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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. 1 15 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 ptoducts or manufacturers. Trade 
or manufacturers' names appear herein only because they are considered essential 
to the object of this document. 



Life-Cycle Cost Analysis in Pavement Design 
Participant's Notebook 

Demonstration Project No. 1 15 





TABLE OF CONTENTS 

Course Evaluation 
Agenda 
COURSE MODULES 

Module I: Overview 
Module 11: Background 
Module Ill: LCCA Process Overview 
Module IV: Components and Issues 
Module V: Introduction to Project Level User Costs 
Module VI: Work Zone User Costs: Calculation Steps 
Module VII: Basic Statistics 
Module VII I: Risk Analysis Approach 
Module IX: Software Demonstration 
Module X: Class Exercise Revisited 
Module XI: Presentation Techniques 
Module XII: Benefits and Implementation 
Module XIII: Summary 

Class Exercises 
Class Exercises - Solutions 





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. 

Ve r~ 
Please rate this workshop in the following areas: Excellent Good Good Fair Poor 

Adequate coverage of subject matter 5 4 3 2 I 
Applicable to your current job 5 4 3 2 1 
Meeting room location 5 4 3 2 I 
Course materials 5 4 3 2 I 
Knowledge gained from this workshop 5 4 3 2 1 
This workshop overall 5 4 3 2 1 

Please rate the instructotfs) in the following areas: 

Organization 
Presentation 
Clarity of instruction 
Encouraging participation 

Would you recommend this training to other 
department employees? Yes No 

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





Two Day Agenda 
Time Title 

Day 1 08:OO am 
08:15 am 
08:30 am 
09:OO am 
09:30 am 
09:45 am 
10:45 am 
11 :00 am 

Welcome 
Workshop Overview 
Background 
LCCA Process Overview 
Break 
Components & Issues 
Break 
Class Exercise No. 1 or 2 

12:OO am Lunch 
01 :00 pm Introduction to Work Zone User Costs 
01 :30 pm Work Zone User Costs: Calculation Steps 

02:45 pm Break 
03:OO pm Class Exercise No. 3 
04:OO pm Class Exercise No. 4 
05:OO pm Close for Day 

-----I-------__-------------------------- 

Day 2 08:OO am Basic Statistics 
09:OO am Risk Analysis Approach 
10:OO am Break 

Software Demonstration 
Lunch 
Class Exercise Revisited 
Presentation Techniques 
Break 
Benefits & Implementation 
Workshop Summary 
Question & Answers - Workshop Evaluations 
Closeout 



Three Day Agenda 
Time Title 

Day 1 01 :00 prn Welcome 
01 : 15 pm Workshop Overview 
01 :30 prn Backgr~und 
02:OO pm LCCA Process Qverview 
0230 pm Break 
02:45 prn Components & Issues 
0345 pm Break 

04:00 pm Class Exercise No. '1 or 2 

05:OO pm Close for Day 
_ _ _ _ _ _ I _ _ _ _ _ _ _ _ I . _ _ _ _ _ I . _ _ _ _ _ _ _ _ _ _ I _ _ - _ _ _ _ _ _ _ _ _ . _ - I  

Day 2 08:OO am Introduction to Work Zone User Costs 
08:30 am Work Zone User Costs: Calculation Steps 
09.45 am Break 
10:OO am Class Exercise - No. 3 

11 :60 am Class Exercise - No. 4 

01 :00 pm Class Exercise - No. 4 Continued 

0200 pm Basic Statistics 
03.00 pm Break 
0315 pm Risk Anasysis Approach 
04: 15 pm SoMware Demonstration 
05:00 prn Close for the Day 

____________l_____-----------_-_--------- 

Day 3 08100 am Class Exercise Revisited 
09:00 am Presentation Techniques 
0930 am Break 
09:45 am Benefits 8( Implementation 
10:30 am Workshop Summary 
I 1 :00 am Question & Answers - Workshop Evaluations 

12:OO pm Closeout 



Workshop Oven/iew 

overview 
ppp-p 

Max Grogg, 51 8-431 -4224 x 223 

Keith Herbold, 708-283-3548 1 

Michael Smith, 202-366-4057 

James Walls, 202-366-1 339 

Module I - I 
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Introduce probabilistic concepts 
o SHA Case Studies 
o Application of Probabilistic 

traditional LCCA 

a Process Overview 
m Components and Issues 

a Class Exercises 
Basic Statistics 
Probabilistic Approach 
LCCA Probabilistic Example 

m Benefits and Implementation 

Module l -  2 



Workshop Overview 

mLCCA process overview 
  components and issues 
.User cost procedure 
mlntroduce Probabilistic 

End Session 

Module 1 - 3 





Background 

I 

- 

Leve ls  of Application 

Implementing Guidance 
.National Pavement Design Review 

Deterministic Approach 
Risk Analysis Approach 

Module II - I 
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"A process for evaluating the total 
economic worth of a useable project 
segment by analyzing initial costs 
and discounted future costs, such as 
maintenance, reconstruction, 
rehabilitation, restoring, and 
resurfacing costs, over the life of the 

A portion of a highway that when 
completed could be opened to traffic 
independent sf some larger overall 

such as maintenance 
reconstruction, rehab 
and resurfacing costs, over the life sf the 
project segment. 

Module 11  - 2 



Background 

Des ign  and Engineering 
Initial Construction 

r Maintenance of Traffic 
r Maintenance 
r Rehabilitation 

Costs incurred by users of a highway 
facility including excess costs to those 
who cannot use the facility because of 
agency or self-imposed detour 

The application of accepted LCCA 
procedures and techniques without 
regard for the variability of input 

Module 1 1  - 3 
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variability associated with LCCA 
input factors and carries this 
variability through the computation 
process to generate results in the 
form of a probability distribution. 

r Levels of Application 

Implementing Guidance 
r National Pavement Design Review 

I Levels of Application 

Funding levels 

r Program allocation 
r Project selection 

.Design selection <!:IBD 

Module ll - 4 



Background 

Levels of Applications 

oFHWA-AASHTO Symposium (93) 
Executive Order 12893 (94) 
eNHS Designation Act (95) 

Factors to be considered . . . 
the use of life-cycle costs in the 
design and engineering of bridges, 
tunnels, or pavements. 

mAASHTO Survey 
.Focused attention on LCCA 
.Spotlighted issues 
.No Resolutions 

Module 11 - 5 
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I-___ 

Publ~cai~on No. FHWA-PL-94-025 

"Principles for Federal 
l nfrastructure Investments" 

Directed at Federal Agencies 
w Grant Programs 
w initiated FHWA Policy Statement 

Section 303, "Quality Improvement," 

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

Module ll - 6 



-- Background 

.Directs DOT to develop LCCA 
procedures based on principals 
contained in Exec. Order 12893 

.Transportation Research Program 

.Survey conducted (I 1/95) 

NQl SURVEY 

National 

Survey 1 
intraducuan 

2 
Background of Sumy 

4 
Sunay msgn and Mmodalw 

6 
Profile 0 fRSmrd.M 

H l l l D " .  au.,lwlnIl*0rr 8 
Major Fiodmgs 

17 
s*.nno Conmi,,.. 

20 
sunnary - CVW*. * L).l,."d l l P 

- -., 

Module 1 1  - 7 
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.Maintenance response time 

Pavement Condition 

Respondents Satisfied 

Temporary repairs don't cut it ! 

Module ll - 8 



Background 

I Maintenance Response Time I 
Pavement Repa~rs 

Snow Removal 

Guardrad Repairs 

Rest Area 
Cleaning 

L~tler Removal 

0% 20% 40% 60% 80% 100% 

Respondents Satisfied 

Response time needs improving ! I 

Traffic Flow 
Constructio 

Delays 

Level of 
Congestio 

Toll Booth Dela 

Accident Clean U 

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

Get in, fix it, and get out ! 

