ...... ··lt-A ...... · -. A-g-e-n-Cy-c ...... ·/~-s-ts .... 1 
The Combination of "High" Initial Pvt. Life 
and "High" Initial Construction Days 
Produce "Low" Agency NPV 

ilMed/Std 
1.06 

___________ J ________________ J. _____________ _ 

, , , , , , , , , , , , , , , , , , , , 

,--- .. ----.------+------\--------:----------------~-----------.-.-, , 
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Class Exercise Revisited 

n@RISK 1I!I1!lE! 

_ox 

OutpulVariab!e 
Name; 

1 Alt A Agency NPV 

c.t~ 

T~rQetu~ 

Significant Input 
Distributions for this Scenario 

Alt A Initial Pavement Life 
Alt A Initial Constr. Days 

I Alt A - Agency Costs I 

----------------,----------

Inputs 
When 

Agency 
NPV> 90% 

The Combination of "Low" Initial Pvt. Life 
and "Low" Initial Construction Days 
Produce "High" Agency NPV 

Ranking 
o Initial Pvt. Life 

~Med/Std 

-1.44 
f} Initial Constr. Days -0.75 

. , --------,----------------,---------------, , , , , , , , , , , , , , , , , , , , 
----------------r---------------

0000 '---'''-----j-----t------j-------j-
28,90 35.8 

NPV($ Millions) 

ModuleX- 15 

x 
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32 

Alt B - Agency Costs 

o 'On' 914-··--------------,-----------------e;:::, 
~, 
CJ 
C 
CD ::s 
0-
f 
u-, 

----------------:-------------

~i 
i Ci-,0.1 124-!- - -- -- - -- ---

~I 

0.000 

Alt B - Agency Costs 
0121 

, , , , 
___________ .'. _______________ 1. 

, , , , , , 

The Combination of "High" Initial Pvt. Life 
and "High" Initial Construction Days 
Produce "Low" Agency NPV 

Ranking ~Med/Std 

o Initial Constr. Days +1.12 
f) Initial Pvt. Life +0.55 

------~----------------t----------··-----. , , , , , , , , , , , , , , , , , , 

The Combination of "Low" Initial Pvt. Life 
and "Low" Initial Construction Days 
Produce "High" Agency NPV 

, , 
_____ J ________________ l. _____________ _ 

, , , , , , , , , , , , , , , , , , , , 

-~-I- --- .... -- --- -- ;---- ------ ----- -~ ------ --- ------ ~--

0.000 ......... "'------t------t---,----t---.......,-,---+-
24.0, '33.2 . 

Module X - 16 
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I Class Exercise Revisited 

I 33 
Scenario Analysis 

I Observations 

For Alt A & B The Combination of .... 

I • "High" Initial Pvt. Life and "High" Initial 
Construction Days Produce "Low" 

[< 25%] Agency Costs 

I • "Low" Initial Pvt. Life and "Low" Initial 
Construction Costs Produce "High" 

I 
[>90%] Agency Costs 

I 
I 

34 
Scenario Analysis 
Observations Cont'd. 

I Alternative A ... 
• Initial Pavement Life is more 

I 
significant than Initial Constr. days in 
both scenarios. 

I 
I 
I 35 

Scenario Analysis 

I Observations Cont'd. 

Alternative 8 ... 

I 
• Initial Constr. Days is more 
significant than Initial Pavement Life 

in both scenarios. 

I 
I 
I 
I 

Module X - 17 
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37 

,i ~l! 7=; 
1!!l4i 
has' 

1106; 

i107
] 

1108, 

lIDS: 

User Costs 

A 

,d'il Std Df!viatilllni ~
i::;: 

. 113] 

1.~ Percentile - 10 

l:i~1 ~~ 
~
-~.: 90 
119' 
1201 
121' 

1122:i-1 ------,1 

Demonstration Project No. 115 

_ fj x 

p~ . 
'i.ttl\¥a!l~~!._,r-··-·---·--~--·----------· -----~--]iU • 

! r--- m-"_;'_'~~'----"'--vf'.-~ r-"~ u::M r--'~f--' rVA
-

Module X - 18 
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39 

User Costs 

• Probability 
• Sensitivity 
• Scenario Analysis 

~ 0.1S4 
Q 

~ 
; 0.115 ----

:= 
CT 
! LL. Q.011 ------------~-------

CD : 
> : .- , ..... ' . .! M,S ------------~-----
CD : 

0::: : 

0.000 
30.94 47.20 79.72 95.99 ... 112,25 

NPV ($ Millions) 

Module X - 19 

128.51 

Class Exercise Revisited 

legend: 

-AltA 

.. A It B 
..................................... , 
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41 

n@RISK (Output Gfaph Cell 8961 . _ I!II!J EJ 
!p f'o t<it ._ l!- El\OC<Ao 8"'"" \lim"", lio\> 

It~If;11 ~ [t:] 
User Costs 

LOM..,A_IIIIIIIIIIIIIIIIIIII ........... IiIII! .. IIIII., .. 

Probability of 

Agency NPV 

<= X-axis Value 

I 
: 

0.800i-_ ..... _ ... _....j~ 

0.600 ......... ,.--------,-------- ---.----i-----f 

0.400 - - - _. - ---,- ------

0.000 L---i--..t.~---i-.....L---I __ T-_-r 
'094 41.20' 63.46 79.72 95.99 112.25 129.51 

NPV ($ Millions) 

Legend: 

-AltA 

.. Alt B 

n@RISI( IOutput Glaph Cell 896) R[jij £1 

Probability of 

Agency NPV 

<= X-axis Value 

1.000,-,-oiII ......... iilllilllll ............ iIIiiIJ .. llllliIIIij .. 

180%1 
o.!Wo,-l-_ .... _ .... __ ... __ ........ ~ 

0.600 - --- -----,- - -------,--------

0.400 ---------,---------.-----

0.200 -----1--------- .. --------

MOO '---.,....-"""-Lt----t-----I----'~--r 
30-94 47.20 63.46 19,n 95.~9 112.25 

NPV ($ Millions) 

Module X - 20 
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43 

Probability Observations 

User Costs ... 

.At any.given level of reliability Alt-A 
is less expensive than Alt-B . 

• Alt-B is a Bi-modal Distribution 

.Alt-B is twice as variable as Alt-A 

User Costs 

• Probability 

.Sensitivity 

Module X - 21 

Class Exercise Revisited 
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n@RlSK \ I!lIiIEJ 

139" .1>.118 U,erNP 110571726 
8S& AI! A T (olal NF 10385591=;7"( 
899 Alt8 TotalNF 1388223081 

11 036 Alt A Pavement Life I E ~limate 
t8 E36 All A Pavement life,l Percentile 
.~ F 36 Alt P Pavemenl Life! Percentile 

'----4-!!:!O:..,f ~~~ :::: ~:.::::~: ~::: ITligen 

Output '12 J3E. AliA Pavement Ue 
.. , K36 Alt .• P",m,,' L,f, 
'14 L36 All A Pavement Life 

Var."ables .1$ E37 P.ltAComtru<:ilonOdI'S I Pelcenhle 
All A Construction Days / Percentile 

IllJnDays I Trlgen 

s/AltAConstl(lClionDa 

on DaysJAItP ConstruetlonDa 
'-'"---""LC.-\rudion Da 

+0.04 

+0.91 
+0.28 
+0.11 
+0.03 

·8126782E03 ·7187505E03 
·6173556E-03 
·9150445E·03 

Standard b 
Coefficient Input 

Distribution 

(tlcllOnOa 

r'lctlonDa. 
ample$ ··L_~ ___ ~~_~~.-J 

AltS Pavement Life I Tligen 
Alta Pavement Life 

Alta Pavement Life 
AItS PClvementLlte 

+4920973E03 
+7887702E03 
·1467267E·02 
+520862E·03 
+4123385E·03 
+1062347E·02 
+6231879E·03 
·1461598E·02 

.D" 

n@RISK - [Regression Sensitivity Graph - Cell 696] I!lIiI EJ 
liD BI. );.dit Sat1tngs \Carioble$ E~.cul. Be""I'" ~ndow ljelp .. ,J .. ~.L~J 

I 

11 st Rehab Life 

.J____ .... 
Construction Days ~ r ... --1 

I ! 

