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Abstract

New challenges are revealed as more projects are deligeck contracted through
innovative methods such as design-build project delivery and perforsbased
specifications. One challenge from the owner’s perspectivacks df control, especially
over design decisions and construction procedures. Due to this problemaynighencies
have adopted various additional contractual provisions, of which one antyarr Warranty
is intended to be a method of protecting the owner from possiblegyogdedects and also of
improving the initial and long-term performance of the facility.

The research question is how warranty characteristics (i.erantya period) and
other project characteristics impact the performance of lEghpavement projects. To
answer this question, a decision model was developed to simulatentyammpacts on
project performance. Also, simulations were run to estimateutemmes of projects with
varying scope, contracting, and delivery methods in order to exahenenpact of project
characteristics on warranty decisions and project outcomes.

A probabilistic decision-modeling technique, General Performdudel (GPM), is
adopted for this warranty decision model. GPM is one method tlheting used widely
and has been proven to work for both alternative comparison and selecigiorde Since

GPM has been developed specifically for the purpose of compartglge performance



outcomes for various decision alternatives, it fits the purpose of this research.

According to the simulation results, the contract price tends tedse as the
warranty period becomes longer and higher-level performancegisred. On the other
hand, the agency’s expected maintenance and repair costs tendreedess with longer
and stricter warranty. Where the life-cycle cost (LCC)aofacility is concerned, the
simulation shows that warranty is more beneficial for projedts wertain characteristics
such as sufficient contractor control, innovation opportunity, design-deiigery method,
and performance-based specifications. The results of semsiiwalysis show that
warranty period and required-performance level influence praetdomes significantly.
Among intermediate factors, amount of warranty risk, motivation folityueprovement,
and innovation effort were found to be more sensitive than others.

A model is constructed to represent some aspects of the dyhahawior of a real
system. Therefore, a properly developed model can servetas for investigating the
behavior of the system and predict future outcomes with reasonailgheaccuracy. In
order to check the validity of the model, the process of requisiteinvadidation was
applied, and a number of checkpoints were examined through expert interviews.

Because of the representative nature of the model, a few pisssnhad to be made.
Also, the model has some limitations due to its method and scopst, the project
outcomes are measured in the form of life-cycle-cost (LCCYy.onThe performance
measures other than LCC are not considered in the model. Alsomihg bf warranty
decision is limited to after-project development and prior bidding. rrakity decisions at

different times, such as warranty option, which is practicedr aidastruction, are not



considered in this model. Finally, the model is limited to asphiglhway pavement
projects. Although warranties are often used in other typesoggqgbs, such as concrete
pavement, bridges, and ITS, they were not considered in this rese@tehmodel could be
expanded to cover a wider range of project types, decision timchgexformance measures

in future research.
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CHAPTER 1: INTRODUCTION

1.1 Background and Scope

As more projects are delivered and contracted through innovative metlabdass
design-build project delivery and performance-based specificatiohallenges are
revealed. One of them, from the owner’s perspective, is lackmfol, especially over
design decisions and construction procedure (Design-Build Instfufemerica 1994).
Because the contractor is responsible for design and constructisiodgecthe owner may
have doubts about the quality of the product. To address this issue, highemgies
have adopted various additional contractual provisions such as qualitaresswand
quality control (QA/QC), plan submittal requirements, incentiveisickstives, and
warranty provisions in order to protect themselves from qualitgaiefand ensure long-
term performance. Among these methods, the use of warranty prsvisithe focus of
this research.

A warranty is a contractual agreement which obligates theamtatrto rebate or
rectify the product that has failed within predetermined period ageufidancher 1994;
Yeh and Lo 2000; Yun 1997). With a warranty, the owner can protect hiaggiist
early-defect risk because it is transferred to the coioira Also, the use of a warranty
can motivate the contractor to strive for better initial qualitg long-term performance of
the product, as the warranty provision obligates the contractor foe frépair cost. For
these reasons the use of warranty encourages life-cyclebassid design and

construction (Won 2003).



However beneficial it may be to the owner, the inclusion of aamgyralso tends to
increase contracting price (Ferragut 2003). Hence, the congaajency must consider
carefully what provisions are to be included in a warranty.soAls more highway
projects are contracted with warranties, there is increasslfoe research on its various
implications for cost and performance. Agencies would benefit gréath a decision
framework to assist in critical decisions affecting cost and quality.

The effort to find an optimal warranty policy such as warrgssiod and other
optional requirements began as early as 1963 (Singpurwalla and Wilson it©993)
manufacturing. Abundant information is available for various productscanditions,
but for construction no comprehensive decision model has yet been introdleedate,
the research on construction warranties has been limited to ggo&falines (Thompson
et al. 2002) and surveys of current practice (Bayrakat et al. 2004).

Only recently has research on warranty cost estimatiom hmsrformed
(Damnjanovic and Zhang 2005; Oh et al. 2005). However, these studies hasedfoa
mathematical analysis methods. The use of these methods texdliomder the current
circumstances because sufficient amounts of data have not yetabeemulated, and
reliable input data for quantitative analysis are not yatlavie. Another shortcoming of
previously developed models is that their use has been limited tetproging delivered
through traditional design-bid-build methods. Other innovative methodd use
conjunction with warranties can be beneficial (Ferragut 2003). la3teshortcoming of
previous models is the omission of external factors such as @xreference and market
condition. In addition to finding the optimal warranty strategy foxim&ing benefit

and minimizing cost, other factors also influence warranty mecis For example, a



contracting agency may prefer a longer-term warranty due stafa shortage and be
willing to pay extra for it. Previous studies have not considered such factors

Because of all the shortcomings of previous studies, the need still remainsyor a ne
tool which does not requires data, overviews the whole decision prandstkes into
account various factors such as delivery method, contract type, tnwamkeition, and
contractors’ risk attitude. Hence, this study focuses on providingpraprehensive
overview of the decision attributes, project characteristics, atefnal factors which
practitioners can reference in making their warranty decisions.

In order to investigate variation in the performance of projedth different
warranty alternatives and project characteristics, a prpg@brmance forecast model was
developed. This study employed the general performance mod#®l) (&Pthe primary
analytical method. GPM was developed and has been used for analaiogs
alternatives such as long-term strategy selection (VenegasAkmdon 1997) and
contractor selection (Alarcon and Mourgues 2002). As supplementsPkd, Gther
concepts such as life-cycle cost (LCC), structured intesjieand requisite model
validation were also used. The life-cycle cost concept wasl psignarily as a
measurement of project performance. Structured interviewgquestionnaires were used
to assess impact ratings that were required for GPM. Firthlyconcept of requisite
model validation was applied to ensure that the results were digéens Figure 1.1 is a

graphical representation of the topical domain and methodological scope of¢hixies

1.2 Question and Objective

Given the background and scope of this research the following quest®n wa



developed to guide this study.

How do warranty characteristics and project characteristics impact the

performance of highway pavement projects?

To answer this question, the research has the following objectives:

e Examine various internal and external factors and determinentpertant
factors in making warranty decisions.

e Develop a decision model that simulates warranty impacts on projec
performance indicators.

e Run simulations of projects with varying scopes and processesdér to
examine the impacts of warranty characteristics (e.g., idacigariables of
warranty period, limited liability characteristics) and projelcaracteristics on

project performance.

1.3 Methodology

The methods employed in this study were applied in eight phajdgerature
review; 2) research question and objectives; 3) model structure pmexits 4) model
structure validation; 5) model assessment; 6) model validation,odglnsimulation and
results; and 8) findings and contribution. Organization of these phadesas in Figure
1-2. In the figure the phases are organized in a horseshoe-shaped(Kunz and
Fischer 2008) starting sequentially from the top-left cornermndeeding clockwise to

the bottom-left corner. The boxes represent phases, and the solid alirection of
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sequence flow. The dotted arrow represents a comparison-and-feectimadsp

Research Method Overview — Sequential Flow
— — #»  Check & Feedback
Literature Review
Research Question Model Structure
- . Development Model Structure
’ Design-Build ‘ Validation
Warranty Decision Model Determination of
’ Risk Allocation ‘ Drivers, Processes &
Outcome measures Internal Validation
’ Warranty ‘ Decision Attributes ’ - Project Documents
GPM Concept Drawing ‘ \
’ Decision Analysis ‘ . e External Validation
Attribute Sensitivity ’ Cross-impact Diagram ‘ - Other GPM Models
7 - Expert Review
[ 4
[ [ ¥
| | |
| | |
| | |
| | | \ 4
| | |
| | Questionnaire
P ti
! Requisite Model repflra on
Forecasting Project Validation Process
Performance Assessment by
Analysis of Simulation / Practitioners
Results L Case Study Simulation
Varation in Warranty +
Strat
rategy Sufficient level of
Examination of Practitioner Interviews & agreement
Practitioners’ Comments Variation in Project Prototype Demonstration
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Model Validation

Model Simulation & Results

Findings & Contribution

Figure 1-1: Methodology Overview

First, a comprehensive literature review was performed of felevant topics —
warranty, design-build, and risk allocation and decision analysisthelwarranty review,
general characteristics, types, current state-of-praciue,state-of-research are the main
areas of focus. In the review of the design-build process, unique chiatast®f design-
build in comparison with traditional methods are thoroughly examin8dme key topics
of the design-build review are basis of contract, procurement groma#racting methods

and risk-allocation principles. Finally, various decision-analysthods are reviewed to



determine the best-fit method for answering the research question.

The research objective is to decide upon the proper warrantyctéastics such as
period, bond amount, and liability limitations for projects. Accordimghie literature,
several decision models have been developed to solve the problem in Inoflachaing
and construction (Blischke and Murthy 1994; Damnjanovic and Zhang 2005; DeCroix
1999; Oh et al. 2005; Yeh and Lo 2000; Yun 1997). However, previous models do not
make possible the complete achievement of the research objectbaeiséel) current
models were designed specifically for traditional designkitd systems and are not
applicable for innovative systems such as design-build; 2) muffiamounts of reliable
data are not available for optimization models; and 3) existiagets do not take into
account external factors such as market conditions, bidding environmdntpatractors’
motivational factors.

Therefore in this study the warranty decision is considerednasaltarnative
selection question, and the objective is to find the most suitabtel@nd strategies for a
given project. Each warranty period and strategy set is coadideralternative, and the
decision is the selection of the one that best fits the given projé®M is one method
that has been proven to work for both alternative comparison and aelec8ince GPM
has been developed specifically for the purpose of comparing notastl/laut also likely
performance results for various decision alternatives, ittfies warranty decision in
construction well where project outcome is measured in terms atygaalwell as cost.
Therefore, the GPM method — with some modifications — is selastdte main method of
decision modeling for this study.

The development of the warranty-decision model in this study censistwo



steps: 1) decision attributes identification; and 2) model struc(fr@nework)

development. In the development stage, various factors relevantriantyadecisions
and project performance were determined from literature rewaesv discussions with
warranty practitioners. Once all the decision attributes weeatified, they were
organized and structured in accordance with GPM theory (i.e.nfoael components --
decisions, drivers, processes, outcomes and external variables).

The developed model framework was validated prior to data colleci@imoavn in
Figure 1-2. This process is called model-structure validatimhis done by document
review and expert consultation.

The values of variables such as initial probability and cross-inrping of each
pair of events were decided through questionnaire and structuredentenethods. These
methods were selected because they require smaller sapgplaral each sample provides
more information. Since there are only a few practitioners witfiicient warranty
experience for these assessments, and it would be difficulatisfysthe sample-size
requirement of a survey, a questionnaire and interview process were chasendtrdy.

Finally, the model was validated using a requisite model-validatiooess. The
process requires checkpoints of interaction with practitioners, validatimoadé! form and
content, and clearly defined limitations. In order to achieve ttlesekpoints, structured
interviews were performed. The validation interview consisted ofpratotype
demonstration of the model, presentation of simulation results, anessestured, open-
ended discussions. In this process, the model was tested by qmacditiand their
feedback was reviewed in order to refine, calibrate and valitt@temiodel. Another

validation method used in this research was extreme-case somulain this method,



hypothetical cases with extreme input values are applied tontiel and simulated
outcomes are compared to obvious outcomes.

The last two phases of the study were the presentation ofsrasual evaluation of
the study's contribution. The developed model was simulated using astuakssumed
input data (hypothetical projects derived from actual case prppectsoduce results and
findings. One finding relates to the key attributes of warrantisoa, which were found
by sensitivity analysis using the developed model. Also, perfiwenBorecast for various
warranty-decision strategies and project characteristic prowadabble information.
Finally, the research process, resulting model, simulation resanid findings were

evaluated and compared to the initial objectives of the study.

1.4 Contributions

The concept for this study was derived from the idea that curredels are
deficient in some aspects and intended to provide a better model. fofaetlee research
process and resulting products must return a contribution to both the industry @emhiaca

The final model is a result of a decision process that addslfsnmand minimizes
the influence of personal opinion and bias in decision making. Through e¢hef tise
GPM process, this study deviates from detail-oriented numeaitalyses and brings a
broader perspective into the decision. For example, the study intodigcision
attributes beyond project parameters such as market and contchaacteristics.
Finally, the resulting model reflects characteristics ltdraative delivery and contracting

systems such as design-build and performance-based specifications.



1.5 Dissertation Outline

The following is an outline of the remainder of this dissertation

Chapter 2 — Background

This chapter prresents a review of literature on four topiedsar- design-build
delivery method, risk-allocation, warranty contracting, and fundameetasion theories
including general performance modeling (GPM), cross-impact asal¢dA), and life-

cycle cost analysis (LCCA).

Chapter 3 — Methodology
This chapter describes the sequence of the research andgusibppropriateness
to the research question and objectives. GPM and CIA methods evdugdd in

comparison to conventional influence-diagramming and decision-tree methods.

Chapter 4 — Model development

Each sequence of the GPM-framework development and model-component
determination process are described. Detailed descriptions ofGRi¢helement (i.e.,
decision alternatives, drivers, processes, and outcomes) are presen@éM adnceptual
drawing, influence diagram, and cross-impact matrix of the madelconstructed and

presented.

Chapter 5 — Assessment

The method and process for assessing impact ratings among \&aigbbiescribed.
9



Impact ratings are assessed from structured interviewpséittitioners. The assessment
was an iterative process in which multiple rounds of interviesse conducted until a
satisfactory level of consensus was achieved. The level of arsevas measured by

standard deviation of individual assessments and Kendall's W.

Chapter 6 — Simulation and Results

A total of five hypothetical case projects with various progwracteristics were
simulated to measure the impact of various warranty strategie project characteristics
on performance outcomes. Sensitivity analysis of decisions, draralsprocesses were
conducted to determine the importance of each factor to the opeogdict outcome.
Finally, the results of the simulation were used for modetiaabn. Two hypothetical
projects were designed as extreme cases, and the simulesiolts rfrom these cases

provided insights as to the model's validity.

Chapter 7 — Model Validation

The model was validated through a requisite model-validation procesh whi
differs from general model validation in that it focuses on ictema with practitioners.
Therefore, structured interviews were held with practitionagfrsvarious professions

(agencies, contractors, consultants).

Chapter 8 — Findings and Conclusion
The last chapter presents findings derived from simulation resudtractitioner

interviews. These findings were compared to the research apgestnd objectives in

10



order to check the completeness of the product. Also, discussions e#rcres
contributions to both academia and industry are included. Finally, shangomof the
developed model and the research are discussed along with suuggdsti further

improvement to the current model and prospects for future research.
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CHAPTER 2: BACKGROUND

This chapter provides fundamental background information on the subjdcaseha
closely relevant to this research. The information presented $nctimpter is the
foundation of the research and it is referenced throughout this documertlss Aesearch
examines risk allocation decision making in highway design-builgjeptis, a brief
definition, history, and characteristics of design-build are firsbduced. Second, the
concept of risk allocation is introduced. Thirdly, warranty contngctmethod is
discussed with a focus on decision making. Finally, various previoesgarched and
published studies relevant to warranty method are introduced. Alsadl, tiagke current

status of warranty research, the point of departure of this research is introduced.

2.1 Design-Build Delivery and Contracting Method

Highway agencies have traditionally awarded most of their peojecthe lowest
bidders at a lump-sum contract price after the designs arpletath and approved.
However, this design-bid-build approach has encountered problems. \diigonhal
design-bid-build delivery produces a transparent set of checks and balana@entadaign
integrity and construction cost, it also results in slow produdvetgl and often in
adversarial relationships. Furthermore, frequent cost growth throughge order and
litigation cost due to disputes have even reduced clarity in saipation and weakened
fixed cost guarantee. Also, focusing on low bids leaves too littighasis on product

guality, time, and factors that affect long-term perfornea(Carpenter et al. 2003). In

12



order to alleviate such problems, various innovative delivery and contractihgdedtave
been developed and introduced to the transportation industry. Designshwifee of
these alternative project delivery methods. Design-build comliots project design
and construction under one contract. In design-build, the owner contrtcisneifirm or
team to complete a project in its entirety.

Section 2.1.1 starts by defining what delivery and contractinguagdeintroduces
some of delivery and contracting methods. Then the discussion continues withahe hist
and characteristics of design-build with special emphasis omigsieness in terms of risk

allocation.

2.1.1 Concept of Delivery and Contracting

Delivery is the process of acquiring and providing service t@tbhgct owner to
bring about the product in need. The delivery service may includer eldsign or
construction or both. In earlier eras, when there was less sateéahction among
individuals or families and only simpler construction was performed, most cdrmtrhas
was by the person who had the need — the owner. In other words, alndse
construction projects were self-delivered. As the world has beeoare socialized and
works professionalized, construction is more often done by the parfatsiwho provide
design and construction service in exchange for an appropriate fee.e grbésssionals
are referred to as builders, or more widely contractors.

A contract is a written or verbal agreement between two persoparties. As
more constructions were performed by entities not project owners)et for formal

agreements between parties became apparent. Such agreememtsmde through

13



contracts. A contract specifies what work ought to be performed by thracontand the
amount of the fee the owner is obligated to pay the contractor dowthnk. As the
construction process and social interaction among people have becoeneamgmiex, the

importance of contracts has grown significantly.

UONONISUO]

Contractor 1|
|
®
Service ;
> g | H
|
il
|
SR I 1
Contracting Delivery

Figure 2-1: Concept of Delivery and Contracting

Figure 2-1 above describes the concept of delivery and contracting. ivéen
owner has a need, he may acquire services from a contractor a/poofessional designer,
builder, or both. The service can include advising, designing, administratingructing,
etc. The process by which the professional offers service towher is called project
delivery. The written or verbal agreement between the owner and the pérsaiehlvers
the project is contract.

Conditionally according to the owner’s preference and project cteaistics, the
owner may choose to hire a single entity to perform all the tas#issign and construction.
Sometimes, the owner may hire different entities to perfornh ¢ask of design and
constructing. Some inexperienced owners may also want to bimsultants as
representatives to administrate the project. There can be var&yssto get the project

14



done. The way the tasks in a project are assigned and the pagaszed and

contracted is a delivery system or method.

/" Design-Bid-Build /" Design-Build ™\

Owner Owner

Design-
Builder

\ AN )
a CM - Adviser Ve CM - @ Risk ™\

Designer Builder

cM cM@
Owner Adviser Owner Risk

Designer Builder Designer Builder

\_ AN /

Figure 2-2: Various Delivery Methods

Figure 2-2 above shows four of most common delivery methods. The most
common delivery method is design-bid-build (DBB). The owner caistragth two
different entities for design and construction service. In ddsigd- (DB), the owner
contracts with a single entity for both design and constructioncegerviA construction
Manager (CM) is another party who may be involved in the project. aCtd as the
owner’s representative in case the owner lacks constructioniexper There are two
different CM delivery methods. One is that of CM adviser. Ind¢hse, the CM plays an
advising role and does not contractually relate to either desigriauilder. In CM- at
risk, the CM takes the full responsibility and has contractudioakhip to design, builder
and all other parties involved in the project.

At this point, all the players who can be involved in the projectraweduced. As

15



the next step, the project owner wants to select and contractheithdviser, designer,
builder who has the best ability at the lowest possible price ghraappropriate
competition. The process of selecting the person or organizatiowithatovide work

and service for the project owner is called procurement. Migaission of the unique
characteristics of design-build in terms of the roles asgamsibilities of each player,

procurement, contracting methods are presented in a later section.

2.1.2 History of Design-Build in Highway Construction

Although design-bid-build has been the dominant delivery method, especially in the
highway industry, for the past several decades, design-build isn@t aoncept because
master-builders could be considered a form of design-build.

In ancient Mesopotamia, the Code of Hammurabi (1800 BC) fixed absolute
accountability upon master builders for both design and construction. Thigefedences
a single source of responsibility for the design and constructistruaftures which shows
much similarity to modern design-build (Beard et al. 2001). The paufesonstruction
supervised by a master-builder has been the major delivery methddhshiaeen used for
thousands of years before the separation of design and construction.

During the Renaissance era, as buildings became larger and@¢ongoiex, and the
designs became much more complicated, the traditional desidnbidproject delivery
method was formed (Twomey 1989). Since then, DBB has been thewndesy used
delivery method throughout the modern era. However, in the 1960s, tifecaig cost-
overrun problem with DBB led owners to search for innovative delivesthods.

Design-build was introduced as one of them. The formal use of design#bthiel public

16



sector dates back to 1968 (Design-Build Institute of America 1994).

At first, design-build was used more frequently in the prigatetor. The reason
for this was that the fear of corruption in the selection proaedsthe sense that lowest
price was no longer guaranteed held public agents back from chatessign-build. It
was not until the mid-1980s that public owners and agencies began to desigm-build.
As traditional design-bid-build began to show systematic defi@ensuch as frequent
legal claims and relatively long delivery time, public agesti®ve to find different
methods, one of which was design-build. Ever since its acceptan¢eafisportation
projects in the mid 1990s, the use of design-build in the public semtobden steadily
increasing. Currently, design-build is in use on a wide wagéhighway projects, from
bridges to automated traffic management systems, and from mneeways to
reconstruction of decaying roads.

The expansion of design-build in highway construction acceleratex firther
with the passage of the Transportation Equity Act for the 21st Gef(iflzA-21) and
Special Experimental Projects No. 14 (SEP 14). As of December 2002esign-build

projects had been approved for federal funding (FHWA 2002).
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Figure 2-3: Map of States with Approved SEP-14 DB @jects (2003)

As of January 2003, more than 30 states had used or were considerusg thie
design-build project delivery on federally aided highway aoiesion projects. However,
design-build is not yet widely known among all the highway agencidts use is
concentrated in a few states as shown in Fig. 2-3. Only tirdese states, Florida,
Ohio, and Pennsylvania, have applied the method more than 50 profectsersely,

seventeen states have applied to less than five projects as shown.

2.1.3 Characteristics of Design-Build

Design-build is an alternative project delivery method that coesbboth project
design and construction under one contract. Design-build projects ganigaificantly
in the amount of design included in the RFP, risks allocated to signdeuilder, and
procurement methods, but the key element in each project is a soghee of
responsibility to the agency through one contract for both design and construction.

In design-build, the owner contracts with one firm or jointed teaecomplete a

18



project in its entirety. Although the difference between DBB aril day sound as
simple as the difference between having separate contractedign and construction or
one contract for both, this difference is so fundamental that itdte@émost every aspect
of a construction project such, including the attitude of participarttstee way decisions
are made, and the project procured, and executed. Among various aspelitferédmees

in procurement, risk allocation, and contracting are examined below.

2.1.3.1 Timing and method of procurement

The two significant differences are in timing and method of ymeroent.
Procurement is the process of selecting the contractor (Quilide a project.
Traditionally in DBB, highway agencies define the scope and regamts of a
construction project by fully completing design documents (withiratfency or with the
assistance of design consultants) and then hiring constructioractonsr to build the
project though a low-bid process. In design-build project delivegggnaes define the
project scope and requirements through initial design documentation artdbare both

the final design and construction through an evaluation of technical proposals and price.

Design-Bid-Build

Project Preliminary Project

Development Design Detail Design Procurement Construction Completion
Design-Build
Project Preliminary Procurement Detail Design Project
Development Design Completion
———

Construction

Figure 2-4: Activity Sequence in DBB and DB

Figure 2-4 shows the difference in timing of procurement. The pnoeume
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occurs after the detailed design in DBB and before detailedyrdesi DBB. This
difference leads to a few unique characteristics of DB. Thé sigisficant one is that it
enables overlapping of design and construction activities and yfed®isschedules. As
seen in Figure 2-4, design-bid-build project delivery is vergdin while design-build
allows for concurrent activities yielding shorter overall scheslul Also the contractor is
involved in the project at an earlier stage and has greater oppoffamityovative input
into the design. In contrast, procuring a project before design coompbein create more
uncertainty in the project in terms of cost, scope, quality, etc.

The method of procurement is another significant distinction of ddésig.
Traditionally highways agencies have selected and procuredofnibetir projects on low-
bid basis. Since the project is procured after the final desigompleted, all the bidders
completes over the price of the same design. However, thibitbprocurement method
is not appropriate for design-build and does not fully utilizetisngth. Therefore, for
design-build projects, the best-value procurement method is higlomneended (NCHRP

2005).
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fixed design
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Design-Build —/_;7i/
Best Value
| | | &
Procurement - Q& & o
I I I
| ! | | I
Quality Quality Quality
Criteria

Figure 2-5: Graphical Representation of Low-bid andBest-value Procurement

Figure 2-5 shows how the contractor is selected in low-bid andvakest
mechanisms. In low-bid procurement of DBB, all the bidders ought tmibithe same
completed design and the bidder with the lowest price is seleciéa key difference
between best-value procurement and low-bid procurement is the omriatti quality
(design) of the proposals (bids). While the quality is fixed indikebid mechanism, the
quality varies among proposals as competitors propose differsigihdgdifferent quality

level) as well as the prices.

As shown in Figure 2-5, there are three basic categoriesstivakeie method:
weighted criteria, fixed price / best proposal, and meetisrieri/ low-bid methods.  All of
the methods show flexibility on quality which enhances the streofgttesign-build in

terms of flexibility and innovation.
Proposal 2 (P2) is the winner in all the cases shown in the figid2.has the

lowest price in low-bid procurement as well as better valuenagets the criteria in best-

value procurement.
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2.1.3.2 Basis of contract

Figure 2-6 presents a comparison of the design-bid-build and dmsignmethods

of delivery by depicting the basis of a contract between an agency andaxtftdesign-

builder.
Design-Bid-Build Design-Build
Highway Highway
Agency Agency
Designer ----- Builder Designer Builder
Basis of Contract Basis of Contract
(Agency - Builder) (Agency - Design-Builder)
o 100 percent Complete Design » Agency RFP
Documents e Design-Builder Proposal
 Contract Specification » Reference Design and
k J \ Construction Standards J
Contractual Relationship ~ ----- Non-Contractual Relationship

Figure 2-6: Contractual Relationship and Basis of Gntract in DBB and DB

As seen in Figure 2-6, the basis of a design-build contract éeatwwner and
contractor) is different from that of design-bid-build. The agemasses on
responsibilities for final design to the design-builder and takeéesagn-oversight role
during the final design development. In the same manner, thendmsider assumes
responsibility for the final design and also the responsibility Fa toordination of
construction within the design. This relationship significantlynges the basis of the
contract between the agency and the entity performing constructio longer are 100
percent complete plans and specifications the technical basie cbhstruction contract.
In design-build, an agency'’s request for proposal (RFP) and the desider proposal are
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the technical basis for the contract. The 100 percent compbate phd specifications
become a deliverable of the contract — they are no longer the basis of thetcontra

The difference in contractual basis, along with timing of procuren@ays an
important role in risk/responsibility allocation and consequent coirtgastethods such as
warranty, which is one of principal subjects of this research.calge the agency does not
provide 100 percent design and allows the design-builder to do most ofsiprinlg, the
agency can be free of design responsibility, thus it is etsteansfer design-defect risks.
Also, the agency may also choose to delegate certain aspegtmly control and/or
quality assurance, third party coordination, and construction oversightthey must
carefully consider the possible risks and associated costs dadtalfpthese aspects of the
project. The next section presents a more detailed discussisk aflocation in design-

build.

2.1.4 Risk Allocation in Design-Build

Appropriate allocation of risks is one of the most critical arfficdlt aspects of
any construction project, including one using design-build method. edently years,
many owners have chosen to use the design-build method of projectyd&iveanage
their risk better. One reason for that is the fact thatiéfseggn-build system provides more
flexibility in risk allocation. Many risks that were traditially borne by the contracting
agency can be transferred to the contractor in the design-budahsysThis is attributable
mostly to the single point of responsibility and earlier procemncharacteristics of
design-build. However, this flexibility should not result in shiftitigpassible risks to the

contractor which would eventually lead to high bids, excessive chamgeslisputes.
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Therefore, decisions in regard to risk allocation should be madegthrappropriate
analysis and decision-making process. The flexibility can heflwgal only upon proper

allocation of the risks.

2.2 Warranty Contracting

Although the historic introduction of warranty concept dates back to 1654
(Singpurwalla and Wilson 1993), its usage was mostly in manufacturinbe first
historical usage in construction was in 1889, when George W. Bartholpnopesed the
first Portland cement concrete pavement to the city of Beitaine, Ohio (Portland
Cement Association 1991). Similarly to its historic usage, thearels on warranty was
done mostly from a manufacturing perspective. Recently, infart & improve quality
in construction products, warranty began to gain popularity as an inewaintracting
method. In 1987, the Transportation Research Board, with Federal &jighw
Administration (FHWA) cooperation, initiated a task force effartidentify innovative
contracting practices. The FHWA subsequently approved Specialiiepe Project No.
14 (SEP 14). As a result, along with design-build and other innovatinracting
methods, the use of warranty contracting in public highway construction was approved.

In this section, the definition, type, and characteristics ofam@yrcontracting are
examined first. Second, some characteristics and types ohnmarthat are used
specifically in road construction are introduced. In this sectionfoqmeance based
warranty contracting is examined in comparison to workmanshipamtsrr Also, the
differences in basic and extended warranty are described. lyFiadvantages and

disadvantages of warranty are examined.
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2.2.1 General Definition and Types of Warranty

Warranty is a type of contractual agreement, made along hetloft purchasing
agreement between the manufacturer and the consumer, which oltlgateanufacturer
to rebate or rectify a product that has failed within a preaeted period, usage, or both.
The rectification can be accomplished through repair or replacemattthe associated
cost is fully or partially borne by the manufacturer of thedpct depending on the type
and coverage.

A warranty can be categorized by types as shown in Table 2-1cateigorization
is based on an earlier study (Blischke and Murthy 1994).

Table 2-1: Warranty Types (General)

Rebate Replace Repair

Free-rectification | Pro-rata

Renewing | Non-renewing

Unit (specified period, usage, etc) | Perpetual (Life-cycle)

One dimensional | Two dimensional

Basic | Extended

First, warranty can be categorized by the compensation methmal used for the
failed product. Sometimes the contract specifies the methodsthatbe used, but it is
usually left as optional to the manufacturer to rebate, reptamapletely rectify), repair
(partially rectify) the product. The decision is usually madeefrh case based on the
type of the product, degree of failure, cost for each method, etc.a &wmaller and less
expensive product, it is usually a better to replace it with new oRer relatively larger

and expensive ones, repair is the better option. Rebate can be arpogfeoable from a
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marketing perspective, as people would prefer refund over time-constepiagement or
repair.

In free-rectification warranty, the cost of rectificatiorttier replacement or repair)
is borne completely by the manufacturer. In pro-rata, it is boon&ly by the
manufacturer and the consumer. It appears that free-reatifigatmore preferable to the
consumer than pro-rata, but not always because pro-rata cantt@neitial price of the
product, as the warranty premium (incorporated in the price) isr lowe pro-rata type
of warranty. One other warranty method, similar to pro-rataliffierent in some aspects,
is limited liability. It is the same as pro-rata in terof sharing risk, but also different as
it requires the provider to cover the risk only up to a pre-determmedra of cost. Any
cost exceeding the fixed amount is left to the owner. Limiddallity warranty is often
used for very expensive products where the risk is too big and futhntgrikely results
in excessive risk premium.

In renewing a warranty, the warranty period or usage is reneaell time the
product is rectified. Contrarily, in non-renewing warranty, theeranty period counts
down from the day of purchase no matter what happens during thentygreasiod. The
renewing characteristic of a warranty is usually specifietsiprovisions.

The majority of warranty contracts pertain only to the warrgetyod or the life of
the unit sold. This is called unit warranty. In contrast, the perpetual wagaatantees
product performance (through continuous monitoring, repairing, replacing) the
consumer ends the relationship or the contract expires. In returpratieler collects
service fee. One example that shows the difference betwetewarnanty and perpetual

warranty is a personal computer (PC) versus computer netwotknsyim a large
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corporation. A PC usually has a unit warranty which covers failimea specific period
of life span of the unit. However, for a large network system, tiperpurchase of the
system or agreement for service, the manufacturer guarante@suoastand perpetual
repair, replacement, and updating of the system. In perpetual wartiaatprovider
guarantees certain performance of the system, and it is upetprovider to take any
necessary action including replacement of units.

In unit warranty, the warranty coverage ends as the age or usagateof the unit
reaches the pre-determined limit. A warranty that is delimitedlmnbge is called a one-
dimensional warranty. Most unit warranty falls into this catggofFor some products,
the warranty period ends when either of two dimensions, age or, usagbes the limit.
One representative example of this type is automobile waraantyhas two dimensions of

elapsed time from purchase and mileage.

2.2.2 Warranty in road construction: types and characteristics

Warranty concept was first introduced and developed mostly im#mfacturing.
As characteristics of construction (especially road consbnjcare much different from
those of manufacturing, the types and methods of warranty contracéngso different
from those used in manufacturing.

Due to the uniqueness of road construction, the type of warranty usedes to
repair, free-rectification, non-renewing, unit, one dimensionaleftirbasic (constructor
provided). In terms of coverage, the type of warranty in construgs usually the
material & workmanship warranty. Usage of performance wariantgually limited to
design-build projects due to allocation of design responsibility. Wdneanty period in

most cases ranges from six months to ten years (Bayetlkht 2004). The table below
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summarizes the type, coverage, and period of warranties that wakyussed in the

construction industry which also is the focus of this research.

Table 2-2: Warranty Types (Construction)

Rectification Method Rebate Replace Repair
Cost of Rectification Free-rectification Pro-rata
Renewing Renewing Non-renewing

Unit Unit (specified period, usage, etc) Perpetual (Life-cycle)
Measurement One dimensional Two dimensional
Provider Basic Extended (Service Contract)
Work type Material Workmanship Performance
Period 0.5 to 10 years

2.2.2.1 By work type (material, workmanship and performance)

The distinction of warranty type by work type is unique to constmand is not
found in any other industry. This distinction is made due to theHattih construction,
the design and the construction can be done by different entities twbjleare always
done by one party in manufacturing. In other words, in design-bid-khiéd.owner
designs and responsible for any faults in the process. In sugsteans it is hard to
legally bind the builder for faults over which he had no control. If theeowants the
builder to be responsible for any defect either caused by desogmstruction, it would be
too expensive, as it would cause excessive risk for the buildeerefbne, it is reasonable
to set limits to the warranty’s responsibility, so the builderesponsible for the defects
that are caused by mistakes in construction only. This type ofintg is called a
material and workmanship warranty.
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In a material and workmanship warranty, the contractor is only regpofher any
defects in materials and any misconduct in installation. Tdrerdie is not responsible
for any design defects. This type of warranty fits wellhwthe traditional design-bid-
build delivery system and has been widely used in construction. teovibe difficulty
of distinguishing design defects from construction defects often leads to disputes

A performance warranty is same as product warranty in whictcdh&ractor is
fully responsible for any early defects which prevent the profhech performing as
promised or expected.