I NQI Survey Priorities ... 

o Pavement Condition 
@Safety 
@Traffic Flow 

Module 1 1  - 9 



Life Cvcle Cost Analvsis in Pavement Design  emo on strati on Praect No. 7 75 

2 8 

uLevels of Applications 

R Implementing Guidance 
e NHS - FHWA memo (4196) 
e LCCA Policy Statement (9196) 

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

0 Defines useable project segment 

LCCA procedures not prescribed 
Focus on "good" practice 

Decision support tool 
Results are not decisions 
Use process to improve maintenance 
and rehabilitation strategies 
Logical evaluation process is as 
important as results 

Module II - 10 



Background 

HLCCA important consideration in all 
highway investment decisions 

H bevel of detail commensurate with 
level of investment 
Long analysis periods 
.Pavements - min. 35 years 
.Bridges - min. 75 years 

.Agency and user costs should be 

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

.Traditional approach 

w User costs (work zone) 

w Introduce risk analysis 
(probabilistic approach) 

Module I l  - 1 I 
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34 
-- 

~ C a s e  studies 
Future activities 

I Additional Resources 

wNCHRP 
0 Synthesis reports 
0 MicroBencost software 

EAASHTO 
e Red Book 
e Pavement Design Guide 
e Darwin 

L e v e l s  of Application 

w Implementing Guidance 
.National Pavement Design Review 

Module 1 1  - 12 



Background 

.General Findings (LCCA) 

OIGIGAO reviews 
m FHWA reviews 1995 - 1997 

.Areas addressed: 

J Design procedures 

E Procedures 
E Analysis Periods 
E Performance Periods 
E Discount Rates 

User Costs 

Module 11  - 13 
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.......................... 
................ cl Documented Procedures 33 

................................ @New Location 33 
.............................. e Reconstruction 33 

........................ @Major Rehabilitation 22 

........................... einforrnal Procedures I I 

@Plan to Develop Procedure ............... 7 
..... e Has no Plan to Develop Procedure 1 

- - 

SHAs Reporting 1 

Analysis Period 

Module 11 - 14 



- Background 

SHAs Reporting 

Engneer~ng PMS Research 
Judgement 

Performance Data 

/ SHAs Reporting 

0 2 3 4 4.5 5 6 Range OM8 
(0-8) 

Discount Rate, % 

SHAs Reporting 

Present Worth ElJAC PW & EUAC 

Economic Indicator 

Module 1 1  - 15 
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33 SHAs Reporting 

Driving Forces 
rn Implementing Guidance 
H National Pavement Design Review 

End Session 

Module li - 16 



- Process Ovenfie w 

I 

LCCA Process Steps 
o Establish strategies for analysis period 
0 Establish activity timing 
o Estimate agency costs 
o Estimate user costs 
o Develop expenditure streams 
o Compute NPV 
o Analyze results 
o Reevaluate strategies 

Module I l l  - 1 
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.Single Future Construction 

Performance Curves 

Module 111 - 4 



Process Overview 

13 
Use Same Analysis Period 

Rehab. 

I4 * 
Analysis Per~od 

8 
Analysis Period 

Remaining Service Life (RSL) 

A 
+ s C 
(I) 0 
E :z 2 2 
a o 

.......................................... 
f I Analysis Period ; , Pavement 

.......................................... 
Life 

Initial Design Rehab 

t 
pavement Life 

Module 111 - 5 
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o Estimate agency costs 

Costs associated with roadway 

Born by Agency 

Future Rehab and Preventive Maint. 
Project Overhead . . . 
0 Preliminary Engineering, 

Contract Administration, 
Construction Supervision and Inspection 

Traffic Control 

Module 111 - 6 



Process Overview 

&HA historical bid data 

e, Estimate agency costs 

o Estimate user costs 

Costs incurred by users of a highway 
facility including excess costs to those 
who do not use the facility because of 
agency or self-imposed detour 

Module 111  - 7 
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User Costs Include ... 

Normal operations 

Normal Operations 
"Between Work Zone" 

Module 111 - 8 



Process Overview 

Vehicle Operating 

Excess VOC and delay costs to users 
of the facility during work zone 

.Additional VOC and delay costs to 
users who do not use the facility 
because of agency or self imposed 

Module 1 1 1  - 9 





Process Overview 

Routine Reactive Maintenance 

.Usually small 

.When discounted its even smaller 

.Can be ignored in the analysis 

Use constant dollars 
Use real discount rate 

Module I l l  - I 1  
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USER COSTS 

Initial Design Rehah 

Pavement Life 

" " I  
='u 

0 Establish activity timing 
o Estimate agency costs 
o Estimate user costs 
o Develop expenditure streams 

o Compute NPV 

Module 1 1 1  - 12 



Process Overview 

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

6. NPV Equation 

i = discount rate 

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

Module 111  - 13 
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$30.1 M $ 2 6 M  
NPV = Initial Cost +- 

o Agency NPV 

Since User Costs May Dominate 
Separate Agency and User Costs 

Module 1 1 1  - 34 



Process Overview 

LCCA Process Steps 

o Estimate agency costs 
o Estimate user costs 
o Develop expenditure streams 
o Compute NPV 

o Analyze results 

disadvantages of alternatives 
Determine and explain LCCA 

J Most Likely Case 

J Worst Case 

Module 111 - 15 
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,+a@'' Sensitivity Analysis 
Alternative - A Discounted cost 
Activi Year - - C o A  
Canstr. I 0 $177.0 $177.0 $177.0 $177.0 $177.0 $177.0 
Rehab. i 10 $ 10.0 $ 9.1 $ 8.2 $ 7.4 $ 6.8 $ 6.1 
(Rehab. / 20 I $ 15.01 $ 12.3 $ 10.1 $ 8.3 $ 6.8 $ 5.71 

NPV $204.2 $199.8 $196.3 $193.3 $190.9 

NPV $2:5.6 $202.0 $190.4 $180.6 $172.3 

Discount Kate (K) 

Module 111  - 16 



Process Overview 

.Shows effect of changing input variable on 

Easy to perform 

Sensitivity Analysis 

w Disadvantages 
a One input variable changes (others held 

constant) 
a Limited analysis 
a Does not ... 

+ account for simultaneous change of ALL 
inputs on outcome 

+ account for likelihood of input value actually 
occurring 

+ reflect reality 

We need a technique that 
incorporates simultaneous 
changes of input variables 

Module Ill - 17 
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Monte Carls Simulation 

r Input variables described using 
probability distribution 
Samples randomly drawn from input 
distributions to caleuiate results 

r Hundreds, even thousands, of samples 
may be drawn to form a distribution of 
results 



Process Overview 

Monte Carlo Con't 

e Worst Case 

Data Input values based on likelihood 
of occurrence 

Monte Carlo Simulation 

Inputs Results 

Establish strategies 
o Establish activity timing 
o Estimate agency costs 
o Estimate user costs 
o Develop expenditure streams 
o Compute NPV 
o Analyze results 

Reevaluate strategies 

Module 111 - 19 
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-- 

8. We-evaluate Strategies 

@ Modify al8er.satives 

J Design lives 
(Strengthen shoulders 
JNew technologies 

0 Revise maintenance of traffic plan 
J Reduce construction period 
J Restrict contractor work hours 
9Examine alternative modes of travel 

r Lengths and times sf queues 

B Agency versus user costs 

Reliability of LCCA outcome 

Practical Realities . . . .. 

