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The current transportation infrastructurethe United Statedocuseson promoting the use of
projects that promote more sustainable prasticeDiverse, Modern, and Unconventional
Intersections and Interchanges (DMUiBn help to achieve thsistainabilityby providingways

to improve traffic flomwhile mantaining or improvingraffic safety. However,DMUII s present
a learning curve for the public terms ofacceptingDMUII designsandfor contractors irterms
of building DMUIIs. Also, DMUII constriction involves additional time and cost compared to
conventionalntersectiorandinterchang€Cll) designs.Thus the reasons for this additional time
and costsneed to be determined and mitigation strategies need toleogified to present
constructibleDMUII desigrs. To this end the essential research questions are: (1) Hauw
problems related tahe construction oDMUIIs be solvedwithout incurring cost increases,
schedule delays, draffic congestion? (2) What are the constructability inhibitbeg hinder
DMUII design?

This research aigto addresthesequestiors by assessing differences in construction performance
betweerprojects that havBMUII and Gl designs This research also aimsassesand identiy
strategies that can greatly improve the constructiodMUIls. For this effort,interviewsand
surveyswere conductewvith stakeholdersincludingconsultants, designemsnd contractorsvith
experience working oBMUII projects andwere designed tonderstand the inhibitors thainder

the selection and construction@MUII projects To reinforcethefindings fromthe interviews

and surveysa field studywas undertaketinat monitoredhreeprojects under constructiamNorth
Carolina The projects were monitored ften months and the inhibitorthat affeced these
projects were documented aretorded.

To validate the information related the identification ofinhibitors that affect projects with
DMUII designsthis research utilizNorth Carolina Department of Transportataeta (ecords

of claims, supplemental agreements, soahd schedef) for projectsthat already had been
constructedr werecurrently under constructionThese datset allowed for the identification of
inhibitors that affect the cost and schedules mjects withDMUII desigrs. The top five
inhibitorsidentifiedareutilities, contract changes, signal and signage, traffic control, and material
estimate change

In addition, this research conducted a case study to evaluate roadway congestion and detour
operations resulting from WZTC measurd@$e case study assessed the performanDd/ibfll s

and ClIlI designs in terms of travel time, roadway congestion operations, and road users' costs,
aiming to identify the impact of the construction proce$te findings indicated that roadway
congestion operations vary depending on the applied control meastwesgver, although the

results obtained from the three approaches/ide a reasonable comparison of the roadway
congestion operations caused by WZTGdbDl andCll, further studies are needed to determine

their performance The findings shed light on the complexities of WZTC in bGth and DDI

projects, and their implications for travel time, roadway congestion operations, and RUC



Effective methodgo enhance the constructabilitymfojects withDMUII desigrs were identified

in this research anttheseinclude constructability reviewsmnodularization and prefabrication for
bridge constructionautomation,and 3D/4D modeling. The kessons learnednd best practices
obtainedfrom the findings d this research have been documented and can be used to formulate
construction strategies that wiontribute to the improvement @MUII construction. The
findings canbe implemented by anyepartment of transportatidhat isseeking tdacilitate the
constructiorof DMUII s to solve serious traffic volume problems while maintaining safety
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INTRODUCTION

In 2017, the infrastructure report card published by the American Society of Civil Engineering
(ASCE) i ndicated that A me rwagparfosningpoodynveitb @ r t at i
failing grade of D. At théime, restoration efforts to bring this grade up to a passing grade of C

were estimated toequire $1.5 trillionin funding (ASCE 2017). In the latest 2021 ASCE
infrastructure report c aradanreceived Hailimgadde offDo ad way
despiteapproximately $786 billion hang been spergince 2017n restoration effortselated to
transportation infrastructurASCE 2021). In 2022, theUnited StatesCongress passed the
Bipartisan Infrastructuréaw, which will provide over $2.2 billion in funding tofinance 166
transportation infrastructunaitiatives in both rural and urban area&llocated funds were set

aside to improve the condition of transportation infrastrucwinech includesroads, bridges,

transit, rail, ports, and intermodal transportation (U.S. DOT 2022).

Despite these investmens, failing grades continu¢o be receivedbecausedepartments of
transportationDOTSs) are utilizing their resources (primarily public funds, which are typically
limited) on restoration efforts that focus on solving immediate problemis lsoime casefil to
account for future needsBoth the restorationof current infrastructurandthe creation of new
sustainable infrastructuezeneededo combat deterioratioandaccommodate population growth
impacts. A possible solution tbis problem is promoting the constructionddferse,modern,

and unconventionalintersections anchterchanges (DMUIIthat have the potential to improve
traffic flow, capacity, and safety, especially in highly congested and spatially constrained areas.

DMUII s offer numerousiesignsthatinclude partial cloverleakinglepoint urbaninterchanges
divergingdiamondinterchangs, quadrant radways, gradseparated quadramntontinuous flow
intersection, reduced conflict intersections, echelaasindabouts, and other8lthough multiple
benefitsare associated wittDMUIIs, their diversity presents unique design, construction, and
constructability challenges to stakeholdestate transportation agenciesonsultants, and
contractors).SinceDMUII designs are relatively new, they are also unfamiliar to the pwhiic
must navigate them and to contractors who must construct tisfmamakeret al. (2012) first
documented thagirojects withDMUII designsoftenareperceived to require additionairte and
cost compared to conventionatersectionandinterchanges (II) designs The main reason for
this perceptionis that DMUIIs often have unique construction challengdbkat require an
understanding of best practices that evolve in an industry over time akilosreonly through
experience. Wheprojects withnew designs are being built, experience is lacking and new best
practices need to be developed. Therefore, this research aims to address shoréssoomed
with DMUII sand assess the impact of project sastd schedukeon DMUII construction

Background

Improving the transportation infrastructure in tdaited Statesan be achieved by promoting
innovative design solutions that address current and unforeseen idsaegver, researcis

lackingin waysto distinguishconstruction practices betweBMUIl andCll desigrs. Mistakes

and omissions in design documents can lead to construction problems that cause delays and cost
overruns Similarly, but less commonly recognized, unfamiliar desgpeh aDMUII s lead to

projects that encount@bstacles due ttheir newness and their uniquely different construction



characteristics. This researaimsto addressgaps in the body of knowledge by developing
practical applicationthat enhance the construction¥UII .

Alternativelntersectios and Interchanges

Tables 1.1 and 1.@resent dull list of all DMUII design type found in the literatureTable 1.1
presents the list ddlternativeintersectionsaandidentifies the designasbeing either agrade or
gradeseparated Table 1.2 presents the list afternativeinterchanges, hbf which are grade
separatedAlthougha variety oDMUII designgs available this research focusenfive DMUII
designs. Two of these designs ar@mdeintersectionsone is acontinuous flow intersection
(CFI), andthe other is aeduced conflict intersection (RCI). The remaining thitesignsare
gradesepaatedDMUII designs echelonintersection(El), quadrant roadway (QRf)tersection
and diverging diamond interchange (DDT)hefive designs of interest are highlighted imgon
the tables Also, because a naming system @KUIl has notyet been standardized and is
currently inconsistent, both tablpsovide themost widely sednamefor eachDMUII type and
also list any additional names associated with &€dblIl type

Table 0.1 Type of Alternative Intersections

Type Name Abbreviation Additional Name(s)
Continuous Displacedeft turn; crossovedisplacedeft turn; double
At grade flow CFI crossovelintersectionleft turn bypass crossovelintersection
intersection parallelflow intersectionsynchronizedsplit-phasing
Superstreet}+turn; restrictedcrossing Uturn; reducectonflict
Reduced . g i
. U-turn; synchronizedstreet superstreetmedian super street
At grade conflict RCI . . o X
intersection direct major streetleft turns super streandirectmajor street
left turns andsuperstreet withlirect super stredeft turns
Grade Echelon E| :
separation| intersection
Quadrant . L
At grade roadway QR Loopintersectionsingle loop.
Grade Quadrant . L
separation] roadway QR Loop intersectionsingle loop.
At grade Jughandle Ji New Jerseyughandle andnini cloverleafintersection
Continuous ContinuousT; turbo-T; high-T; FloridaT; FloridagreenT,;
At grade CGT . X . i
greenT seagullintersectionandoffset T-intersection
At grade | . Split . Sl -
intersection
At grade | Median Uturn MUT Michigan left; thruturn; meghan Lturn crossover; boulevar
turnaround; boulevard left.
At grade | Roundabout RI Mini roundabout.
Gradg Roundabout RI Mini roundabout.
separatior
At grade Bowtie Bl -
Atgrade | . Tander_n TAl -
intersection
At grade | Directional Y DY -
Alternative
At grade design-4 left AD-4L -




Table 1.1 Type of Alternative Intersections

Type Name Abbreviation Additional Name(s)
Grade_ Flyover FI -
separatior
At grade || Directional left DL -
Grade Two levels TLS i
separation|  signalized
Double
Grade_ crossover DXI -
separation| . ,
intersection
Grade Parallel flow
: . . PFI -
separation| intersection
At grade Cg?;g]#_lc_)us CGT ContinuousT; turbo T; high-T; FloridaT; Florida greerr.
Gradg Centerturns cTO i
separatior overpass
At grade | Double wide DW -
Atgrade | . Paired Pl ;
intersection
Table 0.2 Types of Alternative Interchanges
Name Abbreviation Additional Name(s)

Doublecrossoverdiamondinterchangesplit diamond
compressediamondinterchanggtight urbandiamond
Divergingdiamond interchanggehalf divergingdiamondinterchangesimple

. DDI , ; .

interchange diamond threeleveldiamondinterchanggvolleyball
interchangeupstreanmsignalizedcrossovey andtight urban
diamondinterchange
Singleraindropinterchanggbridgedrotary, frontageroad
Roundabout RI interchanggesingle roundaboutnterchanggfrontageroad
interchange interchangedoubleraindropinterchanggandtwo-way frontage
roadinterchange
Signalizedcrossovey direct left-downstreamanddirect | eft-

Upstreansignalized

uscC
crossover upstream
Turbineinterchange Tl -
Contraflowleft CL -
Median Uturn MUT Michiganurban
Interchange
Singlepoint urban SPUI Singlepointinterchange (SPIyingle mint diamondinterchangg
interchange (SPDI) andsingle point left (SPL).
Trumpet TRI -
Left flyover LF -

At-Grade Intersections

At-grade designs are characteribgctheir ability to improvecapacity at bottleneck intersections
(He et al. 2016). ThiSection1.1.1.1provides the geometric desigharacteristics and locatisn



of operational, under construction, amader consideratiomtersectiondor atgrade desigsnof
CFlsand RCs.

Continuous Flow Intersection

A CFlis an alternative intersection design that aims to reduce the number of conflicts at the main
intersection. Instead afealingwith both lef turningtraffic and traffic in the opposite direction,

the conflict is eliminated ia CFI by directingthe leftturn traffic to the left side of the roadway
Figure 1.1presents a CRtonceptual design. The crossing from the right side to the left side is
accomplished at a midblock signalized intersection for each approach that sraundi@uous

flow lanes(NCDOT 2018). CFls are ideal for intersections with high through and tiefh
volumes becausthey allow the traffic to move through the intersection without causing delays.
CFls are also beneficial for minimizing-turn movements (NDOT 2018). This design is
extremely flexible and can be implemented from only a single leg to all four legs of the intersection
depending on the traffic volume.
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Figure 0.1 Conceptual Designof Continuous Flow Intersection(Reid 2009

The first CFl in théJnited Statesvas built in New York in 1995 (Hummer 2020; Hummer 2019).
Since then, more than 13 have been constructed around the Worl@ermany; 1 in the United
Kingdom; 10 in Mexicoandl plannedor constructiorin Australia. The United States has about
40 CFls. Figure 1.2shows he locatios for planned and construct&FI projectsin the United



States These locatiordatawere obtained from the Alternative Intersections and Interchanges
databaselfstitute for Transportation Research &ducation2013), the Alternative Intersections
report(Institute for Transportation Research and Educai@i8), and information providetly
theNorth Carolina Department of TransportatibdODOT). Notethat thesedatabasgare not up

to date and the information presented in these maps is limited to the data available.
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Figure 0.2 Locations of Completed and Planned ©ntinuous Flow Intersectionsin the
United States
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Reduced Conflidintersection

RClIs redirectleft turn and through movements from the minor street. FigiBeresents an
example of this design cogfiration As shown the RCI accommodateside streetraffic

movements by adding a-turn. It requiresdrivers to turn righton the main road and then
incorporate aJ-turn maneuver (Hughes et al. 2010yhe movement of traffic in an RCI is



considered to be ideal for arterials that have a dominant flow on major roads. This design has the
potential to improve arterials with high volumes of traffic because it moves more vehicles
efficiently with minimal disruptions to adjacent developmeNbte that RCls aralifferent from

median Uturns(MUTSs), whichre-route all four lefturn movements at the intersection, whereas
RCls reroute the leftturns and through movements of minor streets (Hummer 2019; Hummer
2020).

Figure 0.3 Conceptual Designof Reduced Conflict Intersection(Hummer et al. 2014

RClIs were first developed in tH®80s (McClure 2023) Currently,North Carolina has over00
unsignalized intersections armayer 10 signalized corridors (Hummer 2019; Hummer 2020).
Currently, no informationis available regardinghe total number of RClsvorldwide Data
collected from the Alternative Intersections and Interchanges datdhst#ete for Transportation
Research and Educatia2013), the Alternative IntersectionsMgtro Analytics 2021), and
information provided byhe NCDOT yielded a tothof 158 RCIs in theJnited Statesyith North
Carolinahaving the largest number of RCls in ttwuntry. Figurel.4 shows states with RCls, but
does not distinguish amorgcatiors with RCIs constructed, under constructian planned.
Becausenformation obtained from the data sources is limitedinformation retrieved fostates
with RClsmight not be accurate
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Figure 0.4 Location of ReducedConflict I ntersectionsin the United States

Grade Separated Intersections

Intersectionghat experiencéigh volumes of both vehicular and pedestrigmaffic are prone to

suffer capacity issues (He et al. 2016). When conventional measures are not feasiblaoor

longer adequate to address this concern, grade separation may be a feasible countermeasure to
improve traffic conditions (Almoshaogeh 202@rade separation reduces the number of conflict
points by separating theand allowing uninterrupted traffic flow while eliminating the safety

threat to pedestriara other vehicles (He et al. 2016%ection1.1.13 provides the geometric

design characteristics and locasarf operational, under construction, amadderconsideration
intersections ofjradeseparatedhtersection designs thate El, DDI, and QRtypes

Echelonintersection

An El divides traffic movements by separatiting traffic direction into two levelswhich allows
havinga signal system witltiwo two-phase onavay pais (one elevated above the other) (Shin et
al. 2008). Figure 1.5 presents a configuration of Bh design. Each intersection operates
independently and operatssnilarly to Cll oneway streets, whichllows forfewer overall turns
compared to atandard foutegintersection.Thus, an Etlesignallows intersections to operate at
lower cycle lengthglesswaiting time at intersecti@)andis ideal for locations with heavy traffic
on boththe main and side streets and for locations with a limrigtit-of-way for expansion
(Virginia DOT 2021). Els havalevel of servicelfow wellan intersectiomeets the demand in
terms of mobility, safety, and comfpthat isbetter than other interchange alternatives (Miller
Consultingl999). However, Elsra not flexible enough to respond to varying directions of traffic
flow andcan responanly to predetermind routes of flow. Due to the design characteristics of
an El, retaining wallsare neededtb elevate half of the roadway while the other skt grade
(Virginia DOT 2021). The El accommodates pedestriarggade by providing sidewalks and
crosswalks. Overall, IE are intendedo increase efficiency and reduce wait times by reducing
signal phases antius isa design that couldotentially save construction cestThey alsocan



have a narrower crossction which is less expensiv® constructhan a traditional diamond
interchange (Virginia DOT 2021).
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Figure 0.5 Conceptual Designof Echelon Intersection(Shin et al. 2008)

Thefirst El was built in2000for a single intersection improvement project in Aventértarida.

The design was named @helord by Don Beccasio, a Florida Department of Transportation
Planning Divisioremployeenvho worked ortheinitial design application (Reid 2004Currently,

this El in Aventura, Florida is the only Hi the world However a new project in Florida is
expected to be constructatApopkain Orlando(Florida DOT 2021) As of 2023, the Apopka
projectis the only one at thdesign phase and constructimas planned to begiwhen funds
beame available Due to the lack of Echelon projects, it was not possible to provide any guidance
on the constructability of Echelon. If ay future Echelon are built, it is recommended to assess their
constructability.

Grade Separated)Quadrant Roadway

Thegradeseparate@R is a variation bthe atgrade QRwhich was first published in 2000 (Reid

2000; FHWA 2009) This design adds an overpass at the main interseatioch substantially
improvesthe operations of the intersectiddGDOT 2018). This QR configuration eliminates all

left turns at the intersection by building an additional roadway section in one intersection quadrant
(Hughes et al. 2010). Figules shows an example of a single QR with grade separa@oe. of

the main design concernsrfQRs is theight-of-way and properly identifying the characteristics

of the site. Multiple factors are important for site selectsoich ashoosing a quadrant in which

to locate the connecting roadway, determining the number of connecting roadways, and designing



the main intersection, the secondary intersections, horizontal alignment, and theectiuoss of
the connecting road (HughesI et al. 2010).
Depending on their level of comfort,

cydlists may navigate the intersection
using vehicle or pedestrian paths

1 To make a left turn from ks
this leg, turn left onto the
connector roadway then
make another left turn

To make a left turn from
this leg, go straight
through the first
intersection, then turn
left onto the connector
roadway, then turn right
onto the side street

1 To make a left turn from
this leg, turn right onto the
connector roadway, turn
left onto the side street,
and continue straight

SIDE STREET

R Pedestrians use marked
crosswalks to safely
cross the intersection

MAAJOR STREET

#=. = SLRLLITE
\/ [ ( (
[ *1 To make a left turn from this leg, go
straight through the first intersection, then Note: For simplicity, only left-turn

turn right onto the connector roadway, routes are shown. To continue straight

i ) d turn right, traffic follows simil
then turn right onto the major street gne turn right, tratfic fo fows simiiar
routes to a conventional intersection.

NOT TO SCALE

Figure 0.6 Conceptual Grade Separated Quadrant Roadway Design(Virginia DOT 2021)

The national and worldwide databasthatlist the locatios of QRs includedo not make a
distinction of atgrade and gradeseparated QRsInstitute for Transportation Research and
Education2013; Metro Analytics2021). In addition to QRs in the United States, four proposed
projects were found for Canada and one has been constructed in Austigliee 17 shows the
locatiors of the QRsin the United States Note that Figurel.7 includes onlyprojectsthat have
beencompletedor arein the planning phasas noinformation related to projectaurrently under
constructiorwas found.
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Figure 0.7 Constructed and PlannedQuadrant Roadways in the United States

Diverging Diamond Interchange

A DDI accanmodates lefturn movements and limits access from the main road while eliminating
the need for a leturn signal phase at signalized ramp terminkigure 18 presents a conceptual
design and traffic movement of a DD his new design can improve traffic flow and reduce
congestion, especiallipr traffic with high leftturn volumes on freeway A significant design
characteristic of DDIgs the redirection of traffic to better accommodate incoming volumes (Shaw
and Chlewicki 2016).Themain road is connected to the cross street by twaomps and two
off-rampswhich is similar to a conventional diamd interchange. Howevéor a DDI,the traffic

on the cross streatoves to the left side of the roadway between the ramp termivtaithallows

the vehicles that need to turn left onto the ramps to continue to tremmwithout conflicting

10



with theoncomingthrough traffic (Hughes et al. 2010). As in a conventional diandesdn the
right turn movements from the cross street to the ramps occue edrtip terminal intersections.

: Hin i
Figure 0.8 Conceptual Design of Dverging Diamond I nterchange(Wisconsin DOT 2013)

The first DDI in theUnited Statesvasbuilt in Missouri in 2009 (Hughes et al. 2010). Currently,
two DDlsarein operation in Frang®ne in the United Arab Emiratesvo areproposedand one

is under construction in Australiandfive areproposed and twarein operation in Canada. The
majority of DDIs are constructed in thénited States Figurel.9 shows thabnly threestates
(North Dakota, Connecticut, and New Jerseég)not haveplans to incorporat®Dls, 31 states
haveoperationalDDIs, aound 7 states are the advanced desigstage,and 8 stateare in the
studyphase North Carolina hag3 operationaDDIs, 6 under construction, and 6 proposedn
theplanningstage

11
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Figure 0.9 Status ofDiverging Diamond Interchanges in theUnited States(ATS/American
2021)

Literature Findings

An extensive literature review was conducted to investigate the current state of research into
DMUII designs and their unique characteristics as well as to identify the need for future work
related to strategies for improving the constructionDdAUIls. This information has been
submitted to th&d\CDOT and is attached as a separate flleeimportant findingsobtainedfrom

the literature revievare summarized in the remaindeiow.

Some general literature findingsdicate thaDMUII provides benefits such as improved safety,
increased mobility, higher cobenefis, and reduced traffic signal phases. Inltheted States
North Carolinahasthe mostDMUII s being constructednd the largest number of RClander
construction Limited resourcesare available thaspecifically addresgonstruction practice
assessment fobDMUIls. Therefore, theuse of lessons learned is critical for improving
constructability practices Lessons learned can be incorporatedo projects through
constructabilityreview (CR) programs.CR programs are not standardized nationally, so each
DOT has itsapproacho assessmenTheNCDOT uses CRto address constructability issues but
does not mandate CRfor all projects, and no protocoése currently availabléor all types of
designs.An effective QR programcould be useful for ensuring the succegsrojects withDMUI|I
designsecause it coulgrovide several benefits, including better communication between design
and constructioengineerspotential cost savings, risk reduction, and schedule acceler&ion.
example, utility conflicts ara major challeng when trying to enhance constructability practices
in the design phase and for bridge coritam in urban and rural area8.CR program coul help

to address this problem.
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At the time of this researcBuilding InformationModeling (BIM) and 3D modelingverebeing

used by only 19 DOTSs for visualization, detailing, design, and analysis of transportation projects.
TheNCDOT is currently implementing 3D modeling for its projects but is still in the early stages.
3D modeling has the potential to identify construction interference and sequencing problems
before projects are builhowever, there is no consistencyuaysto produce the 3D modelshich

leads to the models notibhg useful. However, when 3D modeling overcomesittusnsistency
problemand DOTs implement a more standardized method to create models, the technology will
have a positive impact on project performabeeause contractovgll havean alternative method

to improve their efficiency. For example utility companies can use 3&ngineered models for
accurate mapping and subsurface utility engineeriRgrther, tash detectiona 3D modeling
feature,can detect utility conflicts early in the design procassjding additional time and costs.

Another important enhancement technigue is the use of modularization and prefabrication (M&P).
Bestpractices include accelerated bridge constructidrich can minimize construction impact

and reduce delays. Howevaccelerated bridge constructipresents issues relatedtork zone

traffic control WZTC), mobility, cost, seasonal constraints, project schedule, technical feasibility,
risk, site, and structural considerations. To ensure the maximum benefits of M&P, these inhibitors
need to be addressed during desigmtomation is beneficial for transportation projects and can
enhance productivity. The construction industry is experiencing a labor shenaligleerefore,
making use of autoationtechnologies can be useful. However, tabsrequire precise control

(i.e., activities such as excavatiand trenching) may not be suitable for automation.

Efficient stagingand sequencing of activities are important for project success. Benefits include
having more buildable, cosfffective, and maintainable projects. Proj¢bttinvolve innovative
practices such aBMUII designs require special attention to staging considerations to enhance
construction. Another important consideration is the use of performance methnich are
essential for evaluating the success of an activity and can simplify complex tasks while improving
consistency. However, dhe moment, ngerformancemetricsare availablefor tracking the
impact of certain processes, such as CRs, modularization, prefabrication, automation, 3D
modeling,andstaging.

When evaluating construction inhibitors BMUIIs, the literature findings indicate that, in
general DMUII designgend to be more expensive thah designs, but the lonatgrm benefits in
terms ofcapacity and efficiency justify the additional cost. Oftla DMUII s evaluated for this
researchtheDDI is the onlyDMUII design that does not require additionght-of-way compared

to Clls, which couldindicate that the DDI ighe only coseffective design. For WZTC
considerations limited information was found regardingplanning strategies foDMUIIs.
Adequate planning for staging is also important. Another significant finditigat the actual
construction activities foDMUII's are not significantly different frorthose ofCll; however,
during constructionguidance fomavigaton through the new designs, which require different
driving patternsis critical

Strategies to improve project performance were identifle@ughout the literature These

strategiesncludechanging the structure for awarding projects to consider contractor performance,
low bids, and project attributessich agquality and time. Another strategy suggests consistently
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documenting inhibitorghat arerelated to constructability and assessing them throughout the
project to learn from them for future projectSaps in thditerature include:

1 A lack of guidelines for the constructionDMUII designs.Specific areas that require
attentionmust be identifiedandways to implementhese guidelinesmust be explored
to ensue enhancedlesigns.

1 A notable absence of recortisat document lessons learned from best practices in
DMUII construction projectat both the national and state levekhis gapmust be
addressed to captuvaluable insights that can be utilized for future projects.

1 Informationaboutinhibitors and enhancers fBiMUII construction. Constructability
inhibitors and constructability enhancers that have the potentiampact the
construction ofDMUII projects negatively or positivelsnust be identified Once
enhancement techniques are identified, a thorough assessment of their respective
impacts orDMUII s needs to be conducted.

Research Objectives

Although some efforts to improve constructabilityti@ansportation projectsave been magléttle
research has be@onducted that targets the implementationheseefforts for DMUII desigrs
specifically To address this shortcomingidresearch aims tolentify constructability problems
that hinder DOTs from widely and szessfully adoptindMUIls. To achieve this goathe
following objectiveswill be addressed
1. Identify constructioninhibitorsfor theDMUII designs of interest.
2. Assesghedifferencesand effectiveness @onstruction performandeetweerprojects
with DMUII andClI design.
3. Assess the impact 8YZTC measuresn DMUII andClI projectsin terms of handling
congestion
4. Identify the most promising construction enhancement approaches that can aid in the
mitigation or reduction of inhibitoraffecting projects wittbMUII design

Significance of the Research

Little information is currently availableabout waysto improve the construction ddMUII
projects. Nostudies havepgied constructabilitypracticesor CR conceptd¢o DMUII projects
This research helps advance the state of knowledgedifying and providinga better
understanding of the constructability inhibitast affect DMUII's and identifing enhancers to
address thenhibitorsin a costefficient manner. The results can be usegas ofa set of new
consensus guidelings enhance the constructability &MUIlIs and to provide aranalytical
approach to help transportation infrastructure personnel (ldrilted Stateand globdly) identify
constructability problems during design and construgtioases @ that corrections can be made
quickly to mitigate cost and schedule overruii$ie results from this researalso can be applied
to other types oinfrastructureconstruction projects (buildings, bridges, dams, etc.paadtually
help promote the construction of more sustainable infrastryctaxe lives, save money, and
reduce congestion

Research Scope and Limitations

The data for thisesearctwereobtained from the&NCDOT andpertaired only to retrofit projects
with design bid builccontracs. A retrofit projectmodifiesor improves existing infrastructure to
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enhancehe performance and sustainability of that existing structureNorth Carolina most
DMUII's have been desigdasretrofit projects andtherefore the focus is limited to this type of
project. This researchs limited to its use ofNCDOT data. Nonetheless, théndings are
summarized in a mannehat can lead to the implementation of recommendatithrad are
applicablebeyondNorth Carolina Some of the proposed strategies are expected to be relevant for
the long termwhereaotherrecommendationsuch aghose that apply to thep inhibitorsthat

affect specific designanay require periodic revision as additional data become available for
analysis.

Report Organization

This reportis organized into chapters thiagspectively discusthe and/ses performed in this
research

1 Chapter 1 presents the introductitm this research, objectives, significance, scope
limitations alist of abbreviations, and definitions

1 Chapter2 presents the findings derived framerviews, surveys, and field study projest
which effectivelyidentify inhibitorsthat significantly impacbDMUII s.

1 Chapter 3 presents significant findings that identify construatibibitors thatimpact
DMUIIs, as evidenced by clagand supplemental agreement dafdnese inhibitors are
then compared to the inhibitothat affect Cll projects,to gain a comprehensive
understanding of the distinctions betwé&avUIl andCll projects.