The following is a list of the characteristics of matéwakkmanship and

performance warranties;

e Material/Workmanship vs. Performance
e Material/workmanship is often used in DBB project

e A material/workmanship warranty obligates the contractor for design
defects only

e Oftenitis hard to distinguish design defects from construction defects
e Performance warranty

e As with product warranty in manufacturing, the contractor is fully
responsible for any defect

e Often used in design-build projects

2.2.2.2 By provider (basic and extended)

In manufacturing, the warranty is distinguished by the providezither basic or
extended (service contract). Usually the manufacturer ofrtdupt provides a relatively
short-term basic (often called manufacturer’s) warranty andratesler or third party

provides an extended warranty usually for additional cost. Theref@derms “basic”
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and “extended” are used mainly to indicate the provider. This distints important
because it differentiate many aspects of the warranty tohwthie buyer should pay
attention.

In construction, the use of the terms “basic” and “extended” isrdiit. People
often refer to a “basic warranty” as one which is politicaltiven, enforced by law or
regulation. For the U.S. federal government requires all roadraotishs funded by the
federal government to have one year basic warranties. Theréfarproject is fully or
partially funded by the federal government, it must have at @@ year of warranty, and
it is not an option for either the procuring agency or the contracidre basic warranty is
mandatory for either party and it does not need to be specified onotheadat, the
contractor cannot be exempt from liability in any case. Silpilaome states have their
own laws or regulations which require certain types of warrantiheir projects. Most
states require basic warranties of one to three years, andofmib&tm are material and
workmanship warranty.

In contrast, an “extended warranty” is one which the procuring gggexides to
use on a project in extension (or replacement) of the basicnisarraVhen the procuring
agent feels the need for a longer warranty to ensure the qoftity product, the agent
may extend the warranty to a much longer period and specifyactntrWhen the agency
and the contractor agree on the contract, it becomes a legal agtdmtween two parties
and is in effect. The extended warranty can be either matanghlworkmanship or
performance.

In addition to the apparent distinction between basic and extended, plos@of a

warranty is often different between two types. The basicangrwhich is usually short-
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term and has a limited level of liability is used to protectimg owner from early and
initial defects. The extended warranty, which may be muchelstggm, is used to
allocate the risk and responsibility of future defects that meagdused by insufficient
durability and natural wearing out. The figure below shows thfsrdiice in graphical

fashion.

Failure Rate

v

Initial Product Age |

defect “Wear out—

_______ Normal Product
Durable Product

Figure 2-7: Failure Rate vs. Age for Typical Produts (Nattrella 2003)

The figure above (Figure 2-8), often referred to as a bathtub,@hew/s change in
failure rate of a product as the product ages. In the initigesta product usually has
significantly higher rate of failure, which is mostly caudsdinitial defects. An initial
defect means the product does not function as expected from the bgginaito mistakes
made in the installation or manufacturing process. In manufagiuthese defective
products are picked out by quality inspection and testing. In constru¢he basic
warranty allocates the responsibility of inspecting and repainmitgal defects to the

contractor.
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As the product ages, its reliability decreases (failure irateease) due to natural
wear which is not caused by mistakes in manufacturing. Thiatigral and expected.
This is where the difference between a well-designed durable pr@dlictline) and less-
durable product (dotted line) become apparent. A more durable produclohgerlife,
wears out slowly, and has a lower failure rate increase and cosis ftepsir.  In contrast,
it cost more to repair a less durable product. When the agency shods&ve a longer-
term extended warranty and requires the contractor to be respdosiblear out defects,

the contactor is motivated to design the product with better quality.

® Basic vs. Extended

0 Basic warranty — the period that the law or regulation requireevery
project (usually 1-2 years)

o Extended warranty — long term warranty that is significaothg enough to
change design decision (3+ years)

2.2.2.3 Other types used in construction

First, warranties in road construction are mostly of the one-dim@aisexpiration
type. The warranty in road construction has always been one-danehsiut there is
some movement toward changing to a multi-dimensional type whathdes factors such
as traffic volume, traffic type, etc. In a one dimensionaravdy, the contractor accepts
the risk of unexpected high volume of traffic and high percentage of wetncles, which
can significantly shorten the life of pavement. The automobile indhsis been using
multi-dimensional warranties which include limits on mileagedditon to time, and has
been successful. Hence, the contracting agency may consider matisibnal
warranties in the future in order to avoid high risk-premium.

Second, the usual warranty in road construction is unit warranty réther
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perpetual. Each warranted item has its own warranty period, ant expires the

contractor becomes free of responsibility for that item. Howeher use of perpetual
warranty may also be tested in the future as the industry ntovesre to long-term,

performance, and life-time warranties. The design-build-reaarice contract is similar
to perpetual long-term warranty.

In road construction, there have been some projects carried outengkvable
warranties. Most such warranties have been on electronic equipownas Intelligent
Transportation System (ITS) and Signal Systems. In renewahbleanty, as the
contractor replaces an item, the warranty period restartharabhtractor held responsible
for the item for an additional time period. The renewingram@y concept is currently
being used widely, but its impact on overall construction warranty usagery limited
since electronic equipment is usually warranted by the manufa@od the contractor is
merely a middleman who takes the responsibility and trangfévsthe manufacturers of
the equipment.

Almost all construction warranties are free-rectificatiopetywhich means the
contractor has full responsibility for any cost associated wegfair. Although it never
had been tested, a pro-rata warranty may be a way of dewgyesarranty cost. Also,
there are some state agencies who utilize a warranty tipeh vs similar to pro-rata
warranty. This is usually called a maximum liability watsa In maximum liability,
there is maximum repair cost which the contract specifiesefmatir and the owner holds

risk for cost beyond the amount.
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2.2.3 Advantages and Disadvantages in the Use of Warranty

The use of warranty presents advantage and disadvantage to both ¢hewoavihe
contractor. When contracting agents decide on the type and periodrmainties to be
used, they should consider and weight all the advantages and disadvaniBges.

following is a list of benefits and costs of warranty use.

e Advantages
o Transfers risk of early (or unexpected) defect to the contractor

o0 Motivates the contractor (or design-builder) to perform betterckmose
better design) which improves quality and life cycle cost

0 Saves cost of inspection, future maintenance
e Disadvantages

o0 Limited number of bidders — lower competition level

o Small contractors cannot participate

o Additional Cost
= Possible price increase due to higher design quality
= Expected repair cost (during warranty period)
= Warranty bond cost

= Profit and risk premium

2.2.4 Warranty Decision

One of the keys to success in warranty usage is making thedegigion on
warranty policy. Warranty decision can be a simple question GigesAlso, it can be a
series of many sub-decisions on warranty type, coverage, @anbdther strategic options.
In this section, the warranty-decision process is briefly intreduc The focuses of this

34



discussion are

® The differences between the decision on legislative level and pleyet warranty
decision

® \Ways in which the decision process differs by delivery method (DBB and DB)

For public projects, warranty decisions are usually made at tiferafit levels.
One is the legislative decision, which sets laws and regulati@isgoverns all projects
performed, administered, or funded by the government. This decet®nhge minimum
warranty period and coverage, which often referred to as the basranty. This
decision considers trend, conditions of the industry in general. seTharranty use
regulations sets the minimum and maximum boundaries but usualgsleame flexibility
for individual projects. The legislative-level warranty decish@s some characteristics

such as

® [t only sets very minimum warranty period, coverage which is vital for the public

® |t should consider not only the benefit of the public but also conditiortbeof
industry

® [t should be flexible, as each project is unique

Because the scope of this research is limited to projedt-teaasion, no more
discussion on legislative level decision is presented.

Unlike legislative decision, the warranty policy decision atgubjevel is made
based on the various specific factors such as project, owner, propedeurrent market
characteristics. It is important that the decision should not Isediby the contracting
agencies’ past experience (either bad or good) and avoids contoolebydividual over
the decision. The agency must consider all the factors thainfhiagnce the outcome of

the warranty. The typical items that must be considered kinguavarranty decision are
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shown in the tables below.

Table 2-3: Project Characteristics
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Table 2-4: Proposers Characteristics
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Table 2-5: Market Characteristics
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Futiem aketondin Condinotconomy

Dscounte

The process of making a warranty decision is different foh dgpe of project
delivery method. The warranty policy decision in a traditionalgiebid-build project is
made based on the various attributes plus any pre-determined desigte, d&sign is
completed and available prior to the warranty decision, the decisiohecmade based on
mathematical analysis such as cost/benefit and life-cyclear@dysis. The Figure 2-9
shows the decision process in traditional design-bid-build method. bihéed
rectangular box represents the decision of balancing betwesdrofequality and cost. In
this process, the agency determines the level of quality kelgl tost, in other words the
quality level and cost are the owner’s controllable variables. \idreanty decision is

made based on the final design, known failure-rate curve, and other available data
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Owner’s Controllable Variables Uncontrollable Valiables Contractor’s Controllable Valiables

Owner Owner’s Risk Project Market
Preference Attitude Characteristics Condition Firm
Condition
Risk Level of
Characteristics | Competition

Firm’s Risk
Attitude
Warranty Policy
Decision
Warranty

Premium Cost

Construction

Quality Level «—» Cost

v

Quality ] [ Duration j [ Cost

Overall Project
Satisfaction

Figure 2-8: Warranty Decision Influence Diagram (DBB)

In design-build, the process shows two unique conditions. One is thwg tohi
the warranty decision, which is made prior to the final desigecause the decision is
made without completed design, mathematical analysis is oftepassible. Also, the
design decision is made by the design-builder not by the ownerdedign-build, the
quality/cost tradeoff decision is now the design-builder’s conti@lavariable. This
difference made the decision harder and more critical asdh@amnty provision is the sole

method of owner control on the quality/cost decision
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Owner’s Controllable Variables Uncontrollable Valiables Design-Builder’s Controllable Valiables
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Figure 2-9: Warranty Decision Influence Diagram (DB

2.3 Point of Departure

As shown in the literature review on design-build, risk-allocataorg warranty

contracting, there is a need for research on warranty decisidhe design-build

procurement system allows the owner to transfer design respdgsibiine design-builder

and to choose to transfer any post-construction risk through thentyawantracting

method. As a warranty transfers significant risk to the cotarait is obvious that there

should be some increase in the price of initial construction to acmafefor expected and

unexpected future cost. Also, warranty contracting offers berseftls as savings from

possible future maintenance cost reduction and quality improvem&herefore, the
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warranty policy decision which includes the warranty period isyadeeision the owner
has to make to minimize both owner’s present and future costs anthimaatisfactory
quality throughout the lifetime of the facility.

In this section, various studies of warranty decision and closkelyarg topics are
summarized. This process clarifies what has been done smdawhat remains to be
done. This literature review and analysis process sets thiagtand ending point of this

study.

2.3.1 Previous Warranty Studies and Decision Models

As warranty contracting is relatively new concept in conswuagtiew studies have
been completed; those which have been are reviewed and listed irR¥&ableAlong with
studies of construction, some key studies in manufacturing aeveyifor the purpose of

comparison. In the table, the research objectives and methods of each stutlydare lis
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Table 2-6: Previous Studies on Warranty

Won (2008

Bayraktar et al. (2006)

Damnjanovic et al. (200

Oh et al. (200¢

Bayraktar et al. (200
Cui et al. (2004

Thompson et al. (200

Industry
Domain

Manufacturing

“S |Lin et al. (2007

“S |Ber-Daya et al. (2006)
“S |Huang et al. (2001
“3 | Yeh (2000

“S | DeCroix (1999

“S | Singpurwalla et al. (199

Construction

)\I
KI
KI
KI
KI
)\I

Research Objecti

State of Practice

Warranty Bond

Warranty Cost &
Value

Warranty Period
Decision

Preventive
Maintenance

Design-build

Research Methc

Optimization &
Reliability

Survey &
Interview

Real Option

Game Theory

Fuzzy & Risk
Analysis

e

e

e

The first apparent difference between studies in construction andfacturing is
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the length of history. While the effort to determine an optiweiranty policy began as
early as 1963 in manufacturing (Singpurwalla and Wilson 1993), simekearch in
construction began only recently, and thus the deficiency in research experience.

Another difference between studies in the two industries is garels objectives
and study domains. So far, research in construction warranty éadiiméed to general
guidelines (Thompson, et al. 2002) and survey of current practiceaf@ayet al. 2004).
Only one study has been conducted of warranty bonds. Howevesfutlgtwas limited
to interviewing surety companies to point out a few key factotsdist@rmine bond cost.
Only recently has warranty cost estimation research beesdutied (Damnjanovic and
Zhang 2005; Oh et al. 2005). This study falls short of fulfilling dbgctives outlined in
the proposal. Also, it relied on lab data instead of moralieli historic data. In
contrast, studies of warranty in manufacturing were done on variouss tepah as
warranty decision, estimation of warranty cost, and value of mamtena Because a
survey of status of practice is the initial stage for furtimeore in-depth studies, it is
obvious that there is a need for advancement in the science of figlbwstruction. This
*[?] can be further justified when compared to the amount of relseeompleted in
manufacturing.

Where research methods are concerned, studies in construction have liedridim
surveys and interviews, with the exception of only a few. In tilndysof manufacturing,
many researchers have utilized various sophisticated methddasuwame theory, fuzzy
set theory, and probabilistic risk analysis. More detailed dismusof method is

presented in Chapter 3, where the methodology for this study is presented.

42



2.3.2 Research Needs

In several aspects this study intends to propose improvements to the current body of
knowledge.

First, this study considers wider aspects of project environsugit as market
characteristics that may impact the warranty decision. irftkeation is to make the model
more comprehensive than current material optimization models.  Miaeket
characteristics that are considered in this study are listed in tablestion2.3.4.

Second, the analysis domain extends to pre-construction and post-construction
stages of projects. As a warranty influences pre-construdtionti@s such as contractor
selection and design decision, any impact of such pre-constructiorsprtmcevarranty
decision need to be considered. Similar to pre-construction, agrramy definitely
impacts post-construction activities and performance such as pvevenaintenance,
repair plan, and post-construction process should be included in the decision model.

Finally, characteristics of design-build project delivery anstdalue procurement
are examined. As the design-build process is unique among deliysigms, the
warranty decision in design-build should differ from that in desighbbild. Since all
previous studies have been done in terms of design-bid-build systeymindings and
outcomes from this research would be unique for DB system usi#itioas to current

literature.

2.3.3 Research Question and Objectives

The research question is, given project characteristics and fattters beyond

project:
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Given the background and scope of this research the following quest®n wa

developed to guide this research.

How do warranty characteristics and project characteristics impact the

performance of highway pavement projects?

To answer this question, the research has the following objectives:

e Examine various internal and external factors and determinentpertant
factors in making warranty decisions.

e Develop a decision model that simulates warranty impacts on projec
performance indicators.

e Run simulations of projects with varying scopes and processesdér to
examine impacts of warranty characteristics (e.g., decisiarnables of
warranty period, limited liability characteristics, etc.) andjgct characteristics

on project performance.

2.4 Chapter Summary

This chapter has defined the design-build delivery method in compaasather
methods. The unique characteristics of design-build such as diffenenbasis of
contract, design responsibility transfer, and flexibility in ridkcation have been focuses
of the discussion.

In the discussion of warranty contracting, two objectives of implding

warranties are presented. One objective is to transfer uneglpeatly defect to the
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design-builder and the other is to motivate the design-builder ite $or better initial
quality.

In point of departure section, literature review on previous studiesaommnty in
both construction and manufacturing has revealed research need ontwdgeision

especially for design-build highway projects.
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CHAPTER 3: METHODOLOGY

This chapter introduces the research and modeling methods usedsitudyis In
the first section, an overview of the various methods and their ortjaniis presented.
A step-by-step process of model development and refinement prgscesganized in a
horse-shoe shape. In the next section, the method-selection peobessly described.
The main methods of this research are the General Perfa@nmdodeling (GPM) and
Cross-Impact Analysis (CIA) computing techniques. Some minor modeling aistbdec
making techniques are also applied. Finally, a more detailedmtest follows for each

of the eight phases of the research process.

3.1 Overview

The process of this research has consisted of eight phasésratyle review; 2)
research question; 3) model development; 4) model validation; 5) \eauggoision; 6)
validation and verification; 7) model output and result; and 8) contributiohe phases
are organized in the shape of a horseshoe (Kunz and Fischer 2008)asrskaure 3-1.
Starting from the top-left corner and flowing clockwise to twtom-left corner, the
phases are organized sequentially. The boxes represent phases awdidtherows

direction of flow. The dotted arrows represent a check-and-feedbaclsgroce
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Model Simulation & Results
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Figure 3-1: Methodology Overview

A comprehensive literature review is presented of three reldopidal areas —
warranty, design-build, and risk allocation and decision analysis.thdnreview of
warranty literature focuses on general characteristipgstycurrent state-of-practice, and
state-of-research are main focuses. The review of desighiiarature covers unique
characteristics of design-build process in comparison with ivadlitmethods. Some key
topics of the design-build review are basis of contract, procureptenéss, contracting
methods and risk-allocation principles. Finally, various methods o$idacanalysis are

reviewed for the purpose of determining the method most suitable for the pralfianda
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From the review of current methods of warranty decision, the naed hew
decision model is determined and the research question formulatedrdeinto answer
the research question, a GPM model is developed in the model-strdewglepment and
variable value decision phases. In model-structure development, Rk cBnceptual
model is constructed. Prior to variable decision, the structutieeomodel is evaluated
and refined through model structure validation. Once the modetwte is validated, the
necessary input values such as initial probability of occurrencerasg-impact rating are
decided through practitioner interviews.

Once the model is developed completely, validation procedure of th& new
developed model is performed. Findings from model validation are to dx fos
refinement of the model. After the model is developed and vediddecision simulation
is performed, and the results should yield some new findings, whichdshosiver the
research question. Finally, the model-development process itsetfuaput of the model
(simulation results) should afford some contributions to both academia and industry

More detailed description of each of process is provided in each ofatie

sections.

3.2 Decision Methods

In this section, some decision-analysis methods are reviewédatbaclosely
relevant to the model in development. This review provides fundamembamation
about the model structure and illustrates the model-development process.

The model that is being developed through this study is a GPMhwas first

developed and introduced by Alarcon and Ashley (1996; 1998). The GPM irdsoduc
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unique model-structuring mechanism designed for project-perfornraaasurement that
can be utilized for making various alternative decisions. Ingefaecision analysis, the
GPM utilizes a cross-impact analysis (CIA) method firstoeticed by Gordon and
Hayward (1968) and applied to many future event prediction models. AldhgcGPM
and CIA methods, more fundamental decision-analysis concepts a&sicinfluence

diagramming and decision-tree methods are described in this section.

3.2.1 Influence Diagramming

An influence diagram is a compact graphical representationdetigion- making
situation. It is a generalization of a decision network, in whichisa®- making
problems are modeled and solved. The strength of this method it iegltes possible
the compact representation of a problem, so that decision makers cs@eoV® decision
problem on a piece of paper or single screen. One drawback ofetihedns that it
makes it difficult to perform numerical analysis or probabiliynputation directly from
the diagram (Clemen 1996). Therefore, it is often used along wiigr oheans of
modeling and analysis technique such as decision tree.

The following figure is an example of an influence diagram,civhriepresents a

simple decision to schedule a concrete pour.

Concrete

Pour / Wait Performance

Figure 3-2: Influence Diagram Example |
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The sample problem is deciding whether to schedule a concret@mpa@ucertain
day. The decision is as simple as to pour or wait. In the cadecafing to wait, the
construction will be delayed, and there will be some negative effect ontgrejéarmance.
However, in the case of waiting, it does not matter if it ransthat day. The other
possible decision is to schedule a pour on that day. In this caserftrenpace outcome
is dependent on the weather conditions. If it rains on that day, thedpoumerete will
not cure properly. The overall performance outcome in that caslkel Wwe somewhat less
satisfactory than in the waiting option.

As represented in the influence diagram above, there are twablearithat
influence the performance outcome. One is the decision the psofeeduler is to make,
and the other is the chance of rain. In order to make a quigdigion, the decision
maker should examine the chance of rain and consequences of raindot pesjormance.
The influence diagram is clearly helpful to overview the problefaatdd. However, as
mentioned earlier, it is difficult to perform computation solelgni the diagram. To

illustrate the question better, the following assumed numbers are given.
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Decision options: Pour concrete / Wait
Chance of rain: P(Rain) = 0.2
Performance Rating

Wait =7

Pour (no rain) = 10

Pour (rain) =1

Now all the information is given, but direct computation cannot be dasiye

from the influence diagram. Therefore, another decision-modelihgitpee is needed.

3.2.2 Decision Tree

The decision tree is another commonly used method which is superior f
visualization of possible outcomes and computation of expected values.follbweng

example is a decision tree for a concrete-pour decision.

Rain (0.2)

Low (1)

No Rain (0.8)

High (10)

Rain (0.2)

Normal (7)

No Rain (0.8)

Normal (7)

Figure 3-3: Decision Tree Example

As shown in the figure, there are four possible outcom®s (Iwo outcomes in
the wait branch are the same result as the normal perforroatamme. In contrast, two

possible outcomes in the pour branch are difference outcomes, higi petformance,
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which are dependent on the event of rain. Expected performance owialomee for each
decision can be calculated with simple arithmetic. In tremgste above, the option of
scheduling a concrete pour appears to be a better decision,eapatsted value (8.2) is
higher than that of the wait option (7).

Although decision tree is a great method for computation of simpldgms, it is
limited as to size, and its complexity grows exponentially agptbblem involves more
decision options and events. The following is an influence diagranprtdem that has
an additional chance node — forecast. Now there are a decision apti two random
variables. This means that there will be eight different ougso(#), and the decision

tree for this problem is twice as large as the previous one.

Concrete
Pour / Wait

Performance

Figure 3-4: Influence Diagram Example Il

The limitation of the decision tree method is obvious, as in rediEwdecisions
there will be many decision attributes, and the decisionatiiébecome unwieldy. Also,
when there are multiple variables in a decision and their intenactust be considered, a
decision tree may not work optimally. In Figure 3-4 above, the remvahle, weather
forecast, is certainly affected by the chance of raint(essaught to be). Also, the result
of the forecast possibly changes the prediction of rain. If tlezdst predicts rain, there
will be a greater chance of rain than there will be if the forecastieginite. It is difficult

to model such interaction among variables using the decisiomsietbod. When a
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decision becomes more complex, more sophisticated decision tools beecsssary.
One method which makes modeling of interaction possible is the onps&ti analysis

method.

3.2.3 Cross-Impact Analysis (CIA)

The cross-impact method is an analytical approach to decidinydbabilities of a
variable in relation to all other variables (Asan and Asan 2007)e prbbability of
occurrence of an item can be adjusted from interactions amongatiadles. In other
words, the outcome of one variable can influence the outcomes of atisles. In the
concrete-pour decision problem, it is obvious there will be some itimrabetween
weather forecast and actual weather outcome. Theoreticallg thi@sactions can still
be expressed in an influence diagram (as in Figure 3-4)hanprbbable outcome can be
computed with a decision tree. However, the cross-impact method oaideore
systematic computing mechanism which is simple as well asenbdw The next
paragraph briefly summarizes the CIA mechanism as described by (18K ?2).

The first step in CIA is to define the events to be includechenstudy. Some
events have fixed value, while others have probabilistic charaictgris The initial set of
events is usually determined from a literature search andsigwes with experts in the
field.

Once the event set is determined, the next step is to estimeaitatial probability
of each event. These probabilities indicate the likelihood of eacit'®wvecurrence. At
this stage, the initial probabilities are judged in isolation, Wwhmeans that interactions

among events are not considered at this phase. Similar to evelgtaehination, initial
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probabilities are often found through literature review and experuitatien. When the
probability of an event is determined from expert input, it is impbrthat the expert's
judgment be unbiased, consistent, and accurate. Therefore, an additomg method,
such as Delphi, is often used along with CIA in order to improveracguevel (Goldon
and Hayward 1968).

The next step in the analysis is the consideration of intera@mnag events. In
CIA, this is done through estimation of the conditional probabilitiespic@jly, impacts
are estimated in response to the question, “If ewemtcurs, what is the new probability of
eventn?” If there is no interaction between evemts&ndn, impact onn by m would be
none, and the probability of occurrence of evestays the same regardless of the outcome
of m.  When there is some interaction, the outcome of anaéntpacts event in either a
positive or negative direction. In addition, depending on the strengthtefaction
between eventm andn, the magnitude of impact am by m can be rated from 1 to 3.
Combining direction (+, -) and magnitude (1 to 3), the cross-impact iofdeach pair of
events is given one of seven ratings, -3 to 3 (-3, -2, -1, 0, 1, 2, 3) (Honton, et al. 1985).

Once the cross-impact rating is identified, the next step ofi€fiding the new
(posterior) probability of an event. In the weather-forecaaimgle, the outcome of the
forecast has some impact on the probability of actual rain. eEattie initial chance of
rain was found to be 0.2. This is the probability estimated input from the weatheadt.
As more information (forecast) becomes available, the probab#itiynation can be
updated. This updated probability is called posterior probability. dgliestion is what

would the posterior probability be when forecast predicts either rain ormo ra
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|n|t|al PRain = 0.2
Initial Prorecast-rair 0.3

Posterior By = P (Rain| Forecast-Rain) = ?

Posterior probability is conditional probability of rain, given thia¢ weather
forecast does predict rain. According to probability theory @&ayheory) and the
influence-diagram computing method, posterior (conditional) probabilitybeacalculated
with known Rkain, Prorecast-rain @nd P (Forecast-RajrRain). However, P (Forecast-Rain
Rain) is not known. Therefore, either P (Forecast-RRain) or P (Rain Forecast-
Rain) has to be estimated.

One reason for using CIA is that it provides a systematicoapprin estimating
conditional probabilities. It can be difficult to estimate P (Ra&torecast-Rain) directly.
However, it may be easier if it is only a question of ratimgweather forecast within -3 to
3 range. The following two questions illustrate the difference.

A. What is probability of rain if the forecast predicts rain?
B. How relevant is the forecast (in scale of -3 to 3) to actual rain?

Non-experts may have trouble answering question A, but find it adsier to
answer question B, because almost everyone has some expeoemgariocg weather
forecasts and actual weather and may easily pick one of thers¢egn For example, if a
cross-impact rating of +2 (forecast-rain impact the nagderately in positive direction) is
chosen, now with known cross-impact index, posteri@rn€an be computed.

In their study, Honton et al. (1985) derived the following equation:

InitialPnxCV.
1-InitialPn + (InitialPnx CV.)

Posteriorbh =
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Where C.V.(coefficient value) =
| cross-impact index +1  (if index >0)
1/ | cross-impact index (if index <0)

With a known cross-impact index, the Posterior Probability can bedfaising

Honton’s equation.

Cross-impact index (forecast to rain) = +2
CV.= |+2|+1=3
02x3

= 043
1-02+ (02x3)

Posterior Bain = P (Rain| Forecast-Rain)=

Therefore, when the forecast predicts rain, the probability of bagomes 0.43,
which is higher than what is estimated without forecast infoomati Likewise, all the
posterior probabilities can be computed by the same procedure.thi®isexample
illustrates, the cross-impact method enables decision makers tessaddore complex

problems.

3.2.4 General Performance Modeling (GPM)

General Performance Modeling (GPM) was developed on the baSiaof GPM

features two strengths in comparison with the original CIA method.

3.2.4.1 Organization of variables

In real-world decisions, things get more complex when thereoie rthan one
decision (multiple, sequential decision), decision attribute, and oetcomasure.
Alarcon first introduced GPM to approach such decision making in a systematic,

organized fashion (Alarcon and Ashley 1996; 1998). This method can mdgthbeas
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explained through an example. Figure 3-5 is an expanded influencandiafjthe same
concrete-pouring decision discussed earlier. The diagram isaampéxof a decision that

is used only for the purpose of demonstration.

Concrete
Pour / Wait

[ Cost j [ Time j [ Quality

Figure 3-5: Influence Diagram Example IlI

Compared to the previous influence diagram (Figure 3-4), Figure 3ebsdifi two
aspects. First, there are two decisions instead of one. Inoadditi the pour/wait
decision, there is an optional decision to purchase a tent to pileeecbncrete during the
pour. If the project manager decides to pour concrete, the warkluenced by the
weather conditions. In this case, the project manager may makeadetision about
tent purchase. With a tent purchased, the potential damage inofcaae will be
diminished, because a tent prevents rain from dropping onto the pouredtepdetaying
curing, and protects workers from rain during the pour, but does involveoadtlicost.
In GPM, these optional decisions are called strategies, and, combittedhe main

decision, they make up various decision alternatives.
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In GPM, uncertain events that are initiated or influenced by the decisioefared
as drivers, in this example, rain and forecast. The event ofigaa driver because it
comes into in play only in cases of deciding to pour concrete, andvém ef rain
influences the project outcome. If the decision is to wait,eient of rain does not
impact the project at all.

Another deviation from the previous decision model is that there refied
construction procedures that are influenced by the decision and driverthis example,
concrete pouring is subdivided into three separate processesnahd, pouring, and
curing. As the diagram shows, the event of rain influences pouringuaimg,cbut does
not have much impact on forming. Rain will significantly influenbe turing of
concrete as it prevents drying, and may have some impact omgdgcause it lowers
productivity. However, the rain does not influence forming, whictose prior to the
pouring date. With a breakdown of the procedure, it becomeschliy and how an
event influences the outcome.

Finally, instead of a single outcome, this model has multiple outcopasures —
cost, quality, and time (schedule). Obviously a decision to wait inillence the
schedule, but it will not do any damage to quality. On the contraggiaion to schedule
pouring influences quality, as it may rain, but does not influence se&edtihe option of
purchasing a tent will influence cost, but can prevent damage touthey and pouring
activities in case of rain. In GPM, these multiple measuresaled outcomes, which
are combined to make up the performance measure.

The following table summarizes the decision components as defined in GPM.
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Table 3-1: GPM Decision Component Example

Alternatives / Drivers Processes Outcomes

Strategies

Pour / Wait Rain Forming Cost

Purchase Tent Forecast Pouring Quality
Curing Time

As explained above, with its more systemized and organized ateasicturing

mechanism, GPM provides a more comprehensive decision model wincradikely to

lead to a quality decision.

3.2.4.2 Simplified (patterns) approach

Original CIA approach

A possible approach to the estimation of conditional probabilities iestimate of
the direction and strength of the “impact”. Honton, et al. (1985) intemtlgc rating

system to define strength and direction of impact. Table 3-2 summanizesirsg indices.

Table 3-2: Index Value for Strength and Direction Honton et al. 1985)

Index value Meaning
3 Significantly increases the probability
2 Moderately increases the probability
1 Slightly increases the probability
0 No effect on the probability
-1 Slightly increases the probability
-2 Moderately increases the probability
-3 Significantly increase the probability

Impact from occurrence of one event to the other can be defined sugjggsted
index values. The impact ratings for pair each of events d@eendaed from expert
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assessments. Table 3 shows across-impacts between two variatdsgn and repair
cost (by contractor). This table summarizes index values, whiehdefined as the

strength of direction of impact from column event to low event.

Table 3-3: Cross-Impact Matrix (Original method)

Design
Events Inc. Pro. Adj. Pro. PP P Q N NN
3 .| PP 0.1 0.25 3 2 1 -3 -3
ogl P 0.2 0.19 2 1 0 -2 -2
=8 0 0.4 0.4 0 0 0 -1 0
6 N 0.2 0.11 -1 -1 0 0 3
2NN 0.1 0.05 -2 -1 0 2 2

To construct the cross-impact matrix table above, each impauog @e. design
(PP) to repair (N)) is assessed by experts. Once théxnstronstructed, conditional
(adjusted) probabilities of event set of repair cost given eacomet* event of design.
For example, in a given Monte Carlo simulation run, outcome evedefign is P. Then,
adjusted probabilities can be found by use of the equations below (Honton, et al. 1985).

InitialP, x CV.
— InitialP, + (InitialP, xCV.)

AdjustedP= I

Where C.V. (coefficient value) =

| cross-impact index +1  (if index 20)
1 /(| cross-impact index +1) (if index < 0)

. . 01x3
Adjusted P (Repair Cosh= = 025
J (Rep #5 1- 01+ (0.1x3)

Similarly, the rest of adjusted probabilities are found
Adjusted P (Repair Costy 0.19

Adjusted P (Repair Cosgt)F 0.40
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Adjusted P (Repair CosiF 0.11

Adjusted P (Repair Cos) = 0.05

For each variable pair, probabilities can be adjusted by the sacedpre. With
all probabilities adjusted, the model will select event outcome®rding to new
probabilities.

Simplified (Assessment patterns) approach

The problem of original CIA method is apparent. It requires 2gsssnents to
find new probabilities for one pair of variables. With 19 variables, number of
required assessments exceeds nine thousand. In order to simpldyotess and reduce
number of assessments required, Alarcon and Ashley (1998) suggeskedrateamethod.
Each set of assessments (25 in number) is replaced by aassgkesment pattern, which
can be determined relatively easily.

In order to compute adjusted probabilities, the simplified assesssnexpanded to
a matrix of 25 assessments according to predetermined pattémnthis method, the
participating experts select one pattern that represents timgiang from one variable to
the other. Types of patterns and a graphical description of thislureed-simplification

method is shown in Figure 3-6 below.
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DEFINITION/
FEASIBILITY
DESIGN
CONSTRUCT[ONE
PROCUREMENT

START-UP/
OPERATIONS

SAMPLE PATTERN SIG+  Significantly in the same direction
COST | SLl+| SIG+] SIG+ | SIG+ |MOD4 NN N SLG*'P - MOD+ Moderately in the same direction
SCHEDULE | SLI+| SIG+| SIG+| S1G+ M alz |o|-2]a| NN SLI+  Slightly in the same direction
2|1 |o|-1|-2f N NO Mo effect
VALUE | SLI+|SIG+ | MOD4| SLI+ | SIG+ cjojojojof o SLI-  Slightly in opposite direction
il Bl 2| ¥ MOD- Moderately in opposite direction
EFFECTIVENESS | SLI+| SIG+ [MOD+ SLI+| SIG+ 3|-2|0|2]3)| FF 51G- Significantly in opposite direction

IF CHANGES WERE TO OCCUR IN THE COLUMN STATES, HOW WOULD THIS AFFECT ROW STATES?

Figure 3-6: Simplified Cross-Impact Matrix with Pattern Types (Alarcon and Ashley 1998)

Table 3-4 below illustrates how simple and easy the assessncentdsewhen the
simplified-pattern method is used. Functionally, Table 3-4 isstomme as Table 3-3
presented previously. Once the cross-impact relation patternsessasl in a single
judgment, the full cross-impact matrix is estimated from th#epn. Table 3-5 is an
example of cross-impact table estimated from a selecteghpaltt is comparable to Table
3-3, and the resulting adjusted probabilities are close enough to thibsd table. Table

3-6 presents seven patterns and interpretation as developed by Alarcon and Ashley.

Table 3-4: Cross-Impact Matrix (Simplified)

Design
0o
O O
0%
T B SIG +
o <
o O
x L

Table 3-5: Cross-Impact Matrix (Estimated from pattern)

Design
| Events | Inc.Pro. | Adi. Pro. PP P g N NI
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g. | PP 0.1 0.25 3 2 0 -2 -3
ogl P 0.2 0.20 2 1 0 -1 -2
=g O 0.4 0.4 0 0 0 0 0
25N 0.2 0.11 -2 -1 0 1 2
© 2 NN 0.1 0.04 -3 -2 0 2 3

Table 3-6: Cross-impact Index Symbols (Alarcon andshley 1996; Honton et al. 1985)

Symbol (Alarcon) | Interpretation

SIG + Significant impact in the same direction
MOD + Moderate impact in the same direction

SLI + Slight impact in the same direction

NO No impact

SLI - Slight impact in the opposite direction
MOD — Moderate impact in the opposite direction
SIG — Significant impact in the opposite direction

3.3 Research Question and Method Selection

In the previous section, characteristics and strengths of the @Efdod were
introduced in comparison with conventional influence-diagramming, dedigenand
CIA methods. In this section, the research question is examirgtw why GPM is
the proper method for this study.