'I ! i 

Coefficient Value 

Module X - 22 
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47 

The Graph says ... 
When Initial Pavement 
Life Samples High ... 

High User Costs are 
Produced. 

Does this make sense? 

Alternative A 
35 

30 -t/) .... 
ctI 25 
Q) 

~ -
~ 20 
:.J .... 15 c 
Q) 

E 
10 Q) 

> 
ctI 

a.. 
5 

o 

Class Exercise Revisited 

~~~~~~~~~~~~~~~~~~ 

User Costs ($ Millions) 

Initi.~1 Pavement Life .1st Rehab Life 2nd Rehab Life 

Module X - 23 
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48 ~@RISK - [RegressIon SensItivIty Graph - Cell 897] , (I!IJliJEi 

. 

...... 11~LRe~at>'Li!e J 
" , 

-i,OO 

49 

Alternative B 
35 

30 

(ij" ... 25 C1l 
Q) 

t.. 
.S! 20 
:.:i - 15 c 
Q) 

E 
Q) 10 > 
C1l 
a.. 

5 

o 

User Costs NPV ($ Millions) 

Initial Pavement • 1 st Rehab <' 2nd Rehab IJij 3rd Rehab 4th Rehab 

Module X - 24 
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I 50 

I Sensitivity Observations 

For both Alt A & B User Costs ... 

I • Initial Pavement Life has the 
greatest influence 

I 
I 
I 
I 

51 

Sensitivity Observations Cont'd 

I Alternative A 

• The variability of pavement life was 

I such that two rehabs always 
occurred during analysis period 

I 
.As a result lower pavement lives 

produced lower user costs. 

I 
I 52 

I Sensitivity Observations Cont'd 

Alternative B 

I • The variability of pavement life was 
such that 3 and 4 rehabs occurred 

I 
during analysis period 

• This caused a Bi-modal Distribution 

• As a result lower pavement lives 

I produced higher user costs. 

I 
I Module X - 25 
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User Costs 

• Probability 

• Sensitivity 

.Scenario Analysis 

54 "@RISK I!lIiiIEi 

Output 
Variables 

Significant Input 
Distributions for this Scenario 

Alt A Initial Pavement Life 

Module X - 26 

Inputs 
When 

Agency 
NPV< 25% 
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56 

I Alt A - User Costs I 

----------------,---------

onoo 

30.9 ... 

I Alt A - User Costs I 

Class Exercise Revisited 

"Low" Initial Pvt. Life Produces 
"Low" User NPV 

NPV ($ Millions) 

llMed/Std 
-1.20 

The Combination of "High" Initial Pvt. Life 
and "High" 1st Rehab. Life Produce 
"High" User NPV. 

0110 .... --------.,. ... -1 Ranking llMed/Std o Initial Pvt. Life +1.60 
6 1 st Rehab Pvt. Life +0.64 

---,--------------

0.000 '------r-..L----t----r-------'-
30.94 119.2 

NPV ($ Millions) , ... 
"'" , ......... . 

Module X - 27 
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58 

"High" Initial Pvt. Life Produces "Low" 
User NPV 

All B - User NPV I 
Ranking ilMed/Std 0.120.,..------------4 0 Initial Pvt. Life +0.67 

125%' Probability L 
, , ----------,----------------,------, , 
, , , , , , 

-------r----------------,-, , , , 
, , 

NPV ($ Millions) 

"High" Constr. Days in the 4th Rehab 
Produce "High" User NPV. 

I All B - User NPvl Ranking ilMed/Std 
+0.78 . ,A-----------~ o 4th Rehab 0110-

NPV ($ Millions) 

Module X - 28 
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I Class Exercise Revisited 

I 59 Scenario Analysis 

I Observations 
User Costs Alternative A 

I ."Low" Initial Pavement Life 
produces Low User NPV 

.The Combination of "Low" Initial 

I Pvt. Life and "High" 1 st Rehab. Life 
Produce Low User NPV 

I 
I 

60 Scenario Analysis I Observations 

I User Costs Alternative B 

• "High" Initial Pavement Life 

I 
produces Low User NPV 

• "High" Constr. Days in the 4th 
Rehab produce "High" User Costs. 

I 
I 
I 61 

I Which Alternative would 

I 
you select? 

I Must define Agency's 
tolerance for risk. 

I 
I 
I 

Module X - 29 
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63 

If User Costs Dominate ... 
Reevaluate Alternatives 
• Decrease construction time 

(accelerate contractor production) 

• Lane Rental (A+B Bidding) 

.Temporary bypass 

• Increase shoulder strength 

• Other? 

End Session 

Module X - 30 
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I Presentation Techniques 

I 1 

I Presentation 

I Techniques 

I 
I 
I 
I 

2 

Know Your Audience 

• Does your audience 

I understand ... 
• LCCA? 

I • Discounting? 
.User costs? 

I .Value of time? 

I 
I 3 

You need to know ... 
I • Do they need a Risk Primer? 

I 
• Do they buy into the risk 

analysis approach? 

• Do they buy-in to your analysis 

I 
I 
I 
I 

Module XI- 1 
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Here's Some Advice ... 

• Don't bury them in statistics 

• List significant inputs 
.Identify what's driving the tails of 

the distribution ... 

• Can you control it? 

• Show results graphically 

Report 
• One page summary (???) 

• Supporting documentation 

One Page Summary 
• Inputs: List uncertain variables 

• Outputs: 
• Histogram & Cumulative 

• Mean, Std. Dev., Percentiles 

• Analysis of results 
• Tornado graphs, Scenario analysis 

• Recommendations 
• Include level of risk 

Module XI- 2 
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Histogram -

Agency NPV 
Frequency 
30% 

Cumulative -

--I 1- [Iil):::$1 Million 

...... 'A 
_B 

80%~-----------+'------~ 

84% of all values 
fall below 28 

40%~--------r---~----~ 

50% of all values 
fall below 23 

O%L--=--' 
1!!., 23 .28 

16% of all values 
fall below 18 

Regression Sensitivity 
(Tornado Graphs) 

Agency Net Present Value 

~~0'8 -0,38 II Agency Cost Initial Construction 

Performance Initial Canst" I 0.35 

•
••• 1. Agency Cost Rehab Construction 

-0.30 I 
Discount Rate I 

-0,19 
Performance I Rehabs, I 

I Coefficient 

Module XI- 3 

Presentation Techniques 





I Benefits and Implementation 

I 1 

Benefits 
I and 
I Implementation 

I 
I 
I 
I 

2 

Benefits of LCCA 

• Informed decisions 

I • Sensitivity to user costs 

I 
• More effective use of resources 

• Support funding requests 

I 
I 
I 3 

Benefits of LCCA Con't 

I • Objective basis for resource 
allocation 

I • Network, project, & design 

.Assess funding consequences 

I 
I 
I 

Module XII- 1 

I 