1 Chapte# provides findingbased on aavaluation oDMUII andCllI projectperformance,
with afocus on cost and schedule data.

1 Chapter5 describesa case study that evaluateadwaycongestiorthat isdue toWwzZTC
measuregmplemented foa DMUII andaCll project

1 Chapter &iscussesthe identified construction enhancers for the improved construction of
DMUII projects.

1 Chapter7 offers a conclusion that identifiéise contributionslimitations, and future work
derived from thigesearch

List of Abbreviations

The following abbreviations are utilizeéx thisdocument:

3D: Threedimensional

4D: Fourdimensional

AADT: Averageannualdaily traffic

AAA: American Automobile Association

AASHTO: American Association of State Highway and Transportation Officials
DMUII: diverse,modern, andinconventionalntersection anchterchange
ATRI: American Transportation Research Institute

ATC: Alternative technical concepts

AVO: Averagevehicleoccupancy

BIM: Building Information Modeling

CllI: Conventionalntersection anthterchange

CFI: Continuousglow intersection

CLEAR: Communicate bssons, Exchange Advice, Record
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CM/GC: QonstructionmanageiBeneral contractor
CR: Constructabilityeview

DB: Designbuild

DBB: Designbid build

DDI: Divergingdiamondinterchange

DOT: Department of Transportation

El: Echelonintersections

FHWA: Federal Highway Administration

GIS: Geographignformationsystem

M&P: Modularization and prefabrication
NCDOT: North Carolina Department of Transportation
NCHRP:National Cooperative Highway Research Program
ORD: Open Road Designers

QR: Quadrantoadway

RCI: Reduceaonflict intersection

ROW: Rightof-way

RUC: Roadusercost

TDC: Traveldelay cost

TTI: Traveltimeindex

VMO: Value Management Office

VOC: Vehicle operating cost

VOT: Value oftime

WZTC: Workzonetraffic control

Definitions

1.

Diverse, Modern, and Unconventional Intersections andhterchanges (DMUII): An
intersection or interchange where one or more traffic movements are strategically rerouted
from a conventional signalized intersection to remove or reduce major conflict points.
DMUIIs also are referred to as alternative, nontraditional, novel, or innovative
intersections.

Actual project cost: Thetotal project cost at project completion.

Actual project duration: The total daysequiredto completethe workfor the project
alsoreferred to asrevised calendar days HICAMS.

At grade intersection: When two or mee surface streets intersecgaade level.

BIM: (Building Information Modeling) is a digital representation of the physical and
functional characteristics of a project.

Constructability: The optimum use of construction knowledge asxperience in
planning, design, procurement, and field operations to achieve overall project objectives.
Contract bid: Thewinning bidis accepted byhe NCDOT.

Constructability review: A process that utilizes extensive construction knowledge from
contractors, designers, and construction experts early in the design stages of a project to
ensure that the projects are buildable while also beingetfesttive, biddable, and
maintainable.
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10.

1.

12.

13.

14.

15.

16.
17.

18.

19.

Claims: Requests (from contractors) tlee NCDOT to perform contract modifications in
terms of time or money to solve an issue found during construction. Ctambe
submitted throughout the construction phase of a project.

Costdifference: Theresult of the comparison of tlestimated project cosind the actual
cost required to perform the work. These values are also referredoieasin/underrun
values

Estimated project cost Thevalues of NCDO® sstimaéd project cost.

Enhancers: Promising construction concepts such as emerging technologies that have the
potential to positively affect the construction@¥UII projects.

Estimated project duration: The estimated dayseededo completethe workfor the
project,also referred to afproject calendar dagsn HICAMS.

Grade-separated intersection: When two or more nefreeway streets intersect with
grade separatiofrequires a bridge)

Inhibitors: The factors that have the potential to negatively affect the construction of
projects withDMUII designs

Interchange: The intersection cdé freeway and surface streets.

Retrofit: Theprocess of modifying the layout/geometric design of an existing intersection
or interchange.

Supplemental agreement @lso known as a change ordeAn agreement between
NCDOT and the contractdor a specific project. The contractor requesisamendment

to the contract in terms of monetary compensation, time, or scope of the work as necessary
to satisfactorily complete additional construction wibr&t wasnotin theinitial contract

The supplemental agreement procésginsonce a project has been awarded to a
contractor The contractor then reviews the contract and requests anesisl
Scheduledifference: Theresult of the comparison of the estimated project duration and
the final project duratiothat isrequired to perform the work.

The 19 definitions are the ones utilidein thisresearch. Other terms that calead topossible
confusioninclude

T

il
il
il
il

Estimated project cost original estimatesengineering estimates
Inhibitors = factors, drawbacks, problems, etc.

Supplemental agreementxkange orders

Cost differences = overrun/underrun values

Estimated project duration = project calendar days
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IDENTIFICATION OF INHIBITORS FOR CONSTRUCTION OF ALTERNATIVE
INTERSECTIONS AND INTERCHANGES : INSIGHTSFROM STAKEHOLDERS®
PERSPECTIVE AND FIELD STUDIES

This chaptefocuses on the identification ohhibitors to the construction diverse,modern, and
unconventionalntersections anthterchanges (DMUIIYlesigns To do so, an online survey was
distributed and virtual interviews were conducted to gather knowledge from stakeholders
(consultants, designers, and contractors) with experience bupdapects withDMUII designs

The results were compiled and assessed to better understand the inhibitors thaDdliéat

from being selected and constructed.he results are promising and hdlepartmerg of
Transportation(DOTSs), contractors, and consultants to focus their resources inimizing
inhibitors to improve project performance. The results show that utilitiegginebf-way are the

most prevalent inhibitors that prevédiUII s from being selected and constructed.

Introduction

The United States had a particularly strong investment in transportation infrast(uzhoieays)

prior to WWII. This investment influenced the economic growth of the country and positioned
the United Statess an economic leadéCouncil on Foreign Relations 2021However, since

WWII, except for the interstate highway system, national infrastructure has not been optimally
maintained.To address the effects of the aging and underperforming infrastructure, it is necessary
to restore the existing infrastructure to optimal performance levels and to promote sustainable
design, construction, and rehabilitation practiées new infrastructure. Doing so ismore
important due to the emergence of practices that promote more transportation networks, smart
mobility, connectivity, and resilient syster{i®aza et al. 2022).

DMUIIs are costeffective, safe, sustainable, and efficient alternatives to the existing aging
intersections and interchang@gémoshaogeh et al. 2020PMUII s have the potential to improve
traffic flow, capacity, and safety, especially in highly congested and spatially constrained areas
(Almoshaogeh et al. 202&haw and Chlewicki 2016)A reduction in vehicle emissiortsn be
achieved B increasing capacity and improving traffic flowhich is a critical and sustainable step
toward reducing negative olate impactgRaza et al. 2022Sabory et al. 2021) The benefits
associated witrDMUIIs often get overlooked due to their unique design, construction, and
constructability challenges for the stakeholders (DOTSs, consultants, and contraStor&rly,

since mosDMUII designs are relatively new (around 10 years old), they are also unfamiliar to
drivers. As a result, projects usiigMUII designs are frequently perceived to require additional
time and cost to build compareddonventional intersectiomd interchange(ll) designs.

Shumaker et al(2012) first documented this shortcoming by noting that fBMUIlIs see
widespread use because they require unique construction approaches that mandate a deep
understanding of best practiceslowever, these best practices are acquired gradually through
experience Without such experience, contractors face challenges when they design and construct
DMUII projects. This chapteraims to address these issues by identifying construction inhibitors

that could affecDMUII construction costandscheduls. It also aims tcestablish a framework

for understanding why maryMUIl s are not widely and readily adopted for use, especially given

their promise to improve both traffic flow and safety and generate more sustainable infrastructure.
To do so, an online survey and virtual interviews were conducted with the stakeholders
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(consultants, designers, and contractors) involved in prdjeatd©iad &MUII designto identify
the inhibitorsassociatedvith the design and construction process ofdiMUIl s.

Literature Review

To enhance infrastructure sustainability, the building industry has developed sustainable building
ratingsystems such as LEED, BREEM, Green Globes, and many(Fammean®013) to integrate

design and construction to incorporate sustainability and green construction pr&sdloesy et

al. 2021) Such practices have been lacking in the transportation industig.can be attributed

to the fact that achieving sustainability in existing transportation facilities is not an easy task that
can be achieved with a rating system or through the Gk désigngHumble and Furtado 2010).
However, sustainability can still be achieved with the promotion of sustainable designs such as
DMUIIs. DMUIIs can improve operational performance, safety, and environmental performance
(Sabory et al. 2021DECD 2001).

DMUII's have a large number of desidgng nd much information or detail is widely available for
contractors on the unique differences betwBdtUll s andCll and interchanges or on how to
constructDMUII s. This lack of information makes them appear to be complex for construction.
There are multiple factors affecting project success that are highly dependent on the project type,
size, and complexit{Shumaker et al. 201%Yisconsin DOT 2013)For exampleDMUII designs

may appear to benore challenging ah riskier due to the introduction of new products and
technologies as well as the combined efforts of multiple contractors.

Alternativelntersection anthterchangs

Table2.1 identifies some of the most relevant benefit®bfUIl s and their respective inhibitars
Findings fromWisconsin DOT(2013 indicated that an advantage @bntinuous flow intersection
(CFI) and quadrant roadway (Qi)that these projects have lovwsarstscompared to the cost of
building a full conventional interchang&.hereduced conflict intersection (RCAnd diverging
diamonds (DDI) areonsidered to be one of the safer designs for rural and urban localtions
addition, findings in Table 2.1 also indicate that the B&4ign is the only one that typically does
not require the acquisition afjht-of-way (ROW)

Just like the benefits dMUII, theinhibitors associated with the construction of edkUI|
design are specificThe acquisition of ROW to construct tBéMUIl is a common disadvantage
amongCFl, RCI, and QR design®Driver and pedestrian confusianeanotheiinhibitor affecting
CFI, DDI, and EI during construction and initial usdditional maintenance costs due to special
operations or the need for additional structuredrdribitorsthat are often associated with CFl,
El, and QR.
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Table 0.1 Benefits andLimitations of Alternative Intersections andl nterchanges

Design Benefits Limitations Sources
. Ideaj _for locations with . Ad_dltlonal ROW fqr ramps |\ i consin DOT 2013
significant ROW ¢ Driver and pedestrian confusion .
CFI L " dt Additional : Furtado et al. 2003;
* Lower cost compared to a | e Additional construction, Fitzpatrick et al. 2004
Cll. maintenance, and operation cos
Furtado et al. 2003;
Rel | ® Good safety performance il e Additional ROW along the arteri| Fitzpatrick et al. 2005
rural and urban areas roadway Hiddlebrand 2007;
Hughes et al. 2010
e Less expensive than a full | » Bridge cost for pedestrians
Cll. crossing Wisconsin DOT 2013
QR | » Reduces total intersection | ® High structure cost Fitzpatrick et al. 2005
system delay and reduces | e Driver and pedestriaconfusion. Hughes et al. 2010
queuing « Additional structure maintenanc
e o e anen 1o wisconsin pOT 201
El e Increase efficiency requirements gning Fitzpatrick et al. 2005
¢ Improve safety " . , Hughes et al. 2010;
¢ Additional ROW is required for Virginia DOT 2021
the QR.
o . * Require additional pedestrian Wisconsin DOT 2013
+ Minimizes ROW impacts crossings .
DDI | fot Dr i « ¢ Hughes et al. 2010;
e Improve safety. eDriversodé confu Virginia DOT 2021
crossover

CFI: continuous flow intersectio®RCI: reduced conflict intersectio@R: quadrant rodway.El: echelon intersection.
DDI: diverging diamond interchange.

In general, mosDMUIIs designs have evoked strong resistance from the public due to their
unfamiliar design and routing complexitieBublic perception is considered the biggest obstacle
preventing the wider implementation DMUII s. Unfortunately, few efforts have been made to
address and improve the public perceptiod™MUIls. A recent study by Brown et a2020)

noted that public perception can be relatively negative before the projects are built, but it improves
once the design is completed and the public becomesdawmith the design and its use, especially
when they see the resulting improvements in traffic flow.

Another problemwittbMUIls i s t he contractorsoé6 | ack of f ami
of) their cost and time requirements (compare@italesigns).This perception is often rooted in

the DMUII requirements for unique construction approaches to meet the specific challenges
resulting from unique site characterist{@humaker et al. 2012)Therefore, when a new design

is proposed, and there is limited prior construction experience with it, bid costs argrtugh
contractors need to comperesdor the risk associated with the new and unique unknowns of

DMUII projects.

A common perception is that so&IUll s are more expensive to build tha d@esigns, therefore

these are not feasible for economic resg®larte 2011) The difference in cost is typically
associated with the additional ROW, additional signals and signs, the construction of grade
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separation, and in some cases, the cost of stagimg .complexity oprojects that hava DMUII
designdoes incur high levels of organization and construction; therefore, the cost increases.

Table 2.2 identifies the construction cost requirements for each dDMBIl s of interest. The

first column identifies the design, the second column describes the findings related to the
construction cost of that respective design, and column three identifies the sNotae that

only information about the cost of CFl, QR, RCI, and DDIs was found in the literaiotce

that from theDMUII s of interest presented in this research, the cost associated with El can be
assessed as the cost associated with a-gegmirated intersection, which is known for being costly
compared to afjrade intesectiongShin et al. 2008)

Table 0.2 Alternative I ntersections andi nterchanges Construction Cost

Design Construction Cost Source

¢ Designcost is approximately 50% highéranCII.

¢ Primarily due to increased footprint and associated iadditROW
requirements Hughes et al. 2010

e The costs for ROW and new sigmaintrol will increase the cast Steyn et al. 2014

¢ More costeffective and produce similar operational benefits com
to gradeseparated degins

e Cost 24% more than th@ll designs

e More expensive to construct thaC. This requires more ROW,
extra signals and controllers, extra pavement, higher costs for tr:
signal control, and construction sitagy

¢ Planning and design costs may initially be higher for the first few
intersections compared tdZl, in part because of extra public Hughes et al. 2010
outreach, digital renderings, and traffic opemaimicrosimulation Hummer et al. 2014
video clips

¢ As RCIs become more common in an area, special efiotsasts
will likely be reduced

e Actual project costs will wvar
and uniqe contextual design environment

e Theconstruction costs are likely higher thara&tll.

QR |l The incurred cost is attributed to the connector roadway, egmalsj Hughes et al. 201(
and extra overhead signs

e The actual costs of designing and constructing are highly variabl
based orsite-specific elements, particularly if a design is newl
constructed versus a retrofit Hughes et al. 2010

¢ Extra st isminimal compared to &€ll design Schroeder et al. 20

¢ Additional costs are attributed to mobilization, overhead lighting,
pavemat markings, and drainage casts

CFI: continuous flow intersectiofRCI: reduced conflict intersectioQR: quadrant roadwaydDlI : diverging diamond interchange.

CFlI

RCI

DDI

However, despite its cost, extensive research has been conducted on the bebkfitdl efand
these benefits include improvements in traffic flow, capacity, and safety portion\éitg and
Weng (2013) assessed the traffic delay BMUIIs by utilizing queuing models and single or
multiple subwork-zone strategies.Subwork-zone strategies are those that can be adopted to
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mitigate queue length and trawlays In this same study, the researchers evaluated multiple
approaches to evaluate how traffic affects capacity due to-zeork& control measures.

Additionally, DMUII s with atgrade designs are characterized by improving capacity at bottleneck
intersections, and intersections experiencing a high volume of traffic and high volumes of
pedestrians are prone to suffer capacity isgdeset al. 2016) Thereforetheideal solution will

be to opt forDMUII designs. For example, one of these designs is the DDI.their study,
Schroeder et a(2014)mentioned that DDI projects are ideal for constraint areas since this design
generally fits within the d@sting interchange ROW and bridge structure.

In another study performed by Brown et €016) space constraints, phasing, and safety
considerations were evaluatedThe findings indicated that detouring traffic away from
construction is ideal for safety and operations; however, if maintaining the existing intersection
operation with all movements as long as possible at the main intersection is needed, consideration
of factors that affect construction timing should be ma8eme of these activities that can be
monitored to address safety with phasiare construction work related to drainage, utility
movements, and other situations that can affect proje@epending on the specific location,
multimodal accommodations for pedestrians, bicycles, and disability accommodations can also be
considered.

Table2.3 summarizes how safety is enhanced based on the number of conflict points, collision
rates/crashes, human factors, signal progression, and sight distarara. the conflict point
perspective, if compared to @ll signalized intersection, aDMUIlI designs have a better
performance. A similar trend can be observed in the collision rate reduction, witBMIII s
reporting a decrease in fatal/injury collisioriéonetheless, the results oscillate greatly from study

to study and the analysis type being performédan also be noted that even though the majority

of DMUII designs improve safety considerations for pedestrians and bicyclists, there is a great
deal of confusion from drivers and pedestrians about how to navigate through these designs.
Concerning signal progressiddbMUII designs improve signal timing by separating movements.
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Table 0.3 Alternative Intersections andl nterchanges Safety Performance

, , Collision , ,
Design Con_fhct Rates/Crash| Human Factor S|gna|_ _S|ght Sources
Type | Points . Progression Distance
Reduction
Standard
configuration, { Inefficient
well understood .
; operation due tq Hughes et al.
by drivers .
. many 2010;
Cll 32 - Dri ver -
confusion is mpvem_ents Brown et al.
proneto 1 Sight distance 2020
unsignalized concerns
intersections
Hughes et al.
Signal controllers 2010;
Iniury crash | Potential driver for one direction Brown et al.
jury . ' of the arterial | Limitations 2020;
reductionof | pedestrian, ang
RCI 12-20 ; . roadway operate at Hummer et al.
-42% up to bicyclist ) .
. independently | crossoverg 2014,
-54% confusion :
from the opposite Hummer and
direction Jagannathan
2008
Potential for Two-phase sigha
. at the main Hughes et al.
illegal left turn, | . . ] .
) intersection and 4§ 2010;
OR 16-28 - driver,and . -
A threephase signa Brown et al.
bicyclist .
confusion at a connecting 2020
road
Hughes et al.
Fatal/injury 2010;
crash Driver and Brown et al.
DDI 8-12 | reductiors of pedestrian | Two-phase signal - 2020;
-41% up to confusion Schroeder et al
-68% 2014;
FHWA 2017
Fatality and | Potential driver, Hugztz)elso.et al.
injury crash | pedestrian, ang  Shorter cycle ’
CFI 28 : o - Brown et al.
reductions of bicyclist lengths _
-18.9% confusion 2020;
' Steyn et al. 201

CllI: Conventional intersection and interchang€l: reduced conflict intersectio@R: quadrant rodway.
DDI: diverging diamond interchang@FI: continuous flow intersection.

Construction Inhibitors

The success of projectthat hasa DMUII designis dependent on factors that have the potential
to negatively affect its constructiomhese factors are referred to in thesearchas construction
inhibitors. Table 2.4 identifies construction inhibitors that are typically associated with
transportation infrastructure projectSach inhibitor is associated with the literature source where
they were found.The majority of the literature identified fabrication and assembly, foundations
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and soil conditions, safety, and construction/installation specifications as constructability
inhibitors in their projects.

Table 0.4 Alternative I ntersections andl nterchanges Construction Inhibitors

Source
Lo
o~ S
(o]
o i o o N
o [oN]
| © & Q Q N I ol
O |l d| x| @ m| oo N| © | &
SIRIEIS|ISSEIE| (2|88 R
Inhibitors S SAEIEBIEIRE £ |E|§ |= |Total
S EEEEEEE NI
| Q| © L S N = © N~ (@] © )
olg|ls|Tle SNl g0l S8 =
N|S5|5l S| o|®|o|g|2o 2% | g |
cl=|ol % e|lGlolsiTle |DNL|a D
S8 SlcslglB| 8|oc|lS |20 |95 | =
IR HEEER I EERE:
OO N|<|Q|L|O|=|n |[>0 |Z2|< |0
Fabrication and x| Ixl-1-o-Ixlx]| - X x | x 7
assembly
Foundation and soail I I I BV I BV xl o Ixl oI x ] -1 6
issues
Safety Sl - X - - - IX - - XX - 5
Cons_t_ruct]onllnstallatlo slolotixl ool ol x -] - 1Ix!l-|x 5
specifications
Design errors SIX X - X - - - - X - - - -] 4
Installation errors Sl - X - - - X - - X -] - X 4
Space constraints Sl - - X - - X X -] - 3
Excavation slope Sl - X - X - X - -] -] - 3
Cost - X - - - - - X 2
Workforce experience || - | - | - [ - |- |- [-|X|[-|-|-]-]1-|1X]- 2
Utility conflict - X -l - - -] 1

Gaps in Literature

The information provided in this literature section presents robust information about the state of
practice. It was found that there is currentho information related t@®MUII construction
inhibitors. This chapter focaes on identifyingthe inhibitors toDMUII constructionbased on
findings from interviews and surveys

Methodology

Sample Size

To understand how engineers percgwejects withDMUII design a study using surveys and
interviewswas performed.A group of 221 participants from multiple disciplines with previous
experience in the construction, planning, and desigDMbIl projects was compiled.The
participantsdé backgrounds included roadway en
construction engineers, structural engineers, vzorke trafficcontrol engineers, and congestion
managers. Participants were contacted to complete an online survey or schedule a virtual
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interview. The response rate was 34.8% (77 participants of the 221 contacted) and the participation
was as follows:
1 29 participants (20Jorth Carolina Department of TransportatiddQDOT) personnel, 4
contractors, and 5 consultants) were interviewed.
1 28 additional responses wereceived from the North Carolinstakeholder survey (12
NCDOT personnel, and 16 contractors).
1 20 responses were received from multiple stakeholders in other DIbiEsparticipating
DOTs include California, Colorado, Connecticut, Georgia (n = 3), lllinois, Indiana, Kansas,
Kentucky, Maine, Minnesota, New Hampshire, New York, Rhode Island (n = 2), South
Carolina, Tennessee, Utah, and Vermont.

A total of 32 were receivedresponses from NCDOT personnel, 21 from consultants, 4 from
contractors, and 20 from other DOTSs, which is a sample size greater than the minimum needed (68
participants) to have a confidence level of 95% with a real value withidPo of the
measured/surveyed value.

Questionnaire

Two sets of guestionnaires were dehhefraped t
guestionnaire included a total of 24 questions that were used to guide the conversation during the
interviews (see a sample questionnaire in AppeAJiXThis questionnaire was used as a guide to

direct the flow othe conversational data collection effort, but deviations in the questioning during

the interviews allowed the research team to have greater latitude and to identify unanticipated
responsesThis was one of the advantages of the interview process.

The questionnaire, developed for the online survey, only contained 11 questions (see questionnaire
in AppendixB). The questions asked in the survey were similar to those developed for the
interview. However, the research team opted to shorten the online survey to capture the most
relevant information from participants in a tiraficient manner for the participants.

Field Studies

Field studies were performéddr three projectshat wereunder constructiom North Carolinaat

the time of this researchlrhe purpose of field studiesto document construction in progressl

gather data that enables the identification of construction inhibitors and document best practices.
Table 2.5 presents the information for these three NCDOT DDI projects.

TableO5Fi el d Study Projectsod I nformat.i

DesignType| TIP # |Division| Route Across
DDI U-2719 5 [-440 | WesternBoulevard
DDI 1-5700 5 I1-40 | Airport Boulevard
NC-42
DDI I-5111 5 1-40 Jones SausageoRd

DDI: diverging diamond interchange

Site visits to the projects wersadeat a frequency of approximatebne per month for each of
the field study projects for 10 montirem June 9, 20220 May 30, 2023. Duringhesite visis,
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project engineers provided updatesyardingany delay or identification of constructability
inhibitors that wereaffecting the project.

Data Analysis

The surveys focusk on details related to the identification of construction inhibitors, the
identification of unique construction practices MUIl's, and the identification of sustainable
practices that have the potential to enhance projddts.interview and survey participants were
asked to identify their level of experience wdlMUII projects.

The results from this inquiry are displayed in Tab& Out of the 77 participants, 61 of them

were familiar with the construction or design process of a DAhong these participants, RCI

was the second most commonly mentioned design, with 39 responses. Following RCI, participants
indicated familiarity withQR (n = 34), CFI (n = 26), and EI (n = 2}urthermore, several
additionaDMUIld esi gns were identified but classified
of this r es e ategoriencomfakses rdur@abbuesysipgiet taban interchanges,

and turbines.

TableO6 Par ti ci pant s 6 Altematve Il ntesactions yndwterchéinges

Design Total
Diverging Diamondinterchange 61
||Reduceo[:onflict Interchange 39
||QuadrantRoadway 34
||Continuous Flowntersection 26
||Eche|on Intersection 2
||Other Aternativelntersections anthterchangse 15

The general findings from the interviews and surveys are presented beladdition to general
findings, the discussion session of this report presents lessons learned and documents best practices
identified by interview and survey participants.

Par t i danplarity with dlternativelntersections anthterchanges

During the interviews, participants were questioned about their familiarityDWtblll designs.

The findings were tabulated based on the participgotisfunctiors. First, note that contractors

are left out of Figures 2.1 and 2.2 because contradtorsotdirectly respond to this question

When contractors were asked about their familiarity MUII designs, they emphasized that

while they may not be wellersed in the geometric and design aspects speciibitdll projects,

the construction proceger these projects is similar to that of conventional designs they have
previously worked on. Consequentl y, DMUllom t he
designs do not require any specialized construction knowledge.

Figure 2.1lpresents side-by-side bar plotompaing job function and job familiarity The results
indicate that managers and consultants exhibit significantly higher levels of knowledge and
familiarity with their respective roles compared to other job functigBenstruction engineers
appear to have the least familiarity witiMUII designs, suggesting the need to prioritize their
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training to ensure they become familiar wiiMUIl's. Additionally, a substantial number of
construction engineers and designers responde:
of further investigating their familiarity with the job function.

16
14
2 12
c 1
g
3 6
g
2
0
Construction Consultants Designers NCDOT
Engineers Managers

Job Function
Expert Comfortable Basic knowledge = Not Familiar

Figure0.l Par ti ci pant 6s IEematve Inieraectiorts gnd imtercthhngeABased
on Job Function

To further analyzehefindings in Figure 2.1, a sidey-side bar plot was created to investigate the
participant 6s CFbhDDH, QR,anmdiRCtesagrs ant this isvresults are reported
in Figure 2.2 The results indicated that managers are the most comfortabl®©withll designs

as they reported a high level of familiarity ranging from comfortable to exjjés.only design
where managers showed lower familiarity was with CFl, indicating basic knowledge and a
comfortable familiarity level These results align logically with the fact tlaatew (around 1)

CFl are at the project development stage and ongCFI project has been construciadNorth
Carolina. On the other hand, construction engineers displayed the lowest familiaritp Mithl s,
particularly with CFI, RCI, and QR designSonsultants reported a comfortable to expert level of
familiarity, while designers generally exhibited a relatively comfortable level of familiarity with
DMUII s, except for QR designs, where they indicated having only basic knowledge.
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Frequency Count

2
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0
CFlI DDI QR RCI CFlI DDI QR RCI

Construction Engineers Consultants

Frequency Count
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CFI DDI QR RCI CFI DDI QR RCI
Designers NCDOT Managers

Expert = Comfortable = Basic knowledge mNot Familiar

CFI: continuous flow intersectio®DI: diverging diamond interchange.
QR: quadrant roadwayRCl: reduced conflict intersection.

Figure0.2 Par ti ci pant 6s Job Funaltermnative Intersectionsandni | i ar i
InterchangesDesign Types

Identification of Construction Inhibitors

After 1 dentifying t heDMplesythey weerephanaskedoto ideatimihé i ar i
specific construction inhibitors that they saw as most significantly affeptinjgcts that hava

DMUII design The participants were encouraged to identify multiple inhibitors for a project, if
appropriate.In total, the participants identified 19 inhibitors affectpmgjects that hav®MUII

designs The results from their identification of inhibitors and thearcentagdrequency are

displayed inTable2.7.