The research objective is to decide upon the proper type and periogaofanty
for a specific project. It appears that it is an optimmaijuestion and, in fact, some
previous researches in both manufacturing and construction have attamgtave the
problem using various optimization methods (Blischke and Murthy 1994 n[aaovic
and Zhang 2005; DeCroix 1999; Oh et al. 2005; Yeh and Lo 2000; Yun 1997). However,
it is clear that previous models cannot fulfill the needs of decision makers telyple

First, it can be assumed that few decision makers make wadaaisions on the
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sole basis of life-cycle-cost optimization. There are mahgrdiactors to be considered
both within and outside of projects. Second, the delivery and contractingsproé
design-build is quite different from those of manufacturing anddedign-bid-build.
Unlike design-bid-build, in design-build, the contractor has some aspeaxintrol over
design selection, and it is up to the contractor to perform qualdlytcadeoff analysis to
maximize his expected profit or achieve his other objectives.erefére, warranty
decision in design-build is not as straightforward as finding amaopti warranty that
affords minimum life-cycle-cost and applying the findings inisieas about design and
construction method. The warranty decision in a design-build projedthau®nsidered
a factor that influences the contractor’s cost-quality trafldexfision. Finally, one of the
critical reasons for which a warranty decision cannot be nthigh optimization-
modeling technique is lack of reliable data. Warranty use in UgBwialy construction
has a relatively short history, and not much data is availableeas Wost of the
optimization models listed above were developed in the manufactudligtry, where
warranty has been used widely, and there are enough data to @ddtste rresults from
numerical analysis. At this time, in the construction indudteet is not enough data to
lead to reliable conclusions through the use of numerical lifeecgabt-optimization
methods that were developed previously.

Hence, the warranty decision should be approached from a different direction.
warranty decision is not quite an optimization question, or it is easilfle using
conventional optimization models, it can also be considered an akernaglection
guestion or one of selecting the most suitable strategy for en giwoject. Each

warranty period and type can be considered alternative and theodesiselecting the
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one that fits the given project.

As described earlier, GPM is one method that has been proven to @rork f
alternative comparison and selection decision. Since GPM wasofdeudespecifically
for the purpose of comparing not only costs but also likely performeemdts for
various decision alternatives, it is suitable for warranty d®tisn construction, where
project outcome is measured in terms of quality as well as co$herefore, the GPM
method with some modifications is selected as the main methagtisiah modeling for

this study.

3.4 Model Development

In this section, a GPM model is constructed for warranty decisialesign-build
highway projects. GPM is a modeling method that involves a uniqueofvstructuring
the question and process; therefore it is important to orgahieegpuzzle pieces their
proper locations in order to have a complete GPM model which will esdyntiead to

reliable results.

3.4.1 Decision Alternatives

Decision alternatives are various decision options available tdettision maker.
In this study the main decision alternatives have to do with wgrpartod. In addition
to alternatives of period, there can be various strategies ticaddirequirements and risk
limitations which the project owner or agency may choose to ind¢tuthee warranty (e.g.,
preventive maintenance during the warranty period, submission of wabamd, limited

liability, and pro-rata).
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3.4.2 Drivers

Drivers are variables which are directly affected by thdsamt and conditional
variables and which affect the process. It is important to thirdugfr what could be
changed by the warranty alternatives and draw up a cometd# drivers. Such a list is

presented in Section 4.1.3.

3.4.3 Processes

Construction processes are typically used to describe the furatimaracteristics
of a construction project and are useful in identifying key in&drom and resources. The
processes are the project-related management and enginaedegses that are required
to execute the construction. They should be mutually exclusive anly etakustive of
the construction process. In other words, there should not be any overlappomg
processes, and the complete list of processes defined here shouldthmwahole

construction process. A complete list of processes is presented in Setton 4.

3.4.4 Outcomes

The outcome measures refer to methods of judging project perfoemamhey
can be cost item, quality measures, or other objectives that ther evants to achieve in
the project.  The outcomes for the warranty model consist of vdifiewycle costs. A

complete list of outcomes is presented in Section 4.1.5.

3.5 Model Structure Validation

Once all the elements of the GPM model are identified andtsted; prior to
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actual data collection and simulation, the model is validated dazointent. The model
structure validation process is intended to ensure that the newdjoded model meets
two criteria:

® Comprehends and identifies all the decision attributes in properly**

organization,
® Fulfills its intended purpose and successfully reflects real cases
Two different validation methods are used for model structure vaidatiOne is

internal and performed within the model by the model developer. Theistbgternal,
performed utilizing outside sources such as other previously published&ildls and

the advice of GPM experts.

3.5.1 Internal Validation

3.5.1.1 Project document review

Applicability to actual projects is tested through examination abfied project
documents such as RFPs and contractor proposals. This test detanotirmaly if the
model is applicable but also if the model is comprehensive of athtters considered in
actual warranty decisions. For the purpose of model structure \@hidarocurement
documents of three design-build projects in Washington State are -u$badrston Way

(2001), Everett (2005), and Kirkland (2005).

3.5.2 External Validation

External validation consists of two different tests. One ignaparison with other

GPM and CIA models previously developed and published. The other ist expe
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consultation.

3.5.2.1 Comparison to Other GPM Models

Although each GPM model is different in its questions, varialaed,results, the
overall structure and organization should be the same. Therefoneinatan of a few
GPM models should indicate whether the newly developed model isr@ongeomplete.

A comparison chart and summary table are to be constructed in this process.

3.5.2.2 Consultation

In this test, the model structure and framework are reviewe&mrts who have
sufficient experience with GPM or CIA modeling. The purpose ofdfep is to validate
the model as a proper GPM model with rational selection and organizd variables --
decision alternatives, drivers, process, and outcomes. For tipospuof model
framework validation which does not require any statistical viadida the model
developer consults with four or five other people. He/she contaetsasendividuals
who have studied and published GPM or CIA models and asks their opinfdossulting
with people who have experience developing a GPM or CIA models shotieldfal in

finding any defect in the model structure.

3.6 Variable Decision

Once the model is constructed, validated, and refined properly, thesvaf its
variables must be decided. Some variables are fixed values, wothiégs are in

probabilistic-distribution form. Each variable is defined in itspar form. In this GPM
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model, there are three types of variables, which are condition \esjabitial probability
of events, and cross-impact ratings of pairs of events. In thdelvariables are decided
by user input, numerical analysis, and practitioners’ input based orkttuevledge and

experience.

3.6.1 User Input

Since most conditional variables are project-specific and tiaehshould remain
generic, some conditional variables are left blank for user inpAs. the user inputs the
values according to the project characteristics, the model thkes into the decision
process along with other fixed variables, and utilizes them te@ ritee decision. For the
purpose of simulation and model validation, those user input variables besassumed
by the developer. The following are examples of typical condi@mables that are

decided from user input.
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Project Size:

Select one of followings

Large: >300 million dollars

Medium: 300 million dollars > > 30 million dollars
Small: < 30 million dollars

Funding Limitation: $ Million
Input the contract price in million dollars

Allowed warranty length: to years
When there is no limitation, leave it blank

Figure 3-7: User Input Example

Some user input variables are of a selection type, just likirshexample (project
size). In this case, the user is asked to select one of the optmnded. Some user
input values are simple integer entry type. For clarificatiomef bnstructions are

provided and the process will be facilitated by the author.

3.6.2 Analytical Methods

In finding the initial probability of some events various analyticathods are used.
This can be illustrated through the concrete-pour example. In findengrobability of
rain, the appropriate method is analysis of historical data. &iwea day of the year and
location, there are data that provide a good idea of the probability of rain. ithAfsnging
the probability of rain using historical data, some initial prolitgtof events can be found

by analytical methods.

3.6.3 Questionnaire and Interview

Along with some initial probability decisions, most cross-impaithga of pairs of
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events are decided through guided-questionnaire and interview methoddlecting
information.

For finding the probability of rain, data is readily available, dhd initial
probability can be found from simple analysis. However, this isthetcase for most
events. Some initial probabilities cannot be found from analytiedhods for various
reasons, such as lack of reliable data. For such eventsitsexg@gerience can be
especially useful information. People who have abundant experieribe subject area
can provide reliable estimations. In order to collect informatioom experts,
guestionnaires and interviews are usually effective.

Questionnaire is one of the most widely used empirical reseagtods, which
researchers use to identify and describe the hypothesis withimutifsc, logical, or

analytical proof. In empirical research, data are colledtiedctly or indirectly from

experiments, experience, or observations (Chen and Goodman 1998; Khun 1962).

order to collect empirical data indirectly from other people, atmquresire is often utilized.
A questionnaire is a set of questions for gathering information iindigiduals. They can
be administered by mail, telephone, or in face-to-face nge{idepartment of Health and
Human Services 2008).

For this model, some variable values are to be estimated froms)ggerience
through questionnaires. Questionnaire is selected as the method ofaitibor collection
to estimate initial probability and cross-impact rating of dse In addition to

guestionnaire, each participant is interviewed for any additional comments.

The questionnaire-construction and interview procedures are performed a

suggested by Lipinski (1990) in his paper on dynamic cross-impagélmg technique
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(DYCIA). He suggested a method of determining strength ofacti®n among events
from a workshop involving a group of experts. Because it is diffitularrange a
workshop and gather all the experts, such information can be gathereduestionnaires
and phone interviews.

Participants in the expert panel were chosen based on their knowdedge
experience on warranty. The model developer started contacérngigants in a
pavement-warranty symposium held in Grand Rapids, MI, in 2003 (Ferragu). 2093
total of fifty-seven people of various backgrounds (academia, canggagent, contractor,
surety) participated the symposium, of which the final includes a list ofatantarmation.
Other than those listed, authors of published warranty studies andatmgiragents who
have participated in projects with a warranties were asked to contribut@aiomn.

Once participants were decided, the information gathering andbleanalue
decision making was performed as follows:

1. Instructing the participants

Prior to questionnaire, the model developer described the CIA, GPkamesm,
information-gathering procedure and definition of each variable. St@pwas
done by phone and e-mail. The questionnaire also included a brief intooducti
explaining the procedure, along with a definition of variables.

2. Ranking expertise

The questionnaire began with self-evaluation questions in order tondstethe
level of expertise of each prospective participant. In Lipindk¥<CIA method,
judgment of each expert is weighted differently by the rankinggdertise.

Based on self-evaluation criteria, each expert is ranked (1 snd)his/her
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judgment is weighted. Table 3-3 below is an example.

Table 3-7: Weighting of Expert’s Judgment (Lipinski 1990)

Expert’s Substantive
Expertise Ranking Relative Weight
1 1
2 2
3 4
4 8
5 16

3. Initial probability and cross-impact rating
In this step, each participant is asked to answer the quest@nnaiich
included initial probability of each event and cross-impact matrin DYCIA,
group discussion is conducted prior to any cross-impact ratingatedmwever,
since this is done by questionnaire instead of workshop, discussieplased
by questionnaire guidance and phone interview.

4. Encoding and processing the results
Once participants’ judgments are collected, the developer consolidatesta
and draw initial conclusions about values. Participants’ expadisking are to
be applied in this step also. Prior to the next step, the inputsvate
examined using a rule-of-triangle test (Section 3.7.1).

5. Feedback and second-round questionnaire
Because this process utilizes questionnaire instead of workshopsthscas
Lipinski suggested, feedback is examined and a second-round questionnaire
conducted to eliminate personal bias and mistakes and improve thacgcotir
information. The results of the first-round questionnaire areedhavith

participants, who are asked to reply to the same questionnaireanylf
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inconsistency is found by the rule-of-triangle test, it isoateported to the
participants. With the results known and access to the other ipeants

opinions, participants should be able to provide more reliable information.

3.7 Model Validation

Model validation is an essential process in model developmentnidkel is to be
accepted and used to support decision making. Validation ensurésetimabdel (Macal
2005):

1. Addresses the right problem

2. Meets intended requirements

3. Provides accurate representation of actual systems

To validate the developed model, two methods are used. Primarily,oithe |
validated through a requisite model-validation process. Then, asoadseg method,

case simulation tests with extreme values are used to confirm the valithigyrobdel.

3.7.1 Requisite Model Validation

For the purpose of validating the specific model developed in theareh, the
requisite model validation method is used as described by Phillips (1982). Itis a
people-based empirical approach often used in decision models in the social sciences.

The fundamental basis and also distinguishable characteristiesjuite model
are that it has been developed and also validated in comparison aflysaccepted
knowledge pools rather than actual systems. As proposed by Phélipssite model is

defined as a “simplified representation of social understandingesfbo® and content are

74



sufficient to solve a particular problem” (1984). This definition is simdahe definition
of any general model. The only significant difference is thatnhodel does not directly
represent any real system, but instead a social understanding of atreal. sy

This difference (between a requisite model and a general mimdehodel
definition causes some differences in the approach to its valdatin order to validate a
general model as representative of a real system, the magléd hee compared to the
mechanism, constitution, and results of the actual system. Thist-cinaparison
requirement can be problematic when not much about the actual sgskeimwn. In a
requisite model, the model is validated through comparison witlalsaederstanding of
the system instead of the actual system. This concept not akBsrthe validation easier,
but also more logically sensible, especially in the social sciences.

In his studies, Phillips proposes guidelines for validating a requisitiel.  In this
research, the newly developed model is validated through thiegsocTo be a valid
requisite model, the model should be checked for various requiremefis.follbwing is
a list of validation checkpoints proposed by Phillips (Phillips 1984).

1. Model form is sufficient
2. Model content is sufficient
3. Enough interaction between specialists & model developer
A. Specialist input as to the form
B. Specialist input as to the content
4. No new intuition emerges about the problem
A. The model is exhaustive of social understanding of the problem

5. Social knowledge that is not included in the model
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A. Insignificant
B. Too complex to be modeled
6. Defined limitation
A. Conditional to problem, problem owner, time, environment
The main method of requisite model validation is practitioner irdervconsisting of a
structured interview and a questionnaire -- a set of questionsirtbatporate the

checkpoints presented above.

3.7.2 Extreme Case Simulation

Once the variables are validated, the whole model is to be valitdateagh
simulation in various cases (projects). Case-study simulatiaftes used to validate
both models and software (Sargent 1998). The model (software)ed tesng actual or
assumed variables, and the results are compared to known or obviousesufoorthe
purpose of model-validity testing. There are two different tygesses that are used for
this test.

1. A case with known outcomes

2. Extreme cases with obvious outcomes

In cases with known outcomes, the accuracy of the model can ibevedidated,
since the actual outcomes are known and can be compared to model odtpe |
simulation provides an answer close enough to actual outcome, the caddbe
considered validated. However, this is not the case most afrtbe t Often the real case
outcomes (and all necessary variables) are not available. Whenisheo case with

known outcomes, one alternative is to test the model with extrggnevalues. Usually
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outcomes with extreme input value are obvious and easy to predictex&mple, if all
the conditional variables are assumed to have values negative émtydhigh bond cost,
high complexity, etc.), a valid model must suggest a minimum anwiir If not,
something must be wrong with the model. If the model provides egaaswers to all
extreme cases, it is functioning as expected. In this stabg-study simulation is
performed using hypothetical cases with extreme values.

To supplement the case-study simulation, an additional test wietfermed in
order to validate the model’s consistency project-to-projectn thi$ process, the model is
tested with projects of various type, size, and risk-level. Pugject characteristics are
decision attributes and may influence the decision outcome, but artyesd project
characteristics should not alter the model structure or decisioagstoc Therefore, in this
consistency test, the model is validated if it provides raiaifiormation consistently for
all projects with various characteristics. In this testnioglel is applied to two different
types of projects — new pavement and resurfacing. The reasorelémtireg new-
pavement and resurfacing projects for comparison is that tharkl Wwe design selection
(especially pavement-base design) by the design-builder fowaaeement project, but
none for resurfacing. This comparison should show whether the wahasmgny impact

on the design-builder’s design selection (to minimize future repair cost).

3.8 Model Output and Results

Once a GPM model is developed and validated, it is used to simutédenEence
outcomes with several actual and controlled hypothetical pspjaod the outcomes are

analyzed to reach conclusions and results.
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This study provides a complete decision matrix, GPM model, andtiggnsi
analysis results. As the methodology overview diagram (Figui¢ iBdicates, the
findings should fulfill the research objectives stated earlier:

® Provide a valid, comprehensive warranty decision model (GPM Model)
® Indentify warranty decision attributes (Decision Matrix)
® Prioritize decision attributes (Sensitivity Analysis)

The simulation results are compared to initial objectives. Be @ny of the

objectives is not fulfilled, the model will be refined further.

3.9 Discussion of Research Contribution

This research was initiated from the idea that current madelgleficient in some
aspects and intended to provide a better model. Therefore, thechepeacess and
resulting products should be contributions to both industry and academia.

The model developer intends to develop a decision process which addBsfarma
and minimizes the influence of personal opinion and bias in decisiomguakAlso with
utilization of GPM, this study deviates from detail-oriented nuca¢rianalysis and
incorporates a broader perspective in decision making. For exampintroduces
decision attributes beyond project parameters such as markptapu$er characteristics.
Finally, the resulting model reflects characteristics of giebuild projects such as less
than 100% design completion at procurement, best-value procurement, mertsdack of

control over design decision.
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3.10 Chapter Summary

This chapter explains the research methodology. The procedsntification of
proper methods in order to answer the question and achieve objextivesly described.
The selected analytical modeling methods (GPM and CIA) aided. As the method
of data collection, the questionnaire method is selected and described. [0 valatate
the model, three tests of rule of triangle test, case stiudylation, and prototype
demonstration are proposed.

The proposed research methodology consists of eight phases --atyil@aeview;
2) research question; 3) model development; 4) model validation; Bpladecision; 6)
validation and verification; 7) model output and result; and 8) contributioach ghase is

described in detail in the next chapter.
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CHAPTER 4: MODEL DEVELOPMENT

This chapter describes the process of model development and regaoitsge
model structure. Model development consists mainly of two stagesh vainé model
structuring and variable value determination. In this chapter, thegg@nd results of
model structuring are presented, but variable characteristics asichrobability of
occurrence are left as blank to be filled in later once expert opinion is consulted.

This chapter consists of two sub-sections. In the first sectitualadevelopment
of the new model is described in step-by-step fashion. The devahbgmocess includes
findings on various decision attributes, alternatives, strategi@gerslr and outcome
measures. The process also includes organizing the items foéinthe GPM concept.
A model for the warranty decision is constructed in a simitshibn to the GPM
conceptual drawing in Figure 4-1. The figure is a sample GéMeaptual drawing that is
borrowed from an earlier study done by Venegas and Alarcon otopie of selecting

long-term strategies for construction firms (Venegas and Alarcon 1997).
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Figure 4-1: GPM Concept Drawing (Venegas and Alarco 1997)

In the second section, the results of the model development proegaesented.
The results presented in this chapter are breakdown structudesisfon and condition
variables, breakdown structure of drivers, a GPM conceptual diagrasmified

influence diagram, and a cross-impact matrix.

4.1 Model Structure

In this section, the warranty decision model is developed based on BRMI<.
A typical GPM includes decision alternative & strategies, cantht variables, drivers,

processes, and outcomes.
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4.1.1 Decision Alternatives & Strategies

Decision alternatives are various decision options available tdettision maker.
One of decision alternatives in this model is the warranty periéd. discussed earlier,
warranty in construction typically ranges from zero (no wayatd ten years. Some
construction items which have longer life spans such as bridgesfural components
may have warranties longer than ten years. However, fopuhgose of this model,
warranties of zero, three, five, seven, and ten year periodca®dered as decision
alternatives.

In addition to alternatives of period, there can be various steategirhe project
owner or agency may choose to include additional service requiresweit as preventive
maintenance during the warranty period. Requirement of preventivetemance is
likely to improve performance of the item in the long term, but, rikedly, there would be
certain additional expense. Therefore, it is an optional stratéldye following is a list
of possible decision alternatives and strategic options thatoasdered in this model
development. The values in brackets are examples of possible ophdnihiere can be
replacements, additions, and substitutions as the development proceeds.

® \Warranty period (None, 3, 5, 7, 10 years)
Warranty period is the main decision in this model and typicalgesa
from none to 10 years. Alternatives that are applied to this naydel
none, 3, 5, 7, and 10 years

® Preventive Maintenance (None and yearly)
Preventive maintenance is an optional strategy which may hedettlin

the contract. The two options of no maintenance and yearly maintde
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are considered in this model

Warranty bond (None, 100% of reconstruction cost)

A contracting agency may require submission of a warranty bond as
insurance against contractor default on warranty work. A bond requiteme
may lead to cost additional to bid price. In most warrantiespweer
requires a bond which guarantees 100% of reconstruction cost.

Level of performance requirements (High, medium, low)

In this decision, the level of performance requirements during wsgrrant
period are determined. Three decision options of high, medium, and low
are assumed for this decision. These options are arbitrarg lewgth

can be different for each agency and subject area.

Limited liability (No limit, 10% of construction cost)

With limited liability, the contractor is responsible for only fixed
maximum amount of repair cost. For anything beyond that amount the
contractor is free from liability. This option decreases tls& to the
contractor and result in lessening burden of paying for risk premium
However, this option may diminish the contractor's motivation for

designing a durable product.

With five choices of warranty period (including no warranty) and fetuategic

options, the decision maker has total of 65 decision options (4 period opt@rstrategic

option + no warranty). The table below summarizes some decisioongptiat are

considered in this model. Again, as the model development progrdsise8stt may
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Table 4-1: Examples Warranty Decision Options

Period Preventive | Bond Performance Limited
Maintenancg amount requirement | liability
Decision No warranty
Options 3 year None None High No limit
5 year Medium
7 year Yearly 100% Low 10% of price
10 year

As shown in the table, the first option would be to have no warramty. atin this
case, there will be no further consideration of other strategisides such as maintenance,
bond, pro-rata, and liability limit. There will be many other optiaitt combinations of
various strategies. For example, the owner may choose to haweévavarranty with
no preventive maintenance requirement, 100% bond, with high performanceatelel
limited liability at 10% of contract price. Once the modetieveloped, and all the input
variables are determined, the model simulates performance oufoorak the possible

variations.

4.1.2 Condition Variables (External Factors)

Condition variables are conditions within and beyond the project that noBue
project performance in certain ways. Therefore, they have tom&dered in warranty
decision and are included in this study.

Conditional variables are sorted into the five categories of projerket, owner,
proposer, and finally surety characteristics. In the warrantgidagphase some of these
characteristics are known to the decision maker and it can bedjpylithe model users.

Others are not clearly known to the decision maker, so have to ledabpistic form of
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random variables.

In this stage of model development, condition variables are deterrbnado
methods of identification. One method involves brainstorming and simfdemation
gathering techniques such as discussion with practitionerss olttvious that government
regulation in warranty is a limiting factor in warranty dgen. Similarly, discussion with
practitioners reveals that limits on available funds oftenrseali construction costs and
prevent agencies from applying longer warranties. The secortbdnétat is used in
condition variable identification is literature review. Literatwon project performance
and bid price decision is reviewed to find some warranty decisiobuaéts. Various
studies (Fayek 1998; loannou and Leu 1993; Oo et al. 2007) of proposers’ markup
(margin) decisions revealed that the margin of the projeabrisists of contractor’s risk
premium and profit. Also, those studies revealed that there aee ttar factors that
influence the contractor’s decision on margin — level of competitionraminot’s need for
work, and project’s level of risk. As contractor’s margin is imguatrto the project cost
performance, all three factors are included in the warrantgidacattributes as condition
variables. Similarly, a study of warranty bond (Bayraktaal.€2006) identified some key
factors that influence the cost of acquiring warranty bond. Sortledactors identified
are project size, type, contractual method, contractor’s reputation, pedegxce in similar
project. All the condition variables identified by either braimsiag or literature review

are listed in the figure below along with decision variables defined in the prevatishse
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Decision & Condition

Variables

(Breakdown Structure)

Warranty Project Owner’s Proposers’ Surety’s Market Condition
Characteristics Characteristics Characteriscs Characteristics Characteristics
. . . Limits and Current Workload I Number of
Warranty Period Project Size Regulation & Need for work Bond Availablility Proposers
EE Proiect Type Funding Future work / Attitude for future Other Similar
. Lt d P Availability Relationship risk & warranty Project
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Past Experience &
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Complexity & Best-value
Level of Risk Determinant
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Type

Performance Lab
Data

Completeness of
Design at
Procurement

Procurement
Method

Figure 4-2: Breakdown Structure of Decisions & Condion Variables

Some conditions are boundary conditions (limitations) to the decisionneGw
limits and regulation on warranty may limit decision options. kamgle, some states
have regulations on maximum or minimum warranty period that muapplked to any
project. In that case, those regulations become boundary fomiyap@riod decisions.
Some conditions influence decision parameters such as drivers, psp@ss@utcomes.
The characteristics of surety, such as bond availability, influeoed cost, which is one of

the outcome measures.

4.1.3 Dirivers

Drivers are variables which are directly affected by thdasdet and conditional
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variables and which affect the process. Drivers are affectednhoby the decision, but
also by the outcomes of other drivers. According to the GPM cordregrs affect each
construction process but do not directly influence project performanteome.
Considering the effects of warranty on various design-build procetbsefollowing are
found to be key drivers in warranty decision model.
® Additional risk to contractor
It is certain that a warranty transfers much future riskht dontractor.
The transferred risk often results in increased repair cosbritractors.
This additional cost due to risk transfer is referred to asawgrrcost
(Damnjanovic and Zhang 2005).
® Increased contractor control
A warranty may increase contractor control over some design and
construction processes. With a warranty, the owner’s involvemeriiecan
minimized, and the contractor should have more control and latitude in
selecting materials, methods, and techniques than in a tradiporjatt
(Thompson et al. 2002).
® Increased opportunity for innovation
Not only a warranty motivate innovation by the contractor, but wibiem
control over design and construction process, the contractor can enjoy
wider opportunities for innovation and improvement
® Contractor’s motive to improve quality by design or construction procedure
As more control over design (especially in design-build) is rgite

contractors with warranty and consequent liability, there will nbare
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chance and motivation for them to choose designs that yield bettéy qual
and durability in exchange for higher initial cost. In consideratibn o
future repair cost, the contractor or manufacturer often chooséegrhig
quality despite higher initial cost (Huang et al. 2007; Lutz and
Padmanabhan 1998).

Increased importance of QA/QC plan and execution

Warranty also leads the proposers to consider QA/QC more cgrahdl
come up with better plans and execution.

Need and willingness to perform post-construction maintenance
Warranty extends contractor involvement in the project to yedes af

project completion and requires them to maintenance up to the warant

expiration.

For the purpose of numerical analysis, some drivers above can be broketodoware

detailed levels.

The following figure is a breakdown structure of drivers.

Drivers
(Breakdown Structure)

Risk Transfer Contractor Control Chancg of Quality/Cost QA/QC Maintenance Plan
Innovation Tradeoff
Probability of Design Proposer’s Maximize Coptractor
- L Attitude to Frequency
Occurance Decision Motivation Profit .
quality
. Construction Marketing /
Magnitude of Method New Method / Relationship QA/QC Plan Coverage
damage . technology
Decision aspect
Proposers’ Owner QA/QC
Risk attitude interference Execution
Degree of Personnel
Self- ’
. . Allocation
inspection

Figure 4-3: Breakdown Structure of Drivers




4.1.4 Processes

Construction processes are typically used to describe the furatimaracteristics
of a construction project and are useful in identifying key in&drom and resources. The
processes are the project related management and engineedegsps that are required
to execute the construction.

Each of the drivers defined above influence one or more of processéher a
positive or negative direction. Each process influences one or nweetgperformance
outcomes, and as with drivers, there are interactions among m®cesdowever,
processes do not influence drivers.

According to the GPM concept, there are two points that should be cmuside
when deciding upon processes. One is that the processes shouldub#ynextclusive
and totally exhaustive. This means that there should not be ankppreg among
processes and the defined processes should add up to constitute the wjrote pfrhe
second point is the sequence of the processes. Each process slefinledfit into an
order in the actual construction, which means the design process $tagyen prior to
construction, and so on. The following is a list of processes thakeéireed and used in
this model.

® Procurement
Procurement is a pre-construction process that includes alltiastiprior
to the contractor’s entry into the project. The procurement process of
includes the owner’s RFP preparation and issuance, the proposer’s proposal
preparation, bidding, contractor selection and contracting. This priscess

particularly important, as best-value procurement method is ofteth ins
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design-build projects and the type of procurement method influennes s
contractor’s decision on design and the construction methods which lead to
project performance.

Design

Two key points of the design process are overlapping and control.
Overlapping of design and construction is common in DB projects, which
means that design and construction may not be mutually exclusoeia
ways. Also, in design-build, the contractor has control over design
decisions which is distinguishable from design-bid-build projects.
Construction

Construction is the physical installation of the selected material.
Monitoring/Inspection

In some sense, monitoring/inspection during construction can be part of
construction process. However, in this study, monitoring/inspection is
considered an independent process as it is particularly impomant t
warranty decision and design-build process.

Post-construction maintenance

In a project without warranty, once the project is accepted eggentially
finished. This means that, in projects without warranty, thereois
maintenance/repair process. However, with warranty, the prgecti
totally completed until the warranty period expires. Thereforeh wi
warranty, the contractor must remain involved in the project andrperf

necessary maintenance and repair. Depending on preventive maetenan
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options, the contractor can be obligated to perform mandatory meaicien

during the warranty period.

4.1.5 Outcome Measures

The outcome measures of this study are unique from those of oftids’ @s it
limits its measures to life-cycle-cost. The following #ne outcome measures that are
utilized in this model.

® Construction cost
This refers to pure cost of performing construction, which includes labor
and materials costs but is not same as bid price.

® Design cost (agency’s)
Design is usually done in two separate phases in design-build. owirrex
does the first phase of design (preliminary design) and the degiigier
does the second phase (final design). Therefore, the cost of eaetophas
design should also be separated. Most of the owner’s design cos come
from hiring designers and engineers to do site investigation atdl ini
design that is to be included in the RFP.

® Design cost (contractor’s)
Similar to construction cost, contractor’s design cost refetisetpure cost
to the contractors of doing the design, such as the cost of utitizeig
own design staff.

® Bond cost

Bond cost refers to the warranty bond only, as this study focuses on
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warranty decisions. If warranty bond is not selected by the rsvne
decision, there will be no bond cost

Maintenance Cost

Maintenance cost refers to any cost to the agency for manuerefter
construction to the end of the item’s life.

Repair cost (contractor)

There are two different kinds of repair cost. One is costpdiravithin
warranty period, which is paid by the contractor, and the other is repair cost
after the warranty expires. This cost item refers toepair cost that the
contractor is obligated to pay for.

Repair cost (Agency)

This is cost to repair from the warranty expiration to the entheitem’s

life. Depending on the length of the warranty and initial durakdlitthe
product, the cost of repair varies.

Contractor Margin

In any bid price, there will be some contractors’ margin as itheir
business and it should bring them some profit. The amount of margin
depends on various factors such as company condition, market condition,
and contractor’s risk perception. This is included in this studpusec
warranty influences the amount of risk the contractor bears ansohaes

impact on their margin decision.
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4.2 Developed Model

This section presents some of the results from the developed maddhe.results

include GPM conceptual drawing, influence diagram and cross-impact matrix.

4.2.1 GPM Conceptual drawing

Once all the decision attributes are decided, following GMP comalegiagram is
constructed. Compared to original GPM concept from Alarcon (Figuig, the
condition variables are substituted for the term of externar@adecause many factors
that are considered in this study are both internal and extertted fwroject. Other than
this, the overall structure is similar to the original concept.

At this stage, only items on the first level of break-downestme are included in

the diagram for the sake of simplification.
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Warranty
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(None, 3,5, 7,
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Medium, Low)

Condition Variables
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(None, 100%)
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Cost
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Transfer Procurement
Design Cost

Control &
Innovation Bond Cost
Quality/Cost C('i/rlgll"a_cr:or
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Figure 4-4: GPM Conceptual Drawing (Warranty Decisbn)

There are four decisions, five categories of condition variaBigsdrivers, six

processes and seven outcomes. According to the GPM concept, influerazgectsiics

are as follows.

Decisions influence drivers

Drivers influence processes

Processes influence outcomes

Outcomes add up to overall outcome

Drivers influence one another

Processes influence one another
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Finally, there is one exception, which is condition variables, which infaayence
drivers, processes, and outcomes in any sequence. However, driverssespand

outcomes do not influence conditional variables, as they are either fixed or oilabler

4.2.2 Cross-Impact Matrix

The cross-impact matrix is a table that summarizes theaagtiens among events
and decisions. As defined in the GPM concept, the table includessjrprocesses, and
outcomes. As shown in the table, drivers impact one another and alsesg®s.
Likewise, processes impact one another, but they do not impactrsdrivE&inally,

processes impact outcomes, but drivers do not impact outcomes directly.
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Table 4-2: Example of Cross-impact Matrix

>
= >
o o) c —
3|cle(d|Ee| |§ :
£ | o | E S | £ S |6 |
s (>18/5|¢|c 2|85
c o < ~ £ O D c o | .£
| € |3 | <« | 8|2 |0 |o|o |3
= | £ | o= o a) (@) £ =
Transferred Risk mop+ | st | mop- | su
¢ | Innovation MOD+ ste | no | no
) -
> | Quality/Cost Tradeoff MOD+ | MOD+ No | su
5 QA/QC Mob+ | su+ | mop+ SLi+
Post Const. Maintenance su+ | ~o | sur | s
g Procurement NO SLI+ SLI+ NO NO
% Deslgn MOD+ MOD+ MOD+ NO NO MOD+
8 Construction SIG+ Sti+ | MoD+ | MoD+ NO st | Mmop+
g InSpeCtion MOD+ SLI+ MOD+ | MOD+ SLI- NO SLI+ SLI+
Maintenance SLI+ SLI+ SLI+ SLI+ MOD+ NO SLI+ NO NO
Construction Cost MoD+ | siG- | MoD- | Sl | NO
» | Design (DBer) Cost su- | moo- | wo | wo [ wo
(D)
£ | Warranty Bond Cost N | No [ N0 | No | No
8 Maintenance Cost NO SL+ | MoD+ | MoD+ | SLi+
+ -
3 | Repair (Agency) Cost NO | MoD- [ MoD- | siG- SLI-
@) -
Repair (DBer) Cost NO sic+ | Mop+ | sie- | Mop+
Contractor Margin moo- | su- | su- | st | NO

For now, the table is filled up with assumed ratings just to show thaill be look
like when the actual ratings are decided and inserted.

In the table, the cross-impact relationship is represented lsachiems in columns
influence items in rows. The strength of impact is repredeate a three scales of
(Significant - SIG, Moderate - MOD and Slightly - SLixndaNO represents no impact.
The direction of impact is represented in terms of + and — signmositive and negative
directions. For example, the boxes in the transfer-risk column and trorovvaw

represent the impact of transfer risk on innovation. In this casg,NtOD +. This
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means that in the event of transfer risk the driver imp#wschance of innovation
moderately in the same direction.

The table below summarizes symbols that are being used in thug. stin
previous studies, Alarcon used unique symbols such as SIG +, MO® (Akircon and
Ashley 1998; Alarcon and Mourgues 2002). Table 4-3 presents Alarcanisols/ and

interpretation.

Table 4-3: Cross-mpact Rating Symbols

Symbol (Alarcon) | Interpretation

SIG + Significant impact in the same direction
MOD + Moderate impact in the same direction

SLI + Slight impact in the same direction

NO No impact

SLI - Slight impact in the opposite direction
MOD — Moderate impact in the opposite direction
SIG — Significant impact in the opposite direction

More details on Alarcon’s impact rating system (pattern metbad)be found in

section 3.2.4.2

4.3 Chapter Conclusion

This chapter has described the process of model development and reported resulting
model framework.