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4 I 

Benefits of Risk Analysis 
I • Better design strategies 

• Improved design procedures I • Effective engineering input to 
policy decisions 

I 
I 
I 

5 

I Benefits of RA Cont'd 

• Expose areas of uncertainty I • Quantify risk 
• Opportunity for mitigating action 

I • Improved credibility 

• Assess impact of risk on 

I investment decisions 

• Avoid disasters 

I 
6 I 

Benefits af RA Cant'd 
I 

• Determine significance of 
difference between alternatives 

I • Examine influence of underlying 
variables on final results 

• Evaluate all possible outcomes I 
I 
I 

Module XII - 2 

I 



I Benefits and Implementation 

I 7 

Caveats 

I • New concept 

I 
• Requires statistical background 

• Computer intensive 
.Proprietary software 

I .Complex models "t 
• Requires risk management' . 

I "buy in" by senior executives ., 

I 
8 

I 
I Implementation 

I 
I 
I 
I 9 

Obstacles 

I • Lack of awareness 

I 
• Resistance to change 

• Time pressures 

• Lack of communication 

I • Unavailability of resources 

I 
I 

Module XII - 3 

I 
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10 I 

Implementation Steps 
• Awareness I 
.Change 

I • Communication 
• Resources 

I 
I 
I 

11 

Plant the Seed I 
I . . .. .. 

lit ,. 

I ~ 

l1ttl)~' \\il'IJ ,~\Ii 1.I)iJl1t ~, l'\\il' 
I 
I 

12 I 
Four Stages of Learning 
o Unconscious Incompetence I 
f) Conscious Incompetence 

I @) Conscious Competence 
o Unconscious Competence 

I 
I 

Module XII - 4 I 
I 



I 
Benefits and Implementation 

I 13 

I 
Implementation Steps 

• Identify a champion 

I • Understand classical LCCA 
.Assess current procedures 

I • Determine data availability 
.Tap expert opinion 

I 
I 
I 14 

Probabilistic Champion 

.Believer I • Well founded in LCCA 

I • Spreadsheet literate 

• Time available 

I 
I 
I 15 

I 
Resources 

.Equipment 

I • Software 

• Personnel 

I 
.Training 

• User groups 

I 
I 

Module XII- 5 

I 
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17 

18 

Resources Con't 
.OP 115 Case Study States 

.Two contacts per state 

• List of names & address 
available upon request 

.OP 115 Web Site 

http://www.hend.com/dp115 

!! file- Eo'- ~ ~ f~~t t!~ , __ ~ 
:1 "". • ';) ]} ~ ,a fi.l ":;j '4l IS! OQ ~_", \& 
j.L.~!lCk .. ',';':_ .~\q) R~ .~ .... ; s~.f~ ..... ~.~.Lf~ k8 . .., ........ -"' 

JJ~~I ~!~'~~~C~/~~15: .- ..... 3~;~~ 

Probabilistic Life Cycle Cost Analysis In Pavement Design 

( Demonstration Project No. 115 
k 

Welcome to the Federal Highway Administration's Demonstration ~Alt. B 
?rojeet No.116 web site. This project Is a technology transfer effort All. A 
that provides technical guidance in the conduct or Ute cycle cost 
analysis In pavement design and introduces a probabilistic approach -"--............. -
in the treatment of uncertain data Inputs. Follow the links below for Project eost $ Milium. 
more infomation. 

,. Developer's ., Useful 

'''~ LlnkS~"'I.fl 

Top Management Support 

• Establish objectives 

• Provide policy input 

• Provide resources 

• Provide "Bureaucratic Clout" 
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I Benefits and Imelementation 

I 19 

Steering Committee 

I .LCCA procedure 

I 
.Probabilistic approach 
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I 
I 
I 

20 

Documentation 

• Standardize SHA's approach to 

I LCCA 

• Document SHA LCCA 

I procedures 

• Apply consistently 

I 
I 
I 21 

I 
I End Session 
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Workshop 
Summary 

Key Areas Covered 

.Traditional LCCA 

.User Cost 

• Risk Analysis Approach 

o 'RIC 

Things to Remember 

• LCCA decision support tool 

.NHS LCCA requirements 

• Document procedures 

• Document inputs 

• Dispose of all issues 

Module XIII - 1 

Summary 
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Recommendations 

LCCA ... 
• Long analysis periods 

.Constant dollars 

.Real discount rates (3-5%) 

.NPV 

Recommendations 

.Value of time 
.Passenger $10 - $13 

.Single Unit Trk $17 - $20 

.Combo Trk $21 - $24 

Recommendations 

Agency Costs ... 
• Include agency overhead 

.Ignore sunk cost 

• Don't sweat reactive 
maintenance and salvage value 

Module XIII - 2 
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Class Exercise No. 1 
Net Present Value 

Compute the Net Present Value (NPV) for 
the following Alternative. 

Initial Constr. Rehab. 
Design Period, (yrs) 20 10 
Agency Cost ($ Millions) 26 9 
Construction Period (days) 210 105 

I Assume the following: 

I 
I 
I 
I 
I 
I 
I 

Analysis Period (yrs) 
Daily Delay (Hours) 
Routine Maintenance 
Discount Rate, 0/0 
Value of Time ($/hr) 

30 
3000 

Insignificant 
4 

10 

Exercise 1- 1 
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User Cost Calculations 
User Cost = Construction Days x Daily Delay x Value of Time 

Initial Construction 

User Cost = _ days x __ hrs/day x __ $/ hr. 

=$ ---

Rehabilitation 

User Cost = __ days x __ hrs/day x __ $/ hr. 

=$ ---

Exercise 1- 3 



N 1 
NPV = InitialCost + LFutureCost --

k=l (1 + i)nk 

Note: Quantity in brackets is present value factor from page 1.5. 

I 
I 
I 
I 

------------------------------------ I 

Agency Cost 

NPV= 

User Cost 

NPV= 
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I 
I Present Value Factors 

I 
Year Discount Rate, (i) 

I n 4.0% 4.5% 5.0% 5.50/0 6.0% 

I 1 0.9615 0.9569 0.9524 0.9479 0.9434 
2 0.9246 0.9157 0.9070 0.8985 0.8900 

I 
3 0.8890 0.8763 0.8638 0.8516 0.8396 

4 0.8548 0.8386 0.8227 0.8072 0.7921 

5 0.8219 0.8025 0.7835 0.7651 0.7473 

I 6 0.7903 0.7679 0.7462 0.7252 0.7050 

7 0.7599 0.7348 0.7107 0.6874 0.6651 

8 0.7307 0.7032 0.6768 0.6516 0.6274 

I 9 0.7026 0.6729 0.6446 0.6176 0.5919 
10 0.6756 0.6439 0.6139 0.5854 0.5584 

I 1 1 0.6496 0.6162 0.5847 0.5549 0.5268 
12 0.6246 0.5897 0.5568 0.5260 0.4970 
13 0.6006 0.5643 0.5303 0.4986 0.4688 

I 14 0.5775 0.5400 0.5051 0.4726 0.4423 
15 0.5553 0.5167 0.4810 0.4479 0.4173 

I 