Practical Realities . .. 

a Local politics 

a Availability of funding 

Industry support to perform the required 
construction 

a Agency experience with a particular strategy 

UI Accuraq of pavement design and 
rehabilitation models 

Module 111 - 20 



-- Process Overview 

Decision support tool 
Results are not decisions 
Use process to improve maintenance 
and rehabilitation strategies 
Logical evaluation process is as 
important as results 

o Establish activity timing 
e Estimate agency costs 
o Estimate user costs 
o Develop expenditure streams 
o Compute NPV 
o Analyze results 
o Reevaluate strategies 

Module 111 - 21 
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End Session 

Module 111  -22 



Components and Issues 

0 Performance estimates 
Expenditure streams 

Economic indicators 

Module IV - l 
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Analysis Period 

FHWA LCCA Policy 
.Pavements ..... 35 Yrs 
@Bridges ............ 75 Yrs 

r Growth rates 
Directional hourly volume 

Module lV - 2 



Components and Issues 

Classification - User costs 
Load factors - Design 

Traffic - Hourly Demand 

Typ ica l  default values 

e MicroBencost 

Module lV - 3 
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timing of rehabilitation 

@Expenditure timing 
eTraffic levels 

r Identify supporting rehabs 
Viable and competitive 

Seat Coat Shoulders X X X X X 
CPR - Patch 

- Diamond Grinding 

u Saw and Seal Joints 
w Pave Shoulders 
w Adjust Guard Rail and Drainage Structures 



Components and Issues 

I Example 

6 Lane Facility (3 Lane per dir.) 
Work Zone 1 Lane Open 
30 Year Analysis Period 
Initial AADT = 110,000 vpd 
2 Rehabs including maint. plan 

Plan to add capacity in the 

Strengthen shoulders 
Examine use of alternative routes, 
modes of transportation 

reducing number of rehabs 
Initiate programs, such as 
preventive maintenance, that 
preserve pavement life 

Module lV - 5 
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eCsi-istant (real) 
.inflated (nominal) 

Can You Assume Inflation? I 

$8,890 (Chevrolet) $18,545 (Ford Taurus) 
r-p--h.p 

1 4.8 months 4 5.3 months 

Gallon of gas] 

$1.70 $1.22 -- 

Example: Deflation 

r 1989 - $2,500 
r 1998 - $1,200 

Module lV - 6 



Components and Issues 

@Inflated (nominal) 

H Discounting - Type of Rates 

H 4.0% - Risk premium 
.............................. 

H I 1.5% - Nominal 

Real dollars and rates 
Nominal dollars and rates 
Never mix nominal and real 

Module lV - 7 
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Present costs valued higher 

O u t  year costs worth less 

Favor alternatives with higher initial 
costs and lower future costs 

Favor alternatives with lower initial costs 
and higher future costs 

Module lV - 8 



Components and Issues 

Discount Rate Selection 

rn Opportunity Cost 

Office of Management and 
Budget Circular A-94 

Signature Loans 12% - 15% 

Savingstchecking 0% - 3% 

rn Other Investments 

Module lV - 9 
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Real Discount Rates 
Source: OMB 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 3.6 

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) 

1 Circular A-94 

1 Discount Rates Web Address: 

Setect A-94 and see appendix C. 

Module lV - 10 



Components and Issues 

+ Real rates with real dollars 

Economic Indicators 

Benefit cost ratio 
Equivalent uniform annual costs 
Net present value 

Module IV - 11 
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Agency Casts 
a Design and Engiaaeerirrg 
m Initial Construction 
a Maintenance of Traffic 
r Preventive Maintenance 

Rehabilitation 
a Reactive MaintenancdQperating Cost 

I Salvage Value Sunk Casts 

e % of last rehab cost 

Residual value 
e Value of recycled material 

... costs that are not relevant to 
the decision at hand 

Module IV - 12 



Components and Issues 

portation investments. 

- User fees collected 
for public investment 

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

Vehicle operating cost 

Module lV - 13 
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1 User Cost Components 

( rn Vehicle crash cost 
sPrtapedy damage only - $ 

@Injury - $$ 

e Fatality - $$$$$ 

rn Data sources 

Veh ic le  operating cost 
@Normal operations 

Module lV - 14 



- Components and Issues 

Pavement performance 
0 VOC - IRI relationship 

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

Effect of Roughness on Road User Costs in New Zealand 

120 - .- 
E roo .- 
.d 

$ 80 - 
m .- g 60 

m 5 40 
e 
,P 20 

0 
0 100 200 300 400 500 600 700 800 BOO 

Roughness in IRl (inlmi) 

Module lV - 15 
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/ User cost Components I 
q Vehicle crash cost 

mVehicle operating cost 

s User delay 
eWZ reduced speed delay 

Congestion delay 

I 1 Bumper-to-bumper gridlock / ~ \ ~ ~ ~ I  

Module lV - 16 



- Components and lssues 

Value of Time: Sources 

.Toll facilities 

r Congestion pricing 
r High Occupancy Toll (HOT) 
r US DOT - FHWA HERS 
r Research studies 

Toll Facilities 

Average daily traffic count 

911 915195- ,March April May June July Aug Sept. Oct. 

Free $1.75 $1 

r Hardy toll road experiment 
r $ l  .OO peak - $50 off peak 
T o o  successful 
L o s t  $500,000 in 90 days 

Module lV - 17 
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Further Information . . . 

LCCA Tech Bulletin ... 
M Fundamental principles 

Good practice 
LCCA issues 
Case studies 
Uncertainty and variability 

e Justify all assumptions 
 address all issues 

(even if not relevant to the 
analysis at hand) 

End Session 

Module IV - 20 



lntroduction to Project Level User Costs 

Introduction to 
Project Level 

Session Overview 

Components 
Operating Conditions 
Work zone 

Module V - I 
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Normal Operation 

Characteristics 

a Traffic Operations 

Module V - 2 



--- Introduction to Project Level User Costs 

7 

Work Zone Types 

Single lane closure 
Two lane two way operation 

1 Two Lane Two Way Operation 
(TLTWO*I 

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

Module V - 3 
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WZ Characteristics 

BI Length 
a Posted Speed 

Hours of Operation 
a Capacity 
a Alternate Routes/Betours 

m Number of days 

-- 

Work Zone Frequency 

zones need to be established 
over the analysis period 

The iwore rehabilitations the 
more work zones 

Module V - 4 



lntroduction to Project Level User Costs 

Impacts user cost NPV 
Out-year traffic levels 

0 Discount factor 

Net Present Value (NPV) 

NPV = Initial Cost + 
N 

C ~ u t u r e  Cost ,x 1, 
k= l 

I = discount rate 
+ 

n =year of expenditure Present Value Factor 

Work Zone Analysis 

Different work zone types must 
be analyzed separately. 

Work zones with different 
characteristics, including traffic 
demand, must also be 

analyzed separately. 

Module V -  5 
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a Capacity analysis 
e AASHTO Red Book 

Automated programs 
e MicroBenCost 

QueVWZ: - $20 
Includes: software, documentation, 

Work Zone Traffic 

Module V - 8 



Introduction to Project Level User Costs - 

Work Zone Layout 

-- Queue Area Work Zone 
-A- 

- . - . - . - . - . - * - . - . - . - . - . - . - . - . - . -  - . - . - . -'. - . - . ma 'D* -.a* 

Free Flow (Base Case) 
WZ Capacity Exceeds Demand 

Forced Flow (Congestion) 
Demand Exceeds WZ Capacity 

+ Speed change costs 

+ Reduced speed costs 

Module V -  7 
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. - . - . - . - . - . m a - . -  

- . - . - . -  

Reduced Speed Delay 

Forced Flow 

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

Module V - 8 
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25 

Forced Flow 
Upstream Queue Area Work Zone 

- . - . - . - . - . - . - . - . - . - . - . - . - . - . - .  - . -  am- - . - . - . - . - . - . - . - . - . - . - . * - - -  

p-Work Zone 

Forced Flow 
Upstream Queue Area Work Zone 

p-Work Zone 

Forced Flow 
Upstream Queue Area Work Zone 

- --.=-. - .  - .  

F-Work Zone 

Module V - 9 
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Forced Flow 

. - . - . - . - . - .  

Forced Flow 

. - . - . - . - . - .  