This chapter consists of two sections. In the first section, lad¢walopment of
the GPM model was described in step-by-step fashion. GPM modes$tcives different
elements of decision alternatives (strategies), condition vasigleeternal variables),
drivers, processes, and performance outcomes. Initial sets & @esents were

developed and presented in this chapter. In the second section, thevdrinod
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developed model was presented. The framework developed and presdotbetliGPM

conceptual drawing, influence diagram and cross-impact matrix.
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CHAPTER 5: ASSESSMENT

Once the model is constructed and properly refined, as the npxtlstevalues of
its variables must be determined. In this GPM model, thertheee types of variables --
condition, initial probability of events, and cross-impact ratingsaospof events. These
variables can be assessed by user input, numerical analysischdsta, and practitioners’
input based on their knowledge and experience. In this chapter, the sprokces
determining cross-impact ratings of variable pairs by practiticssrssment is described.

Decision Drivers Processes QOutcome
Effort on Inspection /
QA /QC Monitoring

Figure 5-1: An example of variables and impact ratigs

Warranty
Period
(0, 3, 5, 10 yrs)

Repair Cost
(0-10 yrs)

The key task in assessing variable values is determination of the cross-iatjpea
of each pair of decision attributes. In Figure 5-1, therearevariables, and it is assumed
that the outcomes of some variables influence other variablesQA¢QC effort impact
performance of inspection/monitoring); impact relationships are atetic by arrows.
Also, these impacts are rated as either significantly inojygosite direction (SIG-),
moderately in the opposite direction (MOD-), slightly in the oppatitection (SLI-), no
impact (NO), slightly in the same direction (SLI+), moderatelythe same direction
(MOD+) or significantly in the same direction (SIG+).

Impact ratings were collected from practitioner questionsaaed interviews.
Selected participants were asked to assess the impagt odeach pair of events, and the

final values were determined from those participants’ opinions. ifeestep in the
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assessment process was to select interview participantsgytralified practitioners around
the country. Then, assessments were conducted in two stepsat-aind confirmation.
In the initial step, participants were asked to fill out the tomsaires and assess impact
ratings based on their warranty experience. For confirmatiorsatne participants were
asked to reassess their ratings in order to confirm theinjadts. The purpose of this
two-step assessment was to minimize possible mistakes and nsgandang of questions.
A more detailed description of the assessment process aumltk rss presented in the

following sections.

5.1 Method

Cross-impact ratings of paired events are decided through guigstionnaire and
interview methods of collecting information.

In finding some impact ratings, historical data or appropriate/tice methods are
readily available, and ratings can be found from simple analysiswetr, this is not the
case with most events. It is difficult to determine somagatby the use of analytical
methods. For such events, experts’ experience can provide useful indornsaich as
reliable estimations. Questionnaire and interview methods may éeé s collect
information from experts,.

Questionnaire is one of the most widely used empirical reseagtods, which
researchers use to identify and describe the hypothesis withimutifsc, logical, or
analytical proof. In empirical research, data are collediedctly or indirectly from
experiments, experience, or observations (Chen and Goodman 1998; Khun 1962). In

order to collect empirical data indirectly from other people, atmquresire is often utilized.
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One can administer questionnaires by mail, telephone, or in face-tovexgews.

For this model, some variable values must be estimated frautitpmers’
experience through questionnaires due to the lack of quantifiable megaed for the
model. A questionnaire was developed to estimate initial probalility cross-impact
ratings of events. In addition to the questions relating to thelipitdbabilities, each

expert was interviewed for any additional comments in open discussion.

5.1.1 Method Selection

In order to collect information from experts, some methods suclsuagy,
interview, and workshop methods were examined for their suitability.

1. Survey
Survey is a method of collecting information from the opinions of iddizis.
Since this method is more suitable for gauging public opinionpfieferences),
it may not be the most suitable method for research in which thleigao
gather factual information. Also, since a survey is alwaysdaa a sample
of the population, and accuracy is heavily dependent on the number of
participants (sample size), it also less suitable for thidydbecause warranty is
relatively new and has not been used widely, so not very many peoge ha
sufficient experience.

2. Interview
Interview is a method of collecting information from conversatibasveen
two people. The interviewer asks questions of the interviewee tonobtai

desired information. The strength of interview method in comparison t
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survey is that interviewer can ask more in-depth questions while the inteeview
can furnish additional information which was not anticipated by tleevigwer.
However, it also has some drawbacks, such as the influence of tiveeings,
which can lead to cognitive bias (5.1.2.2).
3. Workshop
Workshop is another method of collecting information in which groups of
people are gathered to yield information and make decisions throwgissin.
Information sharing is one major benefit of the workshop method. eMeny
at the same time group bias, misleading information, etc., teayderupt the
individual’s own judgment and opinion.
Of the three methods above, the individual-interview method with a peerdaed
set of questions (questionnaire) was selected for this studhe réesons for selection of
the guided questionnaire and interview are as follows:
1. Limited number of practitioners with sufficient warranty expece -
insufficient sample size for survey method.
2. Geographical and financial limitations -- workshop not feasible.
3. In order to minimize influence of interviewer on intervieweewdividual

judgment, a questionnaire was prepared.

5.1.2 Justification of Method

5.1.2.1 Limited number of interviews

One of most significant drawbacks of using interviews for crhogmct rating

assessment is the limited sample size (number of interviews)the end, only twelve
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practitioners were interviewed, a number far smaller than tmemmm sample size
required to be statistically meaningful. However, the limiteenber was unavoidable
because warranty (especially performance warranty) haseeaot Uised widely yet, so not
many practitioners were available. It was for this reagwmt the workshop setting
assessment was initially examined. However, due to financiaktiared constraints of
practitioners, a workshop could not be held. Instead, the reseatteimeptad to provide
enough information to interviewees prior to and during interviews (duiiderview) to
simulate a workshop setting. Conducting guided interviews was thegies given the

circumstances.

5.1.2.2 Cognitive bias

One other problem in affecting assessment rating throughviewey is the
influence of various cognitive biases. Although it is not possiblavimd all biases
completely, since the ratings were to be determined from erperigased personal
opinions, the following supplemental methods were adopted to minimize bias.

® Prior to interviews, interviewees were fully informed and giveme to
double check their responses. Also each interview was guided in
accordance with the prepared questionnaire.

® Interviewees were given the chance to correct their raiimgs second-
round assessment (conducted by e-mail) two months after theofirsl.
Prior to the second-round interviews, all interviewees were irgdraf the
results of the first round in order to minimize cognitive bias grsample

misunderstanding of questions.
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5.1.2.3 Level of confidence in the results

Because of the limited sample size, it was not possiblehie\ac a high level of
confidence in the statistical analysis. Therefore, it wasesseey to improve the
confidence level in a different way. First, the assessméngsasuggested by various
practitioners were examined as to level of consensus, i.e., theedegrwhich their
opinions agree with one another (Section 5.5.1). To measure levebnsknsus,
Kendall'sW and standard deviation were computed and compared to other, similar findings.
Standard deviation (absolute value of deviation) is used only for ihteamaparison
(comparing results for the first-round assessment to those feetio@d-round assessment)
to detect improvement in level of consensus. Second, the results fdirsthund
assessment were fed back to interviewees for correction. proess successfully

eliminated some obvious mistakes and improved the level of confidence.

5.1.2.4 Selection of average (mean vs. median)

As described in later sections, the mean value of intervievessgssment was
selected as average. Median values were also calculated but not ugedug®l'mean”
and “median” have distinctive meanings as statistical temmegn value was selected and
used as average because of the limited number of samples. A raoledd#iscussion is

presented in section 5.3.4.

5.2 Process

The questionnaire construction and interview procedure were perfasmadlined

by Lipinski (1990) in his paper on dynamic cross-impact modelinghigal (DYCIA).
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However, due to differences in the assessment data, researatiethstics and limitations,
some modifications were made to the suggested process. Lipinski's methodisad fibe
determining the strength of interaction among events in a Wwopksvolving a group of
experts. However, because it was not possible to arrangekahop and gather all the
experts from various regions of the country at the same placgénamdinformation was
gathered from questionnaires and telephone interviews. Also, inskig DYCIA
method, the judgment of each expert is weighted differently by rigsgeranking.
However, no system of ranking expertise was applied in thissmseasprocess. Instead,
participants were grouped by profession, and those in each groumskes to answer
certain sets of questions related to their field of expertise.

With some modifications to Lipinski's DYCIA process, the infotima gathering
and variable-value decision making of this research were perdosemuentially as in the

flowchart below (Figure 5.2).
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Define Necessary
Assessments

Select Questionnaire
Participants

4

Conduct Assessment
Interviews

4

Process and Analyze the
Results

Determine
evel of Consensu

Finalize Assessments

Figure 5-2: Impact-Rating Assessment Process

First, it was important to understand and clearly define thessssats that needed
to be done. Therefore, all the necessary assessments wéreednand organized.
Second, assessment participants with appropriate expertise haseledied. In the third
step, “assessment interview”, it was first necessary mrrmfthe interview participants
about the research, the model, and the assessment process. Tlssmergsquestions
were provided for them to answer. Once all the interviewse wampleted and
participants’ responses collected, data analysis followed. The @ddhis process was to
determine the level of consensus in the opinions of the interviegipartts. If there is a
low level of consensus, a second round of assessment interviews meagdeel to confirm
the initial assessments and calibrate participants’ opinions inm tydeise the level of

consensus among participants. This process must be repeatedsatisfactory level is
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reached. The last step of this process is finalizing tbesaments and moving on to the
next step of data input and simulations. Each step of this procésscigbed in detail in

the following sub-sections.

5.2.1 Defining Necessary Assessments

The first step in the assessment process was defining mipact ratings were
needed. Four different types (sets) of interactions were orgamzedumber of tables to

facilitate assessment and analysis.

Alternative /
Strategy Decisions

L
LR ) (e ) o
<y L
(=D& =D

1l

Qutcomes

Figure 5-3: Influence Characteristics of GPM Variables

Figure 5-3 above shows different types of interaction amongblar@ategories.
These impact relationships are defined by GPM theory. By definition, aeeiariables
impact only drivers. External variables impact both drivers andepses. Drivers

impact one another as well as processes. Finally, procaapastione another and
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outcomes.

5.2.1.1 Decision variable impact on drivers

The first set of assessments required relates to the imjpdetision variables (i.e.,
warranty period, preventive maintenance, warranty bond, required perforfeaakeand
limited liability) on drivers (i.e., risk transferred, innovation clgnguality/cost tradeoff
decision, QA/QC plan, and maintenance plan). The decision variabjesnpact any of
the GMP elements (i.e., driver, process, and outcome), but their imijlaise mostly on
drivers.

Each decision variable impacts drivers, and the magnitude of inmpast be
assessed by the experts. According to the GMP concept, diwerst impact decision
variables. Table 5-1 summarizes necessary assessments.spdées in Table 5-1
represent impacts from column items (decision variables) totemwsi (drivers). In all 25
assessments need to be performed.

Table 5-1: An Impact-Rating Table (from Decision Vaiables to Drivers - Pattern Method Applied)

Decision variables
Warranty Performance| Warranty Preventive Limited
Period Level Bond Maintenance | Liability

Risk
Transferred
Motive for
Innovation
Quality/Cost
Tradeoff
Importance
of QA/QC
Maintenance
Plan

Drivers

Impacts between each pair of decisions are to be rated using sexeofratings —
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SIG+, MOD+, SLI+, NO, SLI-, MOD-, and SIG- (See Cross-impeating system —
Chapter 2). Also, the degree of impact from decision outcomes tosdneeds to be
assessed. Table 5-2 is a sample assessment table.s partigular case, participants are

asked to rate the impact of 0-, 3-, 5-, and 10-year warranties on five mliffieneers.

Table 5-2: Impact-Rating (from Decision Options toDrivers)
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The decision impact on drivers is assessed as one of five ratingsy positive
(PP), positive (P), no effect (O), negative (N), and very meg@iN). These ratings are

from original CIA methods (3.2.4.2).

5.2.1.2 External variable impact on drivers and processes

External variables are defined as any characteristics girtpect, owner, proposal,
surety or market that may influence project outcome or other GRltbrs that may
influence the warranty decision. Unlike decision variables, extean@bles may impact
both drivers and processes. Table 5-3 below presents some exégralble impacts on
drivers and processes. Impacts of external variables on drieete be rated using the

cross-impact ratings, SIG+, MOD+, SLI+, NO, SLI-, MOD-, and SIG-.
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Table 5-3: An Impact-Rating Table (from External Variables to Drivers and Processes)

External Variables
Project | Project Delivery | Specification | Preference | Level of Past Financial
Size Complexity | Type Type to Competition | Experience | Strength
Innovation

Risk
Transfer
Motive for
Innovation
Quality/Cost
Tradeoff
Importance
of QA/QC
Maintenance|
Plan

Drivers

Procurement

Design

Construction

Processes

Inspection

Maintenance

Among the external variables listed Table 5-3, some are prdcaateristics,
such as project size and complexity, while others are owner, gmpasd market

characteristics (i.e. level of competition, proposer’s financial strength)

5.2.1.3 Cross-impact matrix of Drivers and Processes

A cross-impact matrix defines interactions among variables, (drivers and
processes). The cross-impact rating for each pair variable beustssessed by the
interview participants with appropriate expertise. Table 5-& isample cross-impact
assessment from this research. In Table 5-4, the cross-inghatbbrrship is presented

such that items in columns impacts items in rows.
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Table 5-4: A Cross-Impact Table among Drivers and Rcesses
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Maintenance

Some assessment results are obvious and can be omitted from dbsmess
process. For example, since the processes of the model are sfquieran be assumed
that results of latter processes cannot impact former pracgsse, impact from
construction to design). Therefore, as shown Table 5-4, some resufisedetermined

and not assessed.

5.2.1.4 Process impact on outcomes

The last impact type is that of process on project outcomes. péif@mance of
each construction process is assumed to have some impact on one oprojece
outcomes, and these interactions must be assessed. The tablshmi®the impacts of

processes on outcomes.
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Table 5-5: An Impact-Rating Table (from Processesat Outcomes)

Processes

Procurement
Design
Construction
Inspection
Acceptance
Maintenance

Construction Cost

Design Cost

Warranty Bond Cost
Post-Construction maintenance
Repair (Agency) Cost

Repair (Contractor) Cost
Contractor Margin

Outcomes

5.2.2 Participant Selection

Participants in an expert panel must be chosen on the basis dnitweiedge and
experience with asphalt pavement warranties. The crifenaselecting interview
participants were as follows:

® Construction experience
® Research experience
® \Varranty/non-warranty project experience.

First, the interview participants’ general experience in ttooson is considered.
For the assessment task, the researcher sets a thresholbrvabrestruction experience at
a minimum of five years of experience in project administratiooootract management.
Similarly, participants' experience in research, especialiyad to warranty, is considered.
Finally, the most important principal of measuring participaetgll of expertise is their
experience in both warranted and non-warranted projects. Thisisufzaly important,
since the focus of the assessment is to measure warrantgt ioparoject performance,
and, in order to do so, the participant should have experience in both wéh@adt@on-
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warranted projects and understand the differences between themhe fparpose of this
task, the minimum number of projects with and without warrantgtigisfour (preferably

a minimum of two with warranty and two without).

5.2.3 Grouping by Profession

For reliable impact-rating assessments, the questionnaireigeante must possess
adequate levels of expertise. Therefore, the model developedatashine whether the
person assessing values possesses enough knowledge and experiemeer,Ht is
difficult to determine someone’s level of expertise unless enowgglunees and time are
used to test each participant thoroughly.

One idea about measuring the level of expertise of the person dssegsed is
using his/her profession as an indicator of the probable level oftesgperUnder the
assumption that people within the same profession have similar kimdislevels of
expertise, individuals can be grouped by their profession and given to approping ra

Four professions were selected and their likely expertise tgp@sipated, as
shown in Table 5-6. The table summarizes four selected pmiesand their probable

fields of expertise.
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Table 5-6: Various Professions and their Probable ¥pertise

Professions Expertise Types
Contractor Business Decision
Cost estimating
Supplying (Material)
Construction methods
Designer/Engineers Contracting and Procurement
New Technology
Design decision

Designing
Surety Firm evaluation
Bond price decision
Contracting agent Warranty Policy

Project Funding
Initial project development
Monitoring and Inspection

Contractors possess expertise in business decision making (i.eg tagks,
bidding), cost estimation, construction methods, staff utilization, &anilarly, expertise
in designing, surety, contracting is anticipated, as shown in Bable Various Professions
and their Probable Expertise.

The next step is to examine each assessment and decide whidsipradis are
more likely to be knowledgeable in each subject. The assignmeradorpeofession is
shown in the Table 5-7. Each assessment is noted with a lettbolswhich represents
one of the professions. The letter C represents the “Contrgctdgssion. Likewise D
is “Designer”; S is “Surety”; and A is “Government Agency”.able 5-7 is an example of

grouping questions that are more suitable for each profession.
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Table 5-7: Assessments and Appropriate Professionr@ups
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Maintenance C C C C C C C C C

For example, contracting agents are more likely have good umd@irsy of
procurement performance because they have procured many projgusefore, it would
be more reasonable to ask contracting agents to assess inpayg feom drivers to
procurement. Similarly, it is more likely that designer h& tproper profession for
assessing impacts on design performance, and contractor is on camstrugt some
cases, there is more than one profession who may be capable & Hresquestion. For
these questions, more than one profession is assigned (i.e., Qiedisyon, design

performance).

5.2.4 Instructing the participants

Prior to administering the questionnaire, the model developer negstilde the
CIA, GPM mechanism, information gathering procedure and deimiif each variable.

The questionnaire also includes a brief introduction of the researaxpdanation of the
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procedure, and definitions of variables. The actual participant guedesind definitions
of variables to be provided to the interview participants can be foungpperilix 1 —

Assessment Questionnaire Packet.

5.2.5 Cross-impact rating decision

In this step, each participant is asked to answer the questionmhich, includes
single and cross-impact matrices. In DYCIA, group discusssononducted prior to
cross-impact rating decision; however, since this is done bytioesire instead of
workshop, the discussion process is substituted for by questionnairenqpiidad
interview either by phone or in-person. However, the research lmeusautious not to

bias the participant with any of their guidance.

5.2.6 Processing assessment results

Once participants’ judgments are collected, the developer cortsslidae
guestionnaire and makes initial decisions on values. In thisteemssessments of all
participants are collected and their average values decidedddition, variations among
participant opinions are examined to determine the level of agntemié the level of

agreement is not satisfactory, another round of assessment interviews negf&ary.

5.2.7 Feedback and second-round questionnaire

Because this process utilizes questionnaire instead of workshopsgistuas
Lipinski suggested (Lipinski 1990), feedback and a second-round questionnaire is

conducted to eliminate mistakes, achieve consensus, and improvactheacy of
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information. Participants are informed of the results of ifs¢-found questionnaire and
are asked to fill out the same questionnaire again. If any iistensy or a low level of
agreement among participants’ opinions is found, it is also repartélget participants.
With access to first-round assessment results and othegigeants’ opinions, participants

are able to provide more reliable information.

5.3 Initial Assessment

In this section, the actual process and results of the inite$s®ent are described.
Most of the interviews and assessment processes were condupladresd, but in some
instances modifications to the original plan were necessaryerall) the initial
assessment process was completed successfully, but there f@ersteortcomings found
in the analysis results, which were accounted for in the second rouasse$sments.

Details of the processes and results are presented in the following sobssecti

5.3.1 Participants

In order to find assessment interview participants with adegempertise in
warranty, the model developer contacted participants in the pavermganty symposium
held in 2003 in Grand Rapids, MI. A total of 57 people with various backgrdueds
academia, contracting agent, contractor, surety) participatesiythposium, and the final
report of the symposium includes a list of their contact infaona{Ferragut 2003).
Other than those in the list, authors of published warranty studiesoatrdating agents
(i.e., state department of transportation) who have participatedjecis with a warranty

were asked to participate in the information gathering.
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As a result, a total of twelve people with warranty expentsee selected and

agreed to participate in the assessment interview. Table &8ss of participants and

their qualifications.

Table 5-8: Qualification of Assessment Interview Pdicipants

Uy

1%

[oN

Participant Profession Construction Experience Warranty Experience
A Agency o 15 years in DOT 10+ projects with warranty
« Administered over 30
projects
B Agency « S yearsin DOT and 2 years Recent projects (10 to 20
in construction company projects) had short-term
Administered many projects warranty
Many projects prior to
warranty implementation
C Agency 12 years in DOT 5-6 projects with warranty
(pilot studies)
2 Reports on effectiveness
of warranty
D Agency 10+ years in a Federal Warranty policies guideline
contracting agency
E Contractor 20 years in construction About 10 projects with
business warranty
20+ Projects without
warranty
F Contractor 10+ years in construction A few projects with short-
Have constructed numerous term and long-term
highway and road projects warranty
Most projects (more than
20) were without warranty
G Contractor 5+ years in construction Two projects with warranty
Have participated about 10 (one long-term performanc
projects warranty)
5-6 projects without
warranty
H Agency 23 years in DOT Most of projects in the state
had mandatory warranty
| Contractor Many years as both 4-5 recent government
contractor and paving pavement projects had
contractors’ association warranty
Many other projects withou
warranty
J Contractor 10+ years as the president of 4, Some of recent projects hal
a small paving company 3 year warranty (about 3 o
Numerous paving projects 4)
K Agency 15+ years in DOT 3-4 projects with material

Administrated many project

'

and workmanship warranty
for short period (2-3 years)
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As shown in Table 5-8, only people from two professions — agencgantrhctors
— participated in the interview. The plan was to interview peagl four different
professions. However it was found that the participants fromagiemcies had enough

knowledge of design and bonding issues that they were able to answer most of questions

5.3.2 Process

Assessments were collected from structured interviews, whieansnthat the
model developer explained the research, the model, and the assessmess,pand
provided guidance to the participants while they filled out the curestire. The model
developer’'s guidance ensured that the participants were well-iedorand fully
understood the process. However, the model developer was careful bastor
influence the respondents with the guidance.

The interviews were conducted individually by phone or in-person. eTas no
discussion among participants, and the interviewer did not provide angnatfon about

others’ assessments and opinions in this initial assessment interview.

5.3.3 Questionnaire Packet

Prior to the interview, a questionnaire packet was provided to jpartts. The
guestionnaire had two purposes. One was to provide information needede by th
participants prior to the interview, so they understood the objectidepeotess of the
assessment. The other purpose was to provide the set of quastienanswered. The
guestionnaire consists following sections.

Participant Information
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This section included questions to the participants about themselvesasuch
profession, title, construction and warranty experience.

Project Information

This section asked about participants’ previous projects with warranties.

Assessment Guideline

This section explained the basic concept of the GPM model and dhesprof
impact-rating assessment. For clarity, this section indluate example of an impact-
relationship diagram and a corresponding rating-assessmeat talilte example was
designed in such as way that it is not directly relevant taatual question (to avoid bias)
but similar in format and organization. Figure 5-4 and Table B5eQtlae examples
provided to the participants. Figure 5-4 is an influence diagranfanld 5-9 is a cross-

impact matrix that corresponds to the figure.

Productivity

Figure 5-4: An Example of Impact Relationship and Rtings (Questionnaire Packet)
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Table 5-9: An Example Table of Impact Ratings

2
k= ge = =
s = L S
; (7)) 8
(ol
IS Rain NO NO NO
%
c
3 Wind MOD+ NO NO
= Safety MOD-| SIG- SLI+
8
S | Productivity | SIG-| SLI-| SIG+

Variable Definitions

This section listed definitions for all the variables in the rhod&his is critical
that the participants understand what each variable meam® lasfsessing impact ratings,
SO a table of definitions was provided. Table 5-10 is part of theitil@i table that was
provided to the participants. In the table, definitions of drivergpereided along with

influence directions — Positive and Negative.
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Table 5-10: Definitions of Variables (Drivers)

Risk Transfer

This is a measure of amount of risk transferretthéodesign-builder
from the owner due to the use of a warranty cohtraExamples
include cost to repair post-construction defeewjark, etc.
Positive — More risk

Negative — Less risk

Control and
Innovation

This is measure of level of contractor control ahdnce of
innovation. Control and chance of innovation carapplied to
both design and construction.

Positive — More control and chance of innovation

Negative — Less control and chance of innovation

Quality/Cost

This refers to the likelihood of the design-buildetecting higher

" Tradeoff quality design (or construction method) over theigie that yields

S | Decision lower cost due to the use of a warranty contract.

> Positive — More likely to choose higher quality olaver cost

a Negative — Less likely to choose higher quality dmeer cost
QA/QC Plan This measures contractor’s involvement and levelffafrt in

and Execution

planning and performing QA/QC during constructiori.his
measure includes various efforts such as develapimg rigorous
QA/QC plans assigning more and more qualified parebfor
QA/QC monitoring.

Positive — More effort in QA/QC

Negative — Less effort in QA/QC

Post
Construction
Maintenance

This measures design-builder’s motivation or defsirglanning
and performing post construction maintenance totaai high
quality level during warranty period.

Positive — More effort in post construction mairgeoe

Negative — Less effort in post construction maiatee

Assessment Tables

A number of assessment tables were included in the questionnairthefor

participants to fill out. These were the main data input for itherviews. The
participants were asked to fill out the assessment tableg &M cross-impact ratings

(i.e. SIG+, MOD-). Table 5-11 is an example of an assessment table.
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Table 5-11: An Assessment Table as Presented to éntiewees

External Variables (Project Characteristics)
Project | Project Specification| Procurement Load
Size Complexity| Type Method uncertainty

Risk
Transfer
Control &
Innovation
Quiality/Cost
Tradeoff
Importance
of QA/QC
Post-Const.
Maintenance

Drivers

For more details of the interview questionnaire, the whole init@essment

guestionnaire packet is presented in Appendix 1.

5.3.4 Results

Once all the interviews were complete, assessments weeetedlland input into
Excel for data analysis. For the purpose of analyzing convenignpact ratings were

converted to numerical symbols (Table 5-12).

Table 5-12: Impact Ratings and numerical symbols

Rating Numeric Symbol Interpretation

SIG + +3 Significant impact in the same directiof
MOD + +2 Moderate impact in the same direction
SLI+ +1 Slight impact in the same direction

NO 0 No impact

SLI - -1 Slight impact in the opposite direction
MOD — —2 Moderate impact in the opposite directign
SIG — -3 Significant impact in the opposite directipn

Table 5-13 is a part of a data sheet and shows assessmefdsdyyparticipants of
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five items (ratings). At the end of each column, the meamsedian values are included.

Table 5-13: A Sample of Assessment Result Data Shee

ltem 11| Item 12| Item 13| Item 14| Item 15

A 3 0 2 2

B 3 3 3 2 2

C 3 3 2 2 2

D 3 2 2 1

E 2 2 2 3 1

F 3 2 1 3 2

G 3 -1 2 3 1

H 3 2 2 2 1

I 3 2 2 2 1

J 3 1 2 2 1

K 2 0 0 2 0
Mean 2.82 1.45 1.82 2.18 1.2%
Median 3.00 2.00 2.00 2.00 1.00
Rating SIG+ SLI+ | MOD+| MOD+|  SLI+

For final value for each rating item, the averages of participasgessments were
found. There are two possible values that can be selected as average — meadiaand m

Mean is an arithmetic average which is found from the sum oliaibers divided
by the number of data. Median is defined as the number separatimghke half of data
from the lower half. The median of a finite list of numbers loarfound by arranging all
the observations from lowest value to highest value and picking the noidele If there
is an even number of observations, the median is not unique, so ontakéernhe mean
of the two middle values or one of the middle one is selected.

The median (i.e., a central tendency measure) indicates thes dggepport from

the participants for each item. Unlike to arithmetic mean, the medeus tfie advantage
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of being affected less by extreme values and possible errbisvever, when there is not
a large enough number of data (i.e., due to the small sampleusize) the median could
be problematic. Using median as average when the samplis sedatively small may
end up ignoring minority opinions. Therefore, in this assessment prolcesarithmetic
mean value is selected as the average. Since the rating sleoatd integer, the mean
values were rounded up or down.

The resulting mean, median and average ratings are shown in TEbl@ast three

lows).

5.3.5 Issues in the Initial Assessment

Analysis of the assessments shows that there were ade@sjor problems, in the
initial assessment values. First, for some ratings, the saizgle were simply not large
enough because participants did not assess all items. PaiScipa asked to  assess
only those items with which they had experience and, therefore, nadrables had 11
assessments. It is reasonable if these omissions were thek tof confidence in their
experience. However, in many cases, some assessments wgredskiue to time
constraints. Therefore there was a need to get back to theaslatitem to complete the
assessments.

The second issue with first assessments was the low levaingkresus among
participants’ opinions. Details of this analysis is not discusses (fied details in the
discussion of level of consensus in Section 5.4.2), but the level of consertsasnitial
assessments was not satisfactory. The final problem was obwvistskes that were

recognized by the model developer either during the intervietteatata analysis process.
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Many mistakes were caused by confusion about direction of influerizee to the nature
of the rating system, participants were easily confused ahitwence direction (+, -) and

ended up miss-assessing some items.

5.3.6 Need for Confirmation Assessment

Due to the issues with the initial assessments listed previoushas determined
that another round of assessment interviews was required. The pugbdbes second-
round assessment were: 1) to increasing sample size; 2) tontanistakes and correct;
and 3) to communicate among participants’ by feeding back theltseof initial

assessment.

5.4 Confirmation and Calibration Assessment

In order to confirm and calibrate participants’ opinions, another round of
assessments were conducted. The purpose of this round of intenasws werify the
assessments of the first round (i.e., eliminate mistakes) anll fdregossible changes in

opinion.

5.4.1 Process

The participants in the first round were contacted and asked toipatei again.
As a result, the response rate was good. Ten out of eleverofirsl participants were
able to participate in the second round. Only participant D could mttipate in the
second round. For participant D, who did not participate in the second round,

assessments from first round were carried over to second roumoutvény change. It
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should be noted that there were no apparent mistakes in first resedsments of
participant D.

The second-round participants were provided with a new assessknt tThis
time, the assessment table included information from the resultheoffirst round
assessments. The information includes the participant’s own assgganthe first round
and the average value of all the assessments (from otheigzarts) from the first round.

Table 5-14 was provided to the second-round participants.

Table 5-14: A Sample of ¥ Round Assessment Table

Performance level impact to drivers
Participant © 1% AssessmerftAverage 2" Assessmen Comments
9¢ (it different)

Risk Transferred SIG + SIG 1
» | Control & Innovation MOD - MOD + MOD + Direction Error
2
0O | Quality/Cost Tradeoff SIG + MOD

Importance of QA/QC SIG + SIL + MOD + Changed opiniop
Post-Const. Maintenan¢e SIG + SIL +

This table includes four columns — first-round assessment, avesgadsround
assessment, and comments. In the first column, each particifpatttound assessment
value is provided in comparison to the average of all participants’ opiniaecond
column. If the participants found that their first-round assessmeast mistaken or
wanted to change their opinion based on the average responsesyrobetheir new
opinion in the third column. Finally, an additional column was included iratble for

comments. The participants were asked to note the reason thégddex change their
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assessment.

Tables similar to the sample above were provided for the wholef spiestions
instead of asking participants to verify only the ones about whilmbdel developer felt
suspicious. This is done to minimize any type of influence by theéehdeveloper and
provide an equal chance to reassess any ratings. However,gneavere hundreds of
ratings to review, those assessments that deviated more thaatiogewere highlighted

for their convenience.

5.4.2 Results

Tables 5-15 and 5-16 provide an example of confirmation and calibration
assessment results. Table 5-15 is the result of thedustrassessment and Table 5-16 is

the result of the second round assessment.

Table 5-15: A Sample Assessment Data Sheet (aftaitial interviews)

Item 51 Item 52 Item 53 Item 54 Item 5p
A
B
C -2 2 -2 -2 -2
D
E 1 1 2 2 1
F -2 0 -1 -1
G -1 2 0 0 0
H
I 3 0 0 0 0
J 2 2 0 1
K -2 0 0 -1 -1
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Table 5-16: A Sample Assessment Data Sheet (aftemfirmation interviews)

ltem 51 Item 52 Item 53 Item 54 Item 5p

A -2 0 -1 -1 -2
B

C -2 2 -2 -2 -2
D

E -1 -1 - -2 -1
F -2 0 -1 -1
G -1 1 0 0 0
H -1 0 -1 0 -1
I -3 0 0 0 0
J -2 1 -2 0 -1
K -2 0 0 -1 -1

As shown in the Tables 5-15 and 5-16, some ratings were newlysedsEee
participant H) and some re-assessed (see those highlighted en5Fa6). According to
the comments collected along with the re-assessed values, srmeeassessed because
there had been misunderstanding of directions (see participants B and one changed
of opinion (se participant E). The second-round assessment teeneibdated and
calibrated participants’ opinions. The possible improvement in tlet & agreement is

examined and discussed in next section (5.4.1 — 5.4.2).

5.5 Assessment Results

This section presents the results of assessment process.irsThwed sub-sections
discusses about levels of consensus among respondents aftendirse@nd round
interviews. The process had stopped after second round because ltlod teresensus

had reached desired level. The next section presents the final assessed value
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5.5.1 Measurement of level of consensus

One of the most important issues in deciding upon interaction reitng expert
assessments is level of consensus among participants. A®meen&arlier, one of the
reasons that second-round (confirmation and calibration) assessmeeataecessary was
improving the level of consensus. Therefore, the measuremerg te#vil of consensus
among participants’ opinions is discussed extensively in this section.

There are many different methods that are often used to measure level osaosnse
The following are brief descriptions on some methods that have bedmmue often in
research similar to this.

Inter-quartile Range (IQR)

Inter-quartile range (IQR) is a measure of the spread pbnsgs and is defined as
the difference between the 25th and 75th percentiles. A small I€sna smaller
spread in responses and indicates that consensus has been achievdthwrnAs Figure

5-5, more consensus data set (lower graph) has less IQR value.
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Figure 5-5: Inter-quartile range (IQR) as a measureof the spread of responses

Standard Deviation

The standard deviation is a measure of dispersion that can be applied to thé range o

opinions. A perfect consensus on an item is indicated when nidasthdeviation equals
zero. By definition, about 68 percent of opinions fall within plus- and romes
standard deviation, and about 95 percent fall within plus- and minus{avmasd
deviations (Figure 5-6). There is no threshold standard-deviation svaluectly
indicating level of consensus of the current data. However, vartadges, especially
those utilizing Delphi method, have asserted that a decreaamdpsti deviation between

rounds indicates an increasing level of agreement (Yeung et al. 2007).
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Figure 5-6: A Sample of Standard Deviation

Percent Top Issues

Another measure of agreement that has been used in past suthegercent of
respondents that has rated an item in a top-issue (Brancheau tedbé/d. 986; Doke and
Luke 1987). In Table 5-17, four out of five participants have rated Aeas 2. In this
case the rating of 2 is the top issue and percentage of thisstapis 80%. For item B,
rating 1 and 2 are top-issues and percent top-issue percentage is B@i%oindicates that

there is a greater consensus of opinion on item A than on item B.

Table 5-17: An Example of Percent Top Issues

A B C D E Top Issue Percentage
Item A 2 1 2 2 2 2 80%
Item B 2 1 2 1 3 1and 2 40%

Kendall's Coefficient of Concordance (W)

Kendall's coefficient of concordanc®\j is a statistic that measures the agreement
among sets of rankings or ratings by two or more judges, andinstsntroduced by
Kendall, Babington-Smith, and Wallis (1939). It is a normalizationthef statistics
derived from the Friedman test, and can be used for assessingagresnong raters.

Kendall's coefficient indicates the current degree of agreenaembng participants.
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Kendall's W ranges from 0 (no agreement) to 1 (complete agndemd he value of this
coefficient increases as agreement increases. If the tedicstatis 1, then all the survey
respondents have been unanimous, and each respondent has assigneddisesamthe

list of concerns. If W is 0, then there is no overall trend of ageeeramong the
respondents, and their responses may be regarded as essemtddiy.ra Intermediate
values ofW indicate a greater or lesser degree of unanimity amonggati@us responses.
Schmidt (1997) proposed a table of interpretation of Kendall's W vdlledde 5-18).