16 0.5339 0.4945 0.4581 0.4246 0.3936 

17 0.5134 0.4732 0.4363 0.4024 0.3714 

18 0.4936 0.4528 0.4155 0.3815 0.3503 

I 19 0.4746 0.4333 0.3957 0.3616 0.3305 
20 0.4564 0.4146 0.3769 0.3427 0.3118 
21 0.4388 0.3968 0.3589 0.3249 0.2942 

I 22 0.4220 0.3797 0.3418 0.3079 0.2775 
23 0.4057 0.3634 0.3256 0.2919 0.2618 

I 
24 0.3901 0.3477 0.3101 0.2767 0.2470 

25 0.3751 0.3327 0.2953 0.2622 0.2330 

26 0.3607 0.3184 0.2812 0.2486 0.2198 

I 27 0.3468 0.3047 0.2678 0.2356 0.2074 

28 0.3335 0.2916 0.2551 0.2233 0.1956 

I 
29 0.3207 0.2790 0.2429 0.2117 0.1846 

30 0.3083 0.2670 0.2314 0.2006 0.1741 
31 0.2965 0.2555 0.2204 0.1902 0.1643 

I 32 0.2851 0.2445 0.2099 0.1803 0.1550 

33 0.2741 0.2340 0.1999 0.1709 0.1462 

34 0.2636 0.2239 0.1904 0.1620 0.1379 

I 35 0.2534 0.2143 0.1813 0.1535 0.1301 
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I Class Exercise No. 2 
I 
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Compute the Net Present Value (NPV) for 
the following Alternative. 

Initial Constr. 
Design Period, (yrs) 20 
Agency Cost ($ Millions) 30 
Construction Period (days) 200 

Assume the following: 

Analysis Period (yrs) 
Daily Delay (Hours) 
Routine Maintenance 
Discount Rate, 0/0 
Value of Time ($/hr) 

30 
4000 

Insignificant 
4 

15 

Exercise 2- 1 
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8 
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User Cost Calculations 
User Cost = Construction Days x Daily Delay x Value of Time 

Initial Construction 

User Cost = __ days x __ hrs/day x __ $/ hr. 

=$ ---

Rehabilitation 

User Cost = _ days x __ hrs/day x __ $/ hr. 

=$ ---

Exercise 2- 3 



NPV = InitialCost + f FutureCost 1. nk 

. k=l (1 + l)" 
Note: Quantity in brackets is present value factor from page 2.5. 

Agency Cost 

NPV= 

User Cost 

NPV= 

Exercise 2- 4 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I Present Value Factors 

I Discount Rate, (i) Year 
I n 4.0% 4.5% 5.0% 5.50/0 6.00/0 

I 1 0.9615 0.9569 0.9524 0.9479 0.9434 

2 0.9246 0.9157 0.9070 0.8985 0.8900 

I 3 0.8890 0.8763 0.8638 0.8516 0.8396 

4 0.8548 0.8386 0.8227 0.8072 0.7921 

5 0.8219 0.8025 0.7835 0.7651 0.7473 

I 6 0.7903 0.7679 0.7462 0.7252 0.7050 

7 0.7599 0.7348 0.7107 0.6874 0.6651 

I 
8 0.7307 0.7032 0.6768 0.6516 0.6274 

9 0.7026 0.6729 0.6446 0.6176 0.5919 

10 0.6756 0.6439 0.6139 0.5854 0.5584 

I 1 1 0.6496 0.6162 0.5847 0.5549 0.5268 

12 0.6246 0.5897 0.5568 0.5260 0.4970 

I 
13 0.6006 0.5643 0.5303 0.4986 0.4688 

14 0.5775 0.5400 0.5051 0.4726 0.4423 

15 0.5553 0.5167 0.4810 0.4479 0.4173 

I 16 0.5339 0.4945 0.4581 0.4246 0.3936 

17 0.5134 0.4732 0.4363 0.4024 0.3714 

18 0.4936 0.4528 0.4155 0.3815 0.3503 

I 19 0.4746 0.4333 0.3957 0.3616 0.3305 

20 0.4564 0.4146 0.3769 0.3427 0.3118 

I 
21 0.4388 0.3968 0.3589 0.3249 0.2942 

22 0.4220 0.3797 0.3418 0.3079 0.2775 

23 0.4057 0.3634 0.3256 0.2919 0.2618 

I 24 0.3901 0.3477 0.3101 0.2767 0.2470 

25 0.3751 0.3327 0.2953 0.2622 0.2330 

I 
26 0.3607 0.3184 0.2812 0.2486 0.2198 
27 0.3468 0.3047 0.2678 0.2356 0.2074 
28 0.3335 0.2916 0.2551 0.2233 0.1956 

I 29 0.3207 0.2790 0.2429 0.2117 0.1846 
30 0.3083 0.2670 0.2314 0.2006 0.1741 

31 0.2965 0.2555 0.2204 0.1902 0.1643 

I 32 0.2851 0.2445 0.2099 0.1803 0.1550 

33 0.2741 0.2340 0.1999 0.1709 0.1462 

I 
34 0.2636 0.2239 0.1904 0.1620 0.1379 

35 0.2534 0.2143 0.1813 0.1535 0.1301 

I Exercise 2- 5 
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Class Exercise No.3 
Work Zone User Cost 

The eastbound lanes of a six-lane facility are undergoing rehabilitation. Figures 1 and 2 

provide a layout of the work zone and the associated user cost components. The 

facility carries 95,000 vehicles per day of which 90% are passenger cars, 6% single unit 

trucks, and 4% combination unit trucks. The directional factor is 54% for the eastbound 

direction. A 7 mile work zone closing one lane will be in place 24 hours each day until 

construction is complete. It is estimated to take 75 days to complete construction. The 

upstream approach speed is posted at 55 mph and the speed through the work zone 

will be posted at 35 mph. The free flow capacity of the roadway is estimated at 2100 

vehicles per hour per lane (vphpl) while the work zone capacity is estimated at 1400 

vphpl. A capacity analysis of the work zone is shown in Table 1. This class exercise 

includes three separate problems identified below. 

Problem 0 

Determine the quantity of traffic associated with each work zone user cost component. 

Problem @ 

Determine the reduced speed delay to traverse the work zone and queue. 

Problem 8 

Calculate the user costs associated with the work zone. 

Exercise 3 - 1 
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Figure 1. Eastbound Work Zone User Cost Components at Free Flow Conditions. 
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Figure 2. Eastbound Work Zone User Cost Components at Forced Flow Conditions. 
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Table 1. Capacity Analysis of Work Zone Operation. 

Eastbound 
Directional Factor· Directional AADT 

Hrly Queuing Culm. Vehicles that ... 
Distri. Demand Capacity Rate Que Veh. Stop TraverseWZ ·SlowDown 

Hour % vph vph vph 55.0-55 at 35 mph 55-35-55 
0 - 1 0.9 462 2,800 (2,338) 0 0 462 462 
1 - 2 0.5 257 2,800 J~,544) 0 0 257 257 
2 - 3 0.4 205 2,800 j2,595) 0 0 205 205 
3 - 4 0.4 205 2,800 (2,595) 0 0 205 205 
4 - 5 0.6 308 2,800 (2,492) 0 0 308 308 
5 - 6 1.8 923 2,800 (1,877) 0 0 923 923 
6 - 7 4.4 2,257 2,800 (543) 0 0 2,257 2257 
7 - 8 6.2 3,181 2,800 381 381 3,181 3,181 0 
8 - 9 5.7 2,924 2,?QQ 124 505 2,9~4 2,924 0 
9 - 10 5.1 2,616 2,800 (184) 321 2,9 16 2,616 0 

10 - 11 5.2 2,6§? 2,800 (1}2) 189 2,668 2,668 0 
1 12 5.6 2,873 2,800 73 261 ~,873 2,873 0 
12 - 13 6.0 3,078 2,800 278 539 3D?? 3,078 0 
13 - 14 5.9 3,027 2,80Q ... 227 766 3,027 },O~7 0 
14 - ; 15 6.4 3,283 2,800 483 1,249 3,283 },283 0 
15 - 16 7.4 3,796 2,800 996 ),246 3,796 3,729 0 
16 - 17 7.8 4,001 ... 2,800 1,201 3,447 4,001 4,001 0 