Forced Flow 

. - . - . - .  
sib-- .- . - . - . - . - . - . - .  

Module V - 10 



-- introduction to Project Level User Costs 

r- Work  Zone 

Speed Change Stopping Queue Reduced Speed Delay 
VOC a Delay VOC a Delay Idling a Delay (T,~VWWW Work Zone) 

0. 0. 0. 0. 

End Session 

Module V - 11 





Work Pone User Costs: Calculation Steps 

WZ User Costs Steps 

2. Calculate Directional Hourly Demand 
3. Identify User Cost Components 
4. Quantify Traffic Affected by each 

5. Compute Reduced Speed Delay 
6. Assign VOC 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 - I 



Life Cycle Cost Analysis in Pavemenf Design 

Resources: 

Research Studies 

@Highway Capacity Manual 

a2200 to 2300 pvplph 

m Mixed flow reductions 
@Trucks present 

@Hazard offset 

'1000 - 2300 vplph 

See Table 3.4-3.6 of Technical Bulletin 

Demonstration Project -- No. 

Module VI - 2 



Work Zone User Costs: Calculation Steps 

7 

-- 

d 3 Lanes - 1 - 2 Lanes - 1 Open 

crf. 5 Lanes - 2 Open - 4 Lanes - 2 Open 

- Range of observed volumes 

1000 1100 1200 1300 1400 1500 1600 1700 1800 

Capacity, Vehicles/Hour/Lane 
Source Highway Capac~ty Manual PQ 6-11 (1994) 

Module VI - 3 
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Ranges from 1500 to 2000 vphpl 
See HCM Page 2-32 

Directional Hourly Demand = 

(% Hourly Demand) x 
(Directional Factor) 

e Traffic counts 

Hourly distributions 
e MicroBENCOST 
e Traffic counts 

Module VI - 4 



Work Zone User Costs: Calculation Steps 

\@ 

8'Q PennDOT AADT Distribution - Hourly Percentages 

Traffic Pattern Group 
Interstate Prin. Arterial Min. Arterial 

Hour Urban 1 Rural Urban j Rural Urban j Rural 
0- 1 1.3 ( 1.7 0.9 ( 0.9 0.8 j 0.7 
1 -  2 0.9 1.4 0.5 1 0.5 0.4 / 0.4 
2 - 3 0.8 I 1.3 0.4 / 0.5 0.3 0.3 
3 - 4 0.8 1.3 0.4 1 0.5 0.3 0.4 
4 - 5  1.1 ( 7.4 0.6 j 0.9 0.4 ( 0 . 8  
5- 6 2.1 / 2.1 1.8 1 2.3 1.3 j 2.2 
6 - 7 4.7 3.7 4.4 ! 4.9 4.0 1 4.5 

Module VI - 5 
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o Reduced Speed 

+ Forced Flow 

+ Reduced speed costs 

Module V1- 6 



Work Zone User Costs: Calculation Steps 

Forced Flow Cost Components 

WZ capacity exceeded ... ., Stopping cost 
o Delay 
0 VOC 

+ Queuing costs 
o Delay 
o Idle 

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

Speed Change Stopping Queue Reduced Speed Delay 
Delay 8 VOC Delay 8 VOC Delay B VOC (Traverse work Zone) 

0. 0. 0. 8. 

Module VI - 7 
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Lane closure hours 
24 Hours analysis period 

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 

Work Zone Hours 8 pm - 5 am, 9 am - 3 pm 
Length = 5.25 miles 
Approach Speed = 55 mph 
Work Zone Speed = 40 mph 

Module VI - 8 
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24 

-- - - 

Module VI - 9 

Twenty Four Hour Analysis Period - SouthBound 

. 

Vehicles that ... 
Stop I Traverse WZ j Slowdown 

55-0-55 i @40 mph j 55-40-55 

IF f > O,c,O/ See Note** I IF g=O, h,O 

(9) i (h) ; 0 )  
I I 

0 j 607 1 607 
0 j 337 j 337 

(2,757) 0 j 270 i 270 
(2,757) 0 i 270 i 270 
(2,623) 0 i 404 j 404 
(5,072) 0 ' I O j O  
(3,319) 0 : I O i O  
(2,106) 0 j O i O  
(2,443) 0 j O j O  

411 3,438 j 3,027 i 0 
478 3,505 3,027 0 
748 3,775 j 3,027 i 0 
0 0 I 0 t o  
0 0 I 0 O 
0 O !  0 

0.4 
0.4 
0.6 
1.8 
4.4 
6.2 
5.7 
5.1 
5.2 
5.6 
0 
0 
0 

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

Queue 
Rate 
(vph) 
(c-d) 

(el 

(2,420) 
(2,690) 

Hour 

(a) 

0 - 1 
1 - 2 

Queued 
Veh. 

(e,+f,.,) 

(f) 

0 
0 

270 
270 
404 

1,213 
2,966 
4,179 
3,842 
3,438 
3,505 
3,775 

0 

0 
0 

Demand 

(vph) 
(AADT)(b) 

(4 
607 
337 

Hourly 
Distr. 
(%) 

(b) 

0.9 
0.5 

3,027 
3,027 
3,027 
6,285 
6,285 
6,285 
6,285 
3,027 
3,027 
3,027 

0 

0 
0 

Cap. 
(vph) 

(d) 

3,027 
3,027 
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Work Zone User Costs: Calculation Steps 

26 

Traffic Affected - Free Flow 

Speed Change (55-40-55) 
a 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) 
e47,279 vpd (60 day) = 2,836,762 veh. 

Queuing 
a Same as above 

- 

5. Compute Reduced Speed Delay 

'"- 8 

Module VI - 11 
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increased travel time necessary to 
traverse the work zone at the 
posted speed compared to the up 
stream posted speed 

5.25 miles 

Module VI - 12 



Work Zone User Costs: Calculation Steps 

Reduced Speed Delay (WZ) 

WZ Length - WZ Length 
Upstream Speed 

WZ Length - WZ Length 
WZ Speed Upstream Speed 

5.25 Miles - 5.25 Miles 

+Delay / Vehicle = 0. 0358 Hours 

Speed Change Stopping Queue Reduced Speed Delay 

0. 0.  0. 0 .  

Module VI - 13 
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Reduced Speed Delay (Queu 

Queue Length - Queue Len@ -- -- 
Queue Speed Upstream Speed 

Reduced Speed Delay (Queue) 

Queue Length - Queue L e n s  
Queue Speed Upstream Speed 

Reduced Speed Delay (Que 

I Determine queue speed I 

Module Vl - 14 



Work Zone User Costs: Calcrllation Steps - 

38 

Determine queue speed 

vte = 3,02716,285 = 0.48 

Average Speed vs. VIC Ratio for LOS - F 

Reduced Speed Delay 

Queue Length - Queue Length 

Queue Speed Upstream Speed 

Module VI - 15 
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41 

J Determine queue speed 

Determine average queue 

Reduced Speed Delay (Queue) 

Average Queue Length = 

Maximum Queue Length / 2 

Module VI - 16 



Work Zone User Costs: Calculation Steps 

Table Continued 

4,988; 0 0 
5.258 : 0 i 0 
5,055 / 0 i 0 
3.977 0 ; 0 

'Prorated based on pottion of hour required to clear queue " lf(d=3027,lf (crd,d,c),O) 

Cumulative 
Queued Vehicles* 

4 

3 

2 

1 

0 

0) 0 4 ;  z o 2 l a r e s s & g p  
$ & $ 2 * $ g s $ -  w 

Time Period 
'Average Hour 

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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Average Queue Length = 

Maximum Queue Length 1 2 

Maximum Queue Length = 

Maximum No. of Queued Vehicles 
Change in Traffic Density 

Computed by ... 
Volume I Speed (vphlmph) 