However, the values in the table should be used only as a guideliaeeanot intended to

show exact threshold number in all situations.

Table 5-18: Interpretation of Kendall's W Values (Schmidt, 1997)

W Interpretation

0.1 Very weak agreement
0.3 Weak agreement

0.5 Moderate agreement

0.7 Strong agreement

0.9 Unusually strong agreement

Two cases exist for calculating KendaN¢ The first case is when no ties exist.
This is classic formula of Kendall®/. One typical example of this case is ranking. Ina
typical ranking system, there are no ties among assessments.

The classic formula of Kendall's coefficient of concordai¢es (Kendall 1948;

Kendall and Smith 1939):

W =

S
1 2 3
—K“N"=N
17 ( )
S = sum of squares of the deviations from the mean
N = number of items ranked
K = number of experts
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Ties in the evaluation method are not considered in this classiculforof
Kendall's W. Ties depress the value of W as calculated by tegicfmrmula. However,
it is known that if the proportion of ties is small, that effischegligible, and the classic
formula may still be used (Siegel 1956). However, if the proporsidarge, a correction
factor should be applied to compensate for this effect.

The formula of Kendall's W computation corrected for ties is:

W =

S
123
~KZ(N*-N)-KY'T
1K ) Z,

S = sum of squares of deviations from the mean
N = number of items ranked/rated
K = number of experts

ZT = sum of values of T for all K experts

-
3
To Dt
12
t = number of observations in a group tied for a given rank/rate

For the assessment in this research, where the valuesiags (at., not rankings)
and many ties exist, it was necessary to use the modifiedcfreected for ties) formula.

For the purpose of this study, a computer software (SPSS 14.0 forwghdas used to

compute Kendall’'sN of overall assessment data instead computing them manually using

the formula above.

5.5.2 Level of consensus of assessed ratings

The impact rating for each pair of GPM variable were agsefom two rounds of
guestionnaire and interviews. The level of consensus of the resulffisstoffound

assessment was relatively low in some areas, so a second rowastessment was
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necessary to improve it. In the second round of assessment, explette logpportunity
to reconsider their initial assessments and make adjustments.

The consistency of the participants’ ratings of both initial assessmercbafirmed
assessment values were checked by standard deviation and Kendeffisient of
concordanceW).

Tables 5-19 and 5-20 are examples of assessed ratings frdimstthand second-
round interviews. Table 5-19 shows the results of the first srsees and Table 5-20 the
results of second assessment. There were a total of elegeriewt participants whose
assessed ratings for each variable pair are listed nunher{8&G+ = 3+, etc). The

highlighted ratings are those which have been adjusted in the second-rousthestes

Table 5-19: A Sample Table of Assessment Resultdtéa 1° round)

em 11 &m 12 em|[13 &m 14 €m 15 em[21 enf 22 1 em 23m 24 &rh 25
A 3 0 2 2 2 0 2 2
B 3 3 3 2 2 3 2 2 1 3
C 3 3 2 2 2 3 2 3 3 3
D 3 2 2 1 2 1 0 1
E 2 2 2 3 1 3 2 3 1 0
F 3 2 1 3 2 2 2 1 3 0
G 3 1 2 3 1 3 1 1 3 1
H 3 2 2 2 1 2 2 1 1 2
I 3 2 2 2 1 3 3 2 1 1
J 3 1 2 1 3 2 1 0
K 2 0 2 0
M ean 282 145 132 A8 122 5 18 164 173 11
M edan 00 200 400 200 10 300 200 200 100 100
Sandaddewebn 019 156 @2 040 @4 0713 195 (1F9 0. 84 139
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Table 5-20: A Sample Table of Assessment Resultstéa 2™ round)

tm 11 &n 12 €m[13 ém 14 m 15 em[21enf 22t em 23 pm 24 e 25
A 3 2 2 2 1 2 2 2 2 1
B 3 3 3 2 2 3 2 2 1 3
C 3 3 2 2 2 3 2 3 3 3
D 3 2 2 1 2 1 0 1
E 2 2 2 3 1 3 2 3 1 0
F 3 2 1 3 2 2 2 1 3 0
G 3 0 2 3 1 3 1 1 3 1
H 3 2 2 2 1 2 2 1 1 2
I 2 2 2 1 3 3 2 1 1
J 2 2 1 3 2 1 0
K 2 2 2 0 0
M ean 282 173 182 118 190 55 173 164 173 110
M edan 300 200 400 X]0 104 300 200 200 100 100
Sandaddewsbn 019 067 @2 40 @3 2p 32 0139 0. 84 123

The highlights in Figure 5-19 indicates the items relative 8Bh(larger than 1)
and highlights in Figure 5-20 indicates the items and assessrhantsatd been changed
from first round to second round.

Of note in Tables 5-19 and 5-20 is the decrease in standard deviatiomen s
ratings. The standard deviations of items 12 and 22 decreased ghitedae to
adjustments. After the first round of assessment, there Wweze tatings with standard
deviations larger than one. After the second round, only one ratindnatilistandard
deviation larger than one. This is an indicator of improvement ofabthviavel of
consensus. For the whole set of impact ratings of this model, theenwhcases with
standard deviation higher than one (SD>1) decreased from 37 to 13.

Another indicator of improvement in level of consensus is Kendalksficient of
concordanceW). Computation using SPSS show an increas@/iftom 0.29 to 0.57.
According to Schmidt's table of interpretation (1997), this increasan improvement

from weaker to stronger agreement. Table 5-21 summarizes tuksators for each of
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the two rounds of assessment.

Table 5-21: Change in Consensus from Initial to Cdiermation Assessment

Initial Assessment Confirmation Assessment
(1% round) (2" round)
No. of cases| Kendall's W | No. of caseg Kendall's W
SD>1 SD>1
Decision to Drivers 6 0.35 2 0.76
External Variables to 11 0.13 7 0.39
Drivers and Processes
Cross-impacts of Drivers 13 0.24 5 0.51
and Processes
Processes to Outcomes 7 0.22 1 0.48
Total 37 0.29 13 0.57

As shown in Table 5-21, assessment iteration stopped at the secossimasge
because the level of consensus had reached the satisfactory level. In oodérrothis,
three different tests were conducted — Kenda\'ssensitive analysis of the assessments
with SD>1, and expectation of improvement in further rounds of assessment.

First, Kendall's W was computed for the whole set of assessment data. As
discussed earlier, the/ value for the second round was 0.57. According to Schmidt’s

table of interpretation, this value is close to strong agreement.

Table 5-22: Interpretation and Confidence Level oKendall's W

W Interpretation Confidence level
0.1 Very weak agreement None

0.3 Weak agreement Low

0.5 Moderate agreement Fair

0.7 Strong agreement High

0.9 Unusually strong agreement Very high

This result shows that there was enough agreement among patticpaions,
especially because the assessments were done through questiandamterview rather
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than a workshop. Assessments were done in an individual-interviengseind there
was absolutely no interaction among participants. Therefore sitdvfficult to expect a
high level of agreement, and the current level was alreaghehithan expected. In a
previous study of partnering performance index which is sinilgsroject performance
measure of this study, survey was stopped after four rounds/éneached 0.3 (Yeung et
al. 2007). This indicates that the level of consensus of second-rotieh (& 0.57) is
satisfactory.

The second test measures the sensitivity of the possible impnotvéora another
assessment round. If one or more rounds of interview or discusgia@orducted, the
level of agreement of may improve (i.e., smaller SD value). d¥ew it is not certain
that this improvement in level of agreement actually change®riteresult. In other
words, the improvement in level of agreement from further rounds malyenehough to

change the end result. To find this out, a simple test was conducted.

Table 5-23: Assumed Improvements from further Round of Assessment

ltem 25 ' round 2% round & round (Assumption)
A 1 1
B 3 3 2
C 3 3 2
D
E 0 0 0
F 0 0 0
G 1 1 1
H 2 2 2
I 1 1 1
J 0 0 0
K 0 0 0
Mean 1.11 1.10 0.90
Median 1.00 1.00 1.00
SD 1.39 1.23 0.61
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Table 5-23 examines possible changes from another round obrassgsto the
final result and their impact to average ratings. In the chgem 25, SD after a second
round of assessment is 1.23, which may be one indication of low levgtedraent. If
another round of assessment is conducted, some participants may ¢leangssessment
and end up improving the level of consensus for this item. In thisitésassumed that
two of the participants have changed their assessment from 3G+)(8 2 + (MOD+)
improving SD from 1.23 to 0.61. However, this change was not signifioattie final
result and the average value remained the same (SLI+). efoherit can be concluded
that a third round was not necessary, at least in terms ofntiderésult. This test was
conducted for other 12 cases with SD>1, and it was found that adhbind of assessment
was significant to the result only in a few cases (3 or 4scase of 13 — varies by the
assumption of how many assessments would be changed from an additional round).

The final point of argument is that even those final assessmiers\vhat may be
changed from an additional round do not make any real difference insfimalation
results. A few test simulations were run to see how much woslldhnged. The
results show that the difference would be less than one percesinfhi@tion graphs are
not presented here because they are visually indistinctive). efdherit is safe to say that
possible changes from an additional round are insufficient to make igniicant

differences in simulation outcomes.

5.5.3 Final Assessment Values

The final values of interaction ratings of each pair of GPM béegare shown in

Tables 5-24 and 5-25. In Table 5-24, the final ratings of externabl@rinteraction to
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drivers and processes are listed. In Table 5-25, cross-imat@cys of drivers and
processes are listed. Also, impact ratings of processes ontejemrmance outcomes
are listed. These values are entered into the model and the cosydtware for further

model simulation.

Table 5-24: Final Values of Impact Ratings (From Eternal Variables to Drivers and Processes)
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Transferred Risk MOD+ | MOD+ | MOD+ | SLi su+ | Mop+ | sui+ SLi+ NO | MoD+
2 Control & Innovation MOD+ | MOD+ | MOD- | MOD+ | MOD+ | SLi+ sLi+ SLi+ NO SLi+
GEJ Qua"ty/Cost Tradeoff MOD+ | MoD+ | SL+ | Su+ | Su+ | sus+ NO SLi+ | st | sl
5 QA/QC SLi+ SL+ | MOD+ | SLi+ NO SLi+ NO MOD+ NO NO
Post Const. Maintenance wo SLi+ NO NO NO NO NO NO sLi+ NO
wn Procurement SLI+ SLI+ SLI+ SLI+ SLI+ SLI+ SLI+ NO NO MOD+
o
% Des|gn MOD+ MOD+ SLI+ MOD+ MOD+ SLI+ SLI+ SLI+ NO MOD+
8 Construction MOD+ | SLi+ SLi+ SLI+ SLI+ SLI+ NO MOD+ NO SLi+
g Inspection St+ | su+ | mop+ | MoD+ | NO NO NO sL+ NOo | moD+
Maintenance SLi+ NO NO SLi+ NO NO NO NO NO SLi+
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Table 5-25: Final Values of Impact Ratings (Crossapacts among Drivers and Processes)
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¢ | Control & Innovation MoD+ stv | no | wo
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> | Quality/Cost Tradeoff MOD+ | MOD+ No | su
5 QA/QC Mob+ | su+ | mop+ SLi+
Post Const. Maintenance su+ | ~o | sur | s
g Procurement NO SLI+ SLI+ NO NO
% Deslgn MOD+ MOD+ MOD+ NO NO MOD+
8 Construction SIG+ Sti+ | MoD+ | MoD+ NO st | Mmop+
g InSpeCtion MOD+ SLI+ MOD+ MOD+ SLI- NO SLI+ SLI+
Maintenance SLI+ SLI+ SLI+ SLI+ MOD+ NO SLI+ NO NO
Construction Cost MoD+ | siG- | MoD- | Sl | NO
» | Design (DBer) Cost su- | moo- | wo | wo [ wo
2 [ Warranty Bond Cost No | No | No | No | NO
e
8 Maintenance Cost NO SL+ | MoD+ | MoD+ | SLi+
+ -
3 | Repair (Agency) Cost NO | MoD- [ MoD- | siG- SLI-
@) -
Repair (DBer) Cost NO sic+ | Mop+ | sie- | Mop+
Contractor Margin moo- | su- | su- | st | NO

5.6 Chapter Summary

This chapter presented the plan, process, and result of assessiogratipgs for
each pair of variables. The first process of assessment firsisglguestions to be asked
and selecting interviewees with sufficient experience in batlergé project administration
and warranty (Section 5.1). Once, the questionnaire was prepeateédi@viewees were
selected, the ratings were determined by two rounds of poaetitinterviews (Section 5.2
and Section 5.3). After second round, the level of consensus amongeintasi had
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reached the satisfying level (moderate to strong agreersert)e results of second round
assessment were taken as final. The final values were preseneatiam S.4.

As the next step, the determined impact ratings were used asdafaufor the
model along with project characteristics that had been derivedHypathetical projects.

This process and results are presented in the next chapter.

142



CHAPTER 6: SIMULATION RESULTS

Descriptions of model input data, case projects, simulation processksa
summary of simulation results are presented in this chapter. déletoped GPM model
was simulated with various input data to find variations in projedbpeance outcomes
for different project characteristics and warranty decisioronpt Along with the impact
ratings assessed and presented in the previous chapter, a ttwal loypothetical case
projects are prepared as input data for model simulation runs. dasehproject has
unique characteristics such as project size, delivery method, anficatiea method.
For each case project, the project performance outcomes were feddoashe simulation.
Due to the large the amount of required computations, model siomdatvere run by
computer software, GPM 2.0. Theoretical background and the simulatiorsggscare
presented in a step by step fashion in the following sections. leyarg sample of the

simulation results are presented at the end of the chapter.

6.1 Overview

Figure 6-1 below is an overview of the model simulation proceghe simulation

process consists of four steps — model input, computation, output, and simulation results.
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The first step in model simulation is to decide upon input variabl€sere are
four different types of input variable for this model.
expert assessment (Chapter 5) and from various project and environchensateristics.

Other minor variables are assumed by the researcher antetdeat for their sensitivity on

the model.

in this simulation run is Monte Carlo method. A computation tool@&iEM 2.0 is used
for automated cross-impact computations and simulations.

the model is expected to produce an estimation of project perfoenfaneach decision

scenario.

the last step, the simulation results are summarized into a graph and description.

Results and Findings

-

Model Computation

4z N

o Monte Carlo Method
o Cross-impact
Analysis (CIA)

o GPM2.0
o /
4 N

o Project performance
forecast for each
decision scenario

o Relative sensitivity of

decisions, drivers, and
processes

Model Output

-

Figure 6-1: Overview of Simulation Process
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6.2 Model Inputs

There are four different types of input that are necessary for moddhtion:

® Decision options table;

® Cross-impact matrix;

® Project and environmental characteristics; and

® |Initial conditions (probabilities and outcome values).

The first two types — decision options table and cross-impacixmatnad been
determined by expert assessment (Chapter 5) and they wecdydinputted into the
model. These data are fixed parameters which mean thatdeterenined, they remain
the same for any project. The latter two types are prejatific. They vary by project
given different project characteristics and environments. [Bdtadescriptions and

samples of each of these four input variables are presented in followingctiobsse

6.2.1 Decision Options

The decision options table defines how strategies impact drivérsa decision
options table, the impacts on drivers of each possible scenario are analfzszenario is
a specific combination of the states that the different stcatdwaracteristics can adopt.
For example, Table 6-1 shows one decision and four possible alternativibgesa impact
on drivers. For each decision option, a table similar to thisceastructed and inserted
into the model. Impact on drivers is assessed as one of fivesratingry positive (PP),
positive (P), no effect (O), negative (N), and very negative (NN). The satiritable 6-1

below are examples and may not match with the assessment results.
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Table 6-1: Decision Alternatives and Their Impact a Drivers

Decision Options Drivers
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6.2.2 Cross-impact Matrix

The next type of input is a cross-impact matrix. This structoresinformation
that defines how the impacts of strategies are propagated lthtbegnodel structure.
Specifically, it defines how the drivers impact the proceaselsthemselves and how the
processes impact the outcomes and themselves. The model usesiednooais-impact
analysis algorithm to propagate changes in probability distributionchiaen of impacts.
Figure 6-2 is an example of a cross-impact matrix. Impadveclea@ each pair of drivers,
processes, and outcomes were rated as one of seven ratings+oM8BDD+, SLI+, NO,

SLI-, MOD-, and SIG- (Chapter 2) and decided by practitioner assessmeptdChia

146



Table 6-2: Impact Ratings from External Variables b Drivers and Processes
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> | Quality/Cost Tradeoff mob+ | MoD+ NO | SLi+
A | QA/IQC MOD+ | SLi+ | MOD+ SLI+
Post-const. Maint. SLI+ NO SLI+ | SLi+
o Procurement SLI+ | SLi+ | SLIi+ NO NO
@ | Design MOD+ | MOD+ | MOD+ | NO NO | MOD+
8 | Construction SIG+ | SL+ | MOD+| MOD+| NO SLI+ | MOD+
053 Inspection MOD+ | SLI+ | MOD+ | MOD+ | SLI- NO SLI+ | SLI+
Maintenance SLI+ | SL+ | SL+ | SL+ | MOD+| NO SLI+ NO NO

6.2.3 Project Characteristics

The next type of input variable is project characteristids. this model, most of
project characteristics are categorized as external vesidbat are defined to influencing
drivers and processes. Similar to cross-impact matrix,rexteariable impact on drivers
and processes are assessed as one of seven ratings — SIG+, MOD+,513+)-NMOD-,
and SIG-. The performances of various case projects withrett project characteristics
were simulated. Details of these case projects are peesieniater sub-sections (6.2.3.1
to 6.2.3.5).

Five case projects were used in the model simulation. Theseafes are unique
and have varying project characteristics such as size, compldeiliyery type, and

specification type. Each of these case projects was inputtedhmtdeveloped model,
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and the performance results were simulated. The combination of unigjectpr
characteristics corresponding to simulation results is expeotgteld various findings

such as project character impact on warranty decision, sewysifvitrivers and expected
performance.

All of the cases have been abstracted from actual projectse characteristics
have been changed slightly (or significantly in two cases)edtfdl yirojects that represent
the actual project, but also test the model in its extrem®&so hypothetical cases are
designed to hold characteristics that are expected to giblelst outcome when extreme
warranty conditions are given. One is a higher-end scenario @kfefor longer
warranty) and the other a lower-end scenario (preferable for@hieot warranty decision).
The other three cases are realistic cases which clad&ywfthe actual projects. These
five hypothetical cases are selected to represent variouscpijaracteristics that are
expected to influence warranty decision and project performance.

A summarized description, project scope table and simple sectiaindraf all
five cases are presented in the following sub-sections. Thedsee projects are labeled
as Case A, Case B, Case C, Case D and Case E for convesfiemoegnition. Case E is
created to hold all parameters that are preferable to warra@se A is the other extreme
that is unfavorable to warranty.

It may be questionable whether the five case projects are goaseatation of all
kinds of paving projects. These five case projects may not re@esémroject types
that exist; however, they certainly represents some of the aoonenon types, and the
results of this study provide insights as to how some key propestcteristics (i.e. size,

complexity, delivery types) influence warranty, which in turreet project performance
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outcome. As it is shown project descriptions below, case projecesdesigned to have
unique characteristics which are anticipated to influence for feigni changes to

warranty effects on project outcome.
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6.2.3.1 Case A — Paving over two existing lanes.

This is a hypothetical project that is consists of charatiesithat are supposed to

have negative impacts on the performance of a project with wwarranhis project is

assumed to be performed on a rural road where traffic voluméats/eéy low and the

current condition of existing pavement is decent enough that overlagwgpavement

without milling of existing pavement is possible.

This method caret initial cost of

construction but increases risk of future defect significantly.is lissed sometimes for

driveways and parking lots but rarely in road construction whamsexjuence of failure is

significant.

Figure 6-2 describes some characteristics of this project.

Name Pave-over 4 lanes A

Award Date (Duration) 01/01/2009 (6 months) SI Existing Pavement |  Existing
Facility Type 2 lane rural arterial Soulder
Existing Condition 10" Asphalt (HBP)

Lane & Length 4 lanes 5 miles Existing Base

Pavement tonnage 43000

Scope 3" paving, adhesive Existing

Complexity High QL .
Specification Prescriptive 5 New PavementK Adhesive
Delivery Design-bid-build

Innovation Chance Low e]i Existing Pavement Existing
Competition (Bid Number) | Low (2 bidders) Soulder
Bidder Qualification Low

Estimate (Low bid) 4.4 Million $ Existing Base

$/ton & $/lane mile $102/ton, $220000/lane-mile

New

Figure 6-2: Overview of Case Project A
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6.2.3.2 Case B — Overlaying four existing lanes

The project was based on a major interstate highway locatedsubiaban area
approximately ten miles outside a mid-size city. It is etguk to have significant
commuting traffic during early morning and late afternoon. Tlpeof the project is
overlaying (milling and overlaying new) of all four existirmnes of the road. Milling
and new layer thickness is relatively light in order to minimist of construction

materials. Key project characteristics and graphically atieghi the project scope are

summarized in Figure 6-3.

New

Figure 6-3: Overview of Case Project B
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Name Overlaying 4 lanes

Award Date (Duration) 02/14/2000 (9 months) ‘QI Existing Pavement | Existing
Facility Type 4 lane highway Shoulder
Existing Condition 10" Asphalt (HBP)

Lane & Length 4 lanes 5.33 miles Existing Base

Pavement tonnage 71900 ($40/ton)

Scope %" milling, 4" paving Lo

Complexity Low QL EXIStmg

Specification Prescriptive ;L% New Pavement

Delivery Design-bid-build

Innovation Chance Low 5: Existing Pavement g?ijti::jg
Competition (Bid Number) | Medium (3 bidders) T uider
Bidder Qualification Medium Existing Base

Estimate (Low bid) 5.67 (4.77) Million $

$/ton & $/lane mile $79/ton, $266000/lane-mile




6.2.3.3 Case C — Two New Eastbound Lanes

The project was based on a state highway in a rural areghougjh it is not near a

major city, medium traffic is expected. Traffic control is aanhajor issue in this project

as existing lanes will stay open while additional lanes anegbconstructed. The project

scope is to build two eastbound lanes which are separated fronxistioge westbound

lanes.

new-road construction despite being an expansion project.

contractor design input and innovation.

specifications are written-performance based.

in Figure 6-4.
Name New Eastbound 2 lanes
Award Date (Duration) 08/12/2004 (13 months)
Facility Type 4 lane principal arterial
Existing Condition Existing westbound
Lane & Length 2 lanes 5.3 miles
Pavement tonnage 72000 ($19/ton)
Scope 6" base, 8" paving
Complexity Medium
Specification Performance
Delivery Design-bid-build
Innovation Chance Medium
Competition (Bid Number) | Medium (3 bidders)
Bidder Qualification Medium

Estimate (Low bid)

5.82 (5.18) Million $

$/ton & $/lane mile

$80.8/ton, $549000/lane-mile

Since there is no connection to existing lanes, this phajielst characteristics of
Theracaeechance for

Though it is a design-bid-build projeny

Key profeiacteristics are summarized

Existing Pavement

Existing
Shoulder

}

? Existing Base
v

Existing (Westbound)

New Pavement

g

o } New Base
N

New
Shoulder

e

New (Eastbound)

Figure 6-4: Overview of Case Project C
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6.2.3.4 Case D — Adding two lanes to existing two lanes (DBB)

This project was based on a typical design-bid-build expansion piiojetiat
design and construction method are provided to the contractor. dDile tconnection
between existing and new pavement, project complexity is vehatinigh, and the
engineer’s estimate is significantly higher than in projeftsther similar size. Traffic
control is a major problem in this project as at least one laméldsremain open for traffic
at all the times and two lanes during heavy traffic hours. Sdupe of this project
includes milling of existing pavement, removal of existing shouked, installation of an
adhesive joint system between new and existing pavement, new baspavement and
new shoulder. Due to water penetration at the connection, oil ndgbeameable base

material are required. Key project characteristics are summanizégure 6-5.

Name Expend 2 lanes ;L . L

- X Existing Pavement | Existing
Award Date (Duration) 01/16/2000 (11 months +) © Shoulder
Facility Type Expending to 4 lane highway T
Existing Condition 6%“ Asphalt (HBP) Existing Base
Lane & Length 2 lanes 7.3 miles
Pavement tonnage 60332 ($39.9/ton)
Scope Connection and 6 %" paving Existing )
Complexity High ;L Tack oil coat
Spejcmcatlon Pres.crlptl've : % Existing Pave i New Pavement | New
Delivery Design-bid-build © Shoulder
Innovation Chance Medium jﬁ |l
Competition (Bid Number) | High (5 bidders) Existing Base New Base (Drainage)
Bidder Qualification Medium
Estimate (Low bid) 13.85 (12.58) Million $
$/ton & $/lane mile $229/ton, $948000/lane-mile New

Figure 6-5: Overview of Case Project D
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6.2.3.5 Case E — Adding two lanes to existing two lanes (DB)

This is another hypothetical project which holds all charadesigavorable to
warranty. This is very similar to case D in terms of pitogeope and size, though quite
different in terms of delivery and specification methods. Thia tgpical design-build
project with performance-based specification. In other words, thecekaf contractor
input and innovation are much greater. As it is shown in Figure G6;dhtractor has
come up with a new method of bonding existing to new pavement. This desgigres
more paving material but eliminates the joint between exigtimynew pavement which
will minimized water penetration, separation and joint crackirgso, the new design
provides a new surface on existing pavement increasing the oveldl qtiall four lanes.

Key project characteristics are summarized in Figure 6-6.

Name Add 2 lanes L. e
Award Date (Duration) 01/01/2009 (12 months) OI Existing Pavement | Existing
Shoulder
Facility Type 2 lane to 4 lane highway
Existing Condition 8" Asphalt (HBP) Existing Base
Lane & Length 2 lanes 7 miles (+2 lanes)
Pavement tonnage 90000 e
Scope Add 2 lanes any method EX'St'ng
Complexity Low
Specification Performance
Delivery Design-build =) OI Existing Pavement | New Pavement | New
Innovation Chance High Shoulder
Competition (Bid Number) | High (5 bidders) 47 o
Bidder Qualification High Existing Base New Base (Normal)
Estimate (Low bid) 15.5 Million $
$/ton & $/lane mile $172/ton, $11070000/lane-mile New

Figure 6-6: Overview of Case Project E
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6.2.3.6 Summary of project characteristics

The main purpose of using five different cases for model simuletitmstudy the
effects of various project characteristics on project perfocenand warranty decision.
Because most project characteristics are inputted into the raedgiscrete values (i.e.
small, medium and large size), it is necessary to examirkea@ae and categorize it for
each characteristic — project size, complexity, procurement type, etc.

Table 6-3 is a summary of project information for five case projects.

Table 6-3: Project Information for Five Case Projets

Engineer's Paving Lane Mile $/ton $ / Mile
Estimate ($) | Material (ton) (Miles)
Case A 4,400,000 43,000 20.0 102.0 220,00(
Case B 5,700,000 71,900 21.3 78.8 266,00(
Case C 5,800,000 72,000 10.6 80.8 549,000
Case D 13,800,000 60,300 14.6 229.0 948,000
Case E 15,500,000 90,000 14.0 172.0 1,107,000

The first project characteristic that needs to be inputtedageqirsize. For the
purpose of this simulation, it is assumed that the project sizebeatecided by the
estimated cost value. There is no clear threshold cost Vaueefines project size, but
among only five selected cases, it is clear that casecpsdéas relatively small, and cases
D and E are relatively large in terms of dollar amount (faslumn of Table 6-3).
Therefore, projects A was categorized as small, and D awll&ge size, and B and C as
medium size project.

The next project characteristic is complexity. Unlike profze, it is not clear

which project are more or less complex than others. There igaoindicator of project
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complexity in the given project information. For a clear indawabtf project complexity,
the cost of each project was normalized by lane-mile. Thdtsesf this analysis are
shown in the Tables 6-7. Table 6-7 shows the differences amonpgrogses in terms of

price per lane-mile.

Price per lane-mile

1,200,000
1,000,000

500,000

600.000

400,000

200,000

0
CaseA Caseb CaseC CaseD CaseE

® Price perlane-mile {$/lane-mile}

Figure 6-7: Price per lane-mile for Case A througte

In general, a more complex project is more likely cost mordapermile of road.
For example, an expansion project tend to cost more than a new project despitethia¢ fact
they have same lane-mile because more tasks (such as conneaasting lanes and
traffic control during construction) are involved in an expansion projed/ith more tasks
and other risk factors, the project tends to be more complex thas.othéherefore, it is a
logical assumption that projects with higher cost per lane-mik2 more complex.
From this assumption and a normalized project-cost graph, the cajsetprcan be
categorized by their level of complexity.

In the cost per lane-mile graph, it appears that cases B anel relatively low-cost

and D and E relatively high cost per lane-mile. Case Ctiseinmiddle in terms of cost
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per lane-mile. In the cost per unit of paving material graplsex A, B and C are
relatively low-cost while D and E cost significantly more.on8idering both relative cost
graph, it can be concluded that cases A and B can be categosidzed-aomplexity
projects. Likewise, case C can be categorized as medium-edtypand cases D and E
as high-complexity.

Categorization of specification type and procurement typgEnmgple as they are
clearly defined in the project description. By project defniticase A, B and D have
prescriptive specification while cases C and E have perfowengpecification. Also, case
E is the only project which is delivered by DB method.

The owner’s preference in innovation is not clearly defined in pghgect
descriptions, but it can easily be determined from other chasdicteisuch as specification
type and delivery type. It is reasonable to assume that proybath are delivered by
design-build with performance-based specifications are mely lio have more room for
innovative ideas. Also, it would be a reasonable assumption thataomstruction, in
comparison to overlaying, would accommodate more innovation. From these
assumptions, projects were categorized to low, medium and high @naference for
innovation.

Figure 6-8, summarizes some of the key project charactsristifive simulation

case projects. These characteristics were directly inputtechentaddel.
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Unpreferable < - Preferable

Case A Case B Case C Case D Case E

Project Size | sman | Medium | Large |
Complexity | Low | Medium | High |
Specification | Prescriptive | Performance | Prescriptive | Performance |
Procurement | DBB | b8 |
Innovation | Low Medium |  Hign |
Competition | tow | Medium High |
Qualification | Low | Medium |  Hign |

Figure 6-8: A spectrum of Project Characteristics Case A through E)

6.2.4 Initial Conditions

The last type of input parameter is the initial conditions. ifiite&al conditions
include the initial probability of occurrence and resulting consequeheach outcome
event before the interaction among variables, including decisiongpiged In this
model, it is estimated from project performance before wafrdatision is made and
applied. Before simulation, the model user must input these ipitadabilities and
expected values for each event. Among the GPM elements, extemditions and
performance outcomes require these user inputs. However, in thicspwdel for the
five case studies, all external conditions are assumed to dx ifiputs. Therefore, the
only variable in this model which requires initial condition inpupésformance outcome.
Table 6-4 is an example of an initial-condition chart. The usersaaked to input

expected values for each probable, best, and worst scenario and theeoogieizes them
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as a beta-probabilistic distribution function.

Table 6-4: An Example of Initial-Condition Table

Scenarios
[
o
m o
£ =
O Construction cost $200,000 $ 250,000  $300,000
% Warranty Bond cost $15,000 $20,000 $30,000
= Agent maintenance cost $0 $30,000  $40,000
O Agent future repair cost $ 50,000 $ 100,000 $250,000

When inputting expected or estimated values for each scenarlusirsgecific
model, the user must discount future value into present value. Dibspftect that all the
performance outcomes are measured in terms of life-cycldateos with different times
of payment, there is no built-in function in the model that adjustg @sts into the same
time scale (i.e. discounting future costs into present costs).refohe the user must
adjust some costs manually prior to inputting them into the model. Som@only used

methods of life-cycle analysis are explained in Chapter 2.

6.3 Computing Tool and Simulation Parameters

Once all the necessary model inputs are decided and inserteatidntoodel, it is
ready for simulation and estimation of project performance &oh elecision scenario,
considering the unigue project and environmental characteristicsthisirsection, the
computer tool that was used for model simulation and some of tinéation parameters is
described. Although all the simulations were run automaticalhgusie GPM software,

a sample calculation is presented in Appendix 3 to explain the computing process.
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6.3.1 Computing Tool

All of the simulation and computations for this study were doné @PM 2.0
(General Performance Model Software Version 2.0), a compuigementation of the
modeling concepts, developed by Alarcon and Bastias (Alarcon and84888). This
software was developed specifically to simulate GPM modets iacludes a highly
interactive interface to support the modeling process. This comgygeem provides a
graphical interface to help the users in building a conceptual model of is@dgroblem,
the firm and its environment. The model is a simplified structdirthe variables and
interactions that influence the decisions, including internal as ageixternal variables,
which represent the external environment of the project. Thensystevides analysis
capabilities such as: sensitivity analysis, to identify thetnmaportant variables in the
decision problem; prediction of selected outcomes for a givengirateenario analysis,
to test strategies under different external conditions; conipar@nalysis of the effects of
alternative firm strategies on individual or combined performance measndesthers.

The system has been implemented in a PC microcomputer platfoividifidiows
95 & Windows NT, using the development environment Microsoft Visual and

programming language C ++ (Alarcon and Bastias 1998).

6.3.2 Simulation Parameters

For simulation runs, some parameters (i.e. number of simulation muns) be
specified by the user. The following are short descriptions oé thasameters used for
the model simulation.

First, the initial probability of performance of drivers and preessare assumed as
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in the Table 6-5. These are used as default values and appliedrieeas and processes
which were not specifically defined. For this specific mptlese values were applied to

all drivers and processes.

Table 6-5: Default Initial Probabilities for Variab les

Performance Leve Initial Probability
Very high 0.1
High 0.2
Medium 0.4
Low 0.2
Very low 0.1

Second, the initial values of project performance outcomes are edsasma beta
distribution curve. The beta distribution is a type of continuous probadityibution
defined on the interval 0 to 1 and specified by two positive paramétprsally denoted
by a andp. In this model, estimated maximum and minimum values are usttses
two positive parameters.

Thirdly, for each combination of decision options, the project performance
outcomes were estimated from ten thousand simulation runs. Thenpant® of each
performance factor in the model was randomly selected accaaitgyinitial or posterior
probability, and the result of each run was cumulative for ten démolusimulation runs.

Their average value was provided to the user as model output.

6.4 Outputs and Results

From simulation runs, the model is expected to produce three typmstputs.
One is a project performance estimate for each decisiomrseen The second output is

difference in warranty influence on project performance for vgrgnoject characteristics.
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The third output is relative sensitivity of various performance ougcfattors — decisions,
drivers and processes. By comparing project performance &stirfta each decision
scenarios, the model provides valuable information about to the relatiiation between
the decision scenarios in terms of performance outcomes. Fromintbisnation,
decision makers can understand how decisions propagate their impachtiutougrious
project factors and change project outcomes. Also, comparisons aimastcfor the
various case projects provide valuable information about cases¢oiamiation. This
information demonstrates how differences in project charactsristsult in difference in
warranty impact on project outcomes. Finally, sensitivity amalystputs can be used to
distinguish more important from less important factors among margbles in the model.
Key results of simulation runs are presented in the next thresestions —
variation among decision alternatives, variation among case g@adt sensitivity of

variables.

6.4.1 Variation among Decision Alternatives

The model's main purpose was to predict the project performancarafus
warranty decision scenarios. The simulation outputs were orgamdegtaohed to show
various project outcome estimates for each warranty decisionrgcenhife cycle costs
(LCCs) are used as representative measures of projectrpanioe for outcomes including
construction cost, maintenance cost, and repair cost.