17 - 18 7.5 3,848 2,800 1,048 4,494 .......... 3,848 3,848 0 
18 - 19 5.9 3,027 2,8QO 227 ..... 4,721. 3,027 ................ 3,O~7 0 

- 20 4.9 2.,.514 2,800 (~?6) 4,435 2,514 ~o514 0 
. 21 4.0 2,05~ 2,800 ... (74?) .},687 2,052 2,Q9~ 0 

22 3.3 1,923 2,?00 {i,10n 2,580 ........... 1,693 .J,69} 0 
23 2.4 1,231 2,800 (1,569) 1,011 1,231 1,231 0 
24 1.7 872 2,800 1,928 0 457 872 415 

Total 100 51,300 46,268 51,300 5,032 

Note: The number of vehicles required to stop (55-0-55 mph) during the last hour (23-

24) is prorated based on the amount of time required to clear the queue remaining in 

the previous hour. 

Exercise 3 - 3 



Problem No. 1 

Using the data from the 24 hour capacity analysis shown in Table 1 quantify the traffic 

affected in each of the following cost components for the duration of the project. 

o WZ Speed Change Delay (Free Flow) 
55 + 35 + 55 mph 

Vehicle Class . Eastb:gMnd,.tl\lmJ>~r of "ehicles 

90% Auto 

6% Single Unit 

4% Combination 

6 WZ Speed Change VOC (Free Flow) 
55 + 35 + 55 mph 

Vehicle Class 

90% Auto 

6% Single Unit 

4% Combination 

@ Reduced Speed Delay Base Case (Free Flow) 
35 vs 55 mph 
Vehicle Class Eastbound N 

90% Auto 

6% Single Unit 

4 % Combination 

Note: Problem No. 1 continued on next page. 
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Problem No.1 Continued 

o Queue Stopping Delay (Forced Flow) 
55 + 0 + 55 mph . 

.. Vehicle Class . I:· Eastb?und.NUl11ber of Vehic.les· .... 
,. '~~~{~ 

90% Auto 

6% Single Unit 

4% Combination 

o Queue Stopping vae (Forced Flow) 
55+ 0+ 55 mph 

90% Auto 

6% Single Unit 

4% Combination 

o Queue Added Travel Delay 
Queue Speed vs. 55 mph 

'f,t~.<~''1~,e,.Cla$S ...• , .... '. ,.~Fastb?Ynd,'urnber;of~ehi~I!.~j 

90% Auto 

6% Single Unit 

4% Combination 

6 Queue Idle vae 

Ea.stl\ounaNurnber Of Vehicles'" 

6% Single Unit 

4% Combination 
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Problem No.2 

Compute the reduced speed delay to traverse the work zone. 

WorkZgne Length 
n' -,-., 

"'>" 

Work Zone Speed 
mph mi. 

Upstream Speed 
mph mi. 

~ Increased Time to Traverse the Work Zone: 

Compute the reduced speed delay to traverse the queue. 

Computation $tep",:"~>"., ;S::;;;; . '. ". 
:;~Nal~e ; 

1; , ',;/;;1;1<; ;,; , 

0 Maximum number of queued vehicles 

Queue Volume (V Q) "Capacity of Work Zone" 

Queue Capacity (CQ) "Upstream Capacity" 

VQ/CQ 

Queue Speed (SQ) (See Figure 3 Page 3.7) 

6 Work Zone Density (V Q/So) 

Upstream Volume (Vu) "Demand at Max. No. Queued Vehicles" 

Upstream Speed (Su) 

e Upstream Density (Vu/Su) 

D Density (6 - 8) 

0 Maximum Queue Length (0/ D Density) 

0 Average Queue Length (0/2) 

Queue Travel 0 o /Queue Speed (So) (hrs) 

Time 
{I o /Upstream Speed (Su) (hrs) 

4;) Queue Delay (hrs) (0 - 8) 

Exercise 3 - 6 
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Average Speed vs. VIC Ratio for LOS - F 
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VIC Ratio 

Figure 3. VIC Ratio versus Average Queue Speed (Source: NCHRP 133). 

V = V Q = Capacity in Work Zone 

C = C Q = Upstream Capacity 
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Problem No. 3 
Compute the following user costs associated with the work zone. 

Cost Veh.· 
Component Class 

Auto 

SU 

Combo 

Auto 

SU 

Combo 

Auto 

SU 

Combo 

Auto 

SU 

Combo 

Auto 

SU 

Combo 

Auto 

SU 

Combo 

Auto 

SU 

Combo 

. Number 
Vehicles AddedVOC 

(7) 

(7) 

(7) 

Added Time 
(HrsNeh.) 

(6) 

(6) 

(6) 

Total Work Zone User Cost »> 

Notes: 

1. See Table 2 Page 3.9 for added time and vehicle running cost. 
2. Speed change vac typically given as $/1000 Veh. 
3. Speed change delay typically given as Hr/1000 Veh. 
4. See Table 3 Page 3.9 for recommended values of time. 

5. See Problem No.2 Page 3.6 Answer ~ 
6. See Problem No.2. Page 3.6 Answer ~ 
7. See bottom of Table 2 on Page 3.9 for Idle cost rates. Note Idling cost units $Neh.-Hr. 
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Table 2. Added Time and Vehicle Running Costl1000 Stops and Idling 

Costs (August 1996). 
Added Time (Hr 11000 Stops) Added Cost ($/1000 Stops) 

Initial (Excludes Idling Time) (Excludes Idling Time) 

Speed Pass. Trucks Pass. Trucks 

(mph) Cars Single Combination Car Single" Combinatiol1 
5 1.02 0.73 1.10 2.70 9.25 33.62 
10 1.51 1.47 2.27 8.83 20.72 77.49 
15 2.00 2.20 3.48 15.16 33.89 129.97 
20 2.49 2.93 4.76 21.74 48.40 190.06 
25 2.98 3.67 6.10 28.67 63.97 256.54 
30 3.46 4.40 7.56 36.10 80.23 328.21 
35 3.94 5.13 9.19 44.06 96.88 403.84 
40 4.42 5.87 11.09 52.70 113.97 482.21 
45 4.90 6.60 13.39 62.07 130.08 562.14 
50 5.37 7.33 16.37 72.31 145.96 642.41 
55 5.84 8.07 20.72 83.47 160.89 721.77 
60 6.31 8.80 27.94 95.70 178.98 798.99 
65 6.78 9.53 NA 109.02 195.84 NA 
70 7.25 NA NA 123.61 NA NA 
75 7.71 NA NA 139.53 NA NA 
80 8.17 NA NA 156.85 NA NA 

Idling Cost ($ 1 vehicle-hour) 0.6927 0.7681 0.8248 

Table 3. Recommended Value of Time (August 1996). 

Vehicles $ I Vehicle hour 
Class Value ,Range. 

Passenger 11.58 10 -13 
Single Unit 18.54 17 -19 
Combination 22.31 21- 24 
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Class Exercise No.4 
Life Cycle Cost Analysis 
A State highway agency is conducting a Life Cycle Cost Analysis of a 6-lane facility (3 
lanes per direction). The current directional AADT is 40,000 vehicles per day. The 
State is considering two alternatives for the initial construction and rehabilitation 
strategy for one direction. Planned work zones will be in place 24 hours per day during 
which time the facility is reduced to 2 lanes of operation. Performance life ranges for 
the two alternative strategies are shown in Table 1. 

Compute the total Net Present Value (NPV) for each alternative. Use a 35 year 
analysis period. Include in your analysis the effect of salvage value, if applicable. 
Construction costs are directly related to the number of days allowed for initial 
construction and rehabilitation activities as shown in Figures 1 - 4. Use Table 2 to 