Table 2.7 associate thénhibitors identified by participants in surveys and interviews with the
design type that participants were discussiiptice thatconditional formatting was utilized to
determine which inhibitors have the largest percentageach design typelt can be observed
that the most common inhibit@mong allDMUII s was utilities(n = 9%) The secondargest
inhibitor wasthe business impadh =9%), followed bypublic acceptancé =9%), multimodal
transit accommodatiofn =7%), andROW (n =7%). By focusing on the top inhibitors specific

to each design type, we can observe certain overlapstfeguysiness impadias 14% QR and
12% RCI) between designddowever, it is noteworthy that the top 5 inhibitors affecting each
projectthat havea DMUII designdiffer. This finding suggests that no general assumptions can
be made about the inhibitors affecting projects.
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Table 0.7 Construction Inhibitors Associated withAlternative Intersections and

InterchangesProjects
Inhibitors CFlI DDI QR RCI | Total
Utilities 21% 9% 7% 9% | 9%
Businesdmpact 0% 6% 14% | 12% || 9%
Publicacceptance 0% 8% 12% 8% 9%
Multimodal transit accommodatiolf 0% 6% 9% 9% 7%
Right of way 7% 5% 8% 11% || 7%
Safety for workers 7% 10% 3% 7% 7%
Space constraints 0% 8% 7% 8% 7%
Safety for drivers 7% 9% 4% 5% 7%
Site access 7% 5% 9% 7% 6%
Work zonetraffic control 7% 9% 3% 5% 6%
Construction sequencing 7% 7% 4% 1% 5%
Wall construction 14% 4% 3% 3% || 4%
Bridge construction 0% 4% 5% 1% 3%
Geotechnical issues 14% 3% 3% 3% 3%
Water drainage during constructiq 7% 3% 1% 4% || 3%
Environmental concerns 0% 1% 3% 3% 2%
High bids 0% 1% 3% 3% [ 2%
Signals and signage 0% 2% 3% 0% 2%
Total 100% | 100% | 100% | 100% [ 100%

CFI: continuous flow intersectio®DI: diverging diamond interchang®R: quadrant rodway.
RCI: reduced conflicintersection.

Through the conversations held with participadtsing the interviews, it became clear that
participants feel these inhibitors are not limiteghtojects that hav®MUII design nor are they
entirely due tdMUII project characteristics. Instead, they are more likely forésentedbased

on the unique characteristics of each project site. Howekdl!l s result in an added complexity

to a number of the inhibitors identified in Table 2.7. The next section further addresses this point.

Unigue Construction CharacteristigsAlternative Intersections and Interchanges

This research sought to identify the differences in the process of constructiogea mith a
DMUII vs Cll design. The interview participants noted six main areas in wiitdJll andClI
projects differ: sequencing and phasiVgZTC, contractords perception
characteristics, relocation of23utilities, and
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Figure 0.3 Unique Construction Characteristics of Alternative Intersections and
Interchanges

The results indicated that sequencing/phasing/dadC are two of the most notable differences.
This and the remaining results agree with the findings in prior res@Reeller and Nelson 2015;
Hancher 2003; Wong 200&inited StatesArmy Corpsof Engineers 2013Zhan and EDiraby
2006. Since the geometry &@MUIIsis new and unique, guidelines or manuals are not available
to address sequencing WZTC. Stakeholders experienced difficulties in these areas, mainly
because the total phasing aMZ TC required for a particular design varies drastically depending
on its geometric constraint3.herefore, these two factors were identified as the most predominant
differences in this study.

In addition, contractors perceiy®ojects that hav®MUIl designto be more challenging than
projects that hav€ll design This is in part due to the greater complexityDdflUII s, resulting

in increased cost Therefore, the construction dDMUIIs is considered to be riskier.
Additionally, participants indicated that the complexitypdfiUll projects, combined with unusual
site characteristics, make construction more challengBecauseDMUII designs are ideal for
addressing capacity problems, theg typically implemented in congested and complex areas.

The relocation of utilities and driveros exp
process of conaicting a project wit DMUII vsaCll design.Participants indicated that in some

cases, due to the unique geometrPMUIls, some projects are builithin the existing ROW.

In such cases, utilities are already located outside of the construction footprint; therefore, utility
impact is lower. In other casesDMUII designs require a larger ROW, and therefore, utility
relocations are more significantly impacteéor driver perception, participants indicated that

DMUII projects have unconventional geometry, and therefore, drivers perceive them to be
complicated, unfamiliar, and uncomfortable.

ProjectsUnder Construction

Over a period afenmonths, thre@rojects that havBMUII designin North Carolinawere closely
monitored to determine the construction inhibittrat wereaffecting them. The first project
monitored was project42719 located at the intersection of West8wulevardand F440in Wake
County, as shown ifrigure 24. ProjectU-2719involvesthe construction of a DOdesign and is
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expected to be completad October 2024 The construction progressas65% completed at the
time of the field observations
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Figure 0.4 Location of Project U-2719

The second project monitored was70Q alsoa DDI designlocated at the intersection of Airport
Boulevardand F40in Wake Countyas shown ifrigure 25. 1-5700 is projected to b@mpleted

by December 2024and the construction progreams 40% completed at the time of the field
observations.

Figure 0.5 Location of Project 1-5700

The third projecthat wasmonitoredis 1-5111 inWakeCountywhichinvolvestheconstruction of
two DDIs. Figure 26 (a) shows thathie first DDIis beingconstructed at the intersection e40
and NG42 and Figure 2.6 (b) shows that tsecond DDI will be constructed a0 and Jones
Sausage &ad. This projectis expectedo be completed iugust 2024 Only 20% of thefirst

DDI project had been completed at the time of the field observations and constorctibe
second DDI hd notyet started
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Figure 0.6 Location of Project I-5111

Table 2.8provides a breakdown of the inhibitdtget were identified in thifeld of study The
most frequent inhibitorare showrnto be material deliveryssues space constraigitand utility
problems Material deliveryprovedto be asignificantproblemfor all threeprojectsand was due
to labor shortageand the inability to get material shipped to contractors on tifieeaddress this
issue, contractors opted to request materials in advance and sesutgestorage areag\nother
prominent issue observed thesites was space constragtFor instancefor thel-5111 project
the clearance area that separates the construgte from live traffic wasix to eight feet This
limited space posksignificant risks to both construction activities and traffic in the alreterms
of utilities, project 5111has experienaka delay oftwo years due toéherelocation of gas lines
Similarly, in project F5700, the relocation of utility poles isnpacting thescheduling of
construction activities in that locatipoausing further delays to tpeoject.

Table 0.8 Total Inhibitors per NCDOT Field Study Project

U-2719 I_—5700 15111
Inhibitors ngliset\?;? d Boﬁ:ree/c;? d& [-40 and | Total || Frequency
and 1-440 140 NC-42
Material delivery 1 1 1 3 21%
Space constraints 1 1 2 14%
Utilities 0 1 1 2 14%
Design errors 0 1 0 1 7%
Design specifications 0 1 0 1 7%
Multimodal transit accommodatid 0 1 0 1 7%
ROW 0 0 1 1 7%
Safety 0 1 1 7%
Water drainage 0 0 1 1 7%
Work zone traffic control 1 0 0 1 7%
Total 3 6 5 14 100%
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The field study projects also identified a benefit associatedtiain construction Specifically,

in the case of the3700DDI project,construction personnel reported higher productivity due to
the construction phasing at Airp@&bulevard which allowed them to work more efficiently away
from traffic. This project requiréthe construabn of two bridges for the DDI Figure 27 shows

the construction and bridge locations. Ntitat F40 and AirportBoulevardexperience heavy
traffic and are consa&ted highpriority areastherefore, losing lanes and reducing capacity could
potentially cause significant problerasd traffic delays The current alignment of the5700
project isalongBridge B. Therefore, the construction phasing strategy facilitated the separation
of construction activitieat Bridge A from the existing traffic flow, eliminating the need for WZTC
measures. Once Bridge A was completed, trafficwas diverted toBridge A, whichallowed
reconstruction activities beginon Bridge B.
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Figure 0.7 1-5700Project: Location of Bridge Structures

Lessons Learned and Best Practices

DMUII projects support sustainability in multiple waydmoshaogeh et al. 2020ndtherefore,
documenting solutions that can lead to improving the constructiDivfll projects is essential.
Findings from tle interview process are documentedtire form of lessons learned and best
practices.Lessons learnedescribe the knowledge gained from industry experts about the process
of conducting a projedProject Management Institute 20Q8)d best practices are the processes
or methods that, wheexecuted effectively, lead to enhanced project perform@@meastruction
Industry Institut2022).

Based on the survey and interview results, a set of lessons leeasedmpiled to identifythe

main construction inhibitorsThe two most frequently identified inhibitors projects that have

DMUII designare utilities andROW. The factorthat mostaffectDMUIIs i s t he contr
perception of the complexity and risks involved in the project, not the deki@stly, creating

consistent documentation to identiiyhibitors related to constructability and assessing those
inhibitors throughout the prejc t 0 is esdentidl ® meet the unique challenges and construction
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practices oprojects that havBMUII design In addition, planning was identified as the key to a
successful projectTherefore, it is important to focus on the early identification and relocation of
utilities by performing a utility assessment early in the planning stages of a project.

One of the best practices identified by participants makeregular visits to the construction site
to check the placement of temporary signs amdassess turning movements and overall
performance during constructiorideally, WZTC designers and safety officessouldperform
theseinspections.

Construction personngterefound to have less familiarity witbMUII designghan conventional
designs To address thissue workshops odunch and learr@wvould be usefufor construction
personnel as well asther NCDOTemployeego share knowledge gainedimilarly, designers
and structural personngthouldvisit construction siteperiodicallyto improve their understanding

of constructiorrelated activities. This exposure to the field will enable designers to address
common construction concermsore effectively during the design phase and gain a clearer
understanding of the project scope and characteristics.

Conclusions

To gain a deeper understandingmvalysto build DMUII s successfully and sustainablgterviews

and online surveysvere conductedo recordinformation from industry expertsegarding the
construction inhibitors that impagtojects that hav@MUII designas well ago identifyinhibitors

through field observationsThis study represents the first investigation of construction inhibitors

for projects that hav®MUII design and its resultprovidevaluableinsightss into inhibitors that

negatively impacsuch projects. Stakeholders identifiedl8 inhibitorsthat affectthe construction

of DMUIl projects utilities, business impagt public acceptance, multimodal transit
accommodation, safety for workerROW, space constraintsafety for driverssite access

WZTC, construction sequencingvall construction bridge constructiongeotechnical issues

water drainage during constructj@nvironmental concernkigh bids andsignals and signage

Addi ti onal rel evant findings were aframothei dent i
contractorso per spelMUll designs dotnot ipsre dnye $peclizesld t h a
construction knowledge.

The 10-month field study of three projects with DDI designin North Carolinarevealed
construction inhibitordhat affectedthem. A total of 10 inhibitors were identified across the
evaluated projects, with material delivery issues, space constraints, and utility problems being the
most frequent inhibitors.The field study also highlightethe benefits associated withMUII

projects. Construction personnel reported higher productivity due to the construction phasing of
DDI projectl-5700at Airport Boulevard The strategic construction phasing of the two bridges
facilitated the separation of construction activities from the existing traffic flow, eliminating the
need for additional WZTC measures.

The findings from the field studgisoemphasize the importance of proactive measures to address
construction inhibitors, such as early material planning, efficient space utilization, and strategic
phasing of construction activities. By identifying and mitigating these inhib@di$)Il projects

can experienceenhancd productivity, minimizel delays, and optimizk safety for both
construction activities antthedriving public. In general, lhe findings reported in this chapter hold
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significant implications, primarily the identification of lessons learned and best praciicese
findings can be used bpOTs and other transportation agencies in allocating their resources
effectively to identify and mitigate inhibitors before they adversely affecjects that have
DMUII design Furthermore, these insights will enaBl®Tsand agencie® adopt enhancement
strategies that promote more efficient constructioDMfUIl projects.

The results of this research are qualitative in nature and serve to establish an initial understanding
of the inhibitors that impacprojects that havddMUII design However, to enhance the
significance and reliability of these results, efforts were made to quantify the impact of each
inhibitor on the performance of tipeojects that havBMUII design as presented in Chapter 3.
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CONSTRUCTION INHIBITORS: INSIGHTS FROM CLAIMS AND SUPPLEMENTAL
AGREEMENT DATA

Transportation projestrequire a significant economic effdrom departmerg of transportation
(DOT9 (Lee et al. 2018; €e and Alleman 2038 The failure of such projects can have serious
consequence®r national and regional economi@sove et al. 2016 Ensuring that projects are
completed within the allocated budget and schedule is crucial for determining their success,
particularly in transportation projects where public fugdm involved (Shrestha 2022[or this
reason, DOTs have recognized the critical role ofleting transportation infrastructure projects
within the estimatedudget specified timeframe, and original scope of work (FHWA 2007).
However, due to the complex nature of transportation infrastructure projects, accurately predicting
their outcomes is challenginR¢hak et al. 2018; Useche et al. 2018; Seira).2018.

To address this shortcoming, extensive research has been conducted to evaluate transportation
project performance, providing valuable insights into potential inhibitors that can impact project
success (Aziz and Abdélakam 2016; Parikh et al. 2019nhibitors are defined in this research

as the factors that have the potential to negatively affectath&truction ofliverse,modern, and
unconventionalintersections andnterchanges (DMUIl)projects. A reliable technique for
assessing project performanseo analyzeslaims andsupplemental agreemer{@hrestha 2022).

Claims andsupplemental agreementse critical aspects of construction projects that can
significantly impact project performance. Even though the definitions of claimsuaptemental
agreementyary among researchers (Ndekugri and Russell 2006; Reid and Ellis P@)&ct
Management Institute 20QQutilizing these data sourcesan efficient way to evaluate project
performance.Evaluating the causes of clainsimportantto gain abetter understanding of the
factorsthataffect project performance. In this reseadichgim®refersto a request for more time

or money to compensate for losses due to chadgisitionally, supplemental agreemerdse
inevitable in construction projects due to factors such as limited time, resourcéise budget

that isallocated during the planning stage as well as the unique characteristics of construction
projects (Hanna et al. 2002; Assbeihat and Sweis 201f§)pl&@nental agreemerdse definedn

this research as a request to amend the contract in terms of monetary compensation, time, or scope
of work to complete additional construction wattkat wasnotincluded in thenitial contract.

Although extensive research has been condutterproject performance and the identification
of inhibitors that affect transportation projectémited literatureis availablethat isspecifically
related to project design typeEvaluatingthe inhibitorsthataffect transportation projects based
on design type is important becau3®lUIl s often require construction approaches that may be
unfamiliar to professionals in the industryhis research aims to address this igeghe literature

by focusing on the evadtion ofclaimsandsupplemental agreementBy examining this dataset,

a deeper understanding of the performand@MUIl s compared teonventional intersection and
interchangeCll) designgs gained The evaluation of #sedataalso allows the identification of
inhibitors that affecDMUII s, which hasthe potential to shed light on the unique challenges and
opportunities associatedth DMUII projects.By understanding the causes, effects, and inhibitors
associated with claims arsipplemental agreementonstruction can be enhadd® promote
successful project delivery.
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Data Sample

A list of 77 potential North Carolina Department of TransportatiohQDOT) projectswas
compiled based on input from interview participants arnfdoogle Maplatabasdor DDIs and
RCIs in NC. The database was sharedN®DOT personal. Out of the 7 projectsidentified,
42 wereDMUII designs anthe remaining5 projects hadCll designs only.These projects were
selected based on project characteristics and project stdbie 3.1 presentghe list of projects
thatwerein the following project delivgr phasest the time of this studplanning, desigrnunder
construction, completed, unfunded (projects ready for constructionobitegundue to lack of
funding), under the process afht-of-way (ROW) acquisition, and currently receiving kid
Claims and supplemental agreemeatadrom NCDOT Highway Construction and Materials
System (HICAMS)was not available for allthe projectssince the claims and supplemental
agreements are onfjeneratediuring constructionTherefore, th&lCDOT projectswith available
claims andsupplemental agreemetiitawerethoseunder construction or complete@ut of the
77 projects daims information for54 projectsand supplemental agreememmformationfor 57
projectswerereceivedirom the NCDOT

Table 0.1 Status ofNCDOT Projects of Interest and Data Received

Project Status Total Project Claims Supplemental

Requested Agreements
Planning 3 0 0
In design 9 0 0
Construction 10 7 9
Completed 50 47 48
Unfunded 3 0 0
Right-of-way acquisition 1 0 0
Bidding 1 0 0
Total Projects 77 54 57

The dataset includgrojects constructed from 2007 to 20ZFgure 3.1 shows thdistribution of

the project completion degg@er design type. Note thaine projectsaredesignated asurrently
under constructigrout of these project®ne is expected to be completed in 2025 and another in
2026. Also, the figure indicateghatthe construction oDMUII projects started in 2013 andsha
maintaireda steady rate of constructipnogress
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Figure 0.1 Construction Completion Year of NCDOT Projects

Claims

Claims data for 54 projects were obtained froine NCDOT. The NCDOT divides claims data
into two types:Active and Final. Active daims are submitted during ttié of the contractand
the authorityto approve or decline those claimests with theNCDOT Divisions. Active claims
can becoméFinaldor dv/oid.6 Final claims are submitted to tiéCDOT ConstructionUnit and
usuallyarethe lastto be resolvedo close out a projectTherefore, for calculation purposes and
to capture and include the entire scope of clatiis study considersnly those claims classified
as Final. The second column ihable 3.2 showthe total number of projects per destgpe and
the third column showthe percentage of thprojects that weranalyzedafter data cleaning for
Final claims In total,45 projects whichrepresen85% of the clains datg were used for analysis.

Table 0.2 Claims Data after Data Cleaning

Design Type Total Projects| Total _Erojects % Project

Requested Utilized Used

Continuous Flow Intersection (CFI) 1 1 100%
Diverging Diamond Interchange(DDI) 15 12 80%
Quadrant Roadway(QR) 3 2 67%
ReduceConflict Intersection (RCI) 4 3 75%
Turbine Interchange(TI) 1 1 100%
Conventional IntersectioandInterchangeCll) 30 26 87%
Total 54 45 85%

Supplemental Agreemest

Supplemental agreementisr a total of 57 projectsvere received fromthe NCDOT. Each
supplemental agreemehts a different approval authority levekesident engineer, division
engineer/division construction engineer, state construction engineer/assistant construction
engineer/area construction engineer, and state construction engineer/assistant state construction
engineer. A approvedsupplemental agreemems been reviewed and approved by all required
NCDOT personnel.When asupplemental agreemergquires more than 30 days or more than
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$100,000, the Resident Engineer cannot provide sole approval.

The Resident Engineer will

recommend approval, which places thgpplemental agreemeim the queuefor the Area
Construction Engineetssistant State Constructi@ngineerto review. Once it impproved, the
supplemental agreemeistsent to the contractor for their signafater which thesupplemental
agreemenhas the status of Contractor Concurrence.

Based on the supplemental agreemerdrocess andfor calculation purposespnly those
supplemental agreemeariabeledasApproved or Contractor Concurrengere used for this study
Table3.3 presentghe total number of projectequesteger design typandthe totalnumberof
projects thatould be usedftercleaning the dataset féypproved or Contracta€oncurrence In
total, 56 projectswhichrepresen99% of thesupplemental agreemettdta were used for analysis.

Table 0.3 Supplemental Agreemens by Project Type

Design Type

Total Projects

Total Projects

% Project

Requested Utilized Used
Continuous Flow Intersection (CFI) 1 1 100%
Diverging Diamond Interchange(DDI) 15 15 100%
Quadrant Roadway(QR) 3 3 100%
Reduce Conflict Intersection (RCI) 4 4 100%
Turbinelnterchange(TI) 1 1 100%
Conventional IntersectioandInterchangeCll) 33 32 97%

Total 57 56 99%

Upon identifying the projects with records of claims and supplemental agreements, an analysis is

conducted to determine the extent of the impact &MUIlI on each project.

This analysis

becomes necessary due to the substantial variations in the scope of the evaluated projects. For
instance, in project-5700, the DDIinvolves only 0.798 miles of construction, limited to one
intersection. In contrast, project-B803B covers 6.8 miles of construction, incorporating three
intersections, with the DDI desigmplemented in only one of these intersectio@ensequently,
assessing the scope of each project becomes crucial in determining the actual impact in terms of
added project schedule and coBable 3.4 provides a comprehensive liSDMUII projects along

with their respective impact on the overall project scope, which is determined based on the project
length and the number of intersections or interchanges encompdissedlsoworth noting that

this assessmerdbes not applyo Cll projects, as alhtersections and interchanges fall under ClI

design.
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Table 0.4 Impact of DMUII on Overall Project Scope

_ Project Total of Impact of | Equivalent
Design Contract : Total of | DMUII on| Affected
# Type TIP Number Type Len_gth Intersections/ DMUII s Total Length
(mile) | Interchanges . :
Project (miles)
1| CFI U-6084 DBB 0.632 1 1 100% 0.632
2 | DDI [-3803B DB 6.8 3 1 33% 2.267
3 | DDI [-3819A DBB 3.36 15 1 7% 0.224
4 | DDI 1-4413 DBB 0.586 1 1 100% 0.586
5| DDI 1-4733 DBB 0.385 1 1 100% 0.385
6 | DDI [-5501 DBB 0.492 1 1 100% 0.492
7 | DDI [-5700 DBB 0.798 1 1 100% 0.798
g| oo | VATl b | 65 39 1 3% 0.167
9 | DDI U-4909 DBB 4.163 24 1 4% 0.173
10| DDI L5571114£ DBB 1.163 4 1 25% 0.291
11| DDI R-2248E DB 5.1 13 1 8% 0.392
12| DDI R-3601 DB 1.676 1 1 100% 1.676
13| DDI 322;'2135'/5 DBB 4.836 4 1 25% 1.209
14| DDI 1-5111 DB 12.8 8 2 25% 3.200
15| DDI U-2925 DB 1.094 8 1 13% 0.137
16| DDI U-3109A DBB 3.457 14 1 7% 0.247
17| QR BB'_55§17/ DBB 0.82 2 1 50% 0.410
18| QR R-2632AA DB 1.8 5 1 20% 0.360
19| QR U-2524D DBB 1.873 8 1 13% 0.234
20| RCI W-5514 DBB 2.956 8 1 13% 0.370
21| RCI U-3330 DBB 2.044 9 2 22% 0.454
22| RCI U-5713 DB 5.1 4 2 50% 2.550
23| RCI W-5520 DBB 2471 4 4 100% 2471
24 TI R-2123CE DB 1.44 1 1 100% 1.440
Methodology

Thedatasample described Bection3.1wasutilized toevaluateproject performance andentify
inhibitors Figure3.2 describes the methodologyhe strategies to perform the analyisidude
descriptive frequency analysaasdchi-square statistical testinddescriptive frequency analysis is

a statistical technique commonly used to summarize and describe the distributaiagofrical
variables or sets of discrete dafa(esti2007). It involves analyzing the frequency or count of
each category or value in the dataset and presenting the firudiagly and concisely Valuable
insights into the composition and distribution of data can be obtained by examining patterns,
frequencies, and distributionga this method. Descriptive frequency analysigasconductedn
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this studyto examinethe results using tabulation and visualizatimnexplain variations ithe

parameters.
Analytical
Data Results
Method
Claim
Identification of the most
U TPE? problematic projects
9 Design type
1 Route
9 Project status e -
1 Coritract type Descriptive Frequency Evaluation of the
1 Contract number Analysis compensations granted
9 Contract status
9 ClaimID
1 Claim type Identification of
9 Claim description construction inhibitors
9 Claim status
1 Issue ID
1 Issue type
9 Issue description
9 Issue status
9 Time requested
9 Time granted
f Identification of most
- _ S
SA Chi Square relevant inhibitors
TIP#
Design type

Contract number

Contract type

Contract status

Contract adjustment
Decision

Decision comment
Justification

Description

Type of work

No contract time exgranted
Total amoun{Compensation

E ]

Figure 0.2 Methodology for Identification of Construction Inhibitors

The frst part of this analysisnvolved claims data such asthe Transportation Improvement
Programnumber TIP #), design type contract numberdaim ID, daim type daim description
claim statusissue I issue typeissue descriptigrissue statygime requested, and time granted
Thesupplemental agreemestdtaincluded theTIP #, design typecontract numbeicontract type
contract statysontract adjustmentlecision decision commentjustification descriptiontype of
work, no contract time extension granted, #retotal amount (compensatiotg evaluate project
performanceand help identify thelesigisthat led to pooperformance.A descriptivefrequency
analysiswas alsa@onductedo evaluate theompensations granted atfiir effect orproject costs
and scheduke The lastoutcomethat resulted from thelescriptive frequency analysigasthe
identification ofthe construction inhibitorassociateavith DMUII and Gl projects

Chi-square(X?) tess of independencdalso known as Pearsorhigsquare tes) is similar to
ANOVA factorial (Terrdl 2012) ands useful for testing hypothesis when variables are normal
(McHugh 2013)xand the analysis of categcal data have been used (Biptet al. 1975; Hosmane
1986) In this study, theChi-square testwere performedto determine if any associatiavas
presenamong the inhibitors identifieitom the findingsof theinterviews andsurveys Chapter

2) andclaims andsupplemental agreemedéta A higher valueof the chi-square test statistif
independence indicates a stronger correlation betwlegm sources (interviews arsdirveys,
claims, andsupplemental agreemapt Upon identifying thechi-squarevalue the p-value was
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calculated to determine if it ig@ssociated with the clsquarevalue A p-valueless than 0.05
indicatesa significant association between the obtained results.

@ B B — @D
where
X2 = chi-square test statistic
c = total number of attribute categories thegpart of the first variable of intergst
r = total number of attribute categories thegpart of the second variable of interest
Up =observed count or frequency that correspondsgarticulainhibitor in category
combinationij,
Op = expected count or frequenoyinhibitorsin category combinatioij, and
N = total number ofnhibitors

The expected count or frequency is calculated usqtion 2

z

% 2
where
Op = expected count or frequency of inhibgam category combinatioij,
N = total number of inhibitors
0o = marginal frequency or count of inhibitors that corresponds to interviews and surveys,
claims, orsupplementahgreement fothe first variable of interesand
0w = marginal frequency or count of inhibitors that corresponds to interviews and surveys,

claims, orsupplemental agreemeior the second variable of interest
10 ; = sum of themarginal frequency or count of inhibitors that correspondsetdirst andsecond
variable of interest.

Standardized residuatdsowere calculated tadentify attribute category combinations that are
overrepresented or liketp relaeto the expected count.he calculation of standardized residuals

( ) ©HEguatioadvor each attribute categonA positive computed standardized residual for

a specific attribute category suggests that it is associated with a larger proportion of inhibitors than
expected, indicating overrepresentatidiis outcomeprovides robust evidence of a relationship
according toAgresti (2@7). A standardized residual greater than 3 indicates a significant
contribution of the particular attribute category combination to a largesgelare value.

3
where
0 = standardized residual from tohi-square tesbf independence
O = observed count or frequentlyat corresponds to a particulahibitor in combination
with ij,
Op = expected count or frequencyiohibitorsin combinationj,
0 = marginal frequency or count of inhibitors that corresponds to interviews and surveys,

claims, orsupplemental agreementith the first variable of interest

42



01 = marginal frequency or count of inhibitors that corresponds to interviews and surveys,
claims, orsupplemental agreemenith the second variable of intereand
N = total number ofnhibitors

Cr a me radgss aMvidely usedwith the chisquaretest of independencé&yalseth T. 2018;

IBIM Documentation 2023Cramer and Howitt 2004p computethe strength of the relationship
between data source€quation4 wasusedt o det er mi ne t hiethiCstudymer 0 s
Crameds Vrangedrom 0 (no associatioyto 1 (complete associatignTo interpret the magnitude

of the relationshipthe criteria suggested I§ohen 201§ wereusedwherebyarangebetween 0.1

and 0.3indicates a smalltolerance between 0.3 and 0.5 isrgidered moderate, and over 5
considered large.