Table 6-6 is a sample of the simulation results for Case B.
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Table 6-6: A Sample of Forecasted LCCs for VariouBecision Alternatives

Construction . Maintenance| Contractor's| Agency's Contractor
Case B (M$) Design (M$) | Bond (M$) (M$) Repair (M$) Regair ()I</I$) margin (%)

0 years 5.324 0.279 0.101 0.149 0.145 0.780 1.143
Warranty 3 years 5.505 0.321 0.100 0.100 0.305 0.500 2.236)
Period 5 years 5.587 0.341 0.100 0.077 0.379 0.371 2.735

10 years 5.711 0.374 0.099 0.044 0.491 0.185 3.557
Required Max. 5.799 0.016 0.105 0.024 0.470 0.089 0.801
Performance Average 5.571 0.015 0.105 0.042 0.333 0.294 0.271
Level Min. 5.501 0.015 0.105 0.050 0.269 0.394 0.029
Limited Yes 5.503 0.015 0.105 0.051 0.264 0.398 0.172
Liability No 5.531 0.015 0.105 0.042 0.333 0.324 0.271
Maintenance Yes 5.578 0.016 0.105 0.029 0.233 0.138 1.559
Requirement No 5.445 0.014 0.105 0.067 0.142 0.390 0.274

Case B Total Contractor Expected Bid| Total repair | Total Life Cycle
Expense (M$) | price (M$) cost (M$) Cost (M$)

0 years 5.850 5.916 0.925 6.845
Warranty 3 years 6.232 6.371 0.804 6.971
Period 5 years 6.407 6.582 0.750 7.030

10 years 6.675 6.913 0.676 7.141
Required Max. 6.390 6.441 0.089 6.554
Performance Average 6.025 6.041 0.294 6.377
Level Min. 5.889 5.891 0.394 6.336
Limited Yes 5.886 5.897 0.662 6.346
Liability No 5.985 6.001 0.657 6.367
Maintenance Yes 5.932 6.025 0.371 6.192
Requirement No 5.706 5.722 0.532 6.179




Various LCCs costs in Table 6-6 are estimated from madallation for each
different warranty decision option. From these model outputs, warreffégts on
various cost items can be examined. For example, according sarthition results, it
seems that warranty period tends to increase initial construcigirand decrease agency’s
future repair cost. For convenience in data analysis, key sionlesults are graphed
and displayed.

Figure 6-9 and 6-10 present the estimated agency costs fangamarranty
periods. Figure 6-9 is for hypothetical project Case A, whiclhesextreme case and
holds all the characteristics unfavorable for a warranty. Noamntrror a short-term
warranty is assumed to be the preferable choice. Figure 60 @Gase E, which is at
the extreme at the other end of the variable-case spectrum alsdalidhe characteristics

that are favorable for long-term warranty.

Total Owner Cost (Case A) vs Warranty Period
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Figure 6-9: Estimated Agency Costs for Varying Waranty Periods (Case A)
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Figure 6-10: Estimated Agency Costs for Varying Waranty Periods (Case E)

The two Figures show estimates for each warranty period of teeten years.
The first estimate is the expected contract price (saneicaprice in Table 6-6). The
contract price represents the agency’s initial cost to builélahilitate the facility, and is
computed from simulation results for construction cost, design cost, husigd and
contractor margin. In addition, the agency’s expected repaifaoite next ten years is
estimated and graphed. Finally, the sum of these two costs + amtlafuture agency
cost — makes up an LCC of the facility for over ten years of the analysis period.

As shown in Figures 6-9 and 6-10, contract price tends to increasearemty
period gets longer. Contrarily the agency’s expected repdinte&ods to be less for the
project with longer warranty, as anticipated. These tendeamehe same for both cases,
A and E. Since cases A and E represent the extreme ends pfojbet-to-project
variation spectrum, it would be safe to assume that these teeslevitialso be applicable

for other case projects, B, C and D.
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The other point of interest in the result is the total LCC tianafor different
warranty periods. From the simulation results, it appears that LCC for case A
continues to increases as the warranty gets longer. This coufdthataf a project that
is similar to case A, a longer warranty is not a good decisioloropt However, it is
different for case E. In case E, the total agency cost iregdesm no warranty to three-
year warranty, but decreases when the warranty gets |dragefive years and savings in
future repair cost begin to overtake initial cost increases a fesult, the expected overall

agency cost is less with a ten-year warranty than with three- andefaressarranties.

Total Agency Cost (Case B) vs. Performance
Level Requirement
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Figure 6-11: Estimated Agency Costs for Varying Pédormance Requirement Level (Case B)

Figure 6-11 shows the project outcome estimates for variousnisaoptions. The
variation in expected costs is due to the level of performaegeirement. Like the
warranty period variation graph, the graph shows expected contreetamd repair cost
for differently from the decision alternatives. This time, &lspects of the warranty that
varies is the performance level requirement. Warranty spatoiins include threshold

value of performance level requirement that the agency exiectontractor to maintain
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throughout the warranty period. The higher the performance threshblé is the
greater the responsibility and risk for maintaining high quality.

Similar to the results of agency cost versus warranty periods, a lighteact price
is expected when a higher level of performance is requiredso, Adgency’s expected
repair cost is less when a high level of performance is retjdweing warranty period.
One distinctive finding in Figure 6-11 is that the cost increasguite significant when
maximum performance is required, while cost increase iswvelatsmall when average
and minimum level requirements are applied. This may leaditaliag that excessive
performance requirements can be overwhelming to the contractoesultin significant
price increase.

Figures 6-12 and 6-13 compares estimated contractor margingifferent
warranty periods. The contractor margin is also referred tonakup and is the
difference between the cost of a good or service and its sphicgy A markup is added
to the total cost incurred by the producer of a good or servigaler to create profit. In
construction, a certain percentage of pure construction cost (i.eriatgtlabor cost) is
added to the bid price as contractor profit and also as compensatiame®pected
additional expenses. Due to the nature of a competitive bidding envimgrtivee markup
value is affected by many factors such as number of bidders, insdtkation, company
situation, and certainty in base cost estimation (Chua and Li 200ds&iet al. 2007).
In the perspective of markup value or amount of contractor marginareanty is

considered to be a risk factor. Therefore, longer warranty tends to moneasup value.
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Figure 6-12: Estimated Contractor Margin for Varyin g Warranty Periods (Case B)
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Figure 6-13: Estimated Contractor Margin for Varyin g Warranty Periods (Case B — In Scale)

Figure 6-12 displays changes in amount of contractor margin or mamkiue
variation due to warranty. As shown in the graph on the left, markiye vands to
increase as the warranty period gets longer. This is ar&@ale result, as contractor’s

risk increases as warranty burden on the contractor gets heavier for |@mggarty
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Another point of interest is the rate of increase in markup. Tikeofancrease in
markup percentage is not quite linear. This becomes clear ivbenarkup percentage is
graphed with warranty length in scale. According to the sinmatsults, markup rate
increases linearly from no warranty to five-year warrantyoweler, the rate of increase
slows down somewhat after the five-year. This result is istiegeand will be discussed
further in findings in the concluding chapter.

A number of other graphs were constructed based on the simulatitis téother
warranty decisions (i.e., limited liability, bond requirement anthteaance requirement).
However, there were no significant findings from the simulatesults. According to the
relative sensitivity of decisions (6.4.3), warranty period and levelp&fformance
requirement were, by far, the two decisions of highest signifeao the outcomes;

therefore, the other graphs are omitted from this discussion.

6.4.2 Variation among Cases

The project outcome can vary with the influence of not only diftedecision
options, but also with project characteristics. In order to exartihe impacts these
project characteristics on project outcomes, outcomes wereagstirhy simulating five
different case projects with varying characteristics, as descrileatliar section (6.2.3).

Among many simulation results, increase in contract price andatecin expected
repair cost due to inclusion of a ten-year warranty were gdafthdemonstrate different

degrees of warranty impact in different projects.
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Figure 6-14: Estimated Contract Price Increase (%) dr Various Cases

50

15

40

35

30

Case A Case B Case C CazeDD Caze E

B % decreaze from no warranty

Figure 6-15: Estimated Repair Cost Decrease (%) fovarious Cases

Figure 6-14 shows the percentage price increase from the tpngjout warranty
to the same project with a ten-year warranty. As discusgder, the introduction of a

warranty to a project tends to increase contract price due toioaddlitrisk and
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improvement of initial quality as an effort to minimize repaiedsed during warranty
period. This is more so in cases in long-term warranty suténagear warranty, which
is the case here. However, the amounts of increase canféemdiffor projects with
different characteristics. The graph displays this diffeee by comparing percent
increase in contract price for various case projects. Pdrugpase is relatively high in
case Aand low in case E. For B, C and D, percent increases ltyradeacase from A to
E in general. One interesting result is that the incrisasignificantly less in cases C and
E. Itis clearly shown in case C, as it is even lower tharase D. This may be due to
the fact that case C is a new road construction, and there \aagetg more contractor
control in both design and construction method. With more control, theactortmay
have less pressure from warranty requirement. More discussionthisdirtding will be
presented in the conclusion.

Figure 6-15 is similar to Figure 6-14, except that the percerredse in future
repair cost is presented. It is expected that inclusion obwigrmotivates the contractor
to pay more attention to future performance of the product, andesait in lowering
future repair cost. Just as in the case of contract priceaser the significance of
warranty effect on repair cost saving can also be differem fproject-to-project.
According to the simulation results, the percent saving from nocamtgrto a long-term
warranty gradually increases from case Ato E. One interesting pdiat isalving in case
E is a bit more significant than in the others. This may duketdact that case E is the
only case project with design-build delivery method in which theraotdr has more

control over the design and chance for innovation.
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6.4.3 Sensitivity of Variables

The last set of simulation results relates to the sengitivibverall outcome (LCC
in this model) to the variables. Sensitivity analysis isgeeréd to check how sensitive
the outcome is to changes of one variable in the model. If the ouisofbend to be
more sensitive to a certain variable than others, this indidaethe variable is significant
and influential to the outcome and it must be considered more car@@dgen 1996).
Hence, sensitivity analysis can determine which variablesmamee important to the

variation in the outcome.

Relative Sensitivity of Decisions
(Case B)
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Figure 6-16: Relative Sensitivity of LCC to VariousDecision Alternatives

Figure 6-16 above displays the relative sensitivity of decisions in thisimogeur
different decisions are shown in the graph. The warranty bond atecsisis excluded
from this analysis because its impact was insignificant. $@tiae as expected, the
warranty period and required performance levels were two mignif decisions that

influenced project outcome. Two other decisions — limited liabéitgd maintenance —
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were found to be less sensitive to the outcome. Of the two majmiares — warranty
period and performance level — performance level turned out to besermsiive, but the

difference was not great enough to be distinctive.
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Figure 6-17: Relative Sensitivity of Construction ©st to Various Drivers
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Figure 6-18: Relative Sensitivity of Repair Cost (@ner’s) to Various Drivers

Figure 6-17 displays the relative sensitivity of constructiort ¢osdrivers and
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Figure 6-18 displays the relative sensitivity of owner’s nepast to drivers. The “effort
on post-construction maintenance” driver was found to be insignificanbott

construction and repair cost. Other four drivers of risk, design quititgvation and
QA/QC were found to be more significant. Although there were owsiderable
differences among these four drivers, ‘amount of risk’ was somembet sensitive to

construction cost, and ‘innovation chance’ was more sensitive to future repair cost

6.5 Chapter Summary

This chapter presented process and results of simulation. Firstiptleas on
various input data for the model were presented. Two sources for dafatare the
results from the assessment (Chapter 5) and project chatéxgeridn order to run
simulations, five hypothetical cases with various project cheniatits were adapted and
their characteristics were modified and categorized to beasseghut data. Second, with
all the input data prepared, simulations were conducted and outputolleted for
further analysis. Finally, the output data were analyzed andatey@phs and charts
were constructed. Descriptions and discussions on these resul@lseeirecluded in this
chapter.

Further analysis and discussion on the results are presented imstam¢Chapter

8)
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CHAPTER 7: VALIDATION

In previous chapters, the process of developing a warranty ateamsidel (Ch. 4),
assessment process of measuring interactions among vari@hles)( and key results of
model simulations were presented (Ch. 6). In this chapter, the yalidihe developed
model is tested through the requisite model validation process proposé&thilbgs
(Phillips 1984). Through this validation process, it will be demonstraitel proved that
this newly developed model is a reasonable representation of the actual #ysitenlates
system behavior with enough reliability; and it produces results ghtasfy research
objectives.

In the first two sections (7.1 & 7.2), fundamental principles of quaganodel
validation concepts and methods are discussed. The next section8.48.8, 8.5)
include descriptions of the framework, plan, process, and the resultise omodel
validation. In the final sections (7.6 & 7.7), each of the suggestions firactitioners is

examined for possible modifications to the current model and prospects for futaremese

7.1 Model Validation Principles

In this research, a model is developed to predict project perfornoamo@mes for
various warranty decision alternatives and project charaatsristin order to implement
this model for any usage (i.e., decision support, information, simulateprdiction), it
is necessary to validate the model first. In this section, sprmeipals of model
validation in general are discussed.

A model is a simplified and abstracted representation of a esxnngdlity (Apostel

175



1961). As it is defined above, since a model is designed to egprasme aspects of a
real system not the whole system, it is not expected to réfleactual system completely
with perfect accuracy. Instead, if the model is accurate enouggrve the right purpose,
the model can be considered valid. This principal of model validatiatsésshown in
Macal’s definition of validation as it is defined as the procegg®fing that the developed
model is a reasonable representation of the real system, addiesseght problem, and
satisfies intended requirements (Macal 2005).

In preparation for building a validation framework for this model, furefaai
principles of model validation are examined and presented in thisrsecThe discussion
is presented in terms of three separate subjects. Theuijglcsis the examination of
external or environmental factors to be considered in validating a model. comel seib-
section is a discussion of the model evaluation objects. The thand éxamination of

key approaches/methods of model validation.

7.1.1 Consideration Factors

In the previous definition of model validation, the word “reasonaisieéinprecise
and needs to be defined. Then, how to define reasonableness in a madel?bé
defined in various different aspects such as (Macal 2005; Sargent 1998; Schlesinger 1979):
® Development objectives;
® Desired functions;
® Questions that need to be answered;
® Appropriate level of detail; and

® Required level of accuracy.
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The first aspect is the purpose and objectives of the model. Madetkeveloped
to fulfill many different needs such as prediction, estimationyksition and demonstration.
A model which is designed for the purpose of demonstration can be qégtemtiffrom
one developed for prediction. Accuracy in a demonstration model mayends
important as it is in a prediction model. The focus in developidgnaonstration model
is more likely on effectiveness in communication, so the developerdwemiphasize
appropriate visualization of the model and straightforwardness innpaéise. As noted
above, the different objectives of the models result in differemhdpmethods, and
outcomes. Therefore, these differences in objectives and purposesenuastsidered in
validating a model (Sargent 1998).

Second, models with different expected functions and applicationie€uher
1979) must be validated accordingly. Despite sharing the samdiwdgeone model’s
expected functions may be different from another’'s. For examplejteldgving the
same objective of supporting decision makers, one decision model nfagused on the
function of providing information to the decision maker while the othedlesigned to
suggest the best decision alternative. In validating these modmtspleteness of
information is more important for the former model and accuracy for the latter

The purposes of developing a model are to find an answer to a question.
Depending on what the question is, a model is designed to reprdsemendiparts of the
system at different level of detail. The same model can lixk fea one question but not
for another. Therefore, in validating a model, it is important to considdroguestion the
model is intended to answer.

By its nature, a model is more abstract than the systapriésents. Not only it is
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impossible to model the whole system, but also unnecessary and uneminorm
addition, the inclusion of unnecessary data sometimes resultslgading and/or dilutes
important findings. With given objectives and questions that need emdwered, the
model developer should eliminate unnecessary detail and focus owertiened within the
system which are most important. Therefore, when validating d@elmone should
consider whether the model excludes unnecessary details or grattsncludes all
important parts that are necessary to answer the questions and fulfill thevebjec

Finally, in any model, some degree of inaccuracy is unavoidable and even necessa
Sometimes, the abstraction process introduces inaccuracy, ansl sbimewhat expected
and even intended (Sargent 1998; Shannon 1975). In order to improve accuracy, the
model should be less abstract and reflect more of the acstehsybut the model would
be uneconomical. Therefore, when validating a model, the level of aegessd
intended accuracy in output must be considers. This concept is @adetional validity

and it is often applied to complex computerized models.

7.1.2 Evaluation Objects

Although they vary from one model to another, for most models, theréoar
separate objects which should be analyzed during model validation (Qa&2nHillston
2003; Macal 2005; Sargent 1998):

® Assumptions and limitations;
® Model mechanism;
® Input parameters and values; and

® Output values and findings.
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Figure 7-1 graphically shows evaluation objects within a model applicatioagsoc
The two boxes in the middle of the figure represent the absiatiste of a model. The
outer box represents the actual system and the inner box the motelellipses on the

left and right sides of the figure represent input and output of the model.

Actual System

o | o] | ’
G

Input parameters and Asgumptlons & Model mechanism Outpu't vglues and
values limitations findings

Figure 7-1: Validation Objects in a Typical Model

No model is complete as the real system. Therefore every |nhade its
limitations and often built around assumptions. Some models are &pplmay to a
specific environment, time, project and people. In validating a mdtuesde limitations
should be evaluated as to their influences upon the fulfillment of tldelim@bjectives,
intended function, etc.

The second model object that needs to be evaluated is validity ofingpdedthod
and technique. The mechanism of a model should have a sound theoreticajieaid |
basis. Therefore, each model system and process should be analydetermine
whether it is logically consistent and valid.

Most models include multiple inputs, and in the validation process, yatitiihese
must be examined. This is particularly important because irsmcin input parameters
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and values will lead to inaccurate output regardless of the completeness of thésatidel

Finally, the output of the model needs to be evaluated. This is somewhaitis
as model output is often tied to the main objectives of model developnierg.usual that
model output is evaluated first in the initial validation phase. hdfrhodel outputs are too
far from the realistic, it means either model mechanism or hioplat is not valid. Then,
the model developer may move on the evaluation of other part of the maielas
mechanism, and input. In this way, one can validate the model more efficiently.

In practice it may be difficult to achieve validation in evagpect of the model,
especially if the system being modeled is not yet well-knowracturacy of input
parameter values is not known; and if there is no actual outcometuoab@ecompared to
model output. In such cases, only selected aspects (i.e., output orfiignisat only) are

evaluated. This may affect the reliability of the validation, but it isxafteavoidable.

7.1.3 Approaches

This section presents some of validation methods. Although thetbargands
of different methods, broadly speaking, there are four basic ap@®&z model validation,
and any combination of which may be applied as appropriate to tlkeeediffaspects of a
particular model. These approaches are (Hillston 2003; Sargent 1998):

® Theoretical;

® Comparison to real system or other models;
® Data-based empirical; and

® People-based empirical.

In a theoretical approach each phase of a model mechanismbmestaluated

180



through known and proven theories which have sound theoretical baseke nifodel
mechanism is perfectly validated by this approach, there is nb foeevalidating the
output as long as that input parameter values are correct. phsaah is most reliable
validation method. However, it is simply not feasible for mamygets, especially in the
social sciences, in which interactions among people are sftelied and are much more
difficult to validate theoretically.

The second approach is comparing the model of interest direathalteystem or
similar models. If sufficient amount of real system dataavailable, the model can be
compared to the real-system to validate the model. In case suchedatd available, the
model can be compared to other models with similar purpose and functidis T
approach is often used when a new and improved model is introduced and cotopare
existing models. This approach is usually used in evaluation eofrtbdel output.
Assuming that input values are the same, the output value of wig developed model
should be close enough to the output value of other models that have prebieesly
proven to work. This approach is clear and straightforward. Haweverder to use
this approach, there should be a least one other model that haesufinilarity to the
one that is being validated. The model mechanism does not have tachednaut input
and output parameters should be the same or at least reasonably close.

The third approach is the data-based empirical method. In this appribe
model is validated based upon actual evidence as opposed to theory. aStsnsed not
possible to prove theoretically, but can be proven by means of direstvatisn and
experiment. The model can be validated in comparison to actizal dBhis method is

used widely in any field of study, but in order to use this approadigient amounts of
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reliable data are a must.

The fourth approach is the people-based empirical method. Whemaowghe
physical data are available, people who have sufficient exper@eaamnsulted in order to
validate a model. The intuition of the people who have observed an systetin many
times on different occasions can be quite reliable in model validatiThis approach can
be used in any perspective of model validation. The people with isafficmodel
building experience can be consulted to validate the model mechanigmlarl§ such
people can be employed to validate the output of the model in compaastreir
experience with real systems. Some drawbacks of this approachifaculty of
measuring expertise level, bias and inconsistency. In ordeinioize these drawbacks,

interviewing and surveying mechanisms such as the Delphi method have been developed.

7.2 Definition and Validation of a Requisite Model

For the purpose of validating the specific model developed in tlsisareh,
requisite model validation method is used as described by PHRipBips 1982; 1984).
Requisite model validation is a people-based empirical approachsthadten used in
decision models in the social sciences. Definition and valid@tiooess of a requisite
model shares some similarity with those of generic model (7.1), but itirsctie in some

aspects. Details on these differences are discussed in following sionsect

7.2.1 Requisite Model Overview

The fundamental basis and also distinguishable characteristiegjuite model

are that it is developed and also validated in comparison to soa@dgpted knowledge
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pools rather than actual systems. As proposed by Phillips, requisitel is defined as a
“simplified representation of social understanding whose form antkot are sufficient to
solve a patrticular problem” (Phillips 1984). This definition is samib the definition of

any general model. The only significant difference is thatrmodel does not directly
represent any real system; but instead a social understaridirmgal system. Figure 7-2,

displays this difference.

Actual System

General Model

Real-world system
(Actual reality)

Figure 7-2: General and Requisite Model (adapted &rm Phillips 1984)

In his theory, Phillips insists that there are limits to whabple (specialists,
consultants) know about an actual system, and a model can only be devétbpethose

limits. In other words, what is known to people is limited to spoetion of an actual
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system, and a requisite model is one representation of that specific podiosabsystem.

This difference (between a requisite model and a general madefodel
definition causes some differences in its validation approach. In todealidate a
general model which is defined as representative of a retmnsythe model has to be
compared to the mechanism, constitution, and results of the agstains This direct-
comparison requirement can be problematic when not much about tla sygdtem is
known. In a requisite model, the model is validated through comparisonsaaial
understanding of the system instead of the actual system. drgept not only makes
the validation easier, but also more logically sensible especially in tre soences.

In his studies, Phillips proposes guidelines for validating a requisitiel.  In this

research, the newly developed model is validated through this process.

7.2.2 Validation Checkpoints

To be a valid requisite model, the model should be checked for various
requirements. The following is a list of validation checkpoints megdoby Phillips
(Phillips 1984).

7. Model form is sufficient

8. Model content is sufficient

9. Enough interaction between specialists & model developer
A. Specialist input to the form
B. Specialist input to the content

10. No new intuition emerges about the problem

A. The model is totally exhaustive of social understanding of the problem
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11. Social knowledge that is not included in the model
A. Insignificant
B. Too complex to be modeled
12. Defined limitation
A. Conditional to problem, problem owner, time, environment

Corresponding to these six checkpoints, the developed warranty moddueteya
for its validity. A brief description for each checkpoint is presented below.

The first requirement to become a requisite model is that tieeihshould have
proper form (i.e. method, structure) for the model objective. The dmalmodel was
produced by means of general performance modeling technique whicktsafis unique
organization method and utilizes cross-impact analysis computatiohamem. Also,
the model utilizes Monte Carlo simulation to predict project perémrce in decision
strategies and alternatives. Finally, the model’s input and catpwxpressed in terms of
various life-cycle-cost elements. Therefore, in all, five défifie modeling techniques are
used in the model, and each needs to be validated.

The second check point of the model validation is sufficiency of heldments.
In this step, all the elements of model should be evaluated byabkgiscivho have enough
expertise in the subject. In the developed model, five diffeypeistof variables need to
be reviewed — warranty decision alternatives, drivers, processgomes, and external
factors.

The third check point is interaction between model developer and sgtscialin
order to be a valid requisite model, there should be enough inmerdetween the one

who develops the model and the expert group, so that the model can lzeoeasenable
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representation of the social understanding of the question. Throughrtezaetions, the
model’s developer is supposed to get enough feedback and apply it tadutehform and
model contents.

The fourth requirement is no new intuition from specialists. Theckpoint is
closely relevant to the third checkpoint. When there has been enoeghciion and
feedback, there should not be any more new intuition. In order td toi§lrequirement,
the model should be totally exhaustive of social understanding of the question.

The next checkpoint concerns any other social knowledge that is not included in the
model. As it shows in Figure 7-3, the model covers only some portiosocl
understanding of the question (the model is not totally exhaustivée afea beyond the
model scope represents information known to specialists but not incladbd model.
In order to validate a requisite model, the model developer should provesutia
information is either less important than that being consideredmosisible to include in

the model.

. - Enough interaction
Form is sufficient

Content is sufficient Less important or

impossible to be
modeled

Figure 7-3: Requisite Model Checkpoints

The last checkpoint is clearly defined limitations. For margseas such as

abstract nature and incomplete information, all models have lionigati Although it is
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impossible to eliminate these limitations, it is necessaryexamine each of these

limitations to produce a valid requisite model.

7.2.3 Understanding Limitations of Requisite Model Approach

The optimal method for validating an analytical model would be a cahbn of
gualitative and quantitative methods. However, “Requisite model ati@id method”,
which is a qualitative validation method, was solely applied to ualidkhis model.
Therefore, with the current validation method, the validity of this rnloae the limitations
of any qualitative validation method. Some of the limitations of ipi&de validation
methods are presented below.

® \alidation participants’ understanding in both actual system and model
system is critical. Therefore, the actual validity of thedel depends on
the qualifications of participants and their responses.

® \Without quantitative validation of the model, the model can be considered
only a heuristic model. Therefore, the validity of the model st@nge
as circumstances change (i.e., more experience is gained over time)

Despite the limitations of a qualitative validation approach, tropisée model
validation method was selected for this model mainly due to thkediactual data to

which gquantitative validation methods could be applied.

7.3 Validation Plan

This section includes descriptions of validation methods and plans that were used in

this research. Similar to the assessment process (Chaptiee principal method was a

187



series of structured interviews. A total of nine interviewsewasnducted with people
with sufficient experience and expertise in warranty apptioati An overview of the

method, plan, and a summary of interview results are presented below.

7.3.1 Method

In a structured interview, a set of questions (a questionnaire)eman@d and
provided to the participants to ensure that each interviewee infgeseith exactly the
same questions in the same order. The purpose of using this method isldodstarthe
interviews and hold the questions consistent across all respondents. m&tihanism
increases the reliability and credibility of the answers amgtancy in interviews ensures
that comparisons between subgroups can be made. Within a structignetew, the
choice of answers to the questions is often close-ended for the pofpmsesistency, but
some open-ended questions can also be included. Sometimes, open-eadesiodis
leads to new findings.

Structured interview is a both quantitative and qualitative relseamethod
commonly used in research. As a quantitative method, structuredemts can be used
as a means of collecting data. They cal also can be usdthiinely to analyze and
compare participant responses. In this research, the resporieegeddirom structured
interviews are used more qualitatively and are analyzed in ¢odeerrther improve and
validate the model.

In this research, structured interviews were conducted with @ gee-determined
guestions and additional open discussions. The objectives of these strustarviews

were to:
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® Further enhance the interactions between the model and the socially
accepted knowledge pool

® Improve the model by modifying

® Collect ideas for future research

® \alidate the developed model

By conducting interviews with industry practitioners, the model dpezlis likely

to learn some more about their knowledge of the topic. Some of this dagevimay
either be applied to improvement of current model or kept fardutesearch. Finally,
from analysis of the interview results, the model can be validatédhere is enough
interaction between the model and the socially understood knowledge, andremew

intuition emerges, the model is defined to be a valid requisite model.

7.3.2 Interviewees

For the purpose of this validation process, ten interviews were plavittegeople
with enough experience and expertise in warranted construction projects.

The first goal in selecting participants is to selecydhbse with enough expertise.
Because of it is difficult to define reasonable expertise ardkchach and every possible
participants, the model developer started contacting participanpseinous warranty
research projects. One of these previous projects was the paweanerity symposium
which was held in Grand Rapids, MI, in 2003 (Ferragut 2003).  Also tiedaes of a
workshop for NCHRP 10-68 — Guidelines for pavement warranties — weited to
participate.

The second goal in participant selection was diversity of paatits. With proper
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diversity, the participants could be divided into various sub-groups, anceshés of
interviews could be categorized by these sub-groups and compared.diffEhences
among these sub-groups may provide additional information and findingsthisin
research, two different sub-group categories were used. @me ggoups of assessment
participants and additional participants:
® Assessment interview participants
® New participants

The answers of those who participated in the earlier assessitemtews were
expected to be different from those of the new participants. refidre, about half of the
interviewees were selected from the earlier assessmemnvigw participants, while the
others had not been involved in this research before. One draahbiat&rviewing some
of the participants was the possible influence of bias on the mudkdigy as they 1) had
been previously informed and seen the model and 2) participateddeviddbopment to a
certain degree. Despite the possible bias problem, the resedeatided to include
previous assessment participants in model validation, because &)wikex a limited
number of practitioners, and 2) previous participants were monestee in the results.
In order to minimize any possible bias that previous participaighkt have, the researcher
mentioned the possibility of bias and asked them to be cautiouso, #hle researcher
checked the end results for significant differences betweertwbegroups (previous
participants and new participants).

The second grouping basis is participants’ profession type. There three
profession types:

® Consultants
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® Government Agencies
® Contractors
The interview participants were selected from three diffgpenfiessional groups —

consultants, agencies, and contractors. Each of these profeggionps represents a
different knowledge pool. The consultants are likely to possess more ddymviof
research and are proficient at judging modeling technique and athéeraic aspects of
the problem. Both the owners and contractors may approach the probleroren
practical perspective. However, the opinions of these two groups chifielbent even on
the same problem. Hence, it is important to interview people dafhe#ie profession

groups and acquire variety of information and different opinions.

7.3.3 Questionnaire Contents

This section presents the contents of the questionnaire that wasepragidhe
interview participants prior to the interview and also used as tbis bé the interview
process. The questionnaire consists of two sections of model demonstrad a set of
qguestions.  In model demonstration section, an overview of the reséerchodel, and
some simulation results are presented to help the participantstamtkethe objectives and
process of the research and the role of the model. Base on tbimatibn, in
comparison to their own experience, the participants are askpobtide their opinions
about the warranty problem itself, the appropriateness of the mbedekdsonableness of

the results, and possible improvement for both the current model and future research.
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7.3.3.1 Research and Model Demonstration

In order to understand the research and determine appropriatenéssnobdel,
some key research components were presented to the participafise research
overview includes the research question, a list of objectives, an aveofienodel
mechanism and base theories, case projects for simulation, aactiheassumptions and
limitations.

Research Question

How do warranty decisions (e.g., warranty period, liabilityitétions) and other

project characteristics impact the performance of highway pavementtpfoje

Research Objectives

® [dentify attributes of warranty decisions and performance outcomes.

® Develop a decision model that simulates warranty impacts on project
performance.

® Examine impacts of warranty decisions on project performancaduel
simulations.

Modeling Method

There are four theories the model is based:

® Cross-impact Analysis (CIA)
® General Performance Modeling (GPM)
® Monte Carlo Simulation
® Life Cycle Cost Analysis
Figure 7-4 is a portion of the model and shows one of the project cegcemepair

cost (none to ten year life cycle cost), one decision, one driwdroae process. The
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input variables for the repair cost are shown in Table 7-1.

Decision Drivers Processes Qutcome
Warmanty | sLi+  Efforton "\ SIG * inspection / "\ MOD + (" Repair Cost
(0, 3, 5, 10 yrs) QA /QC Monitoring (0-10 yrs)

Figure 7-4: A Demonstration of Impact Ratings among/ariables

Table 7-1: A Demonstration of Changes from Initialto Posterior Probabilities

Guicone Pl'(;{:ﬂb;it}' 1;1'01) ﬂbi];tly Vaiue
Good 0.2 .3 $50.000

Normal 0.5 0.6 $70.000
Bad 0.3 01 £100.000

For this example, three possible outcomes — good, normal and bad waredss
For each event, an initial probability and resulting value is estiona At this point,
warranty factor is not considered when deciding initial proldadsiliand resulting values.
When resulting values are assigned, in this case repair cogsshibeld be input as present
value with appropriate discount rate (life cycle cost analysis).

The next step is inserting warranty decision into the pictuféae hypothesis is
that warranty decisions have a certain impact on the project outancthehange initial
probability to posterior probability (Cross-impact analysis).guFé 7-5 shows change in
probability distribution curve before and after warranty factocassidered. As the

figure shows, expected repair cost is decreased with the introduction of warrant
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Probability Distribution Curve (Repair Cost)

N\

[/ "\
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/ \

Tooo

~—Posterial
0.2

0.1

$- $20,000 $40,000 $60,000 $80,000 $100,000  $120,000
Repair Cost ($)

Figure 7-5: A Sample Probability Distribution Curve (Demonstrates Changes from Initial to Posterior)

Impact Rating Assessment Results

Instead of assuming that the decision has direct impact on projémtpance, it is
assumed that a decision influences drivers, and drivers impact onererconstruction
processes. The magnitude (significant, moderate, or slight) aectioir (positive or
negative) of these influences were assessed by practitiongrssuificient experience
(general performance modeling).

Input Data (5 cases)

Once the impact ratings among variables are decided, the nsodamplete and
ready to simulate project performance with given project chamatics and warranty
decision options.

For sample simulation runs, five hypothetical projects were usethe
characteristics of these five case projects are sumrdaned-igure 7-6. For more

detailed descriptions of these cases, see Chapter 6.
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Unpreferable < - Praferable

Case A Case B Case C Case D Case E

Project Size [ sman | Medium | Large |
Complexity [ Hgh ] Medium [ Han [ tew ]
Specification | Prescriptive Performance | Prescriptve | Performance |
Procurement | Des [ o8 |
Innovation | Low Medium [ Han ]
Competition [ Ltow | Medium High |
Qualification [ Ltow | Medium [  Hign |

Figure 7-6: A Spectrum of Project Characteristics Case A through E)

Research Assumptions
In this research and the model, the following are assumed. For tproyéh
characteristics that deviate from these assumptions, the model may not workyprope
® The project performance outcomes are measured in life-cycle-cost.(LCC)
® The timing of warranty decision is somewhere between pre-padilin
and final bid.
® The model is optimized for highway asphalt pavement projects (twenty

year design life).

7.3.3.2 Question Set A

Question objectives:
® Determine appropriateness GPM and other methods to warrangyodeci
problems

® \alidates sufficiency of model form (1)
195



Sample Question
® GPM is a modeling technique that is used to predict performanee of

project for various alternative decision scenarios. In GPMus#ees are

to set the expected performance level and initial probability. Then
decisions, external variables and other model components impact and
change initial probabilities to new probabilities. With the uséohte

Carlo simulation software, this process is repeated enough tinfiesl an
estimation on the project performance for each decision scenario. Is GPM

method appropriate for warranty decision?

7.3.3.3 Question Set B

Question objectives:
® Examine comprehensiveness of decision types, drivers, processes, and
performance measures
® Receive recommendations for other factors that are not considetied
model
® \alidate sufficiency of model content (2) and check for new intuition (4)
Sample Question
® In my warranty decision model, five drivers are used:
B  Amount of additional risk transferred due to warranty
B Contractor’s attitude toward design quality improvement

Do you think all of my drivers are appropriate for the model?
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If there is any other driver you can think of, please recommend it.