summarize your selected input values. Real opportunity cost of money to the State 
highway agency is 4%. The SHA estimates the value oftime to be $10 per hour. 
Routine reactive maintenance cost differences between alternatives are insignificant. 
Use the formula provided to calculate net present value. If needed use Table 3 for the 
appropriate discount factor. Use Table 4 to determine the daily cost of delay. Use 
Table 5 as a worksheet. 

Table 1. Performance life ranges. 
Alternative - A Alternative - B 

Initial Rehabs. Initial Rehabs. 
Low High Low High Low High Low High 

I Performance (years) 16 24 8 12 10 16 6 8 

Table 2. Selected input values. 
Alternative - A Alternative - B 

Rehabs. Rehabs 
Initial 1 2 Initial 1 2 3 4 

Performance (years) 
OConstruction Days 1 

@Agency Cose ($) 
@Daily Delay Cose ($) 
eUser Cost $ (0 x @) 

Notes: 1,2 See Figures 1.4 
3 See Table 4 Page 4.5 

Exercise 4 - 1 



Table 3. Discount factors. 
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IF ' II), 
Year 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Table 4. Daily cost of delay. 

Value Time $ 10.00 per hour 

Directional AADT(initial) 40000 vpd 

Traffic Growth Rate 3 percent 

Delay Per Veh. Growth Rate 10 percent 

'1).layNe", Daily Delay 

MOT min hOUrs Daily Cost 

40000 5.0 3333 $ 33,333 

41200 5.5 3777 $ 37,767 

42436 6.1 4279 $ 42,790 

43709 6.7 4848 $ 48,481 

45020 7.3 5493 $ 54,929 

46371 8.1 6223 $ 62,234 

47762 8.9 7051 $ 70,511 

49195 9.7 7989 $ 79,889 

50671 10.7 9051 $ 90,514 

52191 11.8 10255 $ 102,553 

53757 13.0 11619 $ 116,192 

55369 14.3 13165 $ 131,646 

57030 15.7 14915 $ 149,155 

58741 17.3 16899 $ 168,993 

60504 19.0 19147 $ 191,469 

62319 20.9 21693 $ 216,934 

64188 23.0 24579 $ 245,786 

66114 25.3 27848 $ 278,476 

68097 27.8 31551 $ 315,513 

70140 30.6 35748 $ 357,476 

72244 33.6 40502 $ 405,020 

74412 37.0 45889 $ 458,888 

76644 40.7 51992 $ 519,920 

78943 44.8 58907 $ 589,070 

81312 49.2 66742 $ 667,416 

83751 54.2 75618 $ 756,182 

86264 59.6 85675 $ 856,755 

88852 65.5 97070 $ 970,703 

91517 72.1 109981 $ 1,099,806 

94263 79.3 124608 $ 1,246,081 

97090 87.2 141181 $ 1,411,809 

100003 96.0 159958 $ 1,599,580 
103003 105.6 181232 $ 1,812,324 

106093 116.1 205336 $ 2,053,363 

109276 127.7 232646 $ 2,326,460 
112554 140.5 263588 $ 2,635,880 

115931 154.6 298645 $ 2,986,452 

119409 170.0 338365 $ 3,383,650 

122991 187.0 383368 $ 3,833,675 

126681 205.7 434355 $ 4,343,554 

130482 226.3 492125 $ 4,921,247 

Exercise 4 - 5 

Note: 
Values shown 
are for illustrative 
purposes only. 
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Class Exercise No. 1 
Net Present Value (Solution) 

Compute the total Net Present Value (NPV) for 
the following Alternative. 

Initial Constr. Rehab. 
Design Period, (yrs) 20 10 
Agency Cost ($ Millions) 26 9 
Construction Period (days) 210 105 

I Assume the following: 

I 
I 
I 
I 
I 
I 
I 

Analysis Period (yrs) 
Daily Delay (Hours) 
Routine Maintenance 
Discount Rate, 0/0 

Value of Time ($/hr) 

30 
3000 

Insignificant 
4 

10 

Solution 1- 1 



Performance Curve 
+oJ 
c: c: 
Q) 0 
E +=i .-
Q)"'C 
> c: co 0 
Q.O 

o 20 30 Years 

1 Analysis Period 1----. 

I 
I 
I 
I 
I 
I 
I 
I 

Expenditure Streams I 

~ c......, 
Cl) en 
0)0 
«t) 

$26 M 

o 

$9 M 

20 30 Years 

I 
I 
I 
I 

_._._._._._._._._._._._._._._.- I 

s.... ......, 
Cl) en 
en 0 
:::>t) 

$6.30 M I 

$3.15 M 

o 20 
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User Cost Calculations 
User Cost = Construction Days x Daily Delay x Value of Time 

Initial Construction 

UserCost =210daysx3000hrs/day x $10/hr. 

= $6.30 Million 

Rehabilitation 

User Cost = 105 days x 3000 hrs/day x $10/ hr. 

= $3.15 Million 

Solution 1- 3 



NPV = InitialCost + fFutureCost 1 
k=l (1 + i)nk 

Note: Quantity in brackets is present value factor from page 1.5. 

Agency Cost 

NPV = $26 + $9 (0.4564) = $30.12 M 

User Cost 

NPV = $6.3 + $3.15 (0.4564) = $7.74 M 

Solution 1- 4 
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Year 
n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Present Value Factors 

Discount Rate, (i) 
Ie 4.00/~ 4.5% 5.0% 5.50/0 6.0% 

0.9615 0.9569 0.9524 0.9479 0.9434 
0.9246 0.9157 0.9070 0.8985 0.8900 

0.8890 0.8763 0.8638 0.8516 0.8396 
0.8548 0.8386 0.8227 0.8072 0.7921 
0.8219 0.8025 0.7835 0.7651 0.7473 

0.7903 0.7679 0.7462 0.7252 0.7050 

0.7599 0.7348 0.7107 0.6874 0.6651 

0.7307 0.7032 0.6768 0.6516 0.6274 

0.7026 0.6729 0.6446 0.6176 0.5919 

0.6756 0.6439 0.6139 0.5854 0.5584 

0.6496 0.6162 0.5847 0.5549 0.5268 
0.6246 0.5897 0.5568 0.5260 0.4970 
0.6006 0.5643 0.5303 0.4986 0.4688 
0.5775 0.5400 0.5051 0.4726 0.4423 

0.5553 0.5167 0.4810 0.4479 0.4173 
0.5339 0.4945 0.4581 0.4246 0.3936 
0.5134 0.4732 0.4363 0.4024 0.3714 
0.4936 0.4528 0.4155 0.3815 0.3503 

0.4333 0.3957 0.3616 0.3305 
0.4146 0.3769 0.3427 0.3118 
0.3968 0.3589 0.3249 0.2942 

0.4220 0.3797 0.3418 0.3079 0.2775 
0.4057 0.3634 0.3256 0.2919 0.2618 
0.3901 0.3477 0.3101 0.2767 0.2470 
0.3751 0.3327 0.2953 0.2622 0.2330 
0.3607 0.3184 0.2812 0.2486 0.2198 
0.3468 0.3047 0.2678 0.2356 0.2074 
0.3335 0.2916 0.2551 0.2233 0.1956 
0.3207 0.2790 0.2429 0.2117 0.1846 
0.3083 0.2670 0.2314 0.2006 0.1741 
0.2965 0.2555 0.2204 0.1902 0.1643 
0.2851 0.2445 0.2099 0.1803 0.1550 
0.2741 0.2340 0.1999 0.1709 0.1462 
0.2636 0.2239 0.1904 0.1620 0.1379 
0.2534 0.2143 0.1813 0.1535 0.1301 

Solution 1- 5 
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Class Exercise No.2 
Net Present Value (Solution) 

Compute the total Net Present Value (NPV) for 
the following Alternative. 

Initial Constr. 
Design Period, (yrs) 20 
Agency Cost ($ Millions) 30 
Construction Period (days) 200 

Assume the following: 

Analysis Period (yrs) 
Daily Delay (Hours) 
Routine Maintenance 
Discount Rate, 0/0 
Value of Time ($/hr) 

30 
4000 

Insignificant 
4 

15 

Solution 2- 1 

Rehab. 
8 
9 

80 



Performance Curve 
+oJ 
C C 
Q) 0 
E :t=i .-