W - (4)

G = chi-square test statistic computed using Equatjon 1

0 = total number of inhibitors in the database

c = total number of attribute categoriespresented as columrand
r = total number ofttribute categoriesepresented as rows

Analysis
Identification of MostAffected Projects

Descriptive statisticalanalysis wagerformedto identify the projectdesigrs with the highest
number of claimsBecauséhe majority of the data sample consisted of DDI@Hdlesign types,
multiple analyses were performed to normalize the data and identify theaffemsédprojects.
Figure3.3 showsthe totalnumberof claims per projeaiesign type To perform this analysis, the
total claims per project were divided by the overall number of claias.instance, CFI project
U-6084 had a total dbur claims. Dividing this number by 193 (the total number of identified
claims) yielded a percentage of 2%, indicating the CFI| project contributed 2% of the total
claimsthataffecied theprojects. Most of the projects have fewdhan 4% claims Out of the45
projects evaluatedour havemore tham% claims ancareconsideedthe mostaffected project
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Figure 0.3 Claims per Project

Figure 3.4 containsthe samedatasetas Figure 3.3 but focugson the averagaumberof claims
per project design typeOn averageRCl projectshave thdargestpercentagef claims(3.64%)
followed byDDIs (3.51%). The analysisresults showthattwo DMUII projectshavemore claims
filed than Cll projects inferring that DMUII projectsare more prone to fila claimthan Cli
projects
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Figure 0.4 Average Claims per Project

Becauserojects vary in size, thevaluation othe claims cost wvasnormalized based ahetotal
monetary compensation (f)at wasgrantedbasedon the claimsper contract bid cost. This
evaluationallows theidentification ofthe percentage at whi@hclaim affect the overall project

cost. Of the 45 projects that have claims, only 23 projects requested monetary compensation. Of
these 23 projects, 11 dddMUIIs and 12 are ClIsTo do this analysis, the monetary compensation
granted due to claims on a given project was divided by the actual project cost. This percentage
allows us tcnormalizethe data as a percentage of claims/prajests To account for the impact

of the design on a given project, the results were then multiple by the respective impact of the
design (values presented in Table 3.4igure3.5 presents a histogram of the résulNot all of

the 23 projects arshownin the histogram becauske cost differencéor theseprojectsis less

thanl percent The designshat reflecthe mostchanges arthe Cll and DDI projects.
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Figure 0.5 Cost of Claims per Project

Figure3.6 presents the results of the total time compensations (in days) granted for claims relative
to the estimated project durationOut of the 45 projects with claims, 44 requested time
compensation, including@IDMUII's and25 Cll. The time compensations ranged from 0% to 297
percent On average, the majority of claims exhibited a variation of approximatepe@&nt

The design typewith theseadverse perceagedifferences areClls followed by DDlprojects.
RClIsand QRs alsshowsome adverse changesheschedule buthey do not exceesb percent

Also, someCll projecs are shown texceed 100%buttheyare considexdto be outliers due to
discrepaniesin the accuracy dhedataset.
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Figure 0.6 Claims per Project Schedule

Based on th@ormalization effortpresented in Figurex5 and 3.6 Table3.5 was developed to
presenia summary othefive mostaffectedprojectsbased orclaims. The projects in bold with
highlighted colorsCll U-5806and Cll U5008 are those thappear mmongthetop five projects
requestingcost and scheduleompensationsin terms ofevaluating claimger project costDDI
project F5700stands out with a staggeriig% increase in claims compared to the project cost.
For claims per project scheduléll U-5008 shows a 297%increase in claimshat affecied the
project schedule.
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Table 0.5 Most Affected Projects Based on Clairs Data

Claims per Claims per Project
Project Cost Schedule
DDI
1-5700 (17%)
Cll DDI
U-5806 (16%) 1-4733 (149%)
Cll Cll
U-2525C (6%) U-5806 (118%)
DDI Cll
1-5111 (3%) U-4755 (85%)
Cll
U-4733 (78%)

DDI: Diverging diamond interchange.
CIlI: Conventional intersections and interchanges.

Figure3.7 presents the results sfipplemental agreemergsr project. Similar to the analysief
theclaims data, the totadupplemental agreemensr project were divided by the overall number
of supplemental agreement&or example, CFI project 8084 had a total of 18upplemental
agreements Dividing this number byl240 (the total number oksupplemental agreements
identified) yielded 0.86, indicating that the CFI project contributed €01% of the total
supplemental agreemerttsat affected projects. The majority of projects haviessthan 1.5%
supplemental agreemengsr project. Out of thB6 projects evaluatedhreeprojects have more
than 5%supplemental agreemenandare considered the most problematkigure 3.8 utilized
the same datasasFigure3.7, with a focus on the averagepplemental agreemepér project
design type. On average, DDI projects have the largest numiseppfemental agreements
(2.8%), followed by QRs2.3%) and CII (13%). These results suggettat these projects are
more affected by inhibitorand that morsupplemental agreemeraieneeded for their successful
execution.
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Figure 0.7 Supplemental Agreementgper Project
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Figure 0.8 Average Supplemental Agreementger Project

Figure 3.9 presents histograms of tlamalysisresults forthe total monetary compensation ($)
grantedfor supplemental agreemergsr contract bid cost. Of tH projectswith supplemental
agreementamonetary compensatiomas requested for only 55 peafs Of theseéb5 projects24
areDMUII s and32 areClls. Approximately half of the datasexhibit differencesof less than 5
percent The designs with the largest changes@ieDDI, RCI, and QRprojects.
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Figure 0.9 Cost of Supplemental Agreementper Project

Table 3.6 presentghe five mostaffectedprojects based osupplemental agreemergsr project

cost. The results indicate thatll U-3308experienced a 28 increase isupplemental agreement
compared to the project cosThe second most affected project is RCGptdject 5713 with an

18% cost increase due to supplemental agreements. Overall, it can be observed that 4 of the top
five most affected projects haveCdl design Therefore, it can be concluded that Clis im@re

prone to require filing for compensation on supplemeagetements
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Table 0.6 Most Affected Projects Based orSupplemental AgreemeniData

Supplemental Agreement per Project Cost

Cll
U-3308(23%)
RCI
U-5713 (L8%)
Cll
U-5018B(17%)
Cll
U-2525C(14%)
Cll
U-4428(14%)

CllI: Conventional intersections and interchanges.
RCI: Reduced conflict intersection.

CompensatioiGGranted

Claims compensations are granted in the form of monetary compensation or additional time
compensation. Figui@10 illustrates the distribution of claiscompensations by design tyfuoe

the 45 projects being evaluate@ihe percentage of clailmbBownin Figure3.10 is the result othe
compensation type divided by the total of claims per dedtgn.example, of the 12 DDI projects,

77 claims were identified. Of thes&3 (43%) were monetary compensations @%d64%) were
time-related compensation$hedesgn types thatlo notrequire monetary compensatiane CFls

and Tk. The desigiypesthatcorrespond to theostrequests for additional timaee CFI, T1, and

RCI. The largest amount of monetary compensation was requestedIs followed byClls.

100%
90%
80%
70%
uCFI
60%
DDI
50%
RCI
40%
Cll
30%
QR
20%
mTI
10%

0%
Monetary Time
Compensation Type

% Claims

CFI: Continuous flow intersectio®DI: Diverging diamond interchangBRCl: Reduced conflict intersection.
CIl: Conventional intersections and interchan@@R: Quadrant roadwayll: Turbine intersection.

Figure 0.10 Perceniageof Claims Compensatiors
Table3.7 presentghe total number of compensations granted per design type and quantifies the
number of claims requested per projess the data sample for DDI projectstig largest for all
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the project typesa direct comparison of project performance cannot be made. Therefore, to
normalize the results, tlemounts of thenonetaryand timecompensationgranted veredivided

by the total length of the projeitt best explain the extent to whiclaims affect project cosiThe
results indicate thatll designdead tothe mostschedule variatiofprojectsl-5768/SS4910CL,
presented in the last roam page 51, hak8.7%time total compensation granteatjdthat theDDI

has the highesamount ofmonetary compensation granted (projeé&tlil1 with79% of monetary

total compensation granted The other designghe CFI, QR, RCI, andTl, show onlytime
compensatiorlaims, and these are relativelgw andmoderate.
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Table 0.7 Total Claims Compensation per Project

Time Monetary Project Time , Monetary' Time Total |Monetary Total
Projects Compensation| Compensation|| Length Compensat_lon Compensat_lon Compensations| Compensations
(Days) Granted (mile) Granted/PrOJeqt Granted/Pro;ect (%) (%)
Length (Days/mile)| Length($/mile)
Continuous Flow Intersection (CFI)
U-6084 | 260 $0.0q 15.82 | 16.4 $0.00 1.216% |  0.000%
Diverging Diamond Interchange ODI)
[-3803B 937 $0.00] 5.15 182.0 $0.00 13.470% 0.000%
1-3819 63 $931,571.2) 14.58 4.3 $63,879.1] 0.320% 0.787%
1-4413 159 $0.00] 25.60 6.2 $0.00 0.460% 0.000%
1-4733 819 $60,533.44) 20.78 39.4 $2,913.11 2.916% 0.036%
-5111 784 $36,100,000.0f 5.63 139.4 $6,417,777.7 10.313% 79.077%
1-5700 321 $4,166,823.0f 11.28 28.5 $369,458.3 2.106% 4.552%
R-2248E 331 $127,500.0( 9.02 36.7 $14,135.8] 2.715% 0.174%
R-3601 237 $8,685.6¢ 15.51 15.3 $559.89 1.130% 0.007%
U-2412B/U 487 $0.00 14.27 34.1 $0.00 2.526% 0.000%
2524AE ' ' ' ' ) :
U-2925 807 $8,149,754.0f 44.79 18.0 $181,955.7 1.333% 2.242%
U-3109A 197 $0.00] 10.99 17.9 $0.00 1.326% 0.000%
U-4909 142 $33,322.8( 12.49 11.4 $2,667.74 0.841% 0.033%
Quadrant Roadway (QR)

B-5121/B5317 13 $0.09] 17.07 0.8 $0.00 0.056% 0.000%
R-2632AA 367 $4,200.2¢ 10.00 36.7 $420.03 2.716% 0.005%
Reduced Conflict Intersection (RCI)

U-3330 77 $960,620.0¢ 13.21 5.8 $72,722.5( 0.431% 0.896%
W-5514 341 $4,239.0¢ 3.38 100.8 $1,253.04 7.459% 0.015%
W-5520 370 $0.00) 6.88 53.8 $0.00 3.979% 0.000%
Turbine Interchange (TI)
R-2123CE | 446 $0.04 7.64 | 58.4 | $0.0d 4320 |  0.000%
Conventional Intersectionsand Interchange(Cll)
I'i’;fgésl_s 185 $0.000 0.73 252.9 $0.00 18.713% 0.000%
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Table 3.7 Total Claims Compensation per Project (Continuation)

Time Monetary Project Time , Monetary' Time Total |Monetary Total
Projects Compensation| Compensation| Length Compensat_lon Compensat_lon Compensations| Compensationg
(Days) Granted (mile) Granted/PrOJeqt Granted/Pro;ect (%) (%)
Length (Days/mile)| Length($/mile)
Conventional Intersectionsand Interchange(Cll)
U-2525C 171 $10,038,993.7| 11.21 15.3 $895,852.5 1.129% 11.038%
U-2702 10 $0.00] 20.22 0.5 $0.00 0.037% 0.000%
U-2912 143 $18,002.8] 4.18 34.2 $4,306.84 2.531% 0.053%
U-2928AB 8 $14,680.9§ 5.38 15 $2,728.54 0.110% 0.034%
U-3119A 82 $1,514.04 8.93 9.2 $169.5§ 0.680% 0.002%
U-3308 108 $111,632.2] 34.39 3.1 $3,245.97 0.232% 0.040%
U-3315 242 $101,868.9) 29.72 8.1 $3,428.0] 0.603% 0.042%
U-3334A 7 $45,201.6( 5.72 1.2 $7,903.33 0.091% 0.097%
U-3344A 254 $0.00] 8.25 30.8 $0.00 2.278% 0.000%
U-3401 22 $0.0q) 27.78 0.8 $0.00 0.059% 0.000%
U-3462 93 $0.00] 8.98 10.4 $0.00 0.766% 0.000%
U-3601 128 $0.00 8.32 15.4 $0.00 1.139% 0.000%
U-3612 6 $0.00] 8.68 0.7 $0.00 0.051% 0.000%
U-3633 14 $0.00 9.49 15 $0.00 0.109% 0.000%
U-3823A 1 $785.00 6.79 0.1 $115.64 0.011% 0.001%
U-4010 27 $0.00) 24.13 1.1 $0.00 0.083% 0.000%
U-4020 143 $8,157.6( 29.14 4.9 $279.91 0.363% 0.003%
U-4421 30 $0.00] 5.39 5.6 $0.00 0.412% 0.000%
U-4733 345 $0.00] 21.46 16.1 $0.00 1.190% 0.000%
U-4755 326 $0.00] 10.81 30.2 $0.00 2.231% 0.000%
U-4756 0 $12,501.5¢ 30.10 0.0 $415.33 0.000% 0.005%
U-5008 818 $300,000.0( 39.11 20.9 $7,671.43 1.548% 0.095%
U-5025 148 $0.00] 2.18 67.8 $0.00 5.016% 0.000%
U-5315A 200 $0.00] 38.62 5.2 $0.00 0.383% 0.000%
U-5806 263 $2,000,000.0f 32.26 8.2 $62,000.0( 0.603% 0.764%
Total 10932 $63,200,588.0] 696.05 1351.5 $8,115,860.3 100% 100%
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Table3.8 presentghe total number cdupplemental agreemerismpensations that were granted

per project Supplemental agreemerits/olve only monetary compensation. To compare the
performance of each project, the monetary compensation granted was divided by the length of the
project. Subsequently, to compare the projebtscompensation cost per mikasdivided by the

total. The color-codedresultsare represented as followgreen meansgood, yellow means
averge, and red means problematic.

Table 0.8 Total Supplemental AgreementCompensation per Project

Monetary Proi Monetary Monetary Total
. , roject , )
Projects Compensation Length Compensa_tlon Compensations
Granted Granted/Miles (%)
Continuous Flow Intersection (CFI)
U-6084 I $92,159.40| 15.82 | $5,824.47]  0.03%
Diverging Diamond Interchange ODI)
1-3803B $21,988,084.48| 5.15 | $4,271,970.70 18.42%
[-3819 $16,440,755.27| 14.58 | $1,127,366.08 4.86%
1-4413 $103,325.01| 25.60 $4,036.56 0.02%
1-4733 $218,116.04| 20.78 $10,496.83 0.05%
[-5111 $15,951,856.22| 5.63 | $2,835,885.55 12.23%
[-5501 $242,376.34| 36.59 $6,624.95 0.03%
[-5700 $739,846.05| 11.28 $65,599.68 0.28%
[-5714 $4,336,447.50| 4.30 | $1,008,657.69 4.35%
R-2248E $15,778,647.76] 9.02 | $1,749,371.82
R-3601 $1,185,213.62 15.51 $76,400.69 0.33%
U-2412B $2,168,267.61| 14.27 $151,967.28 0.66%
U-2719 $19,146,879.98| 4.77 | $4,014,668.38 17.31%
U-2925 $13,718,434.64| 44.79 $306,285.05 1.32%
U-3109A $1,077,314.89| 10.99 $98,007.30 0.42%
U-4909 $1,283,751.20( 12.49 $102,774.16 0.44%
Quadrant Roadway (QR)
B-5121/B5317 $630,793.81| 17.07 $36,946.49 0.16%
R-2632AA $1,137,843.94| 10.00 $113,784.39 0.49%
U-2524D $7,876,583.91| 28.83 $273,200.77 1.18%
Reduced Conflict Intersection (RCI)
U-3330 $2,119,016.64| 13.21 $160,417.41 0.69%
U-5713/ R5777AB $7,979,715.83| 5.10 | $1,565,251.95
W-5514 $710,476.14| 3.38 $210,016.75 0.91%
W-5520 $552,640.37| 6.88 $80,327.90 0.35%
Turbine Interchange (TI)
R-2123CE | $4,888,939.23| 7.64 | $640,006.59] 2.76%
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Table 3.8 Total Supplemental AgreementCompensation per Project (Continuation)

Projects Monetary Project Monetary Cost per Mile

Compensation | Mile | Compensation [Total
Granted Granted/Miles
Conventional Intersectionsand Interchange(Cll)

I-5768 $178,497.39| 0.73 $244,005.93 1.05%
[-5986A $5,437,969.69| 4.97 | $1,094,067.71 4.72%

U-2525C $22,531,067.14] 11.21| $2,010,611.33[0 1 8:67%
U-2702 $44,058.90| 20.22 $2,178.47 0.01%
U-2912 $75,813.53| 4.18 $18,136.93 0.08%
U-2928AB $8,510.50| 5.38 $1,581.74 0.01%
U-3119A $144,912.34| 8.93 $16,230.18 0.07%
U-3302 -$3,353.85| 70.42 -$47.62 0.00%
U-3308 $13,132,181.03 34.39 $381,843.42 1.65%
U-3309A $92,703.15| 13.73 $6,749.95 0.03%
U-3315 $589,100.54| 29.72 $19,823.92 0.09%
U-3334A $639,829.38| 5.72 $111,871.71 0.48%
U-3344A $15,391.00) 8.25 $1,865.39 0.01%
U-3401 $17,233.06| 27.78 $620.39 0.00%
U-3462 $77,855.20] 8.98 $8,670.24 0.04%
U-3601 $72,364.09| 8.32 $8,699.20 0.04%
U-3612 $49,854.96| 8.68 $5,743.29 0.02%
U-3633 $319,796.76| 9.49 $33,701.66 0.15%
U-3823A $30,515.71 6.79 $4,496.91 0.02%
U-4006 $389,808.38| 26.39 $14,769.41 0.06%
U-4010 $54,695.41| 24.13 $2,266.82 0.01%
U-4020 $1,133,708.57| 29.14 $38,900.38 0.17%
U-4421 $27,689.00] 5.39 $5,136.31 0.02%
U-4428 $798,910.56| 10.85 $73,659.55 0.32%
U-4733 $90,286.80| 21.46 $4,207.36 0.02%
U-4755 $260,687.34| 10.81 $24,113.58 0.10%
U-4756 $256,961.22| 30.10 $8,536.82 0.04%
U-5008 $1,342,603.52] 39.11 $34,332.29 0.15%
U-5018B $571,047.64| 10.77 $53,006.66 0.23%
U-5025 $4,691.60| 2.18 $2,148.75 0.01%
U-5315A $1,447,073.08| 38.62 $37,471.58 0.16%
U-5806 218671.84| 32.26 $6,778.83 0.03%
Total $190,418,621.36) 912.77| $23,192,068.53 100%

Identification of Inhibitors

Figures3.11 and3.12 present schematic representasiohthe proces$or identifying inhibitors
whichis similarto claims andsupplemental agreemedtdita Notethat a project can have multiple
claims and each claim migheflectmultiple inhibitors. For example, a clastates

Due to plan revisions causing additional earthwork, additional survewand delays
from HurricaneFlorence it was agreed upon to provide 86 days to ICT 6 to facilitate
negotiations of the release of claim dated-29.
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This specificclaim reflectstwo inhibitors, weather impacand design errs. Of the 45 projects
that involvedclaims, 183 claims werddentified as Final From thesd 83 claims 219inhibitors
were identified

Claim data Data cleaning Identification of
received and sampling inhibitors
Inhibitor 1
Claim 1 Inhib'itor 2
]
L]
Project Claim 2 Inhibitor n
'
-l
Claim n
45 Projects o

Figure 0.11 Process to Identify Inhibitors Involved in Claims

Figure 312 presents a schematic representation of the process to ydemtibitors in

supplemental agreementsA project can have multiplsupplemental agreemensnd each
supplemental agreemecdn have multiplénhibitors. For example, supplemental agreemeist
described as follog

Due b the limited width of Righdf-way, personnel safety performing cresections, and
the cost of performing photogrammetry, lump sum measurement of unclassified
excavation will be used.

This supplemental agreemeist classified as having two inhibitors, contract changessafety
for workers Of the 56 projectsthat involved a supplemental agreemér®40wereidentified as
Final. From thesé,580inhibitors were identified
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Supplemental Data cleaning Identification of
agreement data and sampling inhibitors
received

Inhibitor 1

SA 1 Inhibitor 2
'
Project SA 2 ‘
I . .
' Inhibitor n
'
SAn
56 Projects
(32 CIT and 24 ATI) 1,240 SA 1,580 Inhibitors

Figure 0.12 Process to ldentify Inhibitors in Supplemental Agreement

Another area of interess to identify the reasonfor the claims submittediuring these projects
andwhich inhibitors caustthem Table3.9 provides an overview of the total number of claims
per design typethe inhibitors with the largest percentage per designcolor-coded Only
percentagegreaterthan 5%found to be affectethy a particular desigmare colorcoded. Red
representghe most significantinhibitor found in a designthat is greater than 25%orange
identifies the inhibitors ranging from 26 to 25%, and yellow identiés the inhibitors ranging
from 5% to 15%. The fndings indicate thathe inhibitorsthat most frequenthaffeced these
projects during their cotrgiction are utility conflicts, contract changesyorker safety, weather
impacts, and design errors.
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Table 0.9 Total Inhibitors per Design Type for Claims Data

Alternative Intersections and Interchanges il
Inhibitors CFI DDl QR RCI TI N=78
N=4 N=93 N=5 N=26 N=3

Utilities 25% | 13% | 40% | 31% 0% 41%
Contract changes 0% 14% 0% 19% 0% 15%
Safety of workers 0% 17% 0% 0% 0% 5%
Weather impact 50% 6% 0% 15% 0% 8%
Design errors 0% 2% 0% 23% 0% 6%
Inspection approval 25% 3% 0% 0% 0% 8%
Geotechnical issues 0% 6% 0% 0% 0% 3%
Construction sequencing 0% 6% 0% 0% 0% 1%
Water drainage during constructiq 0% 5% 0% 0% 0% 1%
Design changes 0% 2% 0% 0% 0% 4%
Permit acquisition 0% 2% 0% 0% | 100%| 0%
Signals and signage 0% 5% 0% 0% 0% 0%
Site access 0% 2% 0% 4% 0% 1%
Bridge construction 0% 3% 0% 0% 0% 0%
Contract errors 0% 2% 20% 0% 0% 0%
Environmental concerns 0% 1% 20% 4% 0% 0%
Design specifications 0% 0% 0% 0% 0% 3%
Material estimate change 0% 1% 0% 0% 0% 1%
Safety fordrivers 0% 2% 0% 0% 0% 0%
Traffic control 0% 1% 20% 0% 0% 0%
Business Impact 0% 1% 0% 0% 0% 0%
Material delivery 0% 0% 0% 0% 0% 1%
Pavement Markings 0% 0% 0% 1% 0% 0%
Schedule change 0% 1% 0% 0% 0% 0%
Space constraints 0% 1% 0% 0% 0% 0%
Standards and specifications 0% 0% 0% 0% 0% 1%
Total 100% | 100% | 100% | 100% | 100% | 100%

CFl: Continuous flow intersectiorDDI: Diverging diamond interchang®R: Quadrant rodway.
RCI: Reduced conflict intersectionill: Turbine intersectionCll: Conventional intersections and interchanges.
N= Number of claims per project design type

Similarly, the inhibitors identified irsupplemental agreementgere classified by design type
Table3.10 presents the results and fercentageshown in colotindicate the inhibitors with the

largest percentage per design. étbat only percentagageatetthan 5%found to be affectedy

a particular desigare colorcoded. Red signifiesthe largest inhibitofoundin a desigrthatis

greater than 25%range identiésthe inhibitors ranging from 26 to 20%, and yellow identiés

the inhibitors ranging from% to9%. The esults indicate thahe five most frequently occurring
inhibitors that affect project performancebased orsupplemental agreemedataare utilities,

contract changes, material estimate change, signals and signage, and standards and specifications.
Findings from Tables 3.9 and 3.10 indicate that inhibitors cannotriazed for alDMUII s,

each design type needs to be evaluatetttermine whictare more predominant.
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Table 0.10 Total Inhibitors per Design Typein Supplemental Agreement

Alternative Intersections and Interchanges il
Inhibitors CFlI DDI QR RCI TI N=742
N=11 | N=620 | N=102 | N=91 N=14
Utilities 9% 20% 16% 19% 14% 23%
Contract changes 9% 19% 19% 38% 0% 10%
Material estimate change 18% 9% 11% 2% 21% 15%
Signals and signage 64% 10% 6% 10% 29% 5%
Standards and specifications 0% 1% 2% 0% 0% 10%
Design changes 0% 6% 3% 5% 0% 5%
Geotechnical issues 0% 3% 2% 3% 7% 4%
Design specifications 0% 0% 5% 1% 0% 6%
Design errors 0% 3% 3% 3% 0% 4%
Traffic control 0% 4% 1% 7% 7% 1%
Bridge construction 0% 2% 4% 1% 0% 2%
Water drainage during construction 0% 3% 0% 0% 0% 2%
Right of way 0% 3% 2% 2% 0% 1%
Wall construction 0% 2% 6% 0% 0% 1%
Environmental concerns 0% 1% 3% 3% 0% 1%
Schedule changes 0% 1% 3% 0% 7% 1%
Site access 0% 2% 1% 0% 7% 0%
Water drainage 0% 0% 0% 0% 0% 2%
Multimodal transit accommodation 0% 1% 3% 2% 0% 0%
Safety for drivers 0% 1% 6% 0% 0% 1%
Pavement markings 0% 0% 0% 1% 0% 1%
Safety of workers 0% 2% 3% 1% 0% 1%
Space constraint 0% 1% 0% 0% 7% 0%
Construction sequencing 0% 1% 0% 0% 0% 0%
Equipment and labor estimate change 0% 0% 0% 0% 0% 1%
Additional cost 0% 0% 0% 0% 0% 1%
Contract errors 0% 0% 0% 0% 0% 0%
Cost estimate change 0% 0% 0% 0% 0% 0%
Safety for public 0% 0% 1% 0% 0% 0%
Work Zone Traffic Control 0% 0% 2% 0% 0% 0%
Business impact 0% 0% 0% 0% 0% 0%
Additional equipment 0% 0% 0% 0% 0% 0%
Delaysin material delivery 0% 0% 0% 0% 0% 0%
Material safety 0% 0% 0% 0% 0% 0%
Permit acquisition 0% 0% 0% 0% 0% 0%
Total 100% | 100% 100% | 100% | 100% 100%

CFl: Continuous flow intersectioDI : Diverging diamond interchang®R: Quadrant roadway.
RCI: Reduced conflict intersectiorl: Turbine intersectiorCll: Conventional intersections and interchamgesNumber
of supplemental agreements per project design type

Relevance of Inhibitors

Chi-square statistical analysis wasnducted to test foany association between the inhibitors
identifiedin the previous chaptersing data sources suchiagerviews and surveys, claims, and
supplemental agreementTable 3.1 presents the results of thei-squardess for independence
and shows statisticdly significant relationshippgtvalue = <0.001). Thus, an associatierists
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between the inhibitors identified from interviews and surveyslaims, and supplemental
agreements TheC r a m¥ watus that suggestbe relevance athe inhibitorslisted in Table
3.11is0.322 which suggesithat the magnitude of this relationsiggoderate. Thestandardized
residuals (jj) that are greater than thraee represented in bold numbers. For examyikties
(i = 3.0 are strongly linked to requestin supplemental agreementdn other words, this
inhibitor is more likely to be preseint supplemental agreemernkt&n other inhibitors

As previously mentioned, inhibitors cannot be generalized f@MWIls. Thereforeidentifying
which inhibitors are the most relevant for edaMUIl design typeds of interest in this study
Claims andsupplemental agreemedéta wereused for statistical analysislable 3.2 presents

the detaiked results of the chsquaretess for independence of inhibitors per design typene
resultsshowstatistical significaoe(p-value< 0.05 among altheDMUII designs, which indicase

an association between inhibitotis. other words, the results indicate that a statistical significance
existed between inhibitors ameasidentified in claims, supplementagreements, and interviews
and surveys. Therefore, it is highly unlikely that results are random, they exhibit a meaningful
connection.TheC r a m¥ valuessuggest that the magnitude of this relationshipgh forthe

Tl and CF| moderate fothe QR and RCland low forCll and DDI projects. Table 3.2 also
presentsthet andar di zgfdreacleishibidrardhighlights boldthe most influential
ones For exampleCFI deesnot have an influentialij, and signal and signagé ij = 2.2) is
strongly linked to requestn supplemental agreemerits DDI projects
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Table 0.11 Chi-Square Testfor IndependenceResults