Module VI - 18 



Work Zone User Costs: Calculation Steps 

Change in Traffic Density 

Change in Traffic Density 

Queue Volume - Upstream Volume 
Queue Speed Upstream Speed 

Module VI - 19 
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Change in Traffic Density 

Queue Volume - Upstream Volume 

Change in Traffic Density 

Queue Volume - Upstream Volume 
Queue Speed Upstream speed- 

(3027 vph) - (431 4 ~ p h )  

Module VI - 20 



Work Zone User Costs: Calculation Steps 

Maximum Queue Length = 

Maximum no. of Queued Vehicles 
Change in traffic density 

300 vehicleslmile 

Reduced Speed Delay (Queue) 

Maximum Queue Length I 2  

Queue Length - Queue Length 

Queue Speed Upstream Speed 

Module VI - 21 
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59 

Reduced Speed Delay 
Queue 

Queue Len& - -- Queue Length 

Queue Speed Upstream Speed 

8.15 Miles - 8.15 Mile? 
8 Mph 55 mph 

1.02 Hours - 0.15 Hours 

.P Delay / Vehicle = 

6. Assign VOC Cost Rates 

Sources: 
NCHRP 1 33 Procedures for 
Estimating Highway User 
Costs, Air Pollution, and Noise 
Effects, 1972 
Economic Analysis for 
Highways, Winfrey 1 969 

.- r Add& Time L Yet). Rvnnim Cast i 10m Stops and 

Module VI - 22 



Work Zone User Costs: Calculation Steps 

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

Note: 

Value of time 
Overal l  current CPI to base year 

overall CPI . VOC 
0 Current year transportation 

campanent CPI to base year 

Module VI - 23 
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Value of Time 

Aug, 1996 Dollars 

8. Assign Traffic to Vehicle Classes 

Passenger vehicles 

Commercial 

m Single unit trucks 
Combination trucks 

Module VI - 24 



Work Zone User Costs: Calculation Steps 

Module VI - 25 



Queue Added Travel Time Delay 

153,185 0.87 18.54 2,470,846 7.30 

Life Cycle Cost Analysis in Pavement Design Demonstration Project No. I 1 5 

78 

-- 

-- 

A 

10. Determine Circuit 

Detours - 31 cents per mile 
a Road closures 
a Self-imposed diversions 

Time Shifters 

Module VI - 26 



Work Zone User Costs: Calculation Steps 

11. Compute Crash Cost 

Crash Cost = (Crash Rate) (Exposure) (Crash Cost) 
[un~ts] [crashllOO M VMT] [VMT] [$/crash1 

Crash rate: Studies, MicroBENCOST 
Exposure: Traffic data 
Crash cost: MicroBENCOST defaults, Insurance, SHA 

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

Not much statistical data to 

WZ Crash rates? 

Minor Collector 

Module VI - 27 



Life Cycle Cost Analysis .- in Pavement Design -- Demonstration Project No. I 15 

89-210 (Dec. 1989) 

Constraints of Study 

two-lane two-way operation 
(TLTWO) Rural, 4-lane divided 

r ADT: 18,060 to 30,000 
r 5 1  projects in 11 states 

No statistical difference in Crash rates 
for SLC vs. TLTWO 
Fatal + injury Crashes had a signif. 
increase for both SLC and TLTWO 

r No significant accidents to construction 

Module VI - 28 



StdDev 1.525 
Based on data from 26 projects. 

Two Lane Two Way Oper. 
Before During Change 

,057 -0.184 

12. Sum Total Work Zone 
User Costs 

Delay & VOC 
+ Circuity 
+ Crash 

Total User Costs 

Module VI - 29 
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2. Calculate Directional Hourly Demand 
3. Identify ,User Cost Components 
4. Quantify Traffic Affected by Each 

5. Compute Reduced Speed Delay Times 
6. Assign VOC Cost Rates 

8. Assign Traffic to Vehicle Classes 
9. Compute User Costs by Vehicle Class 

11. Crash Costs 
12. Sum Total User Costs 

End Session 

Module VI - 30 



Basic Statistics 

Basic Statistics 

Session Overview 

Measures of Central Tendency 
Measures of Variability 
Interpreting Results 

an event occurring 

.Probabilities sum to 100% 

Module VII - 1 
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23 people ... P = 51% 
30 people . . . P = 71 % 

r Continuous 

Module VII - 2 



-- 
Basic Statistics - -- 

Examples - rolling dice 

- # of accidents 

Discrete Probability of Dice 

3% 6% 8% 

Module VII - 3 
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Module VII - 4 



Basic Statistics 

Bell shaped curve 
a Intelligence tests 
a Defined by mean and std. dev. 

Skewed Distribution 

Salaries 

Module VII - 5 
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16 

Uniform Distribution 

PROB 

a Min - Most Likely - Max 

r Handy for estimating 

Module VII - 6 



Basic Statistics 

Histogram with % 

18% 

12% 

6% 

0% 
TOTAL OF 2 DlCE 

~ ~ 2 ~ 3 ~ 4 ~ 5 ~ 6 ~ 7 m ~ u 9 ~ 1 0 n l l m 1 2 m 1 3 ~ 1 ~  

Cumulative Ascending 
100% 

80% 

60% 

40% 

20% 

0% 
TOTAL OF 2 DlCE 

~ ~ 0 2 8 3 e 4 m 5 m 6 0 7 m 8 0 9 m ~ O m ~ l l m 1 2 m 1 3 m 1 4 . 1 ~  

Multiple Cumulative 

100% 

75% - 1 50% 

25% / ~ 
0 

D 

Module VII - 7 
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Used for quick estimate 
Identifies most common value 
More than one possible 

Not sensitive to extreme 

Module VII - 8 



Basic Statistics 

Sensitive to all scores 
Extreme values can effect 

Standard Deviation 
Coefficient of Variation 

and smallest measurement in 

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

Module VII - 9 
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.Sensitive to all values 

5 Standard Deviation may be 
estimated by dividing the 

Module VII - 10 



Basic Statistics 

96% within & 2 o 

Means & Standard Deviations 

0 2 4 

e Std. Dev. = 30 

r Use To Normalize Variation 

Module VII - 11 
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Population - Set of all 
measurements of interest 

Sample - Subset of 
measurements selected from 

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 

Module VII - 12 



Basic Statistics 

Difference Between Means 

Significance levels 
Statistical versus practical 
significance 

Interpreting Results 

Percentiles 
Distributions 
a Overlapping 
a Cumulative 

Module VII - 13 
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R2 = 1.0 Perfect 
r R2 = 0.0 None 

m Positive correlation 

m Negative correlation 

Module VII - 14 



Basic Statistics 

End Session 

Module VII - 15 



Risk Anatvsis Amroach 

Session Overview 

Risk Analysis Approach 

w AdvantageslDisadvantages 

rministic Approach 

Future cost 
m Timing of future cost 
e Value of time 

Discount rate 

Compute discrete alternative NPV 

Module Vlll - I 
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Deterministic Approach 

$29.4 M $26  M 
NPV = Initial Cost + 

Future Cost x 

$ 9 M  

5% 20 yrs 

for the variability of 

Module Vlll - 2 



Risk Analysis Approach 

7 

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 Vlll - 3 
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- Range 

o Likelihood of Occurrence 

Module Vlll - 6 



Risk Analysis Approach 

Probability and Risk 

for LOW cost 

4 F 

+ ,"?*# ",* q q , - , > ,-- ~ s Project Cost ($) 
~4%2?~%! l? '6$e~!e~ 

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

o Quantify assumptions wl probabilistic 
descriptions of uncertain variables 

o Simulate problem to obtain results 

o Analyze and interpret results 

o Make consensus decision 

NPV = Initial Cost + 

i = discount rate 

Module Vlll - 7 
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Variables to Include .. . 