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Remaining 
Service Life 

36 Years 
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~ )~ 
() 
c...., 
(]) en 
0)0 
<CO 

~ ...., 
(]) en 
en 0 
::::>0 

o 

$12 M 
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)~ 

20 28 30 
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.. .... 
Years 

$6.75 M 

$4.8 M $4.8 M 

20 28 30 

Solution 2- 2 

See Page 2.3 for 
calculation of 
salvage value. 
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Salvage Value 
Calculation 

Remaining 
Service Life 

o 20 28 36 Years 
:'--<l1li ------II Analysis Period c---I ------.~ 

30 Years 

$9 Salvage 
Value 

($) 

8 Years 6 Years 

I Salvage Value = (9 / 8) * 6 = $ 6.75 I 

Solution 2- 3 



User Cost Calculations 
User Cost = Construction Days x Daily Delay x Value of Time 

Initial Construction 

User Cost = 200 days x 4000 hrs/day x $15 / hr. 

= $12 Million 

Rehabilitation 

User Cost = 80 days x 4000 hrs/day x $15/ hr. 

= $4.8 Million 

Solution 2- 4 
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NPV = InitialCost + I Future Cost 1 
k=l (1 + i)nk 

Note: Quantity in brackets is present value factor from page 2.6. 

1-----------------------------------
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Agency Cost 
NPV = $30 + $9(0.4564) + $9 (0.3335) - $6.75 (0.3083) 

= $35.03 M 

User Cost 
NPV = $12 + $4.8(0.4564) + $4.8 (0.3335) 

= $15.79 M 

Solution 2- 5 



I 
Present Value Factors I 

Year Discount Rate I 
n C4.00/~ 4.5% 5.00/0 5.50/0 6.00/0 I 

1 0.9615 0.9569 0.9524 0.9479 0.9434 

I 2 0.9246 0.9157 0.9070 0.8985 0.8900 
3 0.8890 0.8763 0.8638 0.8516 0.8396 
4 0.8548 0.8386 0.8227 0.8072 0.7921 I 5 0.8219 0.8025 0.7835 0.7651 0.7473 
6 0.7903 0.7679 0.7462 0.7252 0.7050 
7 0.7599 0.7348 0.7107 0.6874 0.6651 I 
8 0.7307 0.7032 0.6768 0.6516 0.6274 
9 0.7026 0.6729 0.6446 0.6176 0.5919 

I 10 0.6756 0.6439 0.6139 0.5854 0.5584 
11 0.6496 0.6162 0.5847 0.5549 0.5268 
12 0.6246 0.5897 0.5568 0.5260 0.4970 I 13 0.6006 0.5643 0.5303 0.4986 0.4688 
14 0.5775 0.5400 0.5051 0.4726 0.4423 

I 15 0.5553 0.5167 0.4810 0.4479 0.4173 
16 0.5339 0.4945 0.4581 0.4246 0.3936 
17 0.5134 0.4732 0.4363 0.4024 0.3714 I 18 0.4936 0.4528 0.4155 0.3815 0.3503 
19 c5}> 0.4333 0.3957 0.3616 0.3305 
20 0.4146 0.3769 0.3427 0.3118 I 21 0.3968 0.3589 0.3249 0.2942 
22 0.4220 0.3797 0.3418 0.3079 0.2775 

I 23 0.4057 0.3634 0.3256 0.2919 0.2618 
24 0.3901 0.3477 0.3101 0.2767 0.2470 
25 0.3751 0.3327 0.2953 0.2622 0.2330 I 26 0.3607 0.3184 0.2812 0.2486 0.2198 
27 0.3047 0.2678 0.2356 0.2074 
28 0.2916 0.2551 0.2233 0.1956 I 
29 0.2790 0.2429 0.2117 0.1846 
30 0.2670 0.2314 0.2006 0.1741 I 31 0.2555 0.2204 0.1902 0.1643 
32 0.2445 0.2099 0.1803 0.1550 
33 0.2340 0.1999 0.1709 0.1462 I 34 0.2239 0.1904 0.1620 0.1379 
35 0.2143 0.1813 0.1535 0.1301 

I 
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Class Exercise No.3 (Solution) 
Work Zone User Cost 

Problem No. 1 

Using the data from the 24 hour capacity analysis shown in Table 1 quantify the traffic 

affected for each of the following user cost components for the duration of the project. 

o WZ Speed Change Delay (Free Flow) 
55 + 35 + 55 mph 

90% Auto 339,647 

6% Single Unit 22,643 

4% Combination 15,095 

f} WZ Speed Change VOC (Free Flow) 
55 + 35 + 55 mph 

r;~\'ve,~i,c'e'<?la~s!)~d;;X; " Ea$t~~uri~j,~O!pllerl!tV~tlf~ht~t 
90% Auto 339,647 

6% Single Unit 22,643 

4% Combination 15,095 

8 Reduced Speed Delay Base Case (Free Flow) 
35 vs 55 mph 

w.)\iXVehicle Class 
~;, {~.~~\':~ ''',' 

Easu,ound;Number o~ Vehicles" 

90% Auto 3,462,750 

6% Single Unit 230,850 

4% Combination 153,900 

Note: Problem No. 1 continued on next page. 

Solution 3 - 1 



Problem No.1 Continued 

o Queue Stopping Delay (Forced Flow) 
55+0+55 mph 
Vehicle Class Eastbound Number of Yehi.cles . 

90% Auto 3,123,103 

6% Single Unit 208,207 

4% Combination 138,805 

o Queue Stopping VOC (Forced Flow) 
55+ 0 + 55 mph 
Vehicle Class". " "Eastbounct;~~"" 

90% Auto 

6% Single Unit 

4% Combination 

o Queue Added Travel Delay 
Queue Speed vs. 55 mph 

208,207 

138,805 

Vehicle ClassEastboQ."dNumbct~~j· 

90% Auto 

6% Single Unit 

4% Combination 

fj Queue Idle VOC 

Vehicle VIClI~~ 

90% Auto 

6% Single Unit 

4% Combination 

208,207 

138,805 

138,805 

Solution 3 - 2 

""f,:~Y' ., 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Problem No.2 

Compute the reduced speed delay to traverse the work zone. 

Work Zone length Time 

Work Zone Speed 35 mph 7 mi. 0.20000 hrs. 

Upstream Speed 55 mph 7mi. 0.12727 hrs. 

~ Increased Time to Traverse the Work Zone: 0.07273 hrs. 

Compute the reduced speed delay to traverse the queue. 

/,,' 'Computation Step Value 
.' .. '': .' ...... : 

0 Maximum number of queued vehicles 4,721 vehicles 

Queue Volume (Va) "Capacity of Work Zone" 2,800 vehicles 

Queue Capacity (Co) "Upstream Capacity" 6,300 vehicles 

Vo/Co 
2,800/6,3000.44 

Queue Speed (So) (See Figure 3 Page 3.4) 8 mph 

6 Work Zone Density (Vo/So) 2,80018 = 350 vpm 

Upstream Volume (Vu) "Demand at Max. No. Queued Vehicles" 3,027 vehicles 

Upstream Speed (Su) 55 mph 

@) Upstream Density (Vu/Su) 3,027/55 = 55 vpm 

D. Density (6 - @») 295 vpm 

0 Maximum Queue Length (OlD. Density) 4,721 1295 = 16.0 miles 

0 Average Queue Length (0 I 2) 16.012 = 8.0 miles 

Queue Travel 0 o IQueue Speed (So) (hrs) 818 = 1 Hour 

Time 
8 o IUpstream Speed (Su) (hrs) 8/55 = 0.1455 Hour 

Ci) Queue Delay (hrs) (0 - 8) 0.8548 Hour 

Solution 3 - 3 
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Figure 4. VIC Ratio versus Average Queue Speed (Source: NCHRP 133). 

Note: 

V = V Q = Capacity in Work Zone 

C = C Q = Upstream Capacity 
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Problem No.3 
Compute the following user costs associated with the work zone . 

. Vetl~ : Numper Added Time Cost 
Class . >Vehicles AddedVOC 

(HrsNeh.) ($) % 

Auto 
339,647 1.90/1000 7,473 0.02 

SU 22,643 2.94/1000 1,234 0.00 

Combo 
15,095 3,883 0.01 

Auto 