Inhibitor Interviews Claims Supplemental Agreement| O |Rank

®) E i |Rank| O E i |Rank| O E i | Rank | Mean| Total

Utilities 73 |96.78 -3.35| 1 | 232153036 1 |160[137.69|3.06| 2 853 1
Contract changes 0 |72.59-11.54| 22 | 18 |16.14/ 0.52| 2 |[174|103.27/10.93 1 64.0 | 2
Signal and signage 4 3591 -6.97| 18 || 5 |7.99|-1.14| 8 86 | 51.10| 741 3 317 3
Traffic control 51 |32.51] 423 | 3 2 | 7.23[-2.09] 16 | 33 | 46.26 |-2.95| 6 28.7| 4
Material estimate change 0 [27.98 -6.87| 22 | 1 |6.22]-2.24| 19 || 73 | 39.80| 7.93| 4 247 | 5
Right of way 50 [26.84) 580 | 4 0 [597]-261] 24 | 21| 38.19|-4.19] 9 23.7| 6
Construction sequencing 53 125.33 7.13| 2 6 | 563]0.16] 6 8 | 36.04 |-7.02] 21 223 7
Safety for workers 35 (2495 261 | 8 | 16 |555|4.74| 3 15 ] 35,50 |-5.17| 14 | 220 8
Space constraints 46 |21.55 6.80| 5 1 1479|-1.84] 19 | 10 | 30.66 |-5.59] 19 190 9
Safety for drivers 38 [20.41 5.02 | 6 2 | 454(-1.27] 16 | 14 | 29.04 |-4.18] 15 | 18.0| 10
Geotechnical issues 17 |18.90 -0.56| 14 | 6 | 4.20| 0.93| 6 27 | 26.89| 0.03| 7 16.7 | 11
Environmental concerns 35 118.90 4.77 8 3 1420]-0.62] 12 | 12 | 26.89 |-4.29] 18 16.7 ] 11
Design changes 0 |17.77)-5.43| 22 | 2 | 3.95|-1.04] 16 || 45| 25.28|5.86| 5 15.7 || 12
Multimodal transit accommodation|| 32 |17.39 451 | 10 | 0 | 3.87|-2.09| 24 | 14 | 24.74 |-3.22| 15 15.3 | 13
Site access 25 [16.63 2.64 | 12 | 3 | 3.70|-0.39] 12 | 16 | 23.67 |-2.35] 13 || 14.7| 14
Water drainage during constructiofl 20 {15.88 1.33 | 13 | 5 | 3.53|0.83| 8 17 | 2259 |-1.75] 12 140 | 15
Bridge construction 17 11437, 0.89 | 14 | 3 |3.20]-0.12] 12 | 18 | 20.44 |-0.80| 11 12.7 ]| 16
Public acceptance 37 [13.99 790 | 7 0 [3.11]-1.87] 24 0 | 1990 |-6.64] 33 | 123 17
Wall construction 16 (1361 083 | 16 || O | 3.03|-1.84| 24 | 20 | 19.36| 0.22| 10 | 12.0| 18
Design errors 0 |12.85 -460| 22 | 8 [ 286|321 5 26 | 18.29 | 2.68| 8 11.3] 19
Business impact 28 [11.72 6.09 | 11 | 1 | 2.61|-1.05] 19 2 | 16.67|-5.34| 25 | 103 | 20
Schedule change 0 | 5.29| -2.93| 22 1 ]118|-0.17| 19 13| 753 | 295| 17 4.7 21
Weather impact 0 |454|-271| 22 | 12]11.01|11.48 4 0 6.45 |-3.75| 33 40 | 22
Standards and specifications 0 |378|-247| 22 | 0 [ 0.84|-096] 24 | 10| 538 | 294 19 3.3 || 23
High bids 9 |340| 386 | 17 | O | 0.76|-0.91| 24 0 484 |-3.25| 33 3.0 | 24
Design specifications 0 |3.02]|-221| 22 | 0 |0.67|-0.86] 24 8 430 | 2.63| 21 2.7 | 25
Permit acquisition 0 | 227]-191| 22 || 5 |050]|6.63| 8 1 3.23 |-1.83] 28 2.0 26
Pavement markings 0 /1189]-175| 22 | 1 |042]0.94| 19 4 2.69 | 1.18| 23 1.7 | 27
Contract errors O |151]-156| 22 | 3 1034[481] 12 1 2.15 |-1.16] 28 1.3 | 28
Inspection approval 0 |151|-156| 22 || 4 |034]6.61| 11 0 2.15 |-2.16] 33 1.3 28
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Table 3.11 Chi-Square Test for Independence Resulti&ontinuation)

Inhibitor Interviews Claims Supplemental Agreement| O |Rank
®) E j |Rank| O E j |Rank| O E i | Rank | Mean| Total
Equipment and labor estimatechal| 0 | 1.13]| -1.35| 22 | 0 | 0.25|-0.53| 24 3 161 | 161]| 24 1.0 | 29
Safety for public 0 |0.76]-1.10| 22 | O | 0.17|-0.43| 24 2 1.08 | 1.31| 25 0.7 || 30
Work zone traffic control 0 |0.76]-110| 22 | 0 | 0.17]-0.43] 24 2 1.08 | 1.31] 25 0.7 30
Delays on material delivery 0 [ 0.38|-0.78| 22 | O | 0.08]-0.30] 24 1 0.54 | 0.93| 28 0.3 31
Material safety 0 /0.38|-0.78] 22 | 0 [0.08/-0.30] 24 1 0.54 | 0.93| 28 03 || 31
Water drainage 0 /0.38|-0.78] 22 | 0 [0.08/-0.30] 24 1 0.54 | 0.93]| 28 03 || 31
Driver's expectation 1 /038|128 19 | 0 [0.08/-0.30] 24 | O 0.54 |-1.08] 33 03 || 31
Railroads 1 /038|128 19 | 0 [0.08/-0.30] 24 | O 0.54 |-1.08] 33 03 || 31
Schedule requirements 1 ]1038] 1.28| 19 | 0 | 0.08|-0.30| 24 0 0.54 |-1.08| 33 0.3 31
X2 1012.89 589 131 838
df 76.00
p-value <0.001
V 0.32
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Table 0.12 Chi-Square Test Resultper Alternative I ntersections andl nterchanges Design Type

. - Claims Supplemental Agreement| O Rank Chi-Square
Design Inhibitor o E i o E i j| Mean | Total Results
Signals and signage 0 1.87 -2.2 7 5.13 2.2 3.5 1
Material estimate change 0 0.53 -0.9 2 1.47 0.9 1.0 2 X2 12.44
Utilities 1 0.53 0.8 1 1.47 -0.8 1.0 2 df 5
CFl ||Weather impact 2 0.53 2.5 0 1.47 -2.5 1.0 2 p-value 0.029
Contract changes 0 0.27 -0.6 1 0.73 0.6 0.5 3 \% 0.83
Inspection approval 1 0.27 1.7 0 0.73 -1.7 0.5 3
N 4 11
Environmental concerns 12 0.41 2.7 124 2.59 -2.7 68.0 1
Site access 13 7.69 -3.1 119 48.31 3.1 66.0 2
Safety for public 5 0.96 1.1 60 6.04 -1.1 325 3
Pavement markings 0 2.20 -0.1 55 13.80 0.1 27.5 4
Equipment and labor estimate change 2 3.57 -1.5 37 22.43 15 19.5 5
Utilities 6 2.20 0.6 21 13.80 -0.6 13.5 6
Right of way 1 0.41 -0.7 25 2.59 0.7 13.0 7
Design errors 2 3.16 -0.1 20 19.84 0.1 11.0 8
Contract errors 16 1.10 -1.1 6 6.90 1.1 11.0 8
Geotechnical issues 5 0.14 -0.4 17 0.86 04 11.0 8
Wall construction 0 1.24 -1.2 17 7.76 1.2 8.5 9
Permit acquisition 3 18.67 | -1.8 13 117.33 1.8 8.0 10 ||X? 190.12
DDI | Space constraint 2 0.55 0.7 14 3.45 -0.7 8.0 10 |fof 32
Safety for drivers 6 8.93 -1.5 8 56.07 15 7.0 11 (p-value <0.001
Water drainage 0 0.41 4.4 14 2.59 -4.4 7.0 11 |V 0.27]
Contract changes 1 0.41 1.0 9 2.59 -1.0 5.0 12
Inspection approval 1.92 -1.5 9 12.08 15 4.5 13
Weather impact 0 1.10 -0.1 9 6.90 0.1 4.5 13
Material delivery 1 3.02 1.2 8 18.98 -1.2 4.5 13
Material safety 1 1.10 7.1 7 6.90 -7.1 4.0 14
Design changes 0 0.41 2.7 8 2.59 -2.7 4.0 14
Schedule changes 2 1.24 -1.2 5 7.76 1.2 3.5 15
Construction sequencing 6 0.14 -0.4 0 0.86 04 3.0 16
Businesdmpact 1 1.37 -0.3 3 8.63 0.3 2.0 17
Multimodal transit accommodations 0 2.33 -1.7 3 14.67 1.7 15 18
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Table 3.12 Chi-Square Test Resultper Alternative | ntersections andl nterchanges Design Type(Continuation)

. - Claims Supplemental Agreement| O Rank Chi-Square
Design Inhibitor 0 E o | & ] Mean | Total | Resuits
Water drainage during construction 2 1.24 -0.2 1 7.76 0.2 15 18
Design specifications 3 0.14 -0.4 0 0.86 04 15 18
Material estimate change 1 18.40| -1.2 2 115.60 1.2 15 18
Traffic control 2 5.36 -1.6 1 33.64 1.6 15 18
DDI | Standards and specifications 0 3.02 8.2 2 18.98 -8.2 1.0 19
Signals and signage 0 1.92 3.2 1 12.08 -3.2 0.5 20
Safety of workers 0 0.27 -0.6 1 1.73 0.6 0.5 20
Bridge construction 0 3.98 2.2 1 25.02 -2.2 0.5 20
N 81 496
Contract changes 0 0.89 -1.1 4 18.11 1.1 1.1 1
Bridge construction 0 0.51 -0.8 19 10.49 0.8 0.8 2
Multimodal transit accommodations 1 0.28 -0.6 0 5.72 0.6 0.6 3
Contract errors 0 0.28 -0.6 3 5.72 0.6 0.6 3
Safety for public 0 0.28 -0.6 3 5.72 0.6 0.6 3
Wall construction 0 0.23 -0.5 5 4.77 0.5 0.5 4
Utilities 1 0.19 -0.5 3 3.81 0.5 0.5 5
Safety for drivers 0 0.14 -04 2 2.86 0.4 0.4 6 X2 39.03
Signals and signage 0 0.14 -0.4 11 2.86 04 0.4 6 df 21
Design changes 0 0.14 -0.4 3 2.86 0.4 0.4 6 p-value 0.010
Schedule changes 0 0.14 -0.4 2 2.86 0.4 0.4 6 \% 0.36]
QR [ Traffic control 0 0.14 -0.4 6 2.86 0.4 0.4 6
Environmental concerns 0 0.09 -0.3 1 1.91 0.3 0.3 7
Design errors 0 0.09 -0.3 3 1.91 0.3 0.3 7
Right of way 0 0.09 -0.3 3 1.91 0.3 0.3 7
Site access 0 0.09 -0.3 6 1.91 0.3 0.3 7
Safety of workers 0 0.05 -0.2 1 0.95 0.2 0.2 8
Geotechnical issues 0 0.05 -0.2 2 0.95 0.2 0.2 8
Work Zone Traffic Control 1 0.84 1.4 1 17.16 -1.4 -1.4 9
Design specifications 2 0.19 2.0 16 3.81 -2.0 -2.0 10
Standards and specifications 0 0.09 3.1 6 1.91 -3.1 -3.1 11
Material estimate change 0 0.05 4.5 2 0.95 -4.5 -4.5 12
N 5 102
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Table 3.12 Chi-Square Test Resultper Alternative | ntersections andl nterchanges Design Type(Continuation)

. . Claims Supplemental Agreement| O Rank Chi-Square
Design Inhibitor 0 E i il o E i j| Mean | Total Results
Utilities 5 5.28 15 35 19.72 -1.5 20.0 1
Safety for public 8 0.21 -0.5 17 0.79 0.5 12.5 2
Signals and signage 6 1.90 -1.6 3 7.10 1.6 4.5 3
Bridge construction 0 0.21 -0.5 9 0.79 0.5 4.5 3
Environmental concerns 0 0.21 1.9 6 0.79 -1.9 3.0 4
Design errors 0 1.90 35 5 7.10 -3.5 2.5 5 X2 45.75
Site access 4 0.21 1.9 0 0.79 -1.9 2.0 6 df 17
Weather impact 0 0.85 3.9 3 3.15 -3.9 1.5 7 p-value <0.001
Right of way 0 0.42 -0.7 3 1.58 0.7 1.5 7 V 0.39
RCI | Geotechnical issues 0 0.63 -0.9 2 2.37 0.9 1.0 8
Multimodal transitaccommodations 0.63 -0.9 2 2.37 0.9 1.0 8
Schedule changes 1 0.63 -0.9 1 2.37 0.9 1.0 8
Material estimate change 0 0.42 -0.7 2 1.58 0.7 1.0 8
Traffic control 0 1.27 -1.3 1 4,73 1.3 0.5 9
Design changes 1 1.06 -1.2 0 3.94 1.2 0.5 9
Pavement markings 0 0.42 1.0 1 1.58 -1.0 0.5 9
Contract changes 0 9.51 -2.1 1 35.49 2.1 0.5 9
Design specifications 1 0.21 -0.5 0 0.79 0.5 0.5 9
N 26 91
Environmental concerns 0 0.18 | -0.48 4 0.82 0.48 2.0 1
Permit acquisition 0 0.53 4.12 3 2.47 -4.12 15 2
Utilities 3 0.35 | -0.70 0 1.65 0.70 1.5 2
Traffic control 0 0.18 | -0.48 2 0.82 0.48 1.0 3 X? 17.00
Signals and signage 0 0.71 | -1.06 1 3.29 1.06 0.5 4 df 8
T [Material estimate change 0 053 | 088 | 1 | 247 | 088 | 05 | 4 |pvalue 0.0301
Geotechnical issues 0 0.18 | -0.48 1 0.82 0.48 0.5 4 \ 1.00
Site access 0 0.18 | -0.48 1 0.82 0.48 0.5 4
Space constraint 0 0.18 | -0.48 1 0.82 0.48 0.5 4
N 3 10

67



Table 3.12 Chi-Square Test Resultgper Alternative I ntersections andl nterchanges Design Type(Continuation)

. - Claims Supplemental Agreement| O Rank Chi-Square
Design Inhibitor 0 E o | & ] Mean | Total | Resuits
Site access 32 0.39 1.04 167 3.61 -1.04 || 99.5 1
Environmental concerns 1 1.06 | -1.09 115 9.94 1.09 58.0 2
Design specifications 12 464 | -1.33 71 43.36 1.33 41.5 3
Equipment and labor estimate change 1 0.48 | -0.73 73 4.52 0.73 37.0 4
Water drainage 2 1.74 | -1.40 46 16.26 1.40 24.0 5
Geotechnical issues 3 3.09 | -0.06 34 28.91 0.06 18.5 6
Weather impact 0 0.58 7.51 34 5.42 -7.51 || 17.0 7
Design errors 5 3.00 1.24 26 28.00 -1.24 15.5 8
Safety for public 2 1.45 | -1.28 29 13.55 1.28 15.5 8
Cost estimate change 0 0.29 | -0.57 18 2.71 0.57 9.0 9
Safety of workers 4 0.68 4.27 11 6.32 -4.27 7.5 10
Construction sequencing 1 0.19 1.93 14 1.81 -1.93 7.5 10
Contract changes 0 8.70 1.62 13 81.30 -1.62 6.5 11 ||X? 181.57%
Right of way 0 0.87 | -0.99 11 8.13 0.99 5.5 12 |{df 32
Safety for drivers 0 0.39 | -0.66 11 3.61 0.66 5.5 12 | p-value <0.001
Pavement markings 0 0.97 | -1.04 10 9.03 1.04 5.0 13 ||V 0.22
cll Additional cost 0 0.58 | -0.80 9 5.42 0.80 4.5 14
Contract errors 0 0.29 | -0.57 9 2.71 0.57 4.5 14
Water drainage during construction 0 155 | -047 8 14.45 0.47 4.0 15
Wall construction 0 0.97 | -1.04 8 9.03 1.04 4.0 15
Utilities 0 19.73 | 3.88 6 184.27 | -3.88 3.0 16
Additional equipment 6 0.10 | -0.33 0 0.90 0.33 3.0 16
Work Zone Traffic Control 6 0.10 | -0.33 0 0.90 0.33 3.0 16
Bridge construction 0 1.45 | -1.28 5 13.55 1.28 2.5 17
Inspection approval 1 0.58 7.51 3 5.42 -7.51 2.0 18
Design changes 0 3.87 | -0.48 3 36.13 0.48 15 19
Signals and signage 0 3.29 | -1.95 3 30.71 1.95 1.5 19
Standards and specifications 1 745 | -2.61 1 69.55 2.61 1.0 20
Material estimate change 0 11.31 | -3.47 1 105.69 | 3.47 0.5 21
Traffic control 0 1.06 | -1.09 1 9.94 1.09 0.5 21
Schedule changes 0 0.87 | -0.99 1 8.13 0.99 0.5 21
Multimodal transit accommodations 0 0.19 | -0.46 1 1.81 0.46 0.5 21
Material delivery 1 0.10 3.06 0 0.90 -3.06 0.5 21
N 78 742
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Limitations

This study hathefollowing limitations:

1 The dassification of inhibitors neexdo besubcategoriz& The currenainalysis des
not break down the inhibitors insubsets to discelmowaninhibitor affecsa project.

For example, a current clairmay be classified asutilities-related but this
classification does not fully explain how utilities affected the project. The
classification systemmeeds to specifghe proportionof the projectthat is being
affected (e.g.constructionactivities, lane closurehe entire projectetc.), and how
the inhibitor affected the projece(g, suspension of work, additional work require
modifications to design, etc.).

1 Claims and supplemental agreemedata need to be evaluated based on site
conditiors, such asveather accessibility ofthe construction siteandlocation €.g.,
coastal, mountain, or piedmamgions in North Carolila Some locations are more
prone to be affected Igrte conditions than others

1 Also, a larger sample size f@MUII projects is neededThe sample size for this
study is limited to a smatitumberof NCDOT projects for some designs (e.gnly
one CFI project)Including projects from other DOTs is recommenttedddress the
small sample size issue

1 This study does not distinguish between inhibitors resulted from the typkIOfi
vs inhibitors that are prone to be present based on the location of the project. To
address for this concera,record of the initial concerns linked to a project need to be
disclosed tp the persorevaluating claims and supplemental agreements) in order to
guantify if the impact of the suspected inhibitors was minimum or to use this list of
inhibitors to simply isolate them from the analysis and account for the ones that were
not previously disclogk In this study, nanformation about what the initial concerns
pertain to each projegtere received, therefore, this analysis cannot be performed

Conclusion

Transportation infrastructure is vital for national and regional econoriitesrefore, completing

projects withinthebudget and schedule is crucial when public funding is ineb€even though
researchers have investigatexhsportation project performance, limitédratureis available that

focuses specificallyon project design types.Accurately predictingpapr oj ect 6s out cc
challenging, especially when little information asailableaboutthe construction and project
performance ofDMUII projects. This researchis the first formal investigationinto the
identification of construction inhibitorthat affectDMUII designsto evaluate and compatiee

overall project performance &fMUII designsversusCll designausing claims andupplemental
agreementlata.

Two strategies were evaluated mormalizedata andestimate the magnitude of claims. The
evaluationstrategiesfocused orclaim compensationandprojectschedule The resultsndicate
that Cll is the design type with theumber of claims filed Based on this information, it can be
concluded tha€ll are more prone to file claims th&MUII designs The evaluatiomesultsfor
compensationmdicate thaprojects with &Cll designsyield the mostschedule variatiobut that
the highest monetary compensatiasas granted to a project withDI design Inhibitors that
affect DMUII andCllI designsalsowereidentifiedusing claimdata
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Similarly, supplemental agreemedatawere used to identify pregts that are affected the most
andto identify the inhibitorghataffect theseprojects. Supplemental agreementerenormalized

in terms ofcompensation Theresults indicated thatll is the design thatields the most cost
variations which indicatthat Clisare more prone to file a supplemental agreemeéhis finding
further prove that despite the lack of unfamiliarity surroundingMUII projects, their
constructiorperformances not exacerbated compared to projects Withdesigns

Chi-squardess for independenceere performed to validate the findings, and the results indicate
that the most common inhibitors iDMUII projects are utility conflicts;onstruction sequencing,
signal and signage, traffic control, and material estimate chardes initial list of inhibitors is

a good indication of what is affectimi@MUIl's. However, finding in this research atkgtermines
thatinhibitors cannot be generalized for BIMUII' s, each design type needs to be evaluated to
determine which are more predominamtierefore this study also identifies and categorized the
most relevant inhibitors based on the design tyjpehecklist to help project managers, designers,
contractors, and others determine whether a given project is more or less constmatable
developed and is attached in appendixTis checklistprovidesthe inhibitors per design type
and a list of generic inhibitors that can be utilized to detertfieemost important factorthat
shouldbe considered tgauging constructability of any highway project

The level of effort for this analysis took approximately 212 hours. This estimated level of effort
does not account for the data collection effort. The time is considering 30 hours of research to
investigate effective methods to analyze claims and sogpital agreements. The data cleaning
process for claimsook approximately 4 hours and 8 hours for supplemental agreements. The
process to categorize each claim took 45 hours and 65 hours for supplemental agreements. Lastly,
the analysis portion of thstudy took around 30 hours for claims and 30 hours for supplemental
agreements. This effort can be replicated as more data becomes available for other DMUII
designs.
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ASSESSINGTHE PERFORMANCE OF ALTERNATIVE INTERSECTIONS AND
INTERCHANGES VERSUSCONVENTIONAL DESIGNS USING COST AND
SCHEDULE DATA

A challenge associated witliverse,modern, andinconventionalntersections anthterchanges
(DMUII) designs lies in the construction industry negat i ve pwhickighaged o n
on the beliethat DMUII s incur additional construction time and cost compared to projects with
conventionalintersection andnterchange(Cll) designs. To evaluate thdegitimacy of this
perception, a comprehensive analysigroject performancaas conducted thatonsides cost

and schedule data frodMUII and ClIlI projects constructed iNorth Carolina By effectively
identifying differencesin project performancébetweenDMUIIs and Clls, the construction

i ndu surrenyp@érseption dMUII s can be assessed propargtransportation agenciesay

be ableto considerDMUII projects agossiblesustainable solution® several transportation
problems

Data Sample

Project cost and schedule data fortotal of 57 projectavere obtainedfrom the Highway
Construction and Materials System (HICAMSyhich is managed by th&lorth Carolina
Department of TransportatioNCDOT). These 57 projects athe same datasatilized for the
claims andsupplemental agreement data introducethe previous chaptemnd the selection of
this sample size was describediid at a s aseqgiidn &leanslysis in this chaptéocuses

on analyzing the changes in cost and scheduleoggqis The purpose of this study is amalyze
changes in cost and scheduled&dermire what design type was more affected and quantify that
impact. Figure 4.1 presenthié project characteristics, cost data, and schedulefdathe 57
NCDOT projects.

Location
of the

project Contract
status
Design Type of
—
type work
Contract
type

Project
length

Estimated
project cost

Cost
difference
to date

Contract bid

Actual
project cost

Work start

Gy Actual

project

Estimated duration
project
duration

" m

Figure 0.1 Project Information Obtained from NCDOT for 57 Construction Projects
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Methodology

Figure 4.2 presents the methodology that was useevduateproject performancen terms of
cost and schedule variationsing data obtained from the NCDOThe figure presentthetype

of datautilized, theanalytical method, and the resdbtained from this studyFrequency analysis
results arereportedas histograms angercentage tableand includecost differencedo date
(overrun/underrun valugss well ascontractbid datg estimated project cosandactual project
cost Descriptive frequency analysigas als@erformedto evaluate project performance in terms
of schedulevariations This analysis usedstimatedand actuaproject duratiordataandhelped

to identify the most problematic projectsd to determinelifferences in project performance
betweerDMUIIs andClls.

Analytical

Data Results
Method
Cost
9 Estimated project cost
T Contract bid
1 Actual project cost - Evaluation of All vs Cl
1 Cost difference to date Descriptive F_requency performance in terms of
Analysis cost and time
Schedule

1 Work start day
1 Actual project duration
1 Estimated project duration

Figure 0.2 Methodologyto Determine Differences between Alternative vs Conventional
Intersections and Interchanges

Analysis
Cost (Total Difference)

Figure4.3 presents the resultsr the cost differencesvhichweredetermined by dividing theost
difference (the difference between thestimated project cost and the actual cost required to
perform the workby the contract bidthevalue of the winning bidwardedy theNCDOT). The
results arepresented apercentageto allow project performanceto be identified easily For
examplecontinuous flow intersectiorC§1) project U6084 had a contract bid cost of $7,183,515
anda cost difference of $439,57Which yielded a 6%total costdifference. The majority ahe
projectsshoweda <15% cost difference. The projects witle mostvariation ancbver15%cost
difference ar€ll designs.The dvergingdiamond interchange (DDig the design with theecond
highestcost differencg29%), but the percemage ofdifferenceis not asgreatas ttat of theCll|
projects(73%).
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Figure 0.3 Cost Difference per Project

Figure 4.4 presentghe average resultsfor the cost difference per contract ba each design

type As shownQR is the desigtypewith the largest perceage ofthe costdifferencebetween

the initially contractedcost andhe final cost. The second largest cost differaacghown for
reducedconflict intersection (RClprojects followed by Clls. Even though this results are
indicative of the performance, using averages is not always idéaimportant to remember that

for this analysis, sample sizes vary per design type. For the cost and schedule analysis, the sample
sizeswerel CFI, 15 DDI, 3 QR, 4 RCI, 1 Tand32 CllIs
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Figure 0.4 Cost Difference per DesigriType

Figure 45 explains the extent to whithe cost differenceesultedfrom claims andupplemental
agreementsAs shown, mostlaims andsupplementabgreemerd have a impact on the overall
cost of the projectsThe projects thatvereaffected the modty cost differenceare DDI project
[-5111 andCll U-2525C. Another important finding is theupplementabgreemerd impacted

the cost morghan claims as evidenced by theDI [-3819A andCll U-3308 projectswhere

supplementabgreemenrg account forabouta quarter of theverall cost.
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Figure 0.5 Percentage ofDifference in Cost in Terms of Claims andSupplemental
Agreement

Schedulevariation(Total Difference)

The 57 projects were evaluated in tewhtheir schedulgariations Figure4.6 presentshe results
for schedulevariatiors betweenthe estimated project duratipmhich is the expectedumberof
daysneededo complete the projecand theactual project duratigrwhich is the actual timéor
the project to be completedThe results were evaluated ferms of percentageo facilitate
identification of the performance of the projectll the projects were affectesignificantly by
changes tdheir schedule.On average, alhe designs exhibited schedubariationsof over 30
percent Althoughsignificant variatios are evidenn the figure the DDI (U2925) desig reflects
the greatesschedulevariations Other designshat reflect bangepercentages thaxceed 90%
includeCll and RCls.
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Figure 0.6 Project ScheduleVariations

Figure 4.7 presents the averaged results fosthedule difference per design type. As shown,

QR is the design type with the lowest schedule difference of 31%. The designs with the largest
schedule difference were CFls, DDIs, and RCIs. Even though this results are indicative of the
performance, itd important to notice that using average is not always ideal since sample size per
design type is not the same. For example, in the case of CFl and Tl, sample size includes only one
project.
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Figure 0.7 ScheduleDifference per Design Type

Project Performance

Table4.1 lists thetop five projectsaffected bycost and schedublariations In terms ofproject
coss, four of the topfive projectshaveCll designs whichmeans tha€Cll are more prone to be
affected bycost variation. Inerms ofschedulevariations the projectnost impacteds a project
with DDI design However,by evaluating theop five projectswith largest schedule variatipn
projects withDDIs andClIl seem to be the most affecte@his indicates that overall, Clls and
DDls experience the largest cost and schedule variations in comparison to other design types.