Discount rate 

Construction management 
Construction costs 
Maintenance costs 



Risk Analysis Approach 

Future traffic 
Hourly demand E Work zone duration 

r Vehicle distributions . Work zone activity 

r Dollar value of delay 
Accident rates 

Module Vlll - 9 
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Describe Uncertainty 

Subjective Method 

8 Research studies 

Statistical analysis software 

Module VIII - 10 



Risk Analysis Approach 

Group discussion 

Consensus 

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 Vlll - 11 
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e worst case 

Use empirical or theoretical 

Monte Carlo Simulation 

Inputs Results 

Value 

1 %\\-  
---A- 

\ 

Module Vlll - 12 



Risk Analysis Approach 

Uncertain Inputs 

Calculated Results 'Rehab Cosy 
normal(avg, std) 

Sampled mput values +* 

normal(avg, std) 

Module Vlll - 13 

Random 
Number Rehab Cost 

Values Sampled from Input D~str~but~on 
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Examples 

Module Vlll - 16 



Risk Analysis Approach 

Agency NPV 
S* = SB 

!A 6 8 10 ILL!- 7 9 11 

Which alternative do you select? 

Agency NPV 
s, = 112 s, 

kk 6 8 10 7 8 9  

Which alternative do you select? 

Agency NPV 

LA3 
El 

9 10 11 9 10 11 

Which outcome has greater risk? 

Module Vlll - 17 



Life Cycle Cost Analysis in Pavement Design Demonstration Project No. 11 5 

Module Vlll - 18 



Risk Analysis Approach 

Module Vlll - 19 
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$ Millions 

Module Vlil - 20 



Risk Analysis Approach 

Regression Sensitivity 

A enc Net Present Value 

Regression Sensitivity 

Total Net Present Value 

I Regress~on Coefficient 

Scenario Analysis 
Examine changes in policy 
variables 
Example: 

Closing down a lane of traffic 
versus 

Keeping traffic lane open 

Develop better alternatives 

Module VIll - 21 
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64 G e n s u s  Decision 1- - 

Decisions about . . . 
- 

Strategic Planning 

,.- Resource Allocation -- 

,Timing of Investments 

-- 

-- -- 

Risk Analysis Approach 
(Review) 

o Identify structure and logic of problem 

o Quantify assumptions w/ probabilistic 
descriptions of uncertain variables 

o Simulate problem to obtain results 

o Analyze and interpret results 

o Make consensus decision 

Module Vlll - 22 



Risk Analysis Approach 

Performance 

Capital budgeting 
Performance 

Module Vlll - 23 
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Capital budgeting 
R Performance specifications 

m Capital budgeting 
s Perf. spec. & quality 
R Traffic flow analysis 
H Engineering design 

Module Vll l - 24 



Risk Analysis Approach 

73 

Computer intensive 
.Proprietary software 
.Complex models 

Requires some statistical 

You've got to have 

Its easier to estimate a 
"range" than a single 

"point" value. 

Module Vlll - 25 
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w Provide decisionmaker the 
opportunity to take mitigating action 
Justify budget requests, pavement 
structural designs, . . . 
Scenario analysis to create better 

r Elevates the LCCA debate ... 
e From validity sf results 
e To what is "our" best policy 

Module Vlll - 26 



Risk Analysis Approach 

DP I 15 Web Site 

lllstlc Life Cycle Cost Analysis in Pavem 

Demonstrat~on Project No. 115 

Wet~eme to Me FederalHl~hway Admlnirtratwn s 

End Session 

Module Vlll - 27 





Software Demonstration 

W 
A 

Demonstration 

Session Overview 

Part I 

.Adding Uncertainty to Models 
Part 2 

Running a Risk Analysis 
.@Risk Results 

Module lX - I 
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a 
NPV = $1 32 NPV = $1 50 NPV = $97 NPV = 4 23 

NPV = $76 NPV = $200 NPV = $156 NPV = 
$148 NPV = $45 NPV = $187 NPV = ($156) 

$190 N P W ? 6 W =  $TOW= $132 NPV 
= $88 NPV = $98 NPV = $44 NPV = $22 NPV = 
$50 NPV = $65 NPV =$90 NPV = $22 NPV = 

$50 NPV = $65 NPV =$90 

m How to add risk analysis to 
spreadsheet models 

How to use built-in @Risk functions 

Module lX - 2 



Software Demonstration 

Present Worth Factor 

Adding Variability to Spreadsheet 
Models 

Identify uncertain variables 

1 
Module lX - 3 
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9 

Adding Variability to Spreadsheet 
Models 

rTMent i fy uncertain variables 
Describe uncertain variables as 
probability distributions 

Module lX - 4 



-- Software Demonstration 

Describe uncertain variables as 
probability distributions 

.@Risk provides over 30 
built-in probability functions 

Dependent Hypergeometric Truncated Lognormal 
Truncated Normal 

Discrete Uniform Logistic 
Error Function Lognormal 

Exponential Negative Binomial Weibull 

Functions are Similar to Excel 

=RiskNormal(Al ,A2) 

=RiskNorma1(3500*B7,C12/3000) 

=RiskNormal(RiskLognorrnal(Al ,A2),RiskUniforrn(l,5)) 

=If (G7~O,R1skNorma1(3500,300),R1skNorma1(3500,3OO*G8)) 

Module lX - 5 
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14 

Risk Input Parameters - 

eriod 35 years 

Module lX - 6 



Software Demonstration 

16 

-- 

Present Worth Fact 

Module lX - 7 
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w Based on historical data input 
distribution models are developed 

w BestFit automatically determines the 
"bestfit" probability distribution 

w Distribution model is "copied" directly 
into @RisWExcel spreadsheet 

Module lX - 8 



Software Demonstration 

20 

Construction Cost 

Module lX - 9 
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P 
c'urclLlWV\/I Micro~,of t txc~l  M~crosafl MicrosoY Microsuft~Nnrd 

Outlnok Powerpoint 

/MI LlOS Frompt Prec~s~on iree Remote Windows WinZip 6 J 32-b~l 
for Excel (32 blt} Appl~cal~ Explorer 

Module IX - 10 



- - Software Demonstration --- 

Module IX - l l 



Life Cycle Cost Demonstration Project No. 115 - - - - - -- - - - - -- -- -- - -- - -- 

26 

Module IX - 12 



Sofhvare Demonstration -- - - - .-. - .- - 
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30 

ut and Paste t 
"Best" Result 

Module IX - 44 



-- Software Demonstration 
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- Software Demonstration 

36 

Module lX - 17 
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38 

Simulation Processin 

24 Input Variables 
1 Output Variables 
10,000 Iterations 
Run Time = 1 minute 15 seconds 

Module IX - 18 



Software Demonstration 

Simulation Results 

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

Module lX - 19 
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Software Demonstration -- -- - -- --- - 

44 - 

Module IX - 21 



-- Demonstration Project No. 1 15 

Scenario Analysis 

Module IX - 22 



Software Demonstration 

Module lX - 23 
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-- Software Demonstration 

52 

Module lX - 25 
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Construction Cost have the greatest 
influence on Agency NPV 

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

.Scenario Analysis 

Module IX - 26 



-. Soffware Demonstration 

Module IX - 27 
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Software Demonstration 

60 

The Combination of .... 
"High" Initial Pvt. Life and "Low" Initial 

Construction Costs Produce "Low" [< 25%] 

W "Low" lnitial Pvt. Life and "High" lnitial 
Construction Costs Produce "High" [>90%] 

Module lX - 29 
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Software Demonstration 

Identify and describe uncertain 
variables using risk functions 

.Define simulation parameters and 

.Run the simulation 

Parting Caveat ... 

@Risk and BestFit have been 
used for illustration purposes. 