7.3.3.4 Question Set C

Question Objectives
® Presents simulation cases and results
B Results of various warranty decisions and project characteristics
B Results of various cases
® Check reasonableness and usefulness of the results
® Interact with specialists (3) and check for unexplored spstclalowledge
)
Sample Question

The figure shows cost increase due to long-term warranty for five agjsetpr

Pure cost increase due to 10
yr warranty

12.0
10.0
8.0
6.0
4.0
2.0
0.0

Case A Case B CaseC CaseD CaseE

B % increase from no warranty cost

Figure 7-7: Percent Cost Increase Due to a 10-yeWarranty

® |[s the information useful to you?

® \What other information would you like?
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7.3.3.5 Question Set D

Question objective:
® Examine model limitations
B Research scope
B Shortcomings
B For other decision timing, project type, warranty environment, etc.
® Defines limitation of the model in terms of time, environment, used,
problem type (6)
Sample Question
® Although all the cases | have used for simulation are asphaibgpa
projects, the model can be for other project types. What modetreiem
should be changed if the model is to be applied to concrete pavement

project?

7.4 Validation Results

7.4.1 Interview Participants

A total of nine participants were interviewed. Four of nineewgarticipants in
assessment interviews and the other five were new. Among nin&Qaents, three were

consultants; four were government agencies; and other two were contractors.

Table 7-2 lists validation interview participants along withirtlexperience type

and level and the sub-groups to which they belong.

198



Table 7-2: Qualification of Validation Interview Participants

- Construction . Assessment .
Participant . Warranty Experience . Profession
Experience Interview
A 5+ yrs in DOT 10+ warranted projects Yes Agency
. Numerous warranted
B 20 yrs in DOT projects Yes Agency
Many yrs in DOT and | Warranted projects and
C academia research No Consultant
. . As a company owner,
D 10+ yriln CONStUCtion | i olved in 5+ warrantec Yes Contractor
usiness )
projects
. Have written a few
E 10+ yrs in DOT reports on warranty Yes Agency
15+ yrs as consultant and A few comprehensive
F researcher researches on warranty No Consultant
Many years in DOT and Many projects with or
G became a consultant after without warranty No Consultant
retirement
10+ yrs in a pavement Did construction for
H construction company | some warranted projects No Contractor
. Number of warranted
I 20+ yrs in DOT projects and reports No Agency

7.4.2 Findings from Practitioner Interviews

From the notes taken from interviews, a summary of opinions callefioben
interviews with practitioners is constructed and presented in Appendix 5. In theasym
no distinction is made either between previous and new participants or amorsgiprefe

There was no significant difference between previous and neveiparis other
than that it was easier for previous participants to understanddtiel. However, there
were some differences among the different professions. In partidwlo contractors
provided some different and interesting opinions about various aspects rabtlet and
simulation results. Further discussion on these differences isnpeesin concluding

chapter along with other findings.
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7.5 Validity of the Model

A list of validation checkpoint for a requisite model appeatheabeginning of this
chapter (7.2.2). In order for a model to be a valid requisite motlef, thle checkpoints
must be examined and sufficiently fulfilled. In this sectionhez#cahese checkpoints and

corresponding interview results is analyzed to test the validity of the model.

7.5.1 Sufficiency of the Model Form

The basis of this warranty model is GPM and CIA. Among vanpyababilistic
approaches, GPM and CIA emphasize the interactions among varialsiesddition, life-
cycle cost analysis and Monte Carlo simulation method were u3édukse probabilistic
analysis methods were used in an attempt to predict projdotrpance for each decision
alternative. Interviewees were asked to validate appropriateries®e model to the
research question and suggest possible improvements.

Most of the interview participants were satisfied with the appateness of GPM
method for a warranty decision model. According to the participémge is no single
analytical decision model that is commonly used. Currently, mastwty decisions are
made through discussion or checklist-based guidelines. Accordingetviemt results,
most participants agreed that GPM method is a new and reas@pgrbach to warranty
decision. However, there were a few differing opinions.

One participant pointed out that accuracy in output of this GPM decmsaxdel
relied too much on the accuracy of the input variables. However,ptblidem of
inaccuracy of input value is common for all models and should not fectar in

determining the validity of a model. A guideline for preparing ingariables could be
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added to the model in order to help the model users, those, at thisip@ out of the
scope of this research.

Another participant pointed out that for most projects, the enginestisiae is
provided as a single number rather than a probabilistic distributiopos$ibilities.
Therefore some input variables (i.e. initial probability) are naiilable to the decision
maker. However, the participant also pointed out that there nsowement toward
changing engineer’s estimates from single numbers to pradiabitiossibilities, so this

problem will be resolved eventually.

7.5.2 Sufficiency of Model Contents

In the developed model, many variables are included in fouraasg- decision,
driver, process, outcome and external variables. For this checkpaiittys/ questions
are asked to distinguish factors that are unnecessary foradisl wr that need to be added
to it.

There was an opinion that some of decisions (i.e., inclusion of bond, post-
construction maintenance, limited liability) are not completelyagency’s decisions.
Bond requirement and limited liability are either required or pradably government
regulation and are not decided on a project-to-project basis. Inade af post-
construction maintenance, most agencies see it unnecessarativele short warranties
(less than five years.) for any type of project. Therefoi®a decision that is applicable
only for a long-term warranty. These opinions are reasonablehduhdodel developer
does not feel the need for excluding these factors, because th&yll gressible decision

options, even if no one chooses to use them. Other than these, the pésticipee
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satisfied with the decision options included in the model.

One other possible warranty decision option suggested by intervidiaigaants is
limited responsibility to traffic load. Due to uncertainty infficaload prediction and
excessive traffic load being one of most critical factorldng-term performance of
pavement, without load limitation in warranty clause, the contréasrto take additional
risk. Therefore, a few states include a clause that spevifiemnty expiration base on
the traffic load in addition to time (period). This is simikar warranty clause of
automobile industry in which the warranty responsibility is lichily mileage and time
(this is referred as a two-dimensional warranty). This could belution of minimizing
warranty cost, however, in order to use this “limited trafficdfoaption, the contracting
agency must keep track of number and type of traffic and it recadigisonal resources.
Hence, this method is only being used in a few agencies only. Howleigecould be an
additional warranty decision option and could be included in the model.

In terms of drivers, a few participants suggested including “leizebmpetition”.
“Level of competition” corresponds well to the definition of driwer it is influenced by
warranty decision and could influence the performance of various cdimtrpcocesses.
The model developer agrees that “level of competition” is an irapbfactor very well
suited as an additional driver to the model. However, the current nsogell a valid
requisite model because it already includes “level of cotnp@tias an external factor.
According to one of model assumptions, decision timing is somewhenedyetpre-
qualification and bid. If decision timing follows pre-qualificationcdn be assumed that
the number of bidders is already decided and known to the agency. foféérés more

reasonable to include it as an external factor rather tham crsver. If the model is
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expanded to cover a wider range of decision timing, the factor ‘téwempetition” could
be included as a driver.

One other opinion on drivers is to separate construction method qualitiesigth
quality. One of the participants insisted that even with theesg@sign, a construction
method can be different, and this difference can cause some change in prigecignee.
Again, this is a reasonable opinion. In the current model, quality immente is
included as a driver, but there is no distinction between designcerstiruction method
quality. In the original model development phase, construction methodowsisiered as
a possible driver, but later was combined with design quality and leegaimgle quality-
improvement driver. The main reason for this decision was to miaithz number of
drivers and other factors due to the difficulty of assessing toy wemmble pairs. This
limitation was unavoidable due to research resource limitations.

One last key opinion on the model content has to do with measuring project
performance with various life cycle costs. Most participagteed that this is the most
reasonable method for this model and topic. However, there wereceomeents on this
matter.

The first comment suggests the inclusion of user cost in additicurtent agency
cost items. There were mixed opinions on this matter. Sometipreats felt that the
public owner should be concerned about user cost, and the model should in@dade it
additional cost items. However, some others insisted that, ingaastost agencies do
not consider user cost, and the model is complete as it is.

One other opinion on project performance measurement raised thef ideluding

convenience and safety measures such as ride quality and skid disteiogesver, even
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those who voiced this opinion agreed that it would be out of scope oédleiarch because

it would involve a whole new area of study.

7.5.3 Enough Interaction between Specialists & Model Developer

There were enough interactions with industry specialists, and sdnéhose
opinions were contributed to the model’s improvement. In this resebhesk, were three
different interaction opportunities.

First, prior to model development, in addition to literature review, riodel
developer visited three states and conducted in-person interviews gétities of
departments of transportation to learn about their methods of warranty decisgenanal
policy on warranty. From these interviews, the model developer alste to collect
various decision attributes and key warranty factors that malpeide project
performance. This information is applied to the model in its devedapstage (Chapter
4).

The second interaction was made possible through a total of tasbessment
interviews (Chapter 5 and Appendix 1). In addition to collection ofsassent data,
some general discussions of the topic were conducted, and informatieatemblfrom
these discussions was considered and used for further refinement of the model.

More interactions between specialists and the developer werevadhihrough
validation interviews (Chapter 8 and Appendix 4). A total of nine pi@aaérs with
sufficient warranty experience were interviewed to provide consnamtevery aspect of

the model including model form, model contents, simulation cases, results, and findings
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7.5.4 No new intuition emerges about the Problem

The model should be totally exhaustive of social understanding of thespraobl
be a valid requisite model. In order to check if there has been emueghction, all
ideas have been collected, and in the absence of any new ideh$e & constructed.
Table 7-3 below summarizes some of the key ideas the intervidiwigents who raised

them. In the table, participants are listed in the order in wthielr interviews were

conducted.
Table 7-3: Some of Comments from Interview Participnts
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As the table shows, most items were brought up by multiple parttsipaln other
words, there were repetitions of ideas among practitioners.intérviews were conducted
one by one, new ideas were exhausted. After five interviews, nantewon emerged
from later interviews (no new ideas from participant F). Wt assumption that the
answers of interview participants were a reliable repreentaf social understanding, it
can be concluded that all relevant ideas were brought up and the lmasdstcome totally

exhaustive of social understanding.

7.5.5 Social knowledge of those not included in the model

A requisite model is defined as a reasonable representation aff soderstanding
of the problem. In other words, a model is not expected or practicatigssible to
reflect all aspects of the problem; however, it should includesamaale fraction of social
understanding of the problem, and should cover all of the views thatoseeimportant.
Therefore, to validate a requisite model, the developer should prawvthéhideas that are
not included in the model are either insignificant or practically impossiblet®zin

In this section, three key intuitions, which were brought up in validati@mviews,
are examined to find out if it is reasonable to exclude them from the model.

The first intuition which was brought up by multiple interview pap@nts is
restrictions in agency decisions. No matter what the simolaesults show, some
agencies simply do not have any choice in some decisions. Sosa@mrernment
regulation does not allow an agency to choose. Warranty bond isxample. Most
states required all their warranted projects to be bonded. Synilamitation of

government agency’s staff or of construction funding restrietsagency from selecting
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some decision options. There is no doubt that these limitations inotealternatives
are important in real-world application. However, these linotetiare not considered in
the model. Omission of these decision limitations can be plstfifor the two reasons
below.

® Setting limitations is not feasible in GPM system.

® Limitations in decision alternatives can be manually applied.

A GPM system is designed to simulate project performancdlfoorabinations of
decision options. Unless the whole model is rebuilt, there is no swgjeto apply
decision restrictions to the model. However, the user can sigpbre those decision
alternatives which are possible for them to choose (due to anigtiess). The user can
always select the next best alternative.

The second idea that was brought up is about adding performance rmeazrbere
than agency costs. Other than agency costs which is the sadeireraant of project
performance in the current model, three different performandersaqthe participants
suggested.)

® Convenience
® Safety
® User cost

It is simply not possible to include user convenience and safetgum@saat this
point because there is no reliable measuring and testing method cogmuasedl and
proven to work. As more research is conducted on these topics, theyaname
available. One possible modification to the current model would bedhusion of user-

cost items. Although there would be some difficulty, it is $idsible. However, there
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are different opinions among government agencies about consideringpsser warranty
decision. Some agencies are willing to consider user costs, brg titim that would be
too much for them to consider. Therefore, it is concluded that incloiser cost is not
quite a socially agreed upon item for the model.

The last key idea is separating warranty risk to controllabté uncontrollable by
the prime contractor. Some contractors feel that some risks are not sujgptvaesfer to
them as the corresponding work is done mostly by sub-contractors, omeutiepends
heavily on supply price. However, the model developer feels thatffeeedce between
the contractor taking the risk and a sub-contractor taking the dskdvbe insignificant in
either an agency’s or decision maker’s perspective. Therelfiigegginion is not applied
to the model.

Like the three examples above, all the suggestions collectedifitermiews were

examined. However, no significant changes were made to the current model.

7.5.6 Limitations of the model

All models have limitations. Some models are designed to workfonkgertain
situations, times and environments. Likewise, the warranty ni@delimitations, some
of which have already been identified and defined by the developer. eddgwthere
could be additional limitations. Therefore, interview participarngsewasked to suggest
any unforeseen limitations. Some of the key limitations of thedeai that were
discovered are listed below.

® The model works only on asphalt pavement, small to mid-size projects

B Needs some modification for concrete pavement

208



B \Won't work for other types of construction (bridge, ITS)
B Additional factors to be considered in Mega Projects
® The model works only for specific decision timing
B The model works for earlier decision with some modifications
B Situation will be totally different for post construction warranty
® As time passes, the model will need to be modified
B Different environments (especially bond issues)
B Changes in project financing mechanism (privatization, etc)
Considering these limitations, the model can be considered a validiteaunodel
as long as it is applied to warranty decisions in small to-gizield asphalt pavement
construction projects; decisions are made during the project scoping; jgimaisindustry

environment does not change significantly.

7.6 Chapter Summary

This chapter discussed the method and procedure of model validatibe. T
chapter was begun with descriptions on general model and model ivalidegthods and
moved onto the discussion about requisite model and its validation pro&esguisite
models are unique and distinctive from other general models in peévepdtat they
represent social understanding of the problem or common knowledge pool among
practitioners (specialists) rather than the real systefrhis difference makes their
validation process differ from that of general models also.

Based on six checkpoints of requisite model validation process, a questowas

constructed and interview participants were selected. The coestrggctestionnaire
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includes a brief demonstration of the research process, the meclwrtsgnmodel, input
data (case projects), model outputs, and simulation results. Basde amfarmation
provided in the questionnaire, the participants were asked to answn@usvguestions
concerning model method, contents, and reasonableness of the simulation results.

Once the validation interviews were conducted and the opinions from nine
participants were collected. From the analysis of interviewepsions, it was

determined that the model is a valid requisite model.
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CHAPTER 8: CONCLUSION

This chapter summarizes the research process including the mod&pieent,
assessment, simulation and model validation. It consists of fiv@rsec The first
summarizes the entire research process from research quesiomlation results. Next,
a summary of findings from both model simulation and interviews sesepted. The
third section discusses the contributions of this study to both acadechiendustry. In
the fourth section, limitations of this research and the developeelnaoel discussed.
Also presented in this section is a discussion of some assumptiocis kdd to run the
model. Following up on the discussion of limitations of this reseanchthe developed
model, the last section presents some possible improvements to the current maslédy are
expansion of the research, and some new ideas for future resiiaechnedirect relation

to this research or in a new approach.

8.1 Summary of the Research Process

8.1.1 Research Question and Objectives

Given the background and scope of this research the following quest®n wa

developed to guide this research.

How do warranty characteristics and project characteristics impact the

performance of highway pavement projects?
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To answer this question, the research has the following objectives:

e Examine various internal and external factors and determinentpertant
factors in making warranty decisions.

e Develop a decision model that simulates warranty impacts on projec
performance indicators.

e Run simulations of projects with varying scopes and processesdér to
examine impacts of warranty characteristics (e.g., decisiarnables of
warranty period, limited liability characteristics, etc.) amdjgct characteristics

on project performance.

8.1.2 Methodology

To answer the questions listed above, the research was condudtedeirsteps.
First, a warranty decision model was constructed. Second, usirdevieéoped model,
performance of various case projects were simulated for eadiotiescenario.  Finally,
simulation results were analyzed to yield findings sucl@snal warranty scenario for
each case project, relative sensitivity of warranty attributes, etc.

The primary decision modeling method used in this study is geperfdrmance
modeling (GPM). GPM introduces a unique model structuring mechanism degdite
specifically well to decision models that simulate projectfggerance outcomes for
various decision alternatives. In terms of decision analysis analplibp computation,
the GPM utilizes a cross-impact analysis (CIA) method.

In terms of research process, this research was conductestiogr®llowing five

steps. Corresponding chapter is noted for each step.
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1. Model organization and content decision (Chapter 4)

2. Assessment of impact ratings among variables (Chapter 5)

3. Simulation of cases with various project characteristics (Chapter 6)

4. Analysis of simulation results (Chapter 6)

5. Validation of model form, contents, simulation results and findings

(Chapter 7)

8.1.3 Validity of the Model and Reliability of the Simulation Results

As described in detail in Chapter 7, the developed model was valithatedh a
requisite model validation process, a qualitative validation method. keJgliantitative
validation methods where a model is validated in comparison td adetizeor theoretically
approved analysis, the requisite model validation method is limitddhint can validate
the model only within the social understanding of the problem (i.at pdrticipants have
experienced and understand). Therefore, the model and simulation eesualidated
only within social understanding (practitioners’ knowledge) and lier dctual system,

which is different from or outside of their social understanding.

8.2 Findings

Some of the results of this research and findings from the @halythese results
are presented in this section. The presentation of researchgBnuh this section is
organized in a subject-by-subject fashion.

There were basically two sources for these findings — modellaiion and

practitioner interviews. Prior to drawing any conclusion from sitrarlaresults, the
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appropriateness of the model was successfully validated througéguasite-model
validation process. In the process of model validation (i.e., practitioteviews) some
findings were determined and are presented below. Also, some fingdargsextracted
from previous interviews — initial survey of current warranty pcas and assessment
guestionnaire and interviews. Once the model was validated, moregBndvere
extracted from the results of model-simulation runs. The modsl suaulated to
estimate the difference in project performance for varyiaganty-decision options and
project characteristics. Some findings from model simulatims are also presented in
this section (see Chapter 6 for more examples of simulation runs).

Key processes for collecting and analyzing data to exthede findings were
described in previous chapters (see Chapter 6 for model simutaitb@hapters 5 and 7
for practitioner interviews); therefore, in this section the findiage presented without

further description of processes, sources, or analysis methods.

8.2.1 Purpose and effectiveness of warranty

The model simulation and interview results have revealed thatrassfer is the
widely accepted purpose of warranty implementation throughout the coutitiyas also
discovered that warranties can have a positive effect on ppgeirmance if there is a
sufficient term, appropriate delivery method, and appropriate speicificenechanism.
Additionally, research findings indicate that another effectwafranties is providing
flexibility in utilization of agency’s human and financial reszses. More detailed
discussions on these findings follows below.

According to practitioner-interview results, all practitionegsegd that warranty is
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an effective contracting method for both purposes. However, theremieee opinions
on the significance of these two objectives of warranty impheatien. It was found that
those practitioners with more experience in short-term anériaatand workmanship
warranties believe that risk transfer is the main purposeaofanty. Those practitioners
consider the improvement in initial quality and long-term performascgossible, but not
certain, benefits of warranty but not the main reason for usarganty. In other words,
they do not expect that the use of warranties would make too muetedd€ in terms of
long-term quality. However, practitioners with experience in l@mgitand performance
warranty or warranty research, tend to believe that the ussaofanties does make
significant difference in terms of quality. Also the interviewed contracitated that they
tend to put more effort into selection of construction methods, mateaad project
monitoring when they are not certain about required building projectetaire long-term
performance warranties.

This divided opinion as to the effect of warranty on contractor maiivaand
quality improvement was due to by the type and length of warnaitty which the
practitioners had experienced and which had been available to them praltiéioners
with long-term and performance warranty experience tendednfiha&size the quality-
improvement effect of warranty rather than the purpose to transfer risk.

The variation of warranty effects on long-term performance also shown in the
simulation results. According to the simulation results, warrarteesl to increase
contract price and decrease repair cost. Since reduction in fepag cost is directly
relevant to a facility’s improved long-term performance, itloarconcluded that the use of

a warranty has some positive effect on long-term performangkso, the simulation
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results showed that as the warranty lasts longer, the magnitutiesef effects becomes
more significant. In other words, the effect of a warranty on-teng performance is
more apparent when the warranty period is longer.

The simulations with project characteristic variation (casedbréugh E) showed
that project delivery and specification method also influence flieetefof warranties on
project performance. The simulation results showed that effeat warranty is more
distinctly apparent when a project is delivered through design-buid pgerformance
specifications.

These results match the interview results and explain why #itppner with
long-term warranty experience emphasizes quality improvemeut eff warranty. From
these findings, it can be conclude that a warranty of sufficiemt vath proper delivery
and specification mechanism has positive effects on long-term projeatrpainice.

The availability of agency resources is another reason for ineplimg warranties
discovered through this research. There are two types of agesoyrces — human
resources, and construction and maintenance funds. One purpose of implementing
warranties is to minimize the need for owner’s design reviepection and monitoring of
construction process. Theoretically, with sufficient warranty requents (i.e., period,
level of performance, etc.), the owner does not have to monitor evepesses.
Therefore, the agency can save significant cost and minimspensibility of hiring and
maintaining a workforce to monitor the construction process. Alsth adjustable
warranty options, the owner can have flexibility in balancing betwaitial construction
cost and future maintenance cost. In most agencies, there amatesefmds for

construction and maintenance, and, depending on availability of these &mdgency
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may choose to apply a stricter warranty to pay more in frontdostruction and save on
future maintenance cost or vice versa. The interview resultseshtvat availability of
construction and maintenance funds is one basis for warranty decisions.
From the discussions above, three major purposes of warranty usage were found.
e Transferring initial-defect risk is the most commonly acedppurpose of
warranty.
¢ Enhancement of initial quality and long-term performance is anptivpose of
warranty. Maximum effects on long-term project performancebeaachieved
only with sufficient term with proper delivery and specification mechagism

e Warranties also provide flexibility in funding allocation and staff utilaat

8.2.2 Cost and benefit of warranty

The use of warranties brings many benefits to a contracepcg, such as
insurance against early defects and motivation of the contragtobeftter long-term
performance. Most of these benefits are closely relatethegoowner’s purposes in
warranty implementation that were previously discussed.

In exchange for these benefits, higher contract prices arectedpeand the
simulation results have demonstrated that a project with a lomgeanty period and
higher performance level requirements tends to increase tla doibtract price. Then a
guestion can be asked as to how exactly these warranty factors inbeeasettact price.

According to the results from both model simulation and practitiamnterviews,
design-quality improvement and warranty risk are the twonnecauses of increase in

contract price. The first factor that contributes to cost asgenvas found to be design-
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quality improvement, which means that, due to the inclusion of a mgrthe contractor
tends to pay more attention to improving initial and long-term qualithey may choose
to use different design, materials, and methods which are likebe tmore expensive.
Therefore, these improvements end up increasing initial co$tas trend was shown in
the simulation results as the cost of design and construigis increased as the warranty
period extends and higher performance levels are required. Théoqgussthat if this
increase in initial costs worthwhile. According to the sevigjti analysis, design
improvement was found to be equally significant to both increase itrgommsn cost and
decrease in expected repair cost (Figure 8-1 and Figure 82pther words, although the
owners may be forced to pay more upfront, there is a good chandédhawill end up
saving repair cost. Therefore, additional cost in exchange forygimprovement could

be more of a benefit than a loss to the owner.

Relative Sensitivity of Drivers to
Construction Cost (%)
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Figure 8-1: Relative Sensitivity of Construction Cet to Various Drivers
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Figure 8-2: Relative Sensitivity of Repair Cost (Ower’s) to Various Drivers

Second, the burden of excessive risk to contractor due to warrangeresmined
to be the other most important cause of price increase. Agajuéséion is whether this
additional cost due to warranty risk is worthwhile. The sengitiamalysis results
showed that the increase in warranty risk was found to be, byh&amnost significant
factor in construction cost increase, but only the second important tacdecrease in
future repair cost next to design quality (Figures 8-1 and 8-Phis difference indicates
that warranty risk increases initial price but may not deerdatsire repair cost as much.
Therefore, transferring risk more likely causes more augease but bring less benefit,
and the owner may want to be careful not to transfer excessive risk.

Since transferring excessive risk was found to be a problentatiould be clearly
defined what is excessive and what is not. It is difficult temieine what are necessary
and what are excessive because the distinction heavily rel@srar’s preference, which
varies by agencies, projects and environment. Furthermore, thesatese not designed

for answering such a question. However, there were a few findagsnay provide
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some hints to answering these questions.
First, the graph of total agency cost vs. performance legglirement (8-3) shows
that there is significant increase from the medium-performbeves to high (Maximum)

performance level.
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Figure 8-3: Estimated Agency Costs for Varying Pedrmance Requirement Level (Case B)

Obviously maintaining the high performance level until the end of aamy
period (especially for long-term) would be difficult and presergsificant risk to the
contractor. As a result of burden of responsibility and risk, the axnprice increased
too much and benefit (decrease in future repair cost) coulchtat up to it. This results
demonstrate what could happen if the performance level for @mris set too high.
Therefore, the owner should take into consideration the length of thenwarand
expected decline in performance level when deciding performanceréexetements to be
applied throughout the warranty period.

Second, a reliable indicator of pure risk premium would be a contractarkup

percentage (if it could be known by the agency). Although therenany other factors
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affecting contractor markup decisions, additional risk due to warrianpne important
factor. From the simulation results for estimated contractokup percentage (Figure 6-
12), another hint for defining excessive risk can be acquired. Oeeesting finding
from the markup variation for the varying warranty period is thatrate of increase in
markup percentage per warranty period. The simulation results dhbatiethe rate of
increase slows down after a five-year warranty. This fant lead to a conclusion that
effectiveness of short-term warranty is not significant endagtffect any real change in
terms of long-term performance, but the owner still payseanjum for risk despite the
fact that actual risk is low. Therefore, in order to minimigk cost and maximize
warranty benefit, the owner may need to choose either a longtenearranty or no
warranty at all.

The third finding is the relevance of warranty risk to contractor control.

Contract Price Increase due to 10 vir Warranty

[N

4]
Case A Case B Case C CaseD Case E

m % increase from no warranty cost

Figure 8-4: Estimated Contract Price Increase (%) foVarious Cases

According to percent increase in contract price in various ationl cases (Figure

8.4), the increase in contract price due to warranty was lesasies C and E. The
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difference between these cases and others was the amountratwontontrol. Case C
was a new road construction in which the contractor or designer hagrgilexibility in
both design and construction. Also, since it is new construction in Catdeere is no
pre-existing condition they had to deal with. Case E was grdesild project, and there
was an assumption that the contractor had come up with an alterdesige. In both
cases, depending on the project environment, it is reasonable taidmritiat the
contractor had greater control over the project, and that the predgsusk transfer was
less. A similar assessment was offered by some of théitjpnaers during interviews.
Both of the contractors who participated in the validation interviagisted that warranty
could be overwhelming to the contractor when they don’t have sufficmmtol. One
case they pointed out is when there is existing condition which tierebad or
unpredictable. They commented that the agency should not requir@ntyafor such
projects because most contractors would either not bid or increaskidthgrice to
compensate for the risk. Therefore, when making a warrantgiaecthe owner must
check if the contractor has enough control to determine the outcome dopaying extra
for the risk. In some cases, the contracting agency may be able to alteeiaroblem of
uncontrollable risk by providing more room for contractor input and cont®bme
possible methods would be design-build project delivery, performarsestispecifications,
or a post-construction maintenance contract. For other casesy lbanwise to require a
warranty with shorter period and/or lower level of performance respent or no warranty
at all.
The findings from the discussions above are:

e Excessive risk transfer is the most significant cause of price ingcrease

222



e Improvement in quality may contribute the increase in contrace,pigt it also
contributes on saving in future repair cost;
e High level of performance requirements tend to increase the pmmificantly;
and
e Contractors are most sensitive to the risks they don’t haveotonifherefore, in
order to avoid paying too much risk premium. The agency must:
o Provide sufficient contractor control (by design-build delivery,
performance criteria, etc); and
o Consider not to use warranty for the projects with too much

uncertainty.

8.3 Contributions

This research was initiated from the idea that current wigrrdecision methods
and models were deficient in some aspects. It intended to providepaoved model
and new findings from simulation results.
This research has made the following three principal contributions:
® Added formalism to the decision process to minimize the influaice
personal opinion and bias;
® Through the use of the GPM process, this study deviated from purely
quantitative analysis and has incorporated broader perspectiveeto t
decision
® Examined warranty influence propagating through contractor mativati

factors (drivers), performance of each construction process (processes
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outcomes.

® In this research, a different assessment method (guided interwexgs
used instead of that utilized in previous GPM models (workshop).

First, this research provided a requisite warranty decision model thaewelspkd
and validated on the basis of commonly shared social understanding. thwer
interviews with warranty practitioners (e.g., representatigéscontracting agencies,
contractors, and consultants), have provided input on the purpose of warrargiynde
process, and impacts on project performance. Based on the acquired dgeowde
decision model was developed and refined. Then, the developed modelidateddor
its form, content and comprehensiveness.

Second, through the use of the GPM process, this research apgmiadzhhilistic
forecasting mechanism to examine warranty impacts on progetdrmance. Also, the
model has incorporated broader perspectives to the decision. Tdbleu®marizes

topical areas and research methods of previous studies and this research.

Table 8-1: Objectives and Methods of Previous Warnaty Research

Won (2010)
Bayraktar et al. (2006)
Damnjanovic et al. (2005)
Oh et al. (2005)
Bayraktar et al. (2004)
Cui et al. (2004)

<_| Thompson et al. (2002

State of Practice

<

Warranty Bond YRR

Research
Objective

Warranty Cost & Value \ \
Warranty Period Decision \ \
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Post-construction Maintenance/

Variable project characteristi¢sy

Cost Optimization & N
Reliability

Survey & Interview v | N N
Real Option N

Game Theory

Research Method

Probabilistic forecasting \

In terms of research methods, studies to date of warrantiesnstruction have
been limited to survey and interview methods with the exception ofeofdw (Cui et al.
2004; Damnjanovic and Zhang 2005; Oh et al. 2005). In their study, Cali &ad
utilized real option theory in attempt to determine the value dfidinoy warranty option.
Damnjanovic and Zhang have found optimum warranty period for given prajsitg
analytical approaches. Oh et al. have compared various cost stegzh as agency and
user cost between the projects with warranty and without warfaatytrolled projects).
Although those previous studies may provide some information, none of telsess
produced a decision model that is designed to help the contractingemyeake formal
warranty decisions.

This study was first to develop a probability-based decision modehvidrdesign
to investigate warranty impact on project performance by fotlieagasprobable
performance for various decision alternatives and external conditidnsterms of the
topical area, this research is first to consider performahgmst-construction processes
such as preventive maintenance. Also, in addition to the impact ofatinenty decision,
impacts of various project characteristics on project perfocmaoutcomes were also

examined. Some of project characteristics that were exaraneedesign-build delivery
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method, performance-based specification, project size, complexity, Bis study also
introduces factors beyond the project parameters such as marketcoatctor
characteristics.

Third, the model employed an indirect influence approach which is rabitp
minimize effects of personal bias and opinions in assessing degigp@atts to project
outcome. Although the ultimate objective is to measure impaataofanty decision to
project performance outcome, in GPM, any direct impact from idect® outcome are
prohibited. Instead, by definition, decisions can only impacts drivigers impact
processes; and processes impact outcomes. Therefore, decisiamgycanpact project
outcomes indirectly. In this system, warranty impact propadghtesigh various model
components before it reaches the outcome. This mechanism allowsnlitased
assessments of impact ratings among variables.

Finally, a new assessment mechanism, guided interviews insteautkshop, was
introduced among GPM models. Although the interview method has saonb&tions,
this study has shown that interview can be used as an altertatiwerkshop when

workshop is not an available option.

8.4 Assumptions and Limitations

The assumptions made for the model and limitations of the modelsatessied in
this section. These limitations were unavoidable because ofprEsentative nature of a
model; 2) the shortcomings of applied methods; and 3) the research sédipeugh
these assumptions and limitations were unavoidable, they weegaatiined and clearly

defined in this section. Some limitations will be discussed fudabgrrospects for future
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research, while others will be ignored because they are @igignificant or impossible to

cover.

8.4.1 Performance measures

Project performance outcomes were measured in terms afytife-cost (LCC),
and other performance features which are not measureable bywef@Ggnored. This is
one limitation of this research and the developed model. The follamendiscussions of
other quality and cost measures which might have been included but were omitted.

Various studies have determined the possible measures for projerimaerce.
The most fundamental measures used in most previous studies are project costiand durat
(Barraza et al. 2004; Chan et al. 2001; Gransberg et al. 1999; M¢Km2000; Thomas
et al. 2004). In most cases, cost and duration performance werareteas terms of
percent increase or decrease from original estimate or schednladdition to time and
cost, other measurements such as quality, conformance to owner’s requirdhc&ms ét
al. 2000), claims and disputes (Gransberg et al. 1999), number and dosh@é orders
(Gransberg et al. 1999; Thompson et al. 2002) were used to determing pumeess.
Also, in some in-depth studies of success measurements, someesaswements such as
communication, relationship, equal opportunity, and maintainability wereduced
(Grififith et al. 1999; Hinze et al. 1995).

Among these various measurements found in literature review andsisuw/ith
practitioners, warranty impacts on construction duration and useracesisscussed in this
study. Other measurements such as non-functional features sumbsthetic quality,

safety issues and serviceability were not discussed.
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As has been pointed out in other studies of project performance, pilajation
(sometimes called schedule performance) is an importantuneeat project success and
owner satisfaction. However, it was decided at the model devehdpstege to omit
schedule performance from the model, because the practitioners whonierviewed
agreed that inclusion of warranty does not impact project duration in casss. If
necessary, schedule performance could be included in future refitsetnethe model
using a time-to-cost conversion formula introduced by previous st(@resisberg et al.
1999; McKim et al. 2000).

One other performance measure closely related to wassastieser cost, which is
often included in other life-cycle cost analysis (LCCA). Acdbog to practitioner
interviews, some agencies consider user cost or user satisfatien they make warranty
decisions. Therefore it may be reasonable to include user ctist oleveloped model.
If user cost had been included, the project performance forecasid vihave been
preferable for longer warranty and stricter performance rageinés as benefit of warranty
is amplified. However, the question is to what extent user costcsbeutonsidered and
how exactly it should be measured. Due to its ambiguous natures dleceded to omit
user cost from this model, but more discussion of it will followthe future-research

section.

8.4.2 Decision timing

For the developed model, the timing of warranty decision was adstmmee
somewhere between pre-qualification and final bid. Thereforeast assumed that all

project characteristics (i.e., scope, pre-existing conditi@rewnown and other decisions
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(i.e., delivery method, specification method) had already been decitted bee warranty
decision. Also, since the decision is made after pre-qualificatissas also assumed that
the agency knew how many contractors were going to bid forrtsjecp and who they
were. The purpose of this assumption was to make the decision anddbeas simple
as possible. Also, this assumption was made in order to investigatdifference in
performance forecast for various project characteristics. ki the decision is to be
made at a different time, the model may need some modifications.

In case the decision is to be made at some earlier timeh vghtbe case for most
real warranty decisions, some factors must become random eariaistead of fixed
values. For example, if the decision is to be made before preicptabih, the number of
bidders would not be known to the decision maker, and should be inputteditodkeas
a probabilistic random variable. However, necessary modificati@ms ke made
relatively easily since the model is designed to support probabitedties for all the input
variables.