Table 0.1 Top Five Projects with Most Variations in Cost and Schedule

Project Cost Project Schedule

Cll DDI

U-3308 (73%) 1-4733 (154%)
Cli Cll

U-2525C (39%)| 1-5768/SS4910CL (116%)
Cll Cll

U-4755 (37%) U-4733 (115%)
Cli Cll

U-5018B (29%) U-5025 (110%)
DDI DDI

U-2925 (29%) 1-5714/U5114 (109%)

CllI: Conventional intersections and interchan@3l: Diverging diamond interchange.

Limitations

This study hagbotential limitationghat offer opportunities for future warkl hevariations incost

and schedule datzan be appliedor further indepth analysiso account for the year when the
projects were constructad orderto determinewhether projectsvith aboveaveragecost and
schedule change variatiovereexperiencedmong the first such desigts becompleted. That

is, unfamiliarity with thedesign typeould be a cause of these differences (accounting for inflation,
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of course). Also, alarger sample size f@MUII projectsis recommendedThe sample size for
this studywas limited to a small number of projects for some desigmkich limits the
generalizability of theonclusionsaandresults.

Conclusion

This studycomparedhe cost and schedule performanceDdUIl and Cll designs inseveral
NCDOT projects. Analysis ofthe variation in theost and schedule data indicates thdtand

DDI projects show the greatest variance in cost and schedule differértoe$evel of effort for

this analysis took approximately 40 hours to perform the categorization and analyze fdsailts.
cost and schedule data indighte plausible methodology of how cost and schedule data can be
collected and analyzed. To obtainonger results, a national (multistate) analysis is needed. To
do so,a multistate databasd@th projects constructedver many yearwiill be needed to perform
similar analysis By doing so,findings can be utilizedy transportation agencie® better
understand project performance dhddesigntypesthatcan be constructed firomote efficient
resource allocation.
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CASE STUDY: EVALUATION OF ROADWAY CONGESTION AND DETOURS DUE
TO WORK ZONE TRAFFIC CONTROL MEASURES

Departments of Transportation exhaustively work on minimizing disruptions due to construction
activities. In the casof North Carolina Department of Transportation (NCDOA systematic
approach to analyze and implement detour roigessed When faced with road closures,
construction projects, accidents, or other events that necessithteone traffic control (WZTC)
measuresNCDOT carefully evaluates potential routes based on factors like traffic flow, safety,
and road capacitip select the most gable detour routeHowever, detours are not always ideal

to manage anstruction work zone activitighattake place in transportation networksce they
often contribute to disruptions to normal traffic flowJnderstanding the impacbf WZTC
measuredy utilizing other approaches such as the evaluatidoraeél time, roadwagongestion

and road user costs (RYCis essential for effective traffic management and planniigis
research performs @mprehensive case studf/two NCDOT projects thatvere undertaken to
evaluatethe effects of WZTGneasure®n roadwaycongestion The performance ot diverse,
modern, andunconventionalintersections andnterchanges (DMUIl)and a conventional
intersectiomndinterchange(ll) constructedn North Carolinavas evaluatednd the impastof
different WZTC measures on travel time, roadwegngestion and RUCwere systematically
analyzed.

The primary objective of this case study is to assess the effectiveness of various measures
employedfor WZTC and their influence on key germance indicators. First, travel time was
analyzedto determine the additional time and distance vehiohest travel due to WZTC
measures.Roadwaycongestiomanalysis alsavas conducted using the travel time indeXT1)

(that isbased on free flow), which provides a valuable metric for assessing congestion levels and
delays experienced by road users within waykes and detour routes. MoreoverRaJC model

is introduced to estimate the economic impact and user costs associated with WZTC activities.
This modelquantifiesthe monetary consequences and potential productivitythaseesult from
disruptions caused by WZTCAn evaluation of WZTC measures can provide valuable insights
and recommendations to determimigetheraDMUII or CII design ignore conducive to effective
WZTC. In conjunction with this evaluation, actionable recommendatiwere developed d

reduce work zone delays and minimize RUCs

Methodology

Traffic control measures for AMUII diverging diamond interchange (DDI) project an€k
project inNorth Carolina were evaluated in this studyterms oftravel time, roadway capacity
analysis, andRUC.

Travel Time

In this study dravel timeérefers tothe time required for a vehicle to travel from point Aptant
B. Travel time imnimportantconsideration imetermininghowmuch further vehicleswusttravel
due to WZTCmeasuresompared to ordinary traffic condition€Equation lis used to calculate
travel time
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RoadwayCongestiorDperations

Iteris ClearGuide softwarglteris 2023) was employed in this studyto analyze roadway
congestion ClearGuide is comprehensive and advanced softthatewasdeveloped to assist
traffic engineers and planners in analyzing and optimizing signal operations and improving overall
traffic flow. This software integrates various modules and functionalities to assist in the
management and control of traffic signalteyssandoffers suchfeatures as traffic signal timing
optimization, adaptive signal control, and r&ale traffic data analysisClearGuide allows users

to conductcomprehensive traffic signal timing studies, evaluate different scenarios, and optimize
signal plans based on specific objectives, such as reducing delays, improving intersection capacity,
or prioritizing certain movemen{#teris 2021) The software also provides ré¢ahe monitoring

and reporting capabilities, allowing users to analyze and visualize key performance metrics and
make informed decisions for traffic signal management.

One particular feature @learGuidds that it allows the usdp create routes and access historical

data from 2015 up to reéime data. For this studglearGuidewasusedto recreate the routes

and detoursised inthe DDI and Cll projecs. Historical datavereretrieved for each project and

the monthly performance repsrof the routes and detounsere generated. C| ear Gui de 0 ¢
performance report feature lets useedectup to three performance measures across selected

routes and filter the report soparticular time of day (e.gPM peak) and days of the we@teris

2021) The performance measwselectedor this case studisthe TTI. The granularity of the

analysis was monthly artie TTI wasappliedfor the entire daywith no filtersfor AM or PM

peaktimes

TheTTl is a metridhat isused to measure congestion levels and delays experienced by road users
compared to freflow conditions. Iteris (2021) define theTTI as the ratio of the average travel

time to the fredlow travel time. In other wordsheTTI provides a numerical value that indicates

the relative increase in travel time compared to an ideal, uncongested scenario where traffic flows
smoothly at fredlow speeds.The TTI valueof 1 indicates no congestion or delay (iteetravel

time is tre same a$or freeflow conditions) and values greater than 1 indicate higher levels of
congestion and longer travel times. For example, if thevallefor a specific road segment is

1.2, the actual travel time on that segment is 20% longer than the expected travel time under free
flow conditions. The TTI is a valuable tool for this study as it allows congestion levels to be
evaluated, traffic performan¢e be monitoredand the impact of WZT@easureso be assessed

Road UsefCost (RUC) Model

Determining the value of travel time in terms of RUC is important in transportstiemarios
because it allowthe WZTC impacs to be quantifiedCurrently, severadifferent approachesre
takenby DOTsto estimatdRUCs (Winston and Langer 2006; Florida DOT 1997; Choi 2020). In
this study, the RUCassociated witllane and road closures was evaluated in terms of travel delay
cosk and vehicle operating castwhich are the only parameters considered by the Federal
Highway Administration (FHWA) EHWA 2011 FHWA 2022). By effectively calculatinthe
RUC, the impact of WZTC otheDDI andClI can bedetermined Thefollowing set of attributes

is neededor this analysis:
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Averageannual aily traffic (AADT)

Location (e.g., Wake CountiNC)

Projectyear (e.g., 2020)

Speed limit (e.g., posted, work zone, and detour speed limits)
Length of the work zone, detda}, etc.

Vehicle value of time ($/hour)

Vehicle operating costs ($/mile)

=4 =4 =4 -8 _-48_-9_-°

Theseattributeswerecollected fromprojectdesigns, anBlCDOT records The vehicle operating
costwasobtained from outside sources suchites American Association of State Highway and
Transportation OfficialsSAASHTO), theAmerican Automobile Associatig\AA ), theAmerican
Transportation Research Instituto publish these values on a yearly basis.

The RUCanalysisperformed in this chaptenvolves various assumptions and uncertainties that
can influence the accuracy and reliability of the resiiisstly, one of the main challenges lies in
estimating the future travel demand accuratdRredicting traffic volumes, mode choices, and
travel patterns is inherently complex and subject to uncertainties due to factors like changing
demographics, economic conditions, and technological advancemeits. address this
uncertainty, local values such as AARAr the intersection evaluated, vehicle cost and values of
time from the location of the project were utilized to reduoeertaintiesthat may lead to
deviations from actual outcomes.

Secondly, the analysis relies on certain assumptions regarding travel behavior and preferences.
Assumptions about travel time valuzan significantly affect the overall road user cost estimates.
Small variations in these assumptions can lead to substantial differences in the outcomes, making
it essential to carefully consider and validate these assumptions basedworl@éalata. Due to

the sensitivity of the analysis, the use of real travel time records, produced from reputable sources
(e.g. NCDOT ad FHWA) were utilized.

Travel Delay Cost
Expenses associated wilbst opportunitpdue to road users spending additional time on the road
are referred to as the travel delay cost (Shrestha et al., 282d)pressed iEquatian 2.

Yi QOO @i OQAMRAGR i20¢ 6 1IQEW DD VQA dw (2)

Thetravel delay costaries depending on the type of vehicle (car or truck) and the type of trip.
The delay experienced by each vehicle is influenced by factors such as whether the vehicle took a
detour, different speed limits, and the length of the work zone. Equationarg] 8 are used to
compute the value of time (VOT) for different scenarios, and Equations 6 andugeat®
compute delays per vehicle.

VOT for Vehicle and Truck s

The VOT forcars andrucksis calculatecbn an hourly basis and thesgheredeterminedased
on average wagestimated by NCDOT For this analysis, the VOT for cars wak2$7/5and$50
for trucks.
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Delay Time Due to Detour

Equation3 was used to calculate the delay time for vehithlesmake adetour. The calculation
involves thedifference between the time required to travel along the detour route at the detour
speed limit and the time required to travel along the original route at the posted speed limit.

0'Q 8 %0606 REOQO £ 61 3)

Delay Time by Avoiding Detour

Equationd was usedo calculate the delay time feehicles thaavoida detour by determining the
difference between the time it takes to travel at the speed limit within the work zone and the time
required to travel at the posted speed limit. This calculation helps quantify the extedalay
experienced by vehiclagbat pass through the work zone without deviating from their original
route.

0'Q & 'FQ6 © UHH Q@A £ 61 (4)

Vehicle Operating Cost

Vehicle operating costarethe additional costassociated with vehiclabat must travelonger
distanceslue to WZTCmeasuresand can be calculated usikguation5 (Shrestha et al. 201).

O WQOEH RO O QRED 6 58 B¢ i &1 Qa Q
0 "Qa"Gi &0 OPIBEROACD 6 HQDWHE Qi (5)

Theunit cost per milean becalculated for various vehicle typandroadway characteristic$:or

this research, to calculate the unit cost per mile, the sum of the cadcvda@for cars and trucks

was utilized. The calculation of the anticipated VOC involves considering the original distance
and the original cost per mile. Subsequently, the updated expected vehicle operating cost should
be calculated based on the actuatatices traveled and the unit costs per mile. This calculation
should be pedrmed for two senarios: a) when the vehicle does not take a detour, and b) when
the vehicle takes a detour.

In the case where a vehicle does not take a detour, the distance covered per vehicle remains the
same for both the actual condition (work zone) and the base conditievofk@one) However,

the unit cost per mile may vary depending ba bperating speed, which is determined by the
specific data source used. As a result, even if the total distance remains unchanged, the unit cost
per mile can vary, potentially leading to an increased or decreased vehicle operating cost.

When a vehicle takes a detour, the new distance will correspond to the distance of the detour, and
the unit cost per mile will be determined by the speed at which the detour is taken. Generally,
detours tend to be longer than the original route. Theredpte)g for a detour would typically

result in an overall increase in the total vehicle operating cost.
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Analysis

The case study involvescamparisorassessment of WZTC strategfesa DDI projectin Wake
County, NCthatwasunder constructiomat the time of this writingvith expected completion in
2024and aCll projectin Cabarrus County, N@at had beenonstructed in 2018. Both projects
wereevaluated based on travel timmeadwaycongestioroperations, andoad useicost impact.
Analysis and comparison dhe assessmentesults provide a better understanding of the
performance oDMUII projectscomparedo Cll projects.

[-5700Project

Construction for the NCDOT DDprojectl-5700 begarmn February 3, 2020and is expected to

be completethy February 11, 2024Figure 5.1 shows the location of tipiject at the intersection

of 1-40 and Airport Boulevard.This project was a design bid build (DBB) project with a DDI
design and it is currently under construction. The scope of this project requires grading, drainage,
paving, signals, and structures work on 0.798 miles. The contract bid of the project was
$34,895,403, where 84% of the total cost was desigrfatecbadway construction, 13%or
structure, an®@% for culvert items. At the moment the actual project cost is $36,084,881 ($1.1
million over budget), recall that the projeststill under construction andsifinal cost is subject

to change.

o ___*'l,( 094 -_

BEGIN PROJE S

J—
Figure 0.1 NCDOT I[-5700Location Site (I-40 and Airport Boulevard)

Figure 5.2 shows that théb700 sitas being constructed abowv@l0 and requires the construction
of two bridges and involveR2 traffic movements.
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Figure 0.2 Traffic Movement in 1-5700Project

Thel-5700projectrequiredive construction phases tonstruct théwo bridges and modify traffic
patterns tachieve the finaDDI geometric configuration Although the project has fivghases,
the projectdesignmanagedo avoidlane reductiosor other commonly useWZTC methodgo
separate construction activitié®m traffic. Only two phases require the closure of ramps and
these WZTC specifications are the ones utilized for this study.

Figure 5.3 present$ie first closureof Ramps B and Qvheretraffic was shifted to th@hase Il
pattern on the night of September 6, 202Be construction area is represente@sd rectangle.
Theinstallation of temporary markings, activation of temporary signals, and installation of detour
signs were completeglarlier on the same dayThe new pattern closed th&0 westboundon-
rampandthe|-40 eastbound offampfor 105 daysntil December 20, 2022).
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Figure 0.3 Phase Il Closure of Ramps B and Gn I-5700 Project

Figure 5.4 shows the twaetourroutes that were uséd accommodate thedosure ofRamps B
and C Detour 1 (D1)s shown in blue andccommodatesastboundraffic from 1-40 to Airport
Boulevard. Detour 2 splits into two patterni32A and D2B shown in yellow D2A
accommodates traffic originating frofRaleighDurham International Airport (RDU) that is
destinedor westbound-40, andD2B accommodatesorthboundAirport Boulevard traffi¢ also
destinedor westbound-40.
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Figure 0.4 Detour Routesto Accommodate Ramp Closuresn [-5700Project
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Figure 5.5 shows the construction areas (red circles) fardlsare ofRamps A and Dwhich are
expected to be completed in 2023. Traffic will be shifted tdPttese Il pattern for 120 days.
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Figure 0.5 Phase Il Closure of Ramps A and On |-5
Figure 5.6 shows the three detour routes (D3, D4, and D5) that were used to accommodate the
closure ofRamps A and D Detour 3 is split into two pattern3A, and D3B and is shown in
purple. D3A accommodatesvestboundtraffic from 1-40 to southboundAirport Blvd. D3B

accommodatesvestboundiraffic from I-40 to NB Airport Blvd D4 is shown in green and
accommodatesastboundraffic from Airport Boulevard to-40eastboundD5 is shown in orange

and accommodate®uthboundraffic from Airport Boulevard to 440.
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Figure 0.6 Detour Routes for D3A, D3B, D4, and D5n 1-5700 Project

Travel Time Due to Work Zodetivities

Table 5.1presents thanalysisresults for travel time that is due to WZTC activitielSor this
evaluation, the routeserelinked to their respective detour route(§)herouteswere created in

Iteris ClearGuide to determine the origin to destination (route length) of all 12 respective
movements and detours. The average speed \Wait alsoretrieved from ClearGuide The
additional distance traveled due to detours was calculated by subtthetohgtour length from
theroute length.Not all routes vere affected by WZTQherefore, thee routes do not haeelded

travel time. To calculatéhe travel time due to WZTC, the travel tinmeeded to navigatie

detours was subtracted from the travel tmeeded to navigatbe normal routeAs shownRoutes

5 and Avere the routemost affectedby WZTC because he added thmawes!| t i me

Evaluation ofRoadway Congestio@perations

Roadway congestion operations were evaluated usingTitheThe scenarios evaluated required
historical records for the time prior to construction, during construction, and post construction.
For the DDI 15700 project, the roadway congestion operations were evaluated for April and
October because seasonal traffic volumes are stable in thesesmaoudt better represent traffic
normal conditions in a given year. The TTI values for prop&atd0 were calculated based on the
times of the closure of Ramps B and C, as no other closures had yet taken place at the time of this
study. The WZTC measuresquired for the construction of Ramps B and C included rerouting
Routes 1, 7, 10, and 11 from September to December 2022. TFhensteuction data included

2015, 2016, and 2019 and the construction data included 2020, 2021, and 2022 (the project began
in February 2020). The post construction data included February and April 2023 when the road
closures ended for Ramps B and C.
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Table 0.1 Evaluation of Travel Time Due to Work Zone Traffic Control Measuresin 1-5700 Projed

: - i Speed Limit | Travel Time Added
Traffic Movement Original Additional : . :
Route and Detour Route E;;Olt']rr] Distance (mile/hr.) (min/veh.) Tragjé-[éme
Movement Length (milge) Travel due to WZTC
Origen Destination i i Route | Detour| Route | Detour
g (mile) Detour (mile) (miniveh.)
1 Bo lﬁg\?;’rré Ng 40 WB D2A 1.03 | 3.67 2.64 45 55 1.4 | 40 2.6
2 Airport Airport No No No
D Boulevard SB| Boulevard SH Detour 0.38 Detour 0 45 55 0.5 Detour No Detour
3 1-40 WB Alrport D3A | 054 4.6 4.06 45 55 07 | 50 43
‘1 Boulevard SH
4 1-40 WB 1-40 WB No 1.24 No 0 65 55 11 | No I No Detour
Detour Detour Detour
Alrport 1-40 EB D5 1.92 | 4.65 2.73 45 55 26 | 5.1 2.5
Boulevard SB
6 Airport Airport No No No
—p Boulevard NB| Boulevard NB| Detour 0.36 Detour 0 45 55 0.5 Detour No Detour
7 1-40 EB Alrport D1 087 | 6.08 521 45 55 | 1.2 | 6.6 5.5
Boulevard NB
8 1-40 EB 1-40 EB No 095 | No 0 65 55 | 09 | _NO | No Detour
Detour Detour Detour
9|-> 1-40 WB Alrport D3B 0.4 5.24 4.84 45 55 05 | 57 5.2
Boulevard NB
10 1-40 EB Airport D1 059 | 5.75 5.16 45 55 | 08 | 6.3 55
J Boulevard SB
1&_ Alrport 1-40 WB D2B 1.54 3.4 1.86 45 55 21 | 37 1.7
Boulevard SB
12 Airport 1-40 EB D4 168 | 471 3.03 45 55 22 | 51 2.9
1 Boulevard NB
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Table 5.2 presents the monthly TTI values for the 12 routes in the DDI projextablandicates

that before construction began, the 12 routes experienced some level of congestion. The most
congested routgwior toconstruction ar®outes 2, 3, 6, 8, 10, and,khown in orange and yellow
Congestion levelsluring constructiorfrom 2020to 2021 decreased for most of the route&

likely reason for thiseductionis COVID-19 restrictionsthatled to less travel angduced traffic

counts Therefore, thel Tl resultsmay not be indicative of impact due to WZTC measures.
Although WZTC atRoutes 2 and 6 (at Airport Boulevard) did metjuirespeed limis or lane
reductiors, these routes remained congested during the construction period.

Table 0.2 Monthly Travel Time Index Valuesfor Routesin 1-5700 Project

I outes
m 1 2 3 4 5 6 7 8 9 10 | 11 | 12

Apr 2015 (1.12)1.17] 1.1 ]1.04] 1.111.25/1.16/1.16/1.04] 1.08| 1.17(1.11
Oct 2015 ||1.14{1.19(1.14(1.09{ 1.13]1.27{1.17{1.15[1.09{ 1.08] 1.21|1.11

Before |[Apr 2016 ||1.04(1.04(1.04{1.03( 1.07]1.05/1.06]1.15/1.02| 1.08] 1.01|1.08
Construction||Oct 2016 [|1.04]1.03({1.05|1.06( 1.08|1.03|1.06/1.18/1.04| 1.1 | 1.01| 1.1
Apr 2019 [1.06)1.15]1.12]1.08] 1.13]1.16/1.12)1.22]1.06] 1.14| 1.01(1.13
Oct 2019 ||1.11{1.26({1.22{1.05( 1.2 |1.23]1.18] 1.3[1.12{ 1.18]1.04]|1.19
Apr 2020 1.03] 1.1 |11.06/1.08] 1.031.09/1.04)1.03}1.02] 1.01| 1.01{1.03
Oct 2020 ||1.05 1.2 ({1.09{1.01f 1.05]1.15/1.07{1.05/1.01| 1.03] 1.01 |1.01

During Apr 2021 (1.03] 1.2 11.16/1.04] 1.06)| 1.1 11.04)/1.04]1.02] 1.01| 1.02{1.03
Construction||Oct 2021 [|1.04]1.36/1.25/1.02( 1.1 |1.14]/1.09(/1.05/1.08| 1.07| 1.08|1.04
Apr 2022 1.08]1.31]11.32|1.07| 1.12]1.25|1.19|1.17]1.11] 1.2 | 1.05( 1.1
Oct2022 || 1 [1.08/1.09{1.05( 1.081.08] 1 [1.13[{1.09] 1 1 (11

After Feb 2023(1.05/1.29|1.18{1.04| 1.13|1.42{1.34|1.11|1.13] 1.3 [1.01]| 1.1
Construction| April 2023]| 1.1 |1.43|1.26{1.03| 1.17 |1.45{1.33[1.17|1.14| 1.26| 1.04|1.12

Next, the TTIwas used to evaluate theutes affected by thelosure of Rmps B and C. Figure
5.7 presents the results obtained for Routes 1, 7, 10, andd ientionedbecause&onstruction
started around the tinteat COVID-19 restrictionsvere put in placethe TTI valuesdecreaseat

the beginning of the construction period bné showrto increasebeginningin 2022 wherthe
COVID-19 restrictions ended.The figure showshat traffic from 40 to Airport Boulevard
(Routes 7 and 1@n Ramp C correlates witbw to moderate TTVvaluesduring constructioybut
once RampC was @ered (February 2023)congestiorfor those routes increased. Routes 1 and
11 accommodate traffic from Airport Boulevard t40on Ramp Band the TThaluesare shown

to increaseduring construction tgpostconstructionbut congestion is considered to be relatively
light.
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Figure 5.7 Travel Time Index Values for RoutesAffected by Closure of Ramps B and dn

[-5700 Project
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Table 5.3resents the TTI valuas April 2015 and October 2016r each detouroute Sincethe

[-5700 project started construction activities until February 2020, the TTI values for April 2015

and October 2015 were used f oTheTTlivauestobAprilor e co
2021, October 2021, and April 2022 were uéedr t he 6 d u BevalugtiocBvanst r uct
though there was no lane or roadway closure during this period (Aprit&20212022), it is

assumed that some of the traffic originally traveling throug@ &nd Airport Boulevard will s&e

alternative routes to avottleconstruction areaBecausehe ramps were closed fonly 105 days,

the6 r amp s B &cGveronly SepterdbéR022 toDecember 2022. Thipostconstructio®
coversFebruary 2023 and April 2023.

Table 0.3 Monthly Travel Time Index Valuesfor Detours in 1-5700 Project

eursl b1 | p2A | D2B | D3 | D4 | D5
Months
Before Apr 2015 1.16 1.13 | 114 | 1.04| 1.11| 1.18
Construction || Oct 2015 1.16 1.17 1.19 | 1.06 | 1.14 | 1.19
Apr 2021 1.05 1.03 | 1.03 | 1.02 | 1.04 | 1.05
Oct 2021 1.06 1.02 | 1.01 | 1.01 | 1.03 | 1.07
Apr 2022 1.1 1.05 | 1.04 | 1.12 | 1.05| 1.08
Sep 2022 1.04 1.05 | 1.06 | 1.05| 1.09 | 1.02
RampsB&C | Oct 2022 1.04 1.05 | 1.06 | 1.12 | 1.08 | 1.02
Closad Nov 2022 1.04 1.04 | 1.05 1 1.09 | 1.03
Dec 2022 1.03 1.04 | 1.04 | 1.06 | 1.08 | 1.02
Post Feb 2023 1.04 1.16 | 1.04 | 1.07 | 1.06 | 1.08
Construction || April 2023 1.18 1.1 1.05 | 125 1.17 | 1.05

During
Construction

Figure 5.8 presents tfiéll resultsfor detour routed A, 2A, and 2Bthat weren placedue tothe
closure ofRamps B and CThe TTlvalues suggest that tdetour routes maintagaconstanil Tl
valuesuntil the ramp closures emd, but these valuesare not indicative of any impact due to
WZTC measures.
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Detour 1A (From EB 1-40 to SB Airport Boulevard)
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Figure 0.8 Travel Time Index of Detour RoutesDue to Closure of Ramps B and dn
Project I-5700

RoadUser Cost in-5700Project

The RUG for the DDI projectwerecalculated for théwo road closureshat were implemented
by the design plans describentroduced in figures.1. The WZTC for project-5700included
two road closuresThe first closurevas to allowthe construction of the new alignmentRamps
B andC and lasted 120 dayand the second closuneasfor the construction dRamps AandD
and lasted 105 day$ote thatwork zone measures that requaeeclosuresvere notutilized for
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the WZTC measures performed in tBdI project This was possible due to construction of a
new bridge (away from traffic) than upon beingjlt, traffic was shiftedrom the old bridge to
the new bride, allowingconstruction activitieto beseparatedrom traffic.

Detour Travel Delay Cost

To determine RUC, the first step was to determine the travel delayonsigdering only the cost

due to detours in thisase. To do thesecalculations, the data presented in Table 5.4 were
determined. To calculate the percentage of AADT for cars and trucks, historical records of NC
projects in urban (local) routegere sed

Table 0.4 RUC Data Input for Diverging Diamond Interchange Project

Variable | Value
Project Information
County Wake
Project Year 2020
Route Type Local
Data Input
Car | Truck
AADT: 95.5% | 4.5%
AADT | AADT

Posted speed limit (mile/hr.): Varies per route
Work zone speed limit (mile/hr.): Varies per route
Detour speed limit (mile/hr.): Varies per routg
Additional distance travel due tietour (mile)| Varies per route
Length of normal route (miles): Varies per route
Length of work zone route (miles): Varies per routg
Length of detour route (miles): Varies per routg

Work ZoneConfigurations
Closure ramps A&D 105 days
Closure ramiB&C 120 days
Likelihood of takinga detour 100%

First, the travel delay cost based on the location and the route type was calculated. Tiddo so,
VOC for cards and truckestroduced inthe methodologyas utilized. Once th&¥OT was
calculated, the travel time for normal conditions (posted speed) and for the detour asute w
calculated using Equation 1 whehespeed limit was utilized for the speed and the length of the
route to determinéhetotal distance traveled. Subsequently, Equation 2 was utilized to calculate
travel delay costfor cars and trucks. The sum of the cars and truck valuesimgduttm the 12
routes was$67,97190. Details of the parameters utilized for travel delay cost can be found in
AppendixD TablesD.1 andD.2.

Vehicle Operating Cost

The VOC was calculated by utilizing Equatimtroduced inthe methodology The VOC first
utilizesthe vehicle (e.g. car and truck) unit cost per mile and miglsifhlis value by the additional
miles fromthe detour. The additional miles frothe detourare calculated by multiplying the
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miles traveled per vehicle times the number of vehicles taking that route. Once the additional
miles fromthe detour are known, the value is multiplied by the unit cost per mile. Details of the
parameters utilized for travel delay cost can be found in AppéhdiableD.3.