O t h e r  software packages are 
available to do risk analysis. 

alisade Corporation 
http:llwww.palisade.com 
Phone: 800-432-7475 

Module lX - 31 
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End Session 
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Class Exercise Revisited 

Class Exercise 
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Net ~ r e s e h t ~ a l u e  -I 
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Class Exercise Revisited 

5 

Construction Days 

Total NPVcser Co -~ 

Module X -  3 
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7 

Alt A Construction Cost 
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Class Exercise Revisited 

9 
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Simulation Processing 

44 Input Variables 
6 Output Variables 

E 10,000 Iterations 
Run Time = 3 min 51 sec 

Simulation 
Results 
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Class Exercise Revisited 

Agency Costs 
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m Scenario Analysis 
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mAlt-B is 42% more variable than 

.At any given level of reliability Alt-B 
is less expensive than Alt-A. 
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Cjass Exercise Revisited -- 
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~Alternative A 
@Initial Pavement Life has the 

greatest influence on Agency NPV 

.Alternative B 

Module X - 92 



Class Exercise Revisited 

rscenario Analysis 
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3 1 

and "Low" lnitial Construction Days 

O Initial Constr. Days - 1.46 
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Class Exercise Revisited 

For AIt A & B The Combination of .... 
"High" lnitial Pvt. Life and "High" lnitial 

Construction Days Produce "Low" 
[< 25%] Agency Costs 

"Low" lnitial Pvt. Life and "Low" lnitial 
Construction Costs Produce "High" 
[>go%] Agency Costs 

lnitial Pavement Life is more 
significant than lnitial Constr. days in 
both scenarios. 

Scenario Analysis 
Observations Cont'd. 

Alternative B . . . 
lnitial Constr. Days is more 

significant than lnitial Pavement Life 
in both scenarios. 

Module X -  17 
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User Costs 
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Class Exercise Revisited -- 

Scenario Analysis 
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- Class Exercise Revisited 

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

w Alt-B is a Bi-modal Distribution 
mAlt-B is twice as variable as Alt-A 

User Costs 

Probability 

.Sensitivity 

Module X - 21 
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Class Exercise Revisited 

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

High User Costs are 
Produced. 

Does this make sense? 

5' %' 6' 6% 6% 66 6' 69 2' 2' 2% 2' 2' 2% 0' 0% 8% 9' 

User Costs ($ Millions) 

Module X -  23 
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I Alternative B I 

6' 6' 6' 6' 6' 6' 6' 2% %' 4' 9% 9' ,@ ,Q' ,$ ,(Q' ,$ ,Q' ,,' ,,5 ,yq 
1 

User  Costs NPV ($ ~i l l idns)  
I 
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Class Exercise Revisited 

Sensitivity Observations 

In i t ia l  Pavement Life has the 
greatest influence 

T h e  variability of pavement life was 
such that two rehabs always 
occurred during analysis period 

.As a result lower pavement lives 
produced lower user costs. 

T h e  variability of pavement life was 
such that 3 and 4 rehabs occurred 
during analysis period 

.This caused a Bi-modal Distribution 

.As a result lower pavement lives 

Module X -  25 
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1  scenario Analysis 
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- Class Exercise Revisited 

hab. Life Produce 

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

Module X - 27 
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Class Exercise Revisited 

I Scenario Analysis 
I Observations I 

User Costs Alternative A 
I m "Low" Initial Pavement Life 

produces Low User NPV 
.The Combination of "Low" Initial 

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

Scenario Analysis 
, Observations 

User Costs Alternative B 
."Highv Initial Pavement Life 

produces Low User NPV 
"High" Constr. Days in the 4th 
Rehab produce "High" User Costs. 

Which Alternative would 
you select? 

Must define Agency's 
tolerance for risk. 

Module X -  29 
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(accelerate contractor production) 
Lane Rental (A+B Bidding) 

8 Temporary bypass 
Increase shoulder strength 

End Session 
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Presentation Techniques 

Presentation 
Techniques 

Know Your Audience 
Does your audience 
understand ... 

LCCA? 
.Discounting? 

User costs? 
.Value of time? 

Do they buy into the risk 
analysis approach? 

E Do they buy-in to your analysis 

Module XI - I 
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e's Some Advice ... 

List significant inputs 
aldentify what's driving the tails of 

the distribution . . . 
@Can you control it? 

Show results graphically 

Supporting documentation 

Histogram & Cumulative 
Mean, Std. Dev., Percentiles 

m Analysis of results 
e Tornado graphs, Scenario analysis 

Recommendations 
0 Include level of risk 

Module XI - 2 



Presentation Techniques 

Histogram - 
Agency NPV 

Frequency 
30% +I I+ ~ $ l M i l l i o n  20%l .. ,f( -; 
10% 

...*' ...- I.. 
_..IG -- 

... 
I... 

0% 
22 23 $ Millions 

- 

Cumulative - 
100% 

84% of all values 
80% fall below 28 

60% 
50% of all values 

40% fall below 23 

20% 
16% of all values 

0% fall below 18 

-0.38 - 
Performance initial Constr. 

Module XI - 3 
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Structure and layout of model 
Sensitivity analysis of proposed 

Analysis of uncertain events 

End Session 
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I More effective use of resources 
I Support funding requests 

Benefits of LCCA Con't 

@Network, project, & design 

Assess  funding consequences 

Module XI1 - I 
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1 Benefits of Risk Analysis I 
1 MI Improved design procedures I 

~ra Effective et-rgineering input to 
policy decisions 

I Benefits of RA Cont'd 

tw Expose areas of uncertainty 
r Quantify risk 
e Opportunity for mitigating action 

Improved credibility 
III Assess impact of risk on 

investment decisions 
arr Avoid disasters 

I Benefits of RA Cont'd 

m Determine significance of 
difference between alternatives 

rr Examine influence of underlying 
variables on final results 

r Evaluate all possible outcomes 

Module XI1 - 2 



Benefits and Implementation 

Requires statistical background 

Computer intensive 
a Proprietary software 
aComplex models 

Implementation 

0 bstacles 
E Lack of awareness 

Resistance to change 

.Time pressures 
E Lack of communication 

1 Unavailability of resources 

Module XI1 - 3 
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r Communication 

Plant the Seed 

o Conscious Incompetence 
o Conscious Competence 
o Unconscious Competence 

Module XI1 - 4 



Benefits and lmplemenfafion 

Implementation Steps 
Identify a champion 

H Understand classical LCCA 
rn Assess current procedures 

Determine data availability 
.Tap expert opinion 

Probabilistic Champion 
Believer 

rn Well founded in LCCA 
Spreadsheet literate 

.Time available 

Module XI1 - 5 
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.Two contacts per state 

.List of names & address 
available upon request 

D P  215WebSite 

h t t p : l l w .  hend.comldp115 

Demonstration 

Wale6mehrms Federal 
?rojectNo. 116web $'it 

that prtnridss technical 
malysls In pavement d 
in the treabnent of uncsttaln d 
more InPomathi?. 

E Provide policy input 
r Provide resources 

IO Provide "Bureaucratic Clout" 

Module XI1 - 6 



Benefits and Implementation 

Steering Committee 

Probabilistic approach 

Documentation 

Document SHA LCCA 

.Apply consistently 

End Session 
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Summary 

Key Areas Covered 

H Risk Analysis Approach 

Things to Remember 

LCCA decision support tool 
rn NHS LCCA requirements 
Document  procedures 
.Document inputs 

Dispose of all issues 

Module Xlll - I 



Life Cycle Cost Analysis in Pavement Design 

.Long analysis periods 

meonstant dollars 

.Real discount rates (3-5%) 
mNPV 

Demonstration Project No. 115 

Recommendations 

@Single Unit Trk $17 - $20 
@Combo Trk 

Module Xill - 2 



Summary 

I Recommendations 

User Costs ... 
r Traffic grows 
r Queuirig cost dominate 
r Hourly distributions key 
r $ Value of time major influence 
r Circuity can be major 

-- 

Recommend a risk 
analysis approach in the 
treatment of uncertainty. 