A problem arises when the warranty decision is made afteugnoent or even
after project completion. This sort of case is rare, butetlm@ve been a number of
projects in which the owner either had the option to exercise m@mngarrequirement or
decided to get one through negotiation. Although, most of interviewed maetd
agreed that it is not a good idea to make warranty decisionscaftstruction, there have
been cases and most likely there will be more. This model céomectist performance if
warranty is decided after construction either through option aotiaign unless a major

modification or rebuilding is made.
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8.4.3 Project type

Although the model was designed to be generic and applicable t@anyarr
decisions in any type of project, it was optimized for highwsghalt pavement projects.
It was found during simulation process and validation interview thatntlmdel must be
modified if it is to be applied to different project types.

This model would not work properly for concrete pavement because ahityee
characteristics of the two different materials. One nacgsaodification is the length of
LCC. The model is designed to forecast performance in termengfetar LCC, which
was validated as appropriate for asphalt pavement. However, sinceete pavement
has much longer expected service life, LCC over longer (preferably half of service
life) is necessary. Another unique characteristic that musbbsidered and applied to
the model is the abrupt failure tendency of concrete pavementhe kkase of asphalt, the
rate of failure increases relatively linearly, therefamegtterm performance is somewhat
predictable a few years after the completion of the project. edery in the case of
concrete pavement, it is much more difficult to predict long-temfopeance. Therefore,
some practitioners have insisted that short-term warranty docrete pavement is
meaningless. Therefore, in order for the model to be applicablentyete pavement,
some components must be replaced and impact ratings reassessed.

The model is even less applicable to other project types such as bridges, tudnels a
intelligent traffic system (ITS). In cases of bridges amthels, the expected service life
is far too long for this model to be applied. Components with relgtslert lives such
as bridge painting and decks and tunnel lighting are being waetaatel the model could

be applied with some modification.
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Without modification and recalibration, practically, the use of currentlel is

limited to asphalt pavement only.

8.5 Future Research

This section discusses some prospective topics for future cessame of which
were implied by the limitations and shortcoming of this reseanthothers suggested by
practitioners.

Table 8-2 summarizes future research topics along with shortcermingurrent

and descriptions for future research.
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Table 8-2: Future Research

Topics

Research Topic

Shortcomings of Current research

Description of fusessrch

Improvement in the
level of detail

The number of model components suchFurther breakdown of current model
as drivers and processes was limited d

to difficulty of assessment.

usomponents is desired. The problem

difficulty of assessment can be resolve
through a workshop instead of
individual interviews

of

Guideline for input
data preparation

Despite the fact that the accuracy of theA guideline for probabilistic input data

forecast depend heavily on the accura
of input data, most data for current
model must be inputted in a probabilist
form. However, contracting agencies|
do not usually make probabilistic
estimations.

cyreparation is needed for practical usa
of the developed model. Since some
istate governments are in process of
implementing probabilistic estimation,
sufficient resources could be available

Post-construction
warranty decision
through option or
negotiation

The use of the developed model is
limited to specific timing.  Although it
can be easily modified for earlier timin
it requires new form and contents for
post-construction decision.

Post-construction warranty decision
involves negotiation process unless ar
j,0ption is previously specified. A new
research approach is required as it is
more of negotiation than a decision.

Change in warranty
environment

As time passes, it is expected that
warranty environment will be changed

Depending on how much the change willvarranty usage:

be, a major modification to the model
may be required.

According to practitioners’ assessment
three probable changes will affect

- Agency'’s staffing and funding
mechanism

- More public-private-partnership
projects

- Change in bond price depending on
market condition and stability of
contractors

Quantitative and
hybrid model

Quantitative approach was an option f
this research. However, appropriate
data were not available.

biWhen sufficient warranty data are
accumulated from more frequent use ¢
warranty, the same research question
may be answered with quantitative
analysis methods such as cost-benefit
and LCC. It would be interesting if th
results from two different methods are
compared. A hybrid model of two or
more different methods can be
developed.

Warranty bond cost

Because the influencing or arfiked
factors for bond decision were
completely different from the factors in
other decisions, the impact of warranty
bond decision did not propagate throu
the developed model as expected.

Additional set of factors required for
model to catch the impact of bond
decision. The set of factors should
include market condition and
gltontractor’s financial strength as drive
rather than external factors.

Appropriate level of
performance
requirements

Despite the importance, performance
requirements during warranty were
simplified as three levels of high,
medium and low.

Appropriate level of performance
requirement must be determined from
considerations on warranty period and
other requirements. Variation in
requirements (different requirements
each year after construction) may be g

ge

=)

option.
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8.5.1 Level of detalil

In this research, the number of model components such as driveanesses
was limited due to difficulty of assessment. Because thedmmadings were assessed
from individual interviews, multiple rounds of interviews were nemgsd0 reach
satisfactory level of consensus among respondents. Therefoneineawiew had to be
relatively short, and the model developer had to cut down the numbezqoired
assessments by limiting the number of drivers, processes and ositcdmprovement on

this limitation could improve the model’s level of accuracy and confidence.

Drivers Processes Outcomes

Risk
Transfer

Inspection
Figure 8-5: Level of Detail in Current Model
Figure 8-5 displays a portion of the current model which shows imnplattonship
between two drivers and how this impact propagates through the pramceésw the

outcome. As shown in the figure, the driver “innovation” has alesimgpact rating to

another driver “risk”.
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Drivers

SIG+ Risk of new
tech
Unexpected
early defect

Resource
cost risk

Unforeseen

condition

Figure 8-6: Level of Detail in Future Research

Figure 8-6 shows the same portion of the model, but this time ther drisk” is
broken down further into four different risk factors. As shown in theréigthe driver
“‘innovation” now has four different impact ratings for four risk fmst With a higher
level of detail, accuracy and confidence levels in the model impyove. Also, more
information can be acquired from the model and simulation runs.

The only problem with breaking down the model components further is the
increased number of assessments required, which was overwhelmitng iourrent

research environment, but is a prospect for further research.
8.5.2 Quantitative and hybrid model

At the research development phase, some quantitative methods weadereahs
However, those were not selected mainly because of the lack of appropaate Idaorder
to answer the research question and fulfill the objectives,ebearcher needs complete
data sets (present and future cost data for ten year LCCAivéoprojects with desired
characteristics such as similar size projects with diffedelivery method, specification

method, etc. Since, sufficient data was not available, GPM method wasdaiettad.
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As a greater number and variety of projects have been contrattedavianty and
historical data have been accumulated for projects which have beenvituilvarranty,
sufficient data will soon be available. Then, with sufficient hisédrdata, a quantitative
model can be developed. The model can be an inclusive LCCA, cosit-lzevadysis
with quantified performance measures, or any other methods.

The flowcharts in Figure 8-7 display an actual algorithm cdiraent GPM model
and the flowchart in Figure 8-8 display a probable quantitativeCjli@odel to be used in
further research. The objective of both models is to examine changarranty cost for

various decision alternatives (warranty periods in) this specific case.

Determine factors

l

Categorize factors and
organize as GPM

l

Assess impact ratings

Forecast performance Hypothetical
(Simulation) Project

<Outcome With Warranty> Outcome W/O Warranty>

|
Comparison

Other Options?
Decision to Decision
variation

Figure 8-7: Algorithm of a current GPM model

NO
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Construct. cost

(W/O Warranty)
Determine LCC
Repair costs
(W/O Warranty) l
Construct. cost
(3 yr Warranty) Normalize projects
Repair costs
(3 yr. Warranty) l
Construct. cost
(5 yr. Warranty) Comparison
Repair costs
(5 yr. Warranty)
?gnstruct. cotst Decision to Decision
(10 yr. warranty) variation
Repair costs
(10 yr. Warranty)

Figure 8-8: Algorithm of a Future LCCA Model

The input data for GPM models are impact ratings and projectatbastics from
a hypothetical project. For LCCA models, there is only one tymhatat, which is actual
cost data. Figure 8-8 shows that eight sets of data areaedinitial cost and future
repair cost data for each warranty period options). This is a greelter amount of data
compared to GPM models, which require only one set. However, dcegsr for LCCA
models is simpler than for GPM models as it takes only theges st determining LCC,
normalization, and comparison. Another advantage of an LCCA model i thiizes
actual data and there is no process that requires people-bas=unesdée Therefore, the
results can be free of any type of bias, miscommunication, stake. Also, since it is
built on the basis of real data, it should be more reliable as Brigeaanalysis is done
correctly.

As shown in Figure 8-7 and 8-8, each method — GPM and LCCA — hawnts
strengths and weaknesses. One way to build a complete model @sntone two
methods into one model so that they complement each other. There couddidoes
forms of such a hybrid model. The same GPM model structure caatdeed, and only

actual project data can be used instead of hypothetical project dete real data can be
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used to validate and calibrate the GPM model components and impags.ratOn the
other hand, a GPM model may be used as a supplement to a LCCAanaetethod of

normalizing data from projects of different characteristics.

8.5.3 Warranty bond cost

The warranty bond decision was one of five decision alternatives waee
included in the model. However, a few problems were found during thel rioalgsis
and validation process. One is that most of practitioners suggestei is more of a
given condition rather than a decision alternative. For most ofamtimy agencies, a
warranty bond is not a decision which is determined on a projectjeepibasis. It is
more of a regulation which is required for all the projects wiginranty. Therefore, some
practitioners suggested considering it as an external condition.

Another problem involves inappropriate model contents for the warranty bond
decision. Figure 8-9 shows a portion of developed GPM model and it deatesighis
problem. As shown in the figure, the warranty bond decision impactsfahrevers, but
the impact does not reach to the outcomes because none of praogsstshe bond cost
outcome. Therefore, no matter what impact the warranty decisiororhaliver, the

warranty bond decision has no impact to bond cost outcome.
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Decision Drivers Processes Outcomes

Risk Pi t Bond cost
Transfer rocuremen
27~ Control & O
©\_ Innovation <

Quality/Cost
Trade-off

Warranty
bond (None,
100%)

onN
No

Figure 8-9: Problem of Bond Decision

The simulation results also demonstrate this problem as the bonémasts same
for all warranty decision alternatives (Table 6-6). Thigbpgm arises because none of
processes are closely relevant to bond cost. In order to coregrdtlem, a different
set of processes must be applied to the model, but it was not éetasthd so by the time

this problem was discovered. This problem could be resolved in future research.

8.6 Chapter Summary

This concluding chapter consists of summary of research pes;dssy findings,
research contribution, shortcoming and limitations, and prospects of frasearch.
Brief descriptions of each research process — model developmsgdgs@ent, simulation
results, and model validation — were presented. The main focus ofdfss®tions was
to inform the readers of the objectives of each process and wHagythesults were. The
discussion continues with key findings. Some of representative adminb from the
research process and findings were discussed. Finally, the shiagsarhthe model and

the research procedure were discussed and possibilities for future mesesr@resented.
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Appendix 1: Initial Assessment Questionnaire Packet

General Information

This questionnaire is a part of a study which aims to developranty decision model
for design-build road pavement projects. In spite of recent groindlesign-build and
warranty usage in highway projects, there has not been enouglcheseawarranty
impact on lifetime performance of the product. The uniqueness dddsign-build
process has not been considered in any previous research.detrtacompensate for
such deficiency, a new warranty decision model is being devel@pest developed, it
will be used to simulate performance outcomes of projects involangus conditions,
characteristics, and decisions. The simulation results will geox@luable information
such as critical warranty decision criteria and project claratics and their impact on
lifetime performance. The process and end result of this modelogevent and
simulation should be helpful to future decision makers.

The model includes a number of variables that impact one anotieilass outcomes.
For the development of a complete model, these inter-relationshipeasensidered.
In this questionnaire, participants are asked to make judgrmegdasding the direction
and strength of relationships among variables. The strength afionships
determined from this questionnaire will be used as important dgtaantization of
critical warranty decision attributes and their influence on overall prpgrédrmance.

In this questionnaire, there are eight assessment tables thatonee answered by the
participants. The expected time requirement to complete thigiauesre is about
one hour (40 minutes for assessment and 20 minutes for general m@NM&his is
guided questionnaire, which means the researcher will be avadilhé in person or
through phone call for any necessary assistance such agatanf on definitions and
assessment procedure.

This questionnaire is consisted of three sections. First inciparit Information,
participants are asked to state their information regarding plast experience that is
relevant to warranty and other innovative contracting method such sagn-dbeiild.
This information will be used to justify that resulting assesdésare done by qualified
experts who has enough experty on the topic. The second section isnguioléhe
assessment. The guideline briefly describes assessment proeadureethod. It
also includes a list of definition. Finally, assessment seatidudes eight tables the
participants are to fill out.

246



Participant Information

Name:

Phone:

E-mail:

Address:

Job title and description:

Organization:

Experience in Construction (in years, previous job description, etc):

Experience with warranty (in number of projects, publications, etc):

Experience with other innovative contracting methods (design-build, A+B, latad, re

etc):

Project Information
Project Name:
Project Size (in Million dollars, lengths, lanes, etc):

Project type (Mark all that is relevant):

New Expansion Rehabilitation Demolition
Road (Highway) Building
Pavement Bridge ITS Tunnel

Other features:
Delivery type:

Design-bid-build

Design-build
Design-build-operate-maintenance
Design-build-operate-maintenance-Finance
Other:

Procurement type:

Low bid
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Muli-parameter bid

A+B(time) A+B+Q(Quality) Lane rental Others

Best-value

Low bid (meets technical criteria)
Adjusted bid

Adjusted technical point

Weighted criteria

Fixed price design competition

Contract type (Payment method)
Lump-sum Unit price Costt+Fee
Warranty

Performance or Material & workmanship
Duration:

Bond coverage & amount:

Maximum liability clause?:

Maximum load clause?:

Required maintenance during warranty period?

Others?

248
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Assessment Guideline

The idea is that if one variable is to occur, other variablesb@ilmpacted by this result
in certain directions and at certain strengths. For exantmee tare four variables
shown in the figure below (rain, wind, safety, productivity), and esorariables
influence others. Weather conditions (i.e. rain and wind) influence preidypcind

safety of construction.
Productivity g

The impact can be in either a positive or negative direction. Iir etbeds, event
“Rain” may increase (+) or decrease (-) expected perforendavel of “Safety” and
“Productivity”. In the example above, rain influences both “Safety” and “Prodiytti
negatively. Also, impact rating can be of one of three magnit{8emificant,
Moderate and Slight). “Rain” influences “Productivity” signifidgnand “Safety”
moderately. Combining direction and magnitude of influence, the relatpsnamong
variables can be assessed as any of seven ratings SI®B,#1SLI +, NO, SLI-,
MOD-, SIG- as listed in the table below. Participants arssess each relationship by
assigning one of the seven ratings.

Symbol Meaning

SIG + Significant impact in the same direction
MOD + Moderate impact in the same direction

SLI + Slight impact in the same direction

NO No impact

SLI - Slight impact in the opposite direction
MOD — Moderate impact in the opposite direction
SIG — Significant impact in the opposite direction

Finally, some variables have cross-impact characteristic. otlher words, some
variables may influence each other. “Productivity” influencedetga and “Safety”

influences “Productivity, but direction and magnitude are not saimethe example,
“Productivity” impacts “Safety” slightly positive while “Saf¢ impacts “Productivity”

significantly negatively.

In this questionnaire, the participants are asked to fill out inpdicg tables aim the
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example below. The tables contain same information as the infldeaweng above,
but it is more compact and convenient in terms of assessment purpessfore, tables
are used in this questionnaire instead of influence diagrams.

The table includes four variables and twelve required assessmeéhts.participants
assess the direction and strength of each of twelve relatioreipaote them using
symbols defined earlier. Each space is designated for thetimgiang from column
item to row item. For example, the highlighted rating (MOIs+)mpact rate from

“Rain” to “Wind".

> £
c °© 3] °
S £ S <
o4 = 0! as
< | Rain NO NO NO
8
° -
S | Wind MOD+ NO NO
@)
Safety MOD- SIG- SLI+
Q
5
8 | Productivity SIG - SLI- SIG+
>
O
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Drivers

Drivers

Risk Transfer

This is a measure of amount of risk transferretthéodesign-builder
from the owner due to the use of a warranty cohtraExamples
include cost to repair post-construction defeewjark, etc.
Positive — More risk

Negative — Less risk

Control and
Innovation

This is measure of level of contractor control ahdnce of
innovation. Control and chance of innovation carapplied to
both design and construction.

Positive — More control and chance of innovation

Negative — Less control and chance of innovation

Quality/Cost

This refers to the likelihood of the design-buildetecting higher

Tradeoff quality design (or construction method) over thsigie that yields
Decision lower cost due to the use of a warranty contract.
Positive — More likely to choose higher quality olever cost
Negative — Less likely to choose higher quality émeer cost
QA/QC Plan This measures design-builder’s involvement andllefeffort in

and Execution

planning and performing QA/QC during constructio.his
measure includes various efforts such as develapimg rigorous
QA/QC plans assigning more and more qualified persbfor
QA/QC monitoring.

Positive — More effort in QA/QC

Negative — Less effort in QA/QC

Post
Construction
Maintenance

This measures design-builder’s motivation or defsirgplanning
and performing post construction maintenance totaai high
quality level during warranty period.

Positive — More effort in post construction mairgeoe
Negative — Less effort in post construction maiatee
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Processes

Processes

Procurement

This measures likely performance of procuremensgha
Performance in procurement includes chance ofrggetiuality
proposal, minimizing time delay and fair competitio This is a
measure for performance of both parties - the owndrthe designt
builder.

Positive — Higher chance of good performance ircprement
Negative — Lower chance of good performance inymement

Design

This is performance measure of design phase. pHase includeg
only the final design phase that is performed leydasign-builder.
Preliminary design in the programming phase ismduded in this
measurement.

Positive — Higher performance in design

Negative — Lower performance in design

Construction

This measures performance of construction process.
Positive — Higher performance in construction
Negative — Lower performance in construction

Inspection

This measures level of quality and effectivenesdgesign-builder’s
self-inspection. A higher rating means that iteisd likely to have
defects at project completion and during and dfterwarranty
period.

Positive — Higher performance in inspection

Negative — Lower performance in inspection

Maintenance

This measures the performance of post construatimintenance.
Maintenance performance does not affect qualityraject
completion.

Positive — Higher performance in post constructioaintenance
Negative — Lower performance in post constructi@ntenance
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Outcomes

Outcomes

Construction
Cost

This is the cost of construction which includes eniad, labor and
staff cost. Performance of some of processes asitligher
design quality, more inspection staffs may imphis tost
positively and negatively.

Positive — Higher Cost

Negative — Lower Cost

Design (DBer)
Cost

This is cost for hiring or utilizing design staff-This cost does not
include cost for initial design (pre-procurement).

Positive — Higher Cost

Negative — Lower Cost

Warranty Bond
Cost

This is cost of buying the required warranty bon&ond
requirements such as amount and period are debiddte owner
and surety company sets appropriate price deperdigpnd
requirements and each design-builder’s credibility.

Positive — Higher Cost

Negative — Lower Cost

Maintenance
Cost

This is cost of performing preventative and routimentenance.
This cost does not include cost that is used tairefefects.
Positive — Higher Cost

Negative — Lower Cost

Repair
(Agency) Cost

This is cost paid by the agency to repair defdws are discovered
after the warranty expiration and before to the ehgroducts’
design life.

Positive — Higher Cost

Negative — Lower Cost

Repair (DBer)
Cost

This is cost paid by the design-builder to repaiiedts during
warranty period.

Positive — Higher Cost

Negative — Lower Cost

Contractor
Margin

This is a service fee that the design-builder addke estimated
pure cost as their profit.  Often this is measwagg@ercentage to
the estimated construction and design cost. Amoficbntractor
margin heavily depends on level of competition, pany situation,
level of risk, etc.

Positive — Higher Margin

Negative — Lower Margin
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Decision Variables

Decision

Warranty This measures length of warranty period. A higl#ue
Period corresponds to a longer the warranty.
Positive — Longer warranty period
Negative — Shorter warranty period
Performance | This measures required level of performance aggpta@ompletion
level and during warranty period. Example indicatordude rutting,
cracking, friction, etc.
Positive — Stricter performance criteria
Negative — Looser performance criteria
Preventive This is requirement for preventive and routine rtexiance the

maintenance

design-builder is required to perform during watygoeriod.
This is the owner’s option.

Positive — Require frequent preventive maintenahgeng
warranty

Negative — Does not require preventive maintenance

Warranty The owner may choose the option of requiring ttoppsers to
Bond purchase warranty bond from surety and submitd®ioto ensure
the design-builder to perform repair task as spetih the
warranty.
Positive — Require warranty bond
Negative — Does not require warranty bond
Limited The owner may choose to limit design-builder’silisbon post
liability construction repair cost. With a limit, the owmetains some risk

and avoids paying an excessive risk premium.
Positive — Sets limit on maximum liability
Negative — No limit in liability
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Project Characteristics

Project

Project Size

This is size of project in terms of dollar amount.
Positive — Larger project
Negative — Smaller project

Specification
Type

This defines the degree to which the owner utilzegormance
specifications for the design of pavement in thetiaxt. A low
value corresponds to reliance on prescriptive $ipgations and a
high value corresponds to a high degree of perfocea
specifications.

Positive — Performance based specification (ho nagpecified)
Negative — Method based specification (prescriptive

Project
Complexity

This condition defines project complexity. Thislindes project
environment, existence of traffic during constrantiright of way
acquisition, etc.

Positive — More complexity

Negative — Less complexity

Procurement
method

This defines the importance of technical proposal (esign,
QA/QC plan, and qualification) in comparison toggrproposal. In
case of low-bid fixed design method, technical pi#d is less
important compare to best-value method with a léeganical
proposal weighting as compared to price.

Positive — Best-value including technical score

Negative — Low-bid, no technical score

Load
uncertainty

This defines uncertainly of traffic load after comstion. Load
includes both number of traffic and type of trafficaction of heavy
vehicle). With more uncertainty, the risk of havivgrranty will
increase.

Positive — High uncertainty in future traffic load

Negative — Low uncertainty in future traffic load
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Owner, Proposer, Surety, Market Characteristics

Owner Owner This defines level of owner’s preference to innoxatind new
preference design and construction method. More preferendentvation
to often leads to proposers’ motivation of new ideas.

) . Positive — Prefers new and innovative design anthate
INnovation | Negative — Conservative to conventional designraathod
Proposer | Need for This measures if the proposers are in need for woTthis impacts
work how badly the proposers need to win this specifiggzt.
Positive — Need for work to keep their office rungni
Negative — No need for immediate work
Other This measures if the proposers have other objecttieer than
objectives making p_rofit out of this _speci_fic p.roject. Otlajective often
(future includes improving relationship with the owner,aging chance
of winning in future project, etc.
work) Positive — Proposers have objective other than nakrofit
Negative — Proposers’ sole objective is makingiprof
Financial This measures financial strength of participatiooppsers.
Strength Positive — Proposers are generally financially deab
Negative — Proposers are not financially sound
Level of This measures amount and performance level ofgyzating
past proposers in similar past projectﬁ. A high lef
. Positive — Proposers are generally have hig ast
experience experience
Negative — Proposers does not have past experience
Market Level of This is measurement of competitiveness in biddingevel of
competition competition is often influenced by number of bidd#fficult
market condition, etc.
Positive — Highly competitive bidding
Negative — No competition
Resource This measures risk of facing higher pure constomctiost due to
cost inflation of resource cost. Resource includes nwtand labor.
escalation Positive — More chance of unexpected cost escalatio
Negative — Less chance of cost escalation
Surety Bond This measures surety companies readiness of issangnty
availability bond. In other words, for the type of warrantyuiegments they
are not used to issuing bond for, the price idyike higher than
necessary.
Positive — Surety company willing to issue bond
Negative — Surety company is reluctant to issuelbon
Risk This measures surety companies attitude towarihigsisky
attitude bonds. This also measures surety companies’ddtimward

future risk and warranty.
Positive — Surety company is willing to take riskvarranty bond
Negative — Surety company is not willing to takende
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Appendix 2: Confirmation Assessment Questionnaire Packet

General Information

This questionnaire is a part of second interview to gather your asseseme@santy
impacts on various project performance indicators. As it is explained in the firs
interview, these assessments will be used as part of the data for a wastasind
model. Also, it will be compared to you¥ Assessment for the purpose of verification.

The analysis results on first interview indicated that there are sgmtiftteviations

among your opinions in some of the assessments. These variations are petieidex
since experience based opinions can be quite different one from another. However, |
fears that some of your assessments were simple mistakes rathefférantdpinion.

As a matter of fact, data analysis has revealed that some outhgiegsanents could

have been errors. In order to clarify your assessments are mistakbdee decided

to conduct second interview.

The expected time requirement to complete this questionnaire is about 20 to 30 minutes.
Considering that this is your second time and are somewhat familiar withottes gy it
should take less time than it did in your first time.

The questionnaire consists three sections. First in participant and projectatiéor
section, participants are asked to state your information regarding pasgeexe that is
relevant to warranty. This is similar to what you filled out in your firsrview, but
some has been changed and | hope you fill that out one more time. | have provided
four blank pages for your past project or research. If you have less than four past
projects, feel free to skip the pages. The second section is assessmienitar td3he
first questionnaire, there are a set of assessment tables (27 in totalgthtd he
answered by the participants. The assessment table includes a columnpoéymurs
assessment front'interview, the average value of ihterviews (of all participants),
your new assessment (if different from yotfrabsessment), and your comments. In
order to save your time, | have highlighted the ones that your assessméat®otire
from others. However, these highlights are just for your reference andayohange
any of assessments. The last section is a guideline to the as#emsdhe list of
definitions. This guideline is same as your first questionnaire. Thissésincluded
just in case you need it.

| have sent you both a word (.doc) file and a acrobat (.pdf) file. If you choosleotat @
word file, please save and attach it to your e-mail back to me. If you cluofilbeut
the pdf file, please click on the button below. It will send me your data by e-mail
automatically.
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Participant Information

Name:

Job title and description:

Organization:

Experience in Construction (in years, previous job description, etc):

Experience with warranty (in number of projects, publications, etc):
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Project Information

Name and describe some of your past projects with warranty

Project Name:

Project Size (in Million dollars, lengths, lanes, etc):

Project type (Road, building, pavement, tunnel, etc):

Delivery type (Design-bid-build, design-build, CM at risk, etc)

Warranty type (Performance, material and workmanship)

Other special features concerning warranty (bond amount, limitedtifabiit)
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Appendix 3: Model Validation Questionnaire Packet

Participant Information

Name:

Job title and description:

Organization:

Experience in Construction (in years, previous job description, etc):

Experience with warranty (in number of projects, publications, etc):

Previous Project or Research Information

Project Name:

Project Size (in Million dollars, lengths, lanes, etc):

Project type (Road, building, pavement, tunnel, etc):
Delivery type (Design-bid-build, design-build, CM at risk, etc)
Warranty type (Performance, material and workmanship)

Other special features concerning warranty (bond amount, limitedtifabiit)

Overview of the research and the model

Research Question
How do warranty decisions (e.g., warranty period, liability limitations) ahdrgiroject
characteristics impact the performance of highway pavement projects?

Research Objectives
® [dentify attributes of warranty decisions and performance outcomes
® Develop a decision model that simulates warranty impacts on project
performance.
® Examine impacts of warranty decisions on project performance by model
simulations.

Modeling Method
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There are four theories the model is based on. They are:
Cross-impact Analysis (CIA)
General Performance Modeling (GPM)
Monte Carlo Simulation
Life Cycle Cost Analysis
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® The project performance outcomes are measured in life-cycle-cost.(LCC)

® The timing of warranty decision is sometime between pre-qualification aald fi
bid.

® The model is optimized for highway asphalt pavement projects (20 yr design
life).

A set of questions

The basis of this warranty model is GPM and CIA. These prasiabibanalysis
methods attempt to predict project performance. Among various prahabili
approaches, GPM and CIA emphasize the interactions among variables.

Question 1-1

This model is design to help warranty decision makers by providipgediction of
project performance for various decision alternatives. In this Inhosarranty

performance is measured through life-cycle costs. Other tlug@cpperformance as
measure through life-cycle costs, what other factors do decisakers) consider in
making warranty decisions?

Question 1-2:
Have you used or seen any other warranty decision model? If sometfadds are
they based on?
The model considers five warranty decision alternatives. They are:
—Warranty period
—Performance level requirement to be maintained during warranty
—Preventive maintenance requirement
—Warranty bond requirement
—Limited liability clause

Question 2-1.
Do you think that any of these five decision alternatives are uss@g® Are
there any decision alternatives missing?

Question 2-2:
Do you think that any of these decisions are prohibited for public proemteor
constrained due to limited funding?

Drivers are variables that are influenced by the decisitarnaltives. These drivers
then influence performance of some processes. The model includes five.driver
—Amount of risk transferred due to warranty
—Chance and motivation for innovation
—Improvement in design and material quality
—Emphasis on QA/QC
—Post-construction maintenance during warranty
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Question 2-3:
Do you think that any of these five decision drivers are insiamti and could be
excluded from the model?

Question 2-4.
Are there any drivers missing?

In this model, performance is measured through various life-cypdis ¢(LCC). The
LCC is calculated through the following performance measures.

—Design, Construction, warranty bond cost

—Contractor’s expected repair cost during warranty period

—Bid margin (Risk premium)

—Owner’s maintenance and repair cost

Question 2-5:

What are the advantages and disadvantages of measuring pefectmance through
LCC for a warranty decision model? What other performanceumnes can you think
of that is not listed above?

Question 2-6:
The model is design to simulate 0 to 10 years of LCC. Whatblariafluence the
period of analysis? What would make it go beyond the period of analysis?

To test the model, five project cases with various project cleistats were developed
and tested.

Question 3-1.
Do these five cases represent the range of projects to which warranties applied?

Question 3-3:
Please review the results in Figure below. How could you ap@yirtformation in
making warranty decisions?

Question 3-4.
What questions or concerns do you have after reviewing these results?
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Question 3-5:

Please review the results in figures below.

making warranty decisions?

Question 3-6:

How could you ap@yirtformation in

What questions or concerns do you have after reviewing these results?

Pure cost increase due to 10 yr

Relative Repair Cost (10 yr warranty

warranty to no warranty)
0 100
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W % increase from no warranty cost M Relative Repair Cost (%)
Question 3-7:

Please review the results in figures below.

making warranty decisions?

Question 3-8:

How could you apmyinformation in

What questions or concerns do you have after reviewing these results?
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Question 3-7:
Please review the results in figures below. How could you ap@yitfformation in
making warranty decisions?

Question 3-8:
What questions or concerns do you have after reviewing these results?
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The model is developed and tested mainly for small to medium aggthlt paving
projects.

Question 4-1:
Could the model be adapted to concrete pavement? If yes, what other factat$shoul
included?

Question 4-2:

Could the model be adapted to other project types such as bridge, titheadid? |If
yes, what other factors should be included?

Question 4-3:
What other factors must be considered if the model is to be applied to mega-projects?
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Question 4-4.
What is usual and proper warranty decision timing?

Question 4-5:

What should be changed if the warranty decision is made earfiezoAceptual design,
scoping, final design, etc.? What factors should be included or exdlutteel model in
case decision is made at earlier time?

Question 4-6:

What should be changed if the warranty is decided after bigirogpand during contract
negotiation? Is there a case warranty is decided aftecdhstruction completion
(warranty option)? What factors should be included or excluded in thel imodase
decision is made at later time?

The model is built on the basis of today’s current situation.

Question 4-7:

What aspects of this warranty model should be change over timeammanty use
becomes more frequent and industry perception is changed?

Question 4-8:

What impact ratings need to be reassessed when warrantyositistlifferent from
now?
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Appendix 4: Validation Interview Results

The following is a summary of opinions collected from interviews with practitsone

who has enough experience with warranty in various construction projects or has
warranty research experience. The interview participants belong to tmeetifferent
profession groups of government agency, consultant, and contractor. Howevaer, in thi
summary, no distinction is made among professions. Also, some practitioners had
participated to the impact rating assessment interviews and some did not. This
difference was not significantly distinguishable; therefore no distimevas made for

this summary either.

Question Set 1. Model Method
Probabilistic Decision Model / GPM / CIA

e Engineer’s estimate is usually not probabilistic
¢ Need for accuracy in input data

Measuring project performance as LCC

LCC is definitely a reasonable method of measuring project performance
Other than LCC

User cost (in addition to agency cost) is a factor

Serviceability performance

User comfort — Smoothness

Safety - Friction

Other warranty decision model, method, etc

e No model but guideline is available (Wisconsin, Colorado)
e Discussion (No formal system)

Basis of warranty decision

Owner’s intention to transfer catastrophic failure risk (Risk transfer)
Most of projects have similar type of warranty (Regulation)

Project type and characteristics (design-build — performance wgrrant
Experience with warranty

Historic database (warranty cost)

Funding availability

Limitation in initial cost
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e Construction vs. maintenance budget
e Existing condition (Contractor won't bid for poor condition with warranty)
e Limitation in owner’s staff

Question Set 2: Model Contents

Decisions

Warranty bond amount (other than Yes / no, 10%, 50%, 100% of contract price)
Difference bond type (A performance bond with special provision)

Performance warranty / Material & Workmanship warranty

Allowing sub-contractor bond (sub-contractor actually do the work)

Usually post-construction maintenance is not a decision option (not necessary for
short term standard warranty)

Drivers

e ‘Level of competition’ should be considered somewhere in the model as
warranty limits many contractors bidding the project

¢ Difficult to acquire bond

e Limited historic data — contractor is not sure about the long-term performance
and no way to assess risk

e Selection of construction method and process should be a separate drivers

e Contractor’s control on design, construction method should be included

e Existing condition is a big factor in pavement overlaying projects. It should be
included somewhere in the model.

Outcomes
Other performance measures

Risk assessment for every aspects — labor, material, existing condition
Serviceability

User comfort (smoothness, signs, etc)

Safety (Skid distance, road design, signs, etc)

Agency considers user costs also

Life cycle analysis over ten years (20 yr design life)

Proper for asphalt pavement (Colorado contractor)

LCC should be conducted for the whole 20 year life (Colorado DOT)
10 year is enough for 3-5 year warranty

20 years LCC for long term warranty — 10+ years

275



e LCC should be over 20 yrs (Wisconsin DOT)
Question Set 3: Simulation Results
Simulation Cases (5 cases)

Reasonable

Additional case to case comparisons
Performance vs. M&W warranty
New base vs. Existing base

Thin overlay vs. thick overlay
Various existing conditions

Simulation results graphs

e Case E seems a bit dramatic (in saving of repair cost)

e Costincrease due to warranty should be more (10% in simulation, 30% in real)

e Sometimes total agency cost is not so important (Construction money vs.
maintenance money)

e Less risk for new construction (more control, no pre-existing condition)

Sensitivity Analysis

e Sensitivity of decisions and drivers are reasonable
e Sensitivity of innovation is reasonable also (Wisconsin DOT, Colorado DOT,
Michigan DOT, Contractors)

Question Set 4: Model limitations
Other type of construction (concrete pavement, bridge, etc)

Longer LCC for concrete pavement

More flexibility in scheduling (concrete) => less risk

Fewer concrete pavement company => lower competition

Longer LCC for bridge (Generally)

Bridge deck is similar to pavement

Other project types are totally different from pavement => model should be
changed

Mega Projects

e Public relationship
e Multiple material supplier => different price, different charact@sstmore risk
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e Difficult to supply enough equipment and labor => schedule risk
Different Decision Timing
Usual decision timing

e Proper and usual decision timing is after ‘geotech report’ and before ‘concept
design’

e Usual decision timing is during project scoping

e Usual decision timing is ‘before advertise’

Warranty decision after construction

Warranty options is researched but has not been used (consultants, DOTS)
Warranty can be added after construction through negotiation (without option)
Warranty can be an option to dispute (project acceptance) resolution

It is not recommended to add warranty after construction (difficulty of
negotiation, price increase, no warranty impact on process)

Possible changes over time (warranty usage become common)

e Bond issue (some think it will get better, some think it won't)

e Contractor will have more data to assess risk (Better or worse)

e Improvement in performance measurements, testing methods

e Changes in project financing method (PPP, etc) will change warranty also.
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