339,647 13,385 0.03 

SU 22,643 1,449 0.00 

Combo 
15,095 4,799 0.01 

Auto 
3,462,750 2,916,265 6.76 

SU 230,850 0.0727 18.54 311,270 0.72 

Combo 
153,900 0.0727 22.31 249,710 0.58 

Auto 
3,123,103 5.84 / 1000 (1 11.58 211,207 0.49 

SU 208,207 18.54 31,151 0.07 

Combo 
138,805 22.31 64,164 0.15 

Auto 
3,123,103 260,685 0.60 

SU 208,207 33,498 0.08 

Combo 
138,805 100,185 0.23 

Auto 
3,123,103 30,915,530 71.64 

Queue Added Travel 
me Delay SU 208,207 0.8548 3,299,792 7.65 
ueue Speed vs 55) 

138,805 0.8548 2,647,190 6.13 
Combo 

Auto 
3,123,103 0.8548 1,849,325 4.29 

SU 208,207 0.7681 0.8548 136,708 0.32 

Combo 
138,805 0.8248 0.8548 97,867 0.23 

Total Work Zone User Cost »»> 43,156, 

Notes: 

1. See Table 2 Page 3.9 for added time and vehicle running cost. 
2. Speed change vac typically given as $/1000 Veh. 
3. Speed change delay typically given as Hr/1000 Veh. 
4. See Table 3 Page 3.9 for recommended values of time. 

5. See Problem No.2 Page 3.6 Answer C) 
6. See Problem No.2. Page 3.6 Answer 4D 
7. See bottom of Table 2 on Page 3.9 for Idle cost rates. Note Idling cost units $Neh.-Hr. 
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Table 2. Added Time and Vehicle Running Cost / 1000 Stops and Idling Costs 

(August 1996). 

Added Time (Hr 11000 Stops) AClded Cost ($/1090 Stops) 

Initial (Excludes Idling Time) .(Excludes Idling T.ime) 

Speed Pass. <~C, . 
":k .. '", . 

Trucks 

(mph) Cars Single 

T~~ks ~ Pass. 
.... Co~binati' "'3ar" /}:Siqjle' .. :CombinZition 

5 1.02 0.73 1.10 2.70 .. ' 9.25 33.62 
10 1.51 1.47 2.27 8.83 20.72 77.49 
15 2.00 2.20 3.48 15.16 33.89 129.97 
20 2.49 2.93 4.76 21.74 48.40 190.06 
25 2.98 3.67 6.10 28.67 63.97 256.54 
30 3.46 4.40 7.56 36.10 80.23 328.21 
35 3.94 5.13 9.19 44.06 96.88 403.84 
40 4.42 5.87 11.09 52.70 113.97 482.21 
45 4.90 6.60 13.39 62.07 130.08 562.14 
50 5.37 7.33 16.37 72.31 145.96 642.41 
55 5.84 8.07 20.72 83.47 160.89 721.77 
60 6.31 8.80 27.94 95.70 178.98 798.99 
65 6.78 9.53 NA 109.02 195.84 NA 
70 7.25 NA NA 123.61 NA NA 
75 7.71 NA NA 139.53 NA '" "', 1\,. 

80 8.17 NA NA 156.85 NA NA '-I 
Idling Cost ($1 vehicle-hour» . 0.6927 0.7681 0.8248 

Table 3. Recommended Value of Time (August 1996). 

Passenger 
Single Unit 
Combination 22.31 21 - 24 
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Class Exercise No.4 (Solution) 
Life Cycle Cost Analysis 

A State highway agency is conducting a Life Cycle Cost Analysis of a 6-lane facility (3 
lanes per direction). The current directional AADT is 40,000 vehicles per day. The 
State is considering two alternatives for the initial construction and rehabilitation 
strategy for one direction. Planned work zones will be in place 24 hours per day during 
which time the facility is reduced to 2 lanes of operation. Performance life ranges for 
the two alternative strategies are shown in Table 1. 

Compute the total Net Present Value (NPV) for each alternative. Use a 35 year 
analysis period. Include in your analysis the effect of salvage value, if applicable. 
Construction costs are directly related to the number of days allowed for initial 
construction and rehabilitation activities as shown in Figures 1 - 4. Use Table 2 to 
summarize your selected input values. Real opportunity cost of money to the State 
highway agency is 4%. The SHA estimates the value of time to be $10 per hour. 
Routine reactive maintenance cost differences between alternatives are insignificant. 
Use the formula provided to calculate net present value. If needed use Table 3 for the 
appropriate discount factor. Use Table 4 to determine the daily cost of delay. Use 
Table 5 as a worksheet. 

Table 1. Performance life ranges. 

Alternative - A Alternative - B 
Initial Rehabs. Initial Rehabs. 

Low High Low High Low High Low High 

I Performance (years) 16 24 8 12 10 16 6 8 

Table 2. Selected input values. 
Alternative - A Alternative - B 

Rehabs. Rehabs 
Initial 1 2 Initial 1 2 3 

Performance (years) 20 10 10 15 7 7 7 
OConstruction Days 1 220 100 100 180 70 70 70 
6Agency Cose ($) 25 M 10 M 10 M 18 M 6M 6M 6M 
@Daily Delay cose $ 33,333 405,020 1411,809 33,333 216,934 519,920 1,246,080 

aUser Cost $ (0 x @) 7.3 M 40.5 M 141.2 M 6.0 M 15.18 M 36.39 M 87.22 M 

Notes: 1.2 See Figures 1.4. 
3 See Table 4 Page 4.5. 
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Table 3. Discount Factors. 
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I 
Table 4. Daily cost of delay. 

I Value Time $ 10.00 per hour 

Directional AADT(initial) 40000 vpd 

Traffic Growth Rate 3 percent 

I Delay Per Veh. Growth Rate 10 percent 

I 
DelayNeh. Daily Delay 

Year AADT min hours Daily Cost 

0 40000 5.0 3333 $ 33,333 

I 
41200 5.5 3777 $ 37,767 

2 42436 6.1 4279 $ 42,790 

3 43709 6.7 4848 $ 48,481 

I 
4 45020 7.3 5493 $ 54,929 

5 46371 8.1 6223 $ 62,234 

6 47762 8.9 7051 $ 70,511 

I 7 49195 9.7 7989 $ 79,889 

8 50671 10.7 9051 $ 90,514 

9 52191 11.8 10255 $ 102,553 

I 10 53757 13.0 11619 $ 116,192 

11 55369 14.3 13165 $ 131,646 

12 57030 15.7 14915 $ 149,155 

I 13 58741 17.3 16899 $ 168,993 

60504 19.0 19147 

62319 20.9 21693 

I 64188 23.0 24579 

17 66114 25.3 27848 

I 
18 68097 27.8 31551 

70140 30.6 35748 

72244 33.6 40502 

I 
74412 37.0 45889 

22 76644 40.7 51992 $ 519,920 

23 78943 44.8 58907 $ 589,070 

I 
24 81312 49.2 66742 $ 667,416 

25 83751 54.2 75618 $ 756,182 

26 86264 59.6 85675 $ 856,755 

I 
27 88852 65.5 97070 $ 970,703 

28 91517 72.1 109981 $ 1,099,806 

29 94263 79.3 124608 $ 1,246,081 

I 30 97090 87.2 141181 $ 1,411,809 

31 100003 96.0 159958 $ 1,599,580 

32 103003 105.6 181232 $ 1,812,324 

I 
33 106093 116.1 205336 $ 2,053,363 

34 109276 127.7 232646 $ 2,326,460 

35 112554 140.5 263588 $ 2,635,880 

36 115931 154.6 298645 $ 2,986,452 

I 37 119409 170.0 338365 $ 3,383,650 Note: 
38 122991 187.0 383368 $ 3,833,675 Values shown are 
39 126681 205.7 434355 $ 4,343,554 for illustrative 

I 40 130482 226.3 492125 $ 4,921,247 purposes only. 
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