RUC Total

Table 55 presents the RUgJor the DDI project thatverecalculated per dagnd based odelays
caused byletour routes and additional operating costs. Of the 12 routesRoutgs 3, 5, 9, and
12 were affected by the closure addiRps AandD, and only Routes 1, 7, 10, and 11 were affected
by theclosure oRamps BandC. The overaltesultanRUCis $5.6 million, which wascalculated

by adding the daily RU€on those routeandmultiplying the sunby the total of days of closure.
AppendixD provides smmary tablesf the RUCwith full calculatiors and parameters.

Table 0.5 Road User Costin 1-5700 Project

Detour Travel | Additional Vehicle
WZTC Ramp Closures Delay Cost | Operating Costs Total RUC
Ramps A&D (105 days| $1,306,963 $1,160,425 $2,467,388
Ramps B&C (120 days| $1,700,122 $1,498,797 $3,198,918
Total $5,666,306.4

Even thoughheseresults are high, if the project had opted for a conventional widening of the
existing diamond interchange instead of the conversion to a DDI, the outcome and performance of
the detour would have likely been different. With a conventional widening agpribee primary

focus would have been on expanding the existing interchange to accommodate increased traffic
demands. This will involve permanent lane reductions to allow for construction activities to
happen and the ramp will also need to be closedderdo account for new geometric alignments

due to widening. Therefore, opting for a ClII at this location would have incurred greater travel
time, larger congestion, and larger RUC impact.

While such a design might have alleviated congestion to some extent, it may not have addressed
certain traffic congestion and safety concerns as effectively as DDI. The DDI, on the other hand,
is not just better for construction activities but also ofiangjue features that enhance traffic
efficiency and safety for construction and also for after construction operations.

U-5806 Roject

The second projeah the case studig NCDOT project U5806in Cabarrus CountyNC which is

aCll design. This project was a DBB project that requires grading, drainage, paving, signals, and
structures work for a 0.434 miles project. The contract bid was $10,216,655, where 53% of the
total cost was designated to roadway construction, ®48tructure, and 13% to wall itemsnd

the actual project cost resulted$12,328,466 ($2.1 million over budgetfigure 5.9 shows the
location of theU-5806project. Constructiorbeganon August 13, 201,&nd endedn August 18,

2022 lasting1,571 working days. This pject required improvements alotite intersection of
SR-2894 Concord Mills Boulevarfland entrance #1 at Kings Grant Pavil{@®e Figure 5.9 for

the location of the project).
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End of Project SESNERS

8 S\ G 0 R ’ [ é. 7 :
Figure 0.9 NCDOT U-5806 Location Site(Concord Mills Boulevard and Entrance #1at
Kings Grant Pavilion)

Figure 5.10 shows that thé-5806 Cll project involvedonly two traffic movements because the
construction activityook place on a corridor, thus requiritigffic flow to be maintaineéndthe
use oftemporary traffic patterns duringedaytime Since the minor streets intersecting along the
corridor do not have AADT available and sincegéminor streets do not have traffic lights, their
volume is consided to be neglected for this calculatiof.he project requiredetnporary lane
closures, traffic stops, and temporary road closures withitgfdetours for specific construction
items. The closures due to construction activities were performed abeigise¢he only times
allowedfor closurewere7 PMto 6 AM during weekdays and FM to 10AM on weekendsAs
nighttime traffic levels areelatively low, no significant impaatasexpected frontonstruction
activities. Therefore, for calculation purpost evaluationwasfocused only orane closure
activities due to WZTC.

Figure 0.10 Traffic Movements in U-5806Project

Travel Time Due to Work Zoflgaffic Control

Table 56 presents travel time data thatateso WZTC measures fatll project U5806 These
calculationdollow the same methodologysedfor DMUII project }5700. The only differends
thatthe construction site for tb806 is a corridor and ésnot intersect wittarother roadvhere
minor streets intersediut no traffic lights are requiredTherefore,U-5806 only accountsdr
traffic in two movementsand no detour routes are considerétiris ClearGuidewas usedo
determine the origin to destination (routength retrieve he average speed liménd calculate
the additional distance traveled due to speed limit reduction. To cal¢hkateavel time due to
WZTC measuresthe travel time requiretb navigatethe route during normal conglihs was
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subtracted by the travel time requitednavigatethe route during WZTGctivities The added
travel time due to WZTC is relatively insignificalior the Cll project.

Table 0.6 Travel Time Due toWork ZoneTraffic Control in U-5806Project

. . Speed Limit Average Travel Added
Traffic Movement Oé'gllﬂzl Vzvgrrlz (mile/hr.) Time (min/veh.) Travel
M t . . - . Ti
ovemen Origen Destination Length Ler!gth Original | During ||Original | During t(;n\;\?zq-lé:e
(mlle) (m'le) Route | WZTC Route | WZTC (m|n/ Veh.)
5 | we concad e e
e Mills Blvd 0.55 0.55 45 35 0.7 0.9 0.2
(From +gs) | (T0 Bexley
Way)
EB Concord
6 Mills Bivd | £5 oncord
g Mills Blvd 0.55 0.55 45 35 0.7 0.9 0.2
(From Bexley
Way) (To 1-85)

Evaluation ofRoadwayCongestiorOperations

TTI values were used to evaluateadway congestionoperations for project 8806. The
scenarios evaluated include historical records for theldef@e construction, during construction,
and post construction. Data for April and Octobemwere evaluatedecausehesemonthsbest
reflectseasonal traffic volumes and nornalffic conditions in a given yeaBecauseroject U
5806is a completed projecthe TTI values could bealculated forhie entire construction period.
Preconstruction TTI values covered April 2017, October 2017, and April 2018ng
construction TTI values covered 2018 to 2022 (based on start and end da®&s3¢2018to
8/18/2022, andpostconstruction TTI values cover&actober 2022 and April 2023learGuide
allows the TTI values to be evaluated fepecific periodsand thereforeall three sets of TTI
calculationg(pre-construction, construction, and pasinstruction) are based GnPM to 6 AM
for weekdays and 1BM to 10AM for weekdays.

Table 57 presents the TTI values for the two routes (2 and 6) for the applicable months and
indicates that, prior to constructionthe routes experiendesome level of congestionDuring
constructionfrom 2020 to 2021, @angestion levels decreased. Tikely reason for this decrease

is that COVID19restrictiongeducedhetraffic flow. Therefore, th@ Tl results are not indicative

of any impact due to WZTC measumdsing this period Thepostconstructionresultssuggest

that trafficcongestiorreturnedto 2018conditions.
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Table 0.7 Monthly Travel Time Index Values in U-5806Project

Route

Months 2 6
Bef Apr 2017 1.13 1.17
elore Oct2017 | 1.1 1.14
Construction

Apr 2018 1.08 1.15
Oct 2018 1.04 1.12
Apr 2019 1.09 1.14
Oct 2019 1.16 1.32

During Apr 2020 1.05 1.06
Construction | Oct 2020 1.03 1.05
Apr 2021 1.01 1.05
Oct 2021 1.03 1.04
Apr 2022 1.06 1.05

After Oct 2022 1.03 1.04
Construction | Apr 2023 1.05 1.12

Figure 5.11presents TTI data for Routes 2 and 5 and slibevimpact othe WZTC measuresn
traffic over time Traffic volumes in the area were influenced by nigime construction activities.
An increase in congestion is indicated by the Valuesfor both routes from October 2018 to
October 2019.Due toCOVID-19 restrictions,a decrease in congesticnreflected inthe TTI
valuesduring the second year of construction.

97



Route 2 ( WB Concord MillsBoulevard)

—~ 135

L 13

< 125

s 12

2 115

- 11

2 105

= 1

2 Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr

P 2017 2017 2018 2018 2019 2019 2020 2020 2021 2021 2022 2022 2023

= Before Construction During Construction After
Construction

Months

Route 6 ( EB Concord MillsBoulevard)

Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr
2017 2017 2018 2018 2019 2019 2020 2020 2021 2021 2022 2022 2023

Travel Time Index (FF)
Ly
of
o

Before Construction During Construction After
Construction

Months

Figure 0.11 Travel Time Index Values for Routes 2 and 6in U-5806 Project(From EB
Concord Mills Boulevard)

Road User Cosh U-5806 Project

The RUC for the @ project U5806 was calculated for lane closures performed according to the
design plans that indicated WZTC measures dudaity activities, and lane reductions in night
construction work.

Work Zone Travel Delay Cost

To determine RUC for thelCproject, the first step was to determine the travel delay cost, which
in this case only includes the cost due to detours. Toadedthlculations, the data input presented
in Table 5.8 was determined @he percentage of AADT for cars and truesd theirhistorical
records of NC projects in urban (local) routes. Notice that projeg8Q6 d@snot require any
detour routes, therefore timgput for this projectis $0.
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Table 0.8 RUC Data Input for U-5806 Project

Variable [ Value
Project Information
County Cabarrus
Project Year 2018
Route Type Local
Data Input
Car | Truck
AADT: 95.5% | 4.5%
AADT | AADT
Posted speed limit (mile/hr.): Varies per route
Work zone speed limit (mile/hr.): Varies per route
Detour speed limit (mile/hr.): Varies per routg
Additional distance travel due to detour (mi| Varies per route
Length ofnormal route (miles): Varies per route
Length of work zone route (miles): Varies per route
Length of detour route (miles): Varies per route

The work zone travel delay cost for thd @ioject utilizes\VOC cost for cars and trucksroduced

in the methodology Subsequentlythe travel time along the route (normal conditions at posted
speed) and the travel timetaework zone route were calculated using Equation 1 wihergpeed
limit was utilized for the speed and the length of the route to detethematal distance traveled.
Subsequently, Equation 2 was utilized to calculate travel delayfoosrs and trucks. The sum
of the cars and truck values resujtfrom routes 2 and 6 was $684.2% jpey. Details of the
parameters utilized for travel delay cost can be found in Appé&h@lablesk.1 andE.3.

Vehicle Operating Cost

The VOC for the @ project resulted $0 since the WZTC measures on this project do not require
a detour route.

RUC Total

The RUCs were calculated in terms of daily work zone delay costs and additional operating costs.
The project lasted for 1,571 days. The nityime closures were from 7 PM to 6 AM. To adjust

the calculations, the AADT was calculated (see results in App&hTableE.2). Findings of the
incurred RUC for this project are displayed in Table 5.9. It can be observed that the RUC resulting
from the Gl project was 891,850

Table 0.9 Road User Cost in U5806 Project

. Work Zone Travel Additional Vehicle
WZTC Time Delay Cost($/day) | Operating Costs($/day) Total RUC
1,571 Days $313.08 $0 $491,850
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Conclusions

Work zoneactivities in transportation networks often lead to disruptions in normal traffic flow,
making it crucial to understand the impaof WZTC measures This studyevaluatesthree
approaches to determine the impact of WZTC and thedseaandling time, roadwaycongestion
operations, and RUCThe analysis of travel time, roadway congestion operations, andiRUC
this case studhas led tovaluable insightsnto differences irperformancebetweenDMUII and

CllI projects in North Carolina.

The travel timeevaluatiorrevealed that the$700 projeciith aDDI designrequired permanent

ramp closures [-5700had a greater impact on travel time due tordwuired detouroutesthat

added additional time to the ordinary raut®n the othehand,the U-5806 project with a @
designdid not requie roadway closuresU-5806experienced reduced speed limits due to WZTC
measuresyhichresuledin a lesssignificantimpact on travel timeompared to th®DI project
Consequently, in terms of travel time, thid groject had fewer impactsl he analysis of roadway
congestion operations using the TTI indicated significant differences in congestion levels caused
by WZTC measures. ThellCproject exhibited worse performance during construction, as
evidenced by the higher TTI values.

On the evaluation of road user cost, both projects were evaluated based on their impact on a daily
basis. Since the DDI andllGoroject have different impacts on users (e.g., one includes major
detours and the other just lane closure and a reduction in speed limit), a per user rating was carried
out in which both the hours and duration of each control measurecaesalered The RUC
obtained indicated a greater RUC impact on the DDI project. Based on these findings, it can be
concluded that the evaluati of roadway congestion operations in WZTC generates different
impacts based on the control measures applied. For examples8@65project just reduakthe

speed limit and performed lane closuresighttime Thisallowed the @ project to have a lower

impact on travel time and RUC but faced challenges related to roadway congestion operations. On
the other hand, DDI projextequire the reconstruction of ramps and more complex construction
activities that require a total closure and mandatory detour of the traffic.

In the case study presented in this chapter, an analysis was pertor@&DI| and Gl project
andtheresultsobtairedprovide a reasonab$trategy to assessadway congestion operations due

to WZTC. The level of effort for this analysis took around 1135 work hours. Since the
researchers did not need any training to determine travel delay cost, the time spent in this
calculations were-3 hours. For the vehicle operating cost,ltegs ClearGuidédatabasalready
available to NCDOT employees)aw used, for this analysis, the learning time of the database and
its capabilities took approximately 40 howasd he analysis was performed in-1@ hours

Lastly, the RUC calculations too the longest time of all. The research (training) component took
approximately 6 hours, the analysis arouneb@thours, and data collection (e.g., fuel cost) took
around 9 hours.

It is also important to acknowledge that stusljyimited to present theesults ofa sample size of

two projectdDDI and ClI). A larger sample size and otHeMUII designs need toe consideed

in further researchin addition, the evaluation of future projects presumably would not be affected
by unique conditionssuchas thosehat resulted from th€ OVID-19restrictiongn this case study
Despitethe a s e  #ntitatidng thesfindings shed light on the complexities of WZim@asures
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for both Cll and DDI projects and their implications for travel time, roadwagngestion
operations, and RU®verall findings from this chaptare promising since theshow howDOTs
canpotentiallyanalyzeandcomparedetours.
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ENHANCERS FOR ALTERNATIVE INTERSECTION AND INTERCHANGE
PROJECTS: EVALUATING TECHNIQUES AND PROVIDING IMPLEMENTATION
STRATEGIES TO PROMOTE PROJECT EFFICIENCY

When attempting to achieve a sustaindtdesportatiorsystem, multiple aspects such as design,
construction process, delivery methods, and design practices need to be considered (Shin et al.
2008). Construction concepts such as sustainable practices and emerging technologies that have
the potential to promote the sustainable construction of projects are referred to in this research as
construction enhancers.Although imited researchis available that addresse&snstruction
enhancement techniques asatail withdiverse,modern, andunconventionalntersections and
interchanges (DMUIIfesignsan overview of related studie$ the utilization of enhancement
techniques that aid in the improvement of construatias undertakenTo validatetheliterature

findings, interview, and survey participants (introduced @Ghapter 2) were asked about the
effectiveness of each technigugased on the results processs being developetb tailoralready

existing North Carolina Department of Transportation (NCDOPprograms (e.g.,the
ConstructabilityReview programto DMUII projectsin orderto enhancehe construction.

Methodology

Figure 6.1presents a schematic illustration of the methodology that was used to identify and
implement construction enhancersThe first step involve a literature review to identify
construction enhancers and evaluate their effectiveness in current case stueNeduateturrent
enhancing techniquesedby other DOTs.After identifying the construction enhancers, surveys
and interviews were conducted to gather knowledge from stakeholders (consultants, designers, and
contractors) who have experience in buitdiproject with DMUII desigrs, to validate the
usefulness of these techniquies implementation intgroject with DMUII desigrs . These
surveys and interviews focused on the enhancing techrtiogigsarticipantsonsider effective in
projectswith DMUII desigrs . Participants also identified disadvantages associated with the
enhancers and provided recommendationsvaysDOTSs can improve construction fprojects

with DMUII desigrs . After validating the enhancera planwas developetb implement them

into NCDOT business processesThe NCDOT alreadyhasimplemented several programs to
improve project efficiency, some of whitlave incorporatedertain enhancing techniqgueshe
implementation effort aims to identify existing NCDOT programs and provide strategige for
furtherintegration ofenhancers timprove construction practices &NCDOT projectsthat had
DMUII desigrs.
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Literature Review
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Identification o
Construction
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Survey
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Strategies esigners Personnel

Figure 0.1 Methodology for Identification and Implementation of Construction Enhancers
for NCDOT Alternative Intersection andlnterchangeProjects
Construction EnhancementTechniques

Numerous studies have identified enhancement techniques that can significantly improve overall
project performance. This section identifies the already existing and proven enhancement
techniqueghat can be utilized to improve transportation infrastructure projects

Constructability Reviews

Abudayyeh et al. (2004) identified that the majority of constructabwitgted publications in

ASCE journals are from tHénited Statesand they were mainly published from 198102. Since

then, constructability studies have eased. This might be because construction is one of the largest
industries, one of the oldest, and one of the least researched in the United States (Abudayyeh et al.
2004). This section identified majorusies performed byhe Constuction Industry Institute
American Associatiomf State Highway and Transportation OfficialsASHTO), andNational
Cooperative Highway Research ProgradCHRP) that focused on promoting the buildability,
biddability, and most importantly, constructability of a project without affecting schedule or cost.

Constructability was first introduced to construction in the 19@@s$truction Industry Institute
Australia 1996and is a measure of how constructible a project is. It aims to address how projects
meet standards that are wilown to the construction communitpASHTO 2000)and how
projects meet generally accepted cost and schedule expectations. Without the focus on
constructability, a project typically experiences an increased number of change orders, violations
of construction schedules, and safetyncerns Ansyorie 2019)
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The Construction Industry Institutstarted to perform studies on constructability concepts in the
1980sand theirfirst set of onstructability publications waselated to best practices. These
publications include reports on the conceptual planning ph@ses{ruction Industry Institute

1986), design and procurement ph&3er(struction Industry Institue 9 8 6 ; O6 Connor et
constructability program implementatiomatum et al. 1987), constructability improvement in
project planning, contractual aach {Tatum et al. 1986), constructability inhibitors
(Construction Industry InstituteE987;Construction Industry InstitutE987b), and implementation

tools (Tatum et al. 1987; Construction Industry Institul®87; Construction Industry
Institutel 98 7b; O6 Connor and Miller 1994).

In addition to those, th€onstruction Industry Institutpublished nine additional reports on
constructability implementations. These publications include practical guidance and practices on
constructability implementation Cpnstruction Industry Institute 1993), inhibitors in
constructability O6 Connor a ig993; Mo C om rcdyr congtrdddiah )cost influences
(Russell et al. 1992; Russell et al. 1992b), lessons learned, constructability program maturity, and
implementation tool#1@ 6 C o n n o,ralong With 6ther journal publications from these studies
(Radtke andRussell 1993Russell et al. 1994).

All of these extensiveConstruction Industry Institutstudies concluded that the successful
implementation of constructability requires a complete understanding of construction procedures.
Most of the time, organizations feel they are implementing constructability, but in reality, their
efforts are implemerd late in the process and fail to achieve significant benefits (Russell et al.
199Z). In addition,Construction Industry Institutstudies indicate that the only way to ensure

the success of a consttability program is by performing measurements of the process and
tailoring the program to specific project types.

Following theConstruction Industry Institutstudies, in 1997 thBICHRP published a report on
constructability processes for projects related to transportation fac(itreterson and Fisher

1997) The NCHRP study attempts to quantify the benefits associated with the constructability
review process for transportation projects. This report is tailored to the constructability review
practices at DOTs and how to implement constructability reviewrpmos. This study first
provides an overview afonstrucability review (CR)programs, and implementation guidelines,

and describes in detail each constructability function and its steps, actions, and tools. In addition,
it identifies inhibitors affecting CR programs, presents the outcomes, and suggests future tools to
measure aostructability.

In 2000, theAASHTO published a constructability review of best practices guikdéon et al.

2022) The work presented in this guide emphasized the importance of implementing a CR
program due to its numerous benefits. Some of the benefits identified included: the enhancement
of early planning, minimization of scope changes, reduction of desligtel change orders,
improvement of contractor productivity, development of construction friendly specifications,
enhancement of quality, reduction of delays, meeting of schedolpsovement in the public

image of the industry, promotion of public/WZTC safety, reduction of conflicts, disputes, and
claims, and a decrease in caastion and maintenance costs.
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This report does not provide any information on how DOTs can measuigerasits or the time

when CRs should be implemented. Despite the efforts to address CR practices at DOTSs, this
AASHTO report does not present information related to the constructability practicd3Nthy la

project. The relevant information from this report includes the identification of best practices and
the identification of benefits.

To ensure that a project is constructible, or simply to enhance constructability, a CR is often
performed. The primary goal of a CR is to assemble industry experts from multiple disciplines
(construction, structures, géechnology, utilities, etc.), todentify potential design and
construction inhibitors that would negatively impact project cost, duration, and safety
(Construction Industry Institut€986) and to suggest corrections early in the design process that
would enhance the attainment of moretaumsble construction. However, to enhance the benefits

and the impact of a CR, it is necessary to know when to implement it. Othman (2021) emphasized
that CRs enhance transportation projects if implemented across all phases of a project (conceptual
plaming, design and procurement, and field operations). The actual impact is observed only when
a CR is performed at the appropriate time 1in
importance of CRs and have developed checklists and other dodétdrmine the appropriate

time to perform them§ ma ahd Tran 2020).

Modularization and Prefabrication

In construction, modularization and prefabrication (M&P) referthe methods used to build,
construct, and assemble some parts of the processteofand under controlled conditions
(RealProjectives 2019)M&P has been used in multiple building components for decades (some
examples include modular bridges, houses, offices, etc.). However, in transportation projects,
M&P has seen limited use because most transportation infrastructure is horizontalctionstru

and M&P units cannot be fully implemented this form of construction. M&P has only been
implemented, thus far, for construction components such as prefabricated walls, precast concrete
systems, and bridge moduléd-@Abidi and Ghazali 2015)

M&P has been used in multiple industries for decades. As highlight&dtAlidi and Ghazali
(2015),in transportation projects, M&P is utilized for activities such as prefabricated walls, precast
concrete systems, ardceleratedridge constructionmodels In the context of the utilization of

M&P for projects withDMUII design Martinez et al. (2015andReaProjectives (2019) found

that M&P has the potential to improve the construction process by decreasing construction time
and generating cost savings. Also, M&P can reduce uncertainties that arise due to weather delays,
enhance construction by improvingegilanningand minimizing material storage -@ite, reduce

labor costs, improve safety, and minimize errors (Martinez et al. R4&Projectives 2019).
Additionally, the use of M&P techniques can help minimize waste productipnojects with

DMUII desigrs (Martinez et al. 2015; RealProjectives 2019).

M&P techniques also have certain inhibitors that need to be considered. These include negative
perceptions associated with past practices, shortage of skilled labor, and the need for making more
complex decisions and a frelttaded design (EAbidi and Glazali 2015 ReaProjectives 2019).

In this study, it was also found that M&P the approval process for M&P can also be complicated,
and transportation costs and risks can pose additional challenges. Additionally, M&P techniques
may require higher capitabsts (ElAbidi and Ghazali 2013ReaProjectives 2019). An effective
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way to diminish the impact of some of these inhibitors is by ado@unifgling Information
Modeling (BIM) practices. BIM has the potential to reduce coordination errors, monitor
procurement and completion times, and monitor design constraints for fabricators (Mostafa et al.
2020).

Automation

Labor shortage ultimately impacts the overall performance of a project. From early 2020 to the
present, the construction industry has suffered from a shortage of skilled labor which has resulted
in low productivity CastreLacouture et al. 2007) Therefore, it is important to consider using
automation irprojects withDMUII desigrs. Automation for transportation infrastructure consists

of performing a task that can rely on automating processes utilizing tools such as BIM, or
geographic information systam(GIS) for linear construction work activities such as road
construction, paving, drilling, trench excavation, and pipe layiayifni and lordanova 2021;

Haas et al. 1995)

The capabilities of construction automation tools (e.g., robots) are improving considerably and at
an accelerated pacédstreLacouture et al. 2007)However, despite their benefits, it is important

to acknowledge that this constructability enhancer needs further development. Some activities
such as excavating operations and trenching require precise control and current automation
technologies mayat be up to the required accuracy levels under the often difficult conditions of
the construction environmé (Haas et al. 1995) However, due to the rapid evolution of
technology, automation has the potential to be more precise and to be a strong enhancer of
transportation projects. Once automation technologies achieve maturity, they have the potential
to improve productivity ogr traditional operations (Shah et al. 2009). Therefore, construction
automation is a promising catalyst for addressing challenges related to the constrymtpects

with DMUII desigrs.

3D/4D Modeling

The utilization of 3D modeling in transportation infrastructure projects is less common compared
to its use in building constructiotdowever incorporating 3D modeling can greatly contribute to
identifying areas that require constructability assessment, which is crucial for complex and diverse
infrastructure projectsBy integrating 3D modeling into the design process, spatially constrained
sites can be effectively managed, traffic flow can be assessed, worker and public safety can be
ensured, and schedéduand cost can be closely monitored.

One effective approach to introducing visualization into construction is through the
implementation of BIM.BIM is a process that emphasizes the development, use, and transfer of
data to enhance the design, construction, and operation of a piyeicicorporating 3D images

into the design process, BIM improves synchronization, parameterization, and project integration
across various units, including construction, bridges, and utilifiéss integration significantly
reduces problems durir@pnstruction.

In transportation projects, BIM can be utilized for the 3D design of structures, roadways, railways,

tunnels, site profiles, and engineering, traffic, and utiliti€kis enables the production of more
accurate and consistent designshuja et al. (2017) have identified 15 BIM capabilities that

106



contribute to project development and construction, including design coordination, visualization,
M&P, construction sequencing and scheduling, enargy environmental analysis, integrated site
planning, change management, structural analysis, MEP system modeling, quantdaif, take
facility management, constructability analysis, collaboration and coordination, BIM-farilgs

and BM for the supply chain managementiowever, the effectiveness of BIM's capabilities
depends on the extent to which orgatians develop and implement iTo fully leverage the
benefits of BIM, organizations like NCDOT should incorporate its use across all disciplines and
throughout all stages of a project.

There are several benefits associated with the use of BIM. These benefits can be classified into
four areas: technical design, visualization and communication, construction planning, and work
area management. Overall, these benefits improve projectriparioe and enhance cost,
schedule, and quality. They also improve communication, the construction process, and
coordination among project stakeholders (Shah et al. 2009; Herritt 2012).

BIM offers various capabilities, one of which is the utilization of 3D modeling for constructability
reviews. By integrating design and construction processes, BIM enhances design constructability
and identifies clashes and design errors, thereby improving quglity, in turn, leads to cost and

time savings in the overglroject (Sacks et al. 2018; Fadoul et2d121).

Moreover, BIM enables the modeling of construction activities and schedules, facilitating the
exploration of differentlesignsand execution plans that enhance the deslgalso allows for
guantifying constructability by observing the effectsle$ign decisions (Zhang et al. 2016; Hijazi

et al. 2009). BIM& contribution to constructability and the corresponding constructability
inhibitors are as follows:

1. Technical Design: BIM aids in detecting design conflicts and addressing pavantken
earthwork issues (@rien2012).

2. Visualization and Communication: BIM assists in conceptualizimg 3D geometric
design, communicating design ideas, and obtaining approvals or acceptance from
organizations (O B r 20&2rParve2015).

3. Construction Planning: BIM facilitates the review of construction schedules and
sequencing, utility relocation, riglaf-way acquisition processes, as well as traffic phasing
and detour scheduling @OB r i e nrAmeriGafh [2stitute of Steel Constructianl19).

4. Work Area Management: BIM supports planning equipment location and construction
methods, managing materials, organizing the site, and ensuring proper accd®s (O e n
2012; Parve, 2015).

Inter ms of const r uBtigni(201R) hmllights nthe significanOrdle of BIM in
enhancing construction planning, sequencing, and utility relocafitws is particularly crucial

for tasks such as reviewing traffic phasing and scheduling detours, which are inherently
challenging. However, to accomplish this effectively, it is essential to accurately determine the
locations of existing utilities and have a clear understanding of the proposed relpeaitioin

However, the implementation of BIM comes with multipieitations Some of theskmitations

include a lack of education and training, software limitations, and resistance to change (Herritt
2012). Transportation agencies and some design and construction firms have been hesitant to
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incorporate BIM due to the challenges of learning a new technology while also serving clients and
maintaining profitability (Eastman et al.2011). Furthermore, the process of adopting,
implementing, and learning about data tracking and sharing isctim&uming (Vaughan et al.
2013), which may be particularly challenging for older employees in transportation agencies.