Module Xlll - 3 





Class Exercise No. I 
Net Present Value 

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

Assume the following: 

Daily Delay (Hours) 

Exercise 1 - 1 



Performance Curve 

Years 

Expenditure Streams 

Years 

Exercise 1 - 2 

Years 



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

I 

Initial Construction 

User Cost = days x hrslday x $1 hr. 

Rehabilitation 

User Cost = days x hrslday x $1 hr. 

Exercise 1- 3 



N 

NPV = Initialcost + Futurecost 
k=l  

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

Aaencv Cost 
NPV = 

User Cost 

NPV = 

Exercise 1 - 4 



Present Value Factors 

Exercise 1 - 5 





Class Exercise No. 2 
Net Present Value 

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

Assume the following: 

Design Period, (yrs) 
Agency Cost ($ Millions) 
Construction Period (days) 

Daily Delay (Hours) 

Exercise 2- 1 

Initial Constr. 
20 
30 

200 

Rehab. 
8 
9 

80 



Performance Curve 

Years 

Expenditure Streams 

Years 

Years 
0 

Exercise 2- 2 



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

Initial Construction 

User Cost = days x hrslday x $1 hr. 

Rehabilitation 

User Cost = days x hrslday x $1 hr. 

Exercise 2- 3 



Note: Quantity in brackets is present value factor from page 2.5. 

Aaencv Cost 

NPV = 

User Cost 
NPV = 

Exercise 2- 4 



Present Value Factors 

Exercise 2- 5 





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 rnph. The free flow capacity of the roadway is estimated at 21 00 

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 O 

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

Problem O 

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

Problem Q 

Calculate the user costs associated with the work zone. 

Exercise 3 - 1 



1.1.1.1.1.1.1.1.1. 1 . 1 1 1 . 1 . 1 .  

Speed Change Reduced Speed Delay 
Delay and VOC 

Figure I. Eastbound Work Zone User Cost Components at Free Flow Conditions. 

Figure 2. Eastbound Work Zone User Cost Components at Forced Flow Conditions. 

Exercise 3 - 2 



Table 1. Capacity Analysis of Work Zone Operation. 

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. 2 

Compute the reduced speed delay to traverse the work zone. 

Work Zone Speed mi. 1 hrs. 1 

@ Increased Time to Traverse the Work Zone: 1 hrs. 

Compute the reduced speed delay to traverse the queue1 

Comptttation Step I Vafw 

Q Maximum number of queued vehicles 

I 

O Maximum Queue Length (Q / A Density) 

Q Average Queue Length (0 / 2) 

Time 

Queue Travel 

0 O /Upstream Speed (Su) (hrs) 

@ O /Queue Speed (SQ) (hrs) , 

I 

@ Queue Delay (hrs) (O - 0)  

Exercise 3 - 6 



Figure 3. VIC Ratio versus Average Queue Speed (Source: NCHRP 133). 

V = VQ = Capacity in Work Zone 

C = C Q = Upstream Capacity 

Exercise 3 - 7 



Problem No. 3 
Compute the following user costs associated with the work zone. 

Notes: 

1. See Table 2 Page 3.9 for added time and vehicle running cost. 
2. Speed change VOC typically given as $/I000 Veh. 
3. Speed change delay typically given as Hr/1000 Veh. I 

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 $/Veh.-Hr. 

Exercise 3 - 8 



Table 2. Added Time and Vehicle Running Cost 1 1000 Stops and Idling 

Table 3. Recommended Value of Time (August 1996). 
- ---- -- ----- ..., . . -" 

~ehicles?~ -$ I vehicle hour -- 

I Class I Value Range 

Corn bination 21 - 24 

Exercise 3 - 9 





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 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 I. Performance life ranges. 

Table 2. Selected input values. 

Notes: Ip2 See Figures 1.4 
See Table 4 Page 4.5 

Exercise 4 - I 



Table 3. Discount factors. 

Exercise 4 - 2 ' 





Construction Days 

Construction Days 

Exercise 4 - 4 



Table 4. Daily cost of delay. 

Traffic Growth Rate 
Delay Per Veh. Growth Rate 

4279 $ 42,790 

4848 $ 48,481 

5493 $ 54,929 

6223 $ 62,234 

7989 $ 79,889 

10255 $ 102,553 

11619 $ 116,192 

13165 $ 131,646 

14915 $ 149,155 

16899 $ 168,993 

19147 $ 191,469 

21693 $ 216,934 

24579 $ 245,786 

27848 $ 278,476 

31551 $ 315,513 

35748 $ 357,476 

40502 $ 405,020 

45889 $ 458,888 

51992 $ 519,920 

58907 $ 589,070 

66742 $ 667,416 

75618 $ 756,182 

26 86264 59.6 85675 $ 856,755 

27 88852 65.5 97070 $ 970,703 

28 91 51 7 72.1 109981 $ 1,099,806 

29 94263 79.3 124608 $ 1,246,081 

30 97090 87.2 141181 $ 1,411,809 
3 1 100003 96.0 1 59958 $ 1,599,580 
32 103003 105.6 181232 $ 1,812,324 
33 106093 116.1 205336 $ 2,053,363 
34 109276 127.7 232646 $ 2,326,460 
35 1 1 2554 140.5 263588 $ 2,635,880 
36 1 15931 154.6 298645 $ 2,986,452 
37 1 19409 170.0 338365 $ 3,383.650 
38 122991 187.0 383368 $ 3,833,675 
39 126681 205.7 434355 $ 4,343,554 
40 130482 226.3 4921 25 $ 4,921,247 

Exercise 4 - 5 

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. 

Assume the following: 

Daily Delay (Hours) 

Discount Rate, % 

Solution 1- 1 



Performance Curve 

0 20 30 Years 

Expend ure Streams 

20 30 Years 

20 30 Years 

Solution 1- 2 



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

Initial Construction 

User Cost = 210 days x 3000 hrslday x $10 1 hr. 

= $6.30 Million 

Rehabilitation 

User Cost = 105 days x 3000 hrslday x $10 1 hr. 

= $3.1 5 Million 

Solution 1- 3 



N 

NPV = Initialcost + C ~ u t u r e ~ o s t  
k=l 

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

Aaencv Cost 

NPV = $26 + $9 (0.4564) = $30.12 M 

User Cos 
NPV = $6.3 + $3.15 (0.4564) = $7.74 M 

Solution I - 4 



Present Va ue Fac 

Solution 1- 5 





Class Exercise No. 2 
Net Present Value (Solution) 

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

Design Period, (yrs) 
Agency Cost ($ Millions) 

Assume the following: 

Daily Delay (Hours) 

Solution 2- 1 



Performance Curve 
.cI 
s c 
a, 0 
E '"" 
a, Y3 > 6 
2 s 

Years 
4 ---- -- ,,l,s i i i ~ l - - -~  L 

30 Years 

Expendi 

Years 

$ 5  
$ 6  

20 28 30 Years 

Solution 2- 2 



Salvage Value 
Calculation 

Service Life 

I 
I +' 

30 Years 

8 Years 

Salvage 
Value 

6 Years 

Salvage Value = (9 18) * 6 = $6.75 

Solution 2- 3 



User Cos culations 

User Cost = 200 days x 4000 hrslday x $15 1 hr. 

= $1 2 Million 

Rehabi 

User Cost = 80 days x 4000 hrslday x $15 1 hr. 

= $4.8 Million 

Solution 2- 4 



N 

NPV = Initialcost + Futurecost 
1 

k=l 

Note: Quantity in brackets is present value factor from page 2.6. 

Aaencv 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 



Table 3. Discount Factor$. 



Construction Days 

Alternative A 

Construction Days 

Solution 4 - 3 





Directional AADT(initia1) 40000 vpd 

Traffic Growth Rate 3 percent 
Delay Per Veh. Growth Rate 10 percent 

DelayNeh. Daily Delay 
Year AADT mln fmus DailyCost 

Values shown are 
for illustrative 
purposes only. 

Solution 4 - 5 
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