Software limitations posanother significant limitationparticularly when it comes to change
tracking in complex BIM models. As the complexity of a BIM model increases, it becomes more
difficult to keep track of multiple versions, leading to interoperability issues in some cases.
Interoperability refers tthe ability of software platforms to link or share informatiémngrican
Institute of Steel Constructior019). Lack of interoperability decreases project efficiency by
limiting the ability to sharelata.

Another reason for the slow adoption of BIM and 3D modeling by transportation agencies is the
relationship withindustry When a transportation agency adopts this technology, it also requires

all external design and construction firms to adopt it for the life cycle benefits to be realized.
However, implementing 3D modeling is challenging for small firms due to variousdasich as

cost, learning curve, required computing expertise, hardware, and training.

This makes it more suitable for larger firms with greater financial and personnel resources, as they
are typically involved in complex and expensive projects that justify the investment.
Transportation agencies have a responsibility to delay the widdspngdementation of such
technologies until a reasonable segment of the industry can participate or until a unique project
type (such aBMUII s) emerges that justifies the adoption.

To overcome thedamitations, it is important to promote early collaboration between stakeholders,
including architects, contractors, and other design disciplines, throughout the project's lifetime.
Additionally, using a neutral file format can help avoid interoperability isshie®(ican Institute

of Steel Constructio2019). By following these practices, the use of BIM technology can be
enhanced.

Departments of TransportatisrPractices

Studies conducted by Herritt (2012) and Jeffers (2019) examined the use of advanced modeling
techniques in transportation infrastructure projects. H@rritational survey, with an 18/50
response rate, revealed that approximately 13 Department of Transportation (M@ Teba
employing 3D modeling since the early 2000s. However, the adoptiBiivor 3D modeling
remains uncommon among DOTs due to various ongoing challenges. These challenges include
limited software knowledge, software limitations, and resistance to chamgeng the 13 DOTs
utilizing 3D modeling, its implementation has béierited to specific areas such as reconstruction,
grading projects, intersection improvements, storm sewer/drainage improvements, and bridge
replacements.

I n Jef f enoresrécen? urley,)with a 32/50 response rate, it was discovered that only 19
DOTs currently use 3D modeling, while 9 DOTs are considering partial implementation.
However, even among these 19 DOTSs, the use of 3D modeling is not fully integrated. vElye sur
indicated that 3D modeling is primarily employed for visualization (16 DOTSs), design (10 DOTs),
detailing (10 DOTSs), analysis (9 DOTSs), plan production (4 DOTSs), staking layout (2 DOTS),
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quality takeoff (5 DOTSs), conflict resolution (8 DOTS), constructability reviews (6 DOTSs), and
providing information to contractors (4 DOTSs). These findings are consistent with ¢d estutdy .

Both surveys demonstrate that the adoption of 3D and 4D modeling practices in DOTs is an
ongoing process, with reluctance to fully embrace these techniques. However, the North Carolina
Department of Transportation (NCDOT) plans to incorporate Bastleyftware for all projects

by 2025 and aims to implement 3D modeling by 2024. This initiative intends to maximize the
utilization of 3D models and improve project delivery in terms of economics, efficiency, and
design quality.

Although 3D modeling has been utilized in DOT projects for many years, its usage has primarily
been limited to facility visualization, and the full potential of BIM applications has revt fodly
realized (Chong et a2016).

Staging and Sequencing

Even though performing construction staging is standard practice for every construction project,
it is important to emphasize how significant the staging and sequencing of activities are for the
success of a project. Analyzing the scheduling and sequ@en€ia construction project can
eliminate potential conflicts that would result in schedule disruptiexcelize 2021) Prior
researcl{Excelize 2021; Tynan 1999; Hancher et al. 2003; Wong et al. 200&d Stateg\rmy

Corps of Engineers 2013)as emphsized the importance of planning staged projects. For
example, Reeder and Nelson (2015) found that focusing on solving staging and constructability
concernsbefore construction helps to reduce risks that result in cost and schedule overruns.
Similarly, Zhan and El Diraby2006)suggested that paying significant attention to staging and
sequencing for the installation of accelerated bridge constrwgatioaid in mitigating construction

risks during design. Special attention needs to be given to staging considerations for projects that
involve innovative practices. These would especially incbtJlls. The findings indicated

that properly staged and sequencedgats are enhanced and the overall benefits result in a more
buildable, coseffective, and maintainable project.

Business Process Improvements

The idea of finding different methods and procedures that can enhance the constridtiaH e

is important. One of the areas includes the evaluation of the contract tye ghagéct with

DMUII desigrs should encompass. In a study performed by Smadi and Tran @tdSjnadi et

al. (2020), the differences between contract types utilized by the Departments of Transportation
Agencies were investigated. The types of contracts evaluated were design bid build (DBB), design
build (DB), and construction mager/general contractor (CM/GC).

Smadi et al. (202Gpundthat traditional DBB creates shortages in construction knowledge among

the stakeholders. This is because on a DBB project, the owners procure separate professionals for
both design and construction, and the contragiopsit is usually involved in the project after the
design is completed (Smadi and Tran 2019). To address the deficiency of coritnaptdren

DBB, Antoine and Molenaar (2016) found that some DOTSs incorporate contractors in the design
and construction by allowmgncontractors to solicit Alteative Technical Concepts (A)C The

ATC method allows contractors the opportunity to propose alternative approaches that are as good
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as or even better than the requirements in the final request for proposal. By incorporating ATC
into DBB projects, projects have the potential to improve constructability, enhance innovation,
shorten schedules, reduce risks, and ultimately save costsr{@aind Molenaar 2016).

On the other hand, DB and CM/GC projects ensure that construction knowledge is incorporated
early in the design phase, which helps to reduce design deficiencies. For these types of contracts
(DB and CM/ GC) the contr acttothesdésigpphass garyinthe v e s
process and ultimately, constructability can be enhanced.

Analysis

Interviews and Surveys

Benefits of Construction Enhancers

To supplement the effectiveness of the construction enhancers previously found in the literature,
the survey and interview participantgroduced inChapter 2answered specific questions that
identified the benefits andisadvantage®f techniques proven to be effective to enhance
construction Participants agreed that the five enhancers provide beriEfiesbenefits identified

by participants are displayed in Figur@.6.

According to participants, the most beneficial enhancer is CR, as it allows them to improve project
efficiency through interaction and feedback from multiple experts. Additionally, the presence of
CRs enables designers to address any issues or concents ttle design stage, leading to a
reduction in project delays and cost savingehe participants (n = 47) also highlighted the
importance of phasingThey emphasized that proper planning and organization of phasing plans
for DMUII s are essential for minizing project performance, particularly in spamstrained
locations. Therefore, more emphasis should be placed on this aspect.

Automation (n = 46) is the third most common enhancer identified by participants. This enhancer
allows practitioners to reduce human errors and enhance safety. Most importantly, due to the
shortage of skilled labor, the use of automation is a clear tay@nSimilarly, BIM/3D modeling

was considered to be beneficial (n = 45) because it allows consultantesigdergo better
visualize conflicts and helps to identify potential inhibitors during construction, planning, and
staging.

Lastly, with a total of 44 respons@d&P is also considered to be an enhancerpimjects with

DMUII desigrs. Participants indicated thkt&P shorten orsite construction time and improve
safety conditions in the construction process.
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Figure 0.2 Assessment of the Benefits of Construction Enhancers

Disadvantages of Enhancéechniques

To further investigate the extent to which enhancers are beneficial, the survey asked participants
to identify disadvantagethat could overshadow the benefit of the enhancEahle 6.1displays
theresults othedisadvantageof construction enhancements previously identifiegdayicipants.

It can be observed thBICDOT participantgonsider the cosis themaindisadvantagén = 9) for

BIM/3D modeling, followed by the learning curve of the technology (n = 8). However, the results
from all other stkeholders ¢onsultants, contractorandother DOT$ indicate that the learning

curve of the technology is the most predomindisadvantage Similarly, consultants perceive
automation to be a costly technology. On the contrary, NCDOT personnel, contractors, and other
DOTs acknowledge that automation requires a learning curve.

The remaining enhancer€R, M&P, and sequencing) have more consistent results. The
participants consider CRs and sequencing to be of value, buicdinsaiming. FoM&P,
participants also consider them to be costly. In general, enhancers ajgeweived by
participants since the majority of participants recognized few to no signifitsatlvantage
associated with the respective enhancers.
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Table 0.1 Disadvantagesof Construction EnhancementTools and Techniques

NCDOT Consultants
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Recommendations to Enhance ConstructionMfJIl Projects

During the interviews, participants were asked to provide feedback or suggestions regarding
necessary business or construction process changes to enhance the design and construction of
DMUIIs. Surprisingly, the majority of participants (n = 14) chose not to respond to this particular
guestion. Out of the respondents, four participants expressed the belief that no changes are
required to improve the construction and desigDiUll s. However, a few specific areas were
mentioned by participants who did prde feedback.

Three participants highlighted the importance of utility relocation, while three others emphasized
the significance of public perceptioAdditionally, two participants emphasized the need to focus
on traffic control. These individuals feel that greater attention should be given to identifying and
relocating utilitiegorior tostartingconstruction.Furthermore, participants stressed the importance
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of prioritizing traffic control, adDMUIls are a relatively new concept, and users may not be
familiar with them. Consequently, efforts in managing traffic control are considered crucial

One participant directly mentioned that construction inhibitors are more likely to emerge for
projects withDMUII desigrs during construction due to a lack of knowledge of best construction
practices for them.Therefore, educating contractors and consultants about how to efficiently
constructprojects that hava DMUII designand how to identify inhibitors is a critical next step

in promoting theimdoption.

Implementation Strategies

After identifying and ranking the enhamenttechniques based on their effectiveness, the next
step is to determin@aysto incorporate these techniques iNNGDOT projects that havaDMUII
design

NCDOT Constructability Review Program

DOT resources are limited and depgmamarily on public funéhg. Thus, determiningvaysto
executea project effectively without incurring cost or schedule overrun is impogadtcan be
accomplishedoy integrating progams that aidhe early detection oproblems in the project
development process. Many DOTs address these concerns by implementing Constructability
Review (CR) programshat aimto enhance project performance by introducing construction
knowledge from experts into the design process.

The N C D O T@Rs program is managely the Value Management Office (VMO}Value
Management Office 2021)The VMO gathers a diverse representation of project stakeholders
including experienced engineers, contractors, architects, construction managers, and material
suppliersto identify, examine, and resolve potential challenges for a prajectto construction
(NCDOT 2021) The NCDOT has use@€Rs for over a decade to enhance project design
documents by incorporating construction knowledge into the design process. HomBaky,
theNCDOT did not hae guidanceas towhen a CRmneetingshouldtake place or th parameters
thatwoulddictate the need for a Chn 2019, researchio assess the effectivenesstfNCDO TG
currentCR program and identify strategies to enhamgsuccessvas performedAkhnoukh et al.

2023. Input from various parties, including experienced construction managers, contractors,
design engineers, and construction inspectors, was saugimptove theCR process. Their
expertise helgdidentify critical factorsthataffect construction projecenddictate the neefbr a

CR (Bonilla et al. 2022Akhnoukh et al2021). Theresearclgroup therdeveloped guidelireto

aidthe NCDOT in determiningthe optimal time to hol€€R meetings, offexd recommendations

for follow-up meetings, and provideiools to measure the effectivenesstioé CR meetings
(Akhnoukh et al2023h. This research outcome providdet NCDOT with a formal process for
conducting successfulCRs, ultimately improving construction efficiency and enabling
stakeholders taomplete their activities within the planned schedule and budget.

Currently, based on the recommendations frisumveyrespondents, CRs are a fundamental part of
ensuring the success of a projeRecently, theNCDOTO €R program underwent improvements
thatincluded the development of a checklist to aid stakeholdedetermining which projects
needa CR. e currenNCDOT checklist include eightmain categories:
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N =

7.

8.

General: to assess general project constraints and special considerations.

Traffic management:to evaluate different aspects within the construction project
that may impact the continuity of traffic during the construction phase, entrance and
exit from the construction site, and accommodation of resislecommuters, and
businesses in the construction site vicinity.

Project complexity: to address anyrnusual aspects during the project construction
phase.

. Structural issuesto accommodate any special provisions related to the design and

construction of structuresvhich includesthe strength of construction materiatee
availability of nontraditional construction sections, and the rfeedemporary
structures to serve traffic and pedestrians.

Right-of-way: to evaluate the existing design provisions and measures taken to avoid
problems in entering or exiting the construction site, and to essaralessraffic
flow during the construction phase.

Unfamiliar construction practices: to evaluate and assess items not includeden
other categories artlatmay evolve due to the special nature of the project.
Cost: to evaluateprojects witha budgetthatexceed $10 million. NCDOT projects
over $10 million should be subjected to special CR scrutiny.

Utility i ssuesto evaluate items relevant to existing or future utilities.

Recall that inhibitorshataffectprojects that havaDMUII designhave beempreviouslyidentified
(findings fromChaptes 2 and 3) The current categories in the checkligpls to any type of
project, includingdMUII s, astheyaddress the majanhibitorsassociated witlprojects that have
aDMUII design However,a new categorycalled Alternative Intersections and Interchangges
recommendetb helppractitioners detect challenges not addressed iouirentchecklist. Table
6.2 shows theecommendedemsto be incorporatinto this new categorywhichwasdeveloped
based on inhibitorghatare exclusively affecting projects wilMUII designsand are not featured
in the current CR checklist.
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Table 0.2 DMUII Category Recommended forConstructability Review Checklist

# Alternative Intersections and Interchanges

1 |/Is the traffic control plan clear, complete, approved, and in compliance with NGR@dards?
Are there any concerns abdhe requirements and provisions for temporary safety devices

2 as guard rails, attenuators, and earth mounds?

3 Have thetraffic control signs, warning devices, and barricades been placed in the correct
locations without encroaching on lanes?

4 Is there a detour facility in plagg necessary and is the maintenance of traffic adequately
addressed, including sidéreets?

5 Have the traffic operation requirements been properly addressed, including signing, pave
markings, and signals?

6 Doesthe earthwork design account for temporary borrow, additional excess material, detd

material, embankment, etc.?
7a |Havesignals and signadeeen placed in appropriate locations?
b ||Is there any concern abahe visibility of signals and signs?
Is there sufficient clearance within the work zone for operafi@ms crane operation, material
storage, etc?)
9 | Are the exits and entrances to the work zone adequate and safe?
10a||Are there any concermmbouthowthetransition from one phase to the next is harfélled
b| Are thereany concerns related safety between the phasing?
Are there any concerraboutsafay related to clearance fdriveways and entrancés
businesses
b | Are the tieins reasonable, or are they too steep?
c [|Will water accumulate itie-ins?
12al Are there any drainage problems between phases?
b | Can water reach inlets or drainage structures during phase transitions and throughout ea
Have the geometrics and roadway alignment been properly considered, including curve d
sight distance, vertical datum, centerline, etc.?

NCDOT Communicate Lessons, Exchange Advice, Record (CLEAR) Program

The CLEAR (Communicate Lessons, Exchange Advice, Record) database is a system developed

to facilitateNCDOT the sharing of lessons learnaad best practiceand tocollateandshare data
during a projectbés |lifecycle about actlisvities
overallpurpose is to enhance project control, consider innovative ideas, and add value to the state

of North Carolina.The CLEARdatabase allowsndusers (NCDOT personnel) to contribute their

insights, experiences, and reaoendations related to specific topics or projédeselskis et al.

2020) The tools and features integrated into the CLEAR database aim to foster knowledge sharing

and enable continuous improvement by capturing and disseminating vahsadiés from various

sources.

Figure 63 shows a screenshot of the online form utilized by-esets to document information

for the CLEAR databaseThe database enables users to search for existing records or contribute
new information.In addition to adding information to the datab&selusers camiseit as a search

tool to sort informationby keywords, division, region, county, castdschedule impacts, project
type, and project phastherebycatering to the various groups within the NCDO'la ensurehat
information is stored correctly, training materials and standard operating procaduaasilable

to guide stakeholders, including endges and the gatekeepehé person who is responsible for
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reviewing and approving valid lessons to be included in the lessons learned/best practices
database)in entering information, searching for lessons learned/best practices, and reviewing
submitted information. ThELEAR databasdasbecome a valuable resource for users seeking
guidance and lessons learned in a particular field or project domain.

A
aun
Dale Observed 06 23
Occurences Encounbered
Locaton
Division Select L
Deacribe the solutlon provided lor cbeiscle or challenge you faced
Splulion to solve the

cid

— (C)

Has this impacied ihe cost, schedule, andtor quality of your overall work or project?

Open Impact
Ia thiw lnsue related to a construciion or maintenanca project?
Open relaied issue

Select which Disciplines you think need fo review this Iesue fo provide guidanca.
Sedect o

Applicable Disciplines =

D you have an kdea on what next eieps the Department should take to Impiement this submission?

Open next steps

o

tation - do you wish fo be a part of ihis effort?

Do you wish io be a par of Select L
this effari?
Issue Reference Documents and Phodos Mo file chosen

Figure 0.3 NCDOT CLEAR Program: Lessors Learned Form
The NCDOT plans to further enhance tBEEAR program by developing a data dashboard for

visualizing uploaded content as well as implementing an artificial intelligence model to
automatically disseminate relevant information to-aedrs(Jaselskis et al. 2020)The CLEAR

116



program is expected to bring great bemeft the NCDOT, leading to improved project
management and operational performarfegrther,the CLEAR program is of vital importance to
ensure the success of projects vidiUII desigrs. The constructioproces®f projects that have
aDMUII designis not familiar to everyone and,dtefore,the documentation of lessons learned
and best practices is vitdHowever, as promising as the CLEAR program may be, thesbawn

in Figure 63 thatcurrently capturglessons learned does not alltaw theidentification of project
type. Therefore, a secti@hould be addethat ask endusers if the project includesDMUII
and, if so to specify the type of work requden the project. By adding this questiorthe
information collected in the databasd®euld soomllow users to retrieviindings frompastbMUI|
projects

NCDOTOpenRoads Design&rogram

Currently,theNCDOT develop project plans and specificatisnsing 2D modeling software&D
modeling consists of creating 2D drafting plans or drawings. 3D modeling adds the third
dimension andhus provides3D visualization of a 2D drawing. 3Modelingenables usrsto

view, rotate, and move through the model to see the project from different points, angles, and
perspectives. It also enablesrsto determine interferenceometimes referred to as clashes
(conflict points). Other models, referredot as building information models (BIMs), allow
designers to reduce coordination errors, monitor procureameiftompletion times, and monitor
design constraints. One characteristic of 4D Bisfthe addition of time to the 3D spatial maqdel
which enables wersto visualize the sequence of project activities ancctming together of all
thematerials and equipment to folin the case of this studgnew intersectionln short, it aids
designers in gaining a visual understanding of the project.

The NCDOT is undegoing a statewide, technologwpcused, OpenRoads Designer (ORD)
implementationnitiativethat isaimedt o mo v e t lcempiNega@&ldesdign and drafting
(CADD) operationsfrom Bentley MicroStationto Bentley ConnectORD. ORD is a next
generation civil design technology platforthat allows for a morecomprehensive, mutti
disciplinary, 3D modeling application that will advance the deliverytledé NCDOTO s
transportation projecfsom the conceptal desigrstagethrough constructionThe ORD initiative
involvesa major transition that requires training and testing for several hundred NCDOT engineers
and for the private engineering firm consultants who work thidNCDOT. The current efforts

of the ORD initiative teanarefocusedsolely on the implementation of 3D modeling in general.
Thet e a go@lsis to provide guidelines and a set of informational maseigahid NCDOT
personnel to transition from designing in 2D to, 3i@tect potential design workflow changes
necessary for ORD and 3D modeling, asdess the impact of converting projects from 2D to 3D
Figure 64 presentshetimelinefor the current ORDmplementation plan.
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Awareness Planning / Testing / Anticipated Model
Training Delivery

2023/2024
and beyond

Understanding IMPLEMENTATION

Figure 0.4 NCDOT Open Road Implementation Plan(Garland et al. 202L)

The NCDOT is currentlyin theplanning/testing/trainingghase of the ORD itiative which has
been delayed due to the pandeniitie projectaised inthis phase includprojectsalready let or
built andarereferredto asdestprojects These projectsvereselected to test the capabilities of
ORD and identify any software issuedtherprojectsused in this phase are ongoing projects with
completed designs and already let areteferredto asilot projectsd The test angbilot projects
requiresimple alignment designs, railroads, and hydro woBecauseNCDOT 3D modeling
software is athetestingstage aconstructability3D modeling evaluatiofor aDMUII projectis

not currently possibleHowever, once th ORDinitiative is fully implementedit can be useébr
any type of project, includin@MUII s. The implementation plan does not include the use of BIM
capabilities or cost or scheduliatain the modelsdut isfocused solelyon the creation of 3D
modelsso that theNCDOT can transitiorto 3D modeling. These modedse only for design
specification and visualization purposeso he concept of constructability anits future
incorporationinto ORD remains to be clarified. Thugsearch is needdd identify ways that
ORD can help with constructabilityAs ORD becomes availabl®r projects that have @MUII
design ORD models can beitilized to evaluate the constructability piojects with aDMUII
designbased on design omissions, ambiguiggrdination, unforeseen conditioresd.,weather),
resource constraints, and construction performavictiél Building Studio 2019) Thefollowing
featuresare needed for this purpose:

1 Visualization orspacereview(3D) 1 Sequencingf works (4D)
1 Clashdetection(3D) 1 Logisticalplanning (4D)
1 Designcoordination (3D) 1 Measurementheck

1 Alternativemodels (3D)

Conclusion

Construction enhancers are promising concepts and techniques that can phersostainable
construction oDMUII projects. Findings indicate thegsearchnto construction enhancement
techniques associated wibMUII s is currently limited. This chapter provides an overview of
related studiesfeenhancement techniques and proposes a process for tailoring existing NCDOT
programs to enhanceeltonstruction oDMUII projects.
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The identification and utilization of enhancestich asCRs M&P, automation, and 3D/4D
modeling can significantly improve the overall performance of transportation infrastructure
projects. These enhancers have the potential to enhance constructability, reduce construction time
and costs, improve sif@anningand safety, minimize errors, and optimize project coordination.
Overall, the integration of these enhancement techniques can contribute reddicéon of
construction inhibitorsmprove constration processesindpromotesustainablgractices for the
construction ofDMUII projects. The exploration of programs and tools for enhanced project
performance iprojects that havaDMUII designhas highlighted the importance of incorporating
effective techniquew improve project efficiency.

In the context otheNCDOT, several progranareadyhave been implemented to enhance project
performance, such as the CR program, the CLEAR pmgand théORD program. The CR
program managedy the VMO, has been valuable incorporaing construction knowledge into

the design process.Recent improvements, including the development of a checklist, have
enhanced the effectiveness of €R’ he CR checklistan be enhancday adding a categomat
specifically address common imibitors for projects tlat have eDMUIl design The CLEAR
programwhich includes &nowledgesharing database, has been instrumental in capturing lessons
learned and best practices from various NCDOT proje€ts.improve thecapabilities of this
programto includeprojects that hava DMUII design the lessoslearnedonlineform should be
amendedo includeDMUII project type identification Lastly, theORD programis focused on
transitioning NCDO®s cesign operations to 3D modeliagdcan also benefprojects that have

a DMUII design The ORDprogramis currently in the planning/testing/training phasel the
implementation plans primarily aimed at the creation of 3D models Features such as
visualization, clash detection, design coordination, and sequencing otawddbe utilizedin the

ORD progranto evaluateand facilitateconstructability and improve project outconfi@sDMUII
projects also

Incorporating these enhancement techniques into existing NCDOT programs and tools will
contribute to the success and efficiencyadjects that hava DMUII design These programs
directly and indirectlyutilize enhancement techniques identified by stakeholders, SUCRss

M&P, automation, and 3D/4D modeling. By addressing project constraints, sharing knowledge
and lessons learned, and utilizing advanced modeling capabiliteeCDOT can enhance its
project management practices and achieve bettetomes in the delivery of transportation
projects includingDMUII projects
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CONCLUSIONS AND FUTURE WORK

The purpose of the researisho (1) provide valuable insighthat arerelated to the identification
of construction inhibitors(2) determinethe performance oprojects withdiverse,modern, and
unconventionalintersections andnterchanges (DMUIl)design compared toprojects with

conventional intersection and interchangdl), and (3) identify enhanementtechniques to
improve constructability fobMUII s.

This researcfocused on identifying and understanding the inhibitors that gifegtcts that have

a DMUII designthroughthe use oifinterviews, surveys, and field observations. A total of 18
inhibitors were identified, including utilities, business impact, public acceptance, safety concerns,
space constraints, and environmental issues. The field stilkseeprojects that hava DMUII
designin North Carolina revealed material delivery issues, space constraints, and utility problems
as the most fre@nt inhibitorsthataffect construction.

Compared the overall project performancepodjects that hav®MUIl and Cll designs using
claims amd supplemental agreement data frédorth Carolina Department of Transportation
(NCDOT) projects. Findings reveal that the most common inhibitorgrfojects that havea
DMUII designare utilities, contract changes, signal and signage, traffic control, and material
estimate changeFindings also emphasize the importance of not generalizing inhibitors to all
DMUII designs.Chapterd examined and comparéukecost and schedule performanceuadjects

that haveDMUII andClII designs. The analysisesults showhat projects that hav€ll designs
exhibitedthe largest cost variaticendthat schedulevariationswere most prominent iprojects

with DDI design

In addition, this researcbvaluated roadwagongestionoperations inwork zone traffic control
(WZTC) scenariosand compared the effectiveness\d TC measures ia DDIandClI projects.
TheCll project performed better in terms of travel time but faced challenges in roadway operations
and incurred higher user costesmpared to théDI project The evaluation highlighted the
benefits oDMUII s in optimizing traffic flow, reducing delays, and minimizing road user impact.

This work alsofocused on identifying construction enhancers BWUII projects, such as
constructability reviews, modularization and prefabrication, automation, and 3D/4D modeling.
These enhancers have the potential to improve constructability, reduce construction time and costs,
enhance safety, and optimize project coordinati@xisting NCDOT programs, includings
Constructability Reviewprogram CLEAR (Communicate Lessons, Exchange Adviead

Record program and OpenRoads Design€@RD) initiative, wereexamired for their potential

to enhanceDMUII project performance Strategies to implement changtsat better capture
enhanement techniques for DMUII projects vere recommended Incorporating these
enhancement techniques into existing NCDOT programs and tools can imprmat efficiency

and outcomes.

Overdl, theseresearch findings provide valualfladingsthat can guide transportation agencies

in identifying and mitigating construction inhibitors, promoting efficient resource allocation, and
adopting sustainable practices ie ttonstruction oDMUII projects.
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Contributions

The contributionshat result from this researale organized based on academic contributions and
industry contributions. The academic contribusidascribe advances in academic knowlettigé
result from this work. The industry contributions describays thatthis research agl
transportation infrastructure stakeholders in the constructiomadll projects.

Academic Contributions

1
il

Conducted a systematic and comprehensive analysis of the construction inthbttors
affectprojects withDMUII desigrs.

Performed thorough analysis of construction enhancers tivattha potential to
improve the construction @irojects withDMUII desigrs.

Identified variationsin cost, schedule, and roadway operation measures between
projects withDMUII andClII designsthat prove the potential of a larger, multistate
effort along similatines

No prior work has been done addressing the impact of the cost of WZTC, claim, and
supplemental agreements jmmjects withDMUII desigrs.

Provided objective and quantitative insights into the effectiveness and efficiency of
different design approaches by compai@igandDMUII cost and schedule data.
Utilized chi-squareteststo evaluate the relevance and significance of construction
inhibitors based omterviews and surveysjaimsdatg and supplemental agreement
data, ultimately enhancing the understanding and management of construction
projects.

IndustryContributions

T
il

Limitations

Provided transportation infrastructure stakeholders with a comprehensive list of the
most common inhibitors that affegtojects withDMUII desigrs.

Offered meaningful results and guidance to assist stakeholders in evaluating the
presence of potential inhibitors during the constructiorprjects with DMUII
desigrs.

Determined and quantified differences in project performance befvegtts with

Cll andDMUII designs

Develop a detour analysis method that could be adopted by NCD@ffic
Management bit.

Identified stakeholders who require additional trainindpégomefamiliar with the
design and construction practicegodjects that havBMUII desigrs. Construction
engineersare less familiar withDMUII designs, highlighting the need to prioritize
training for this group.

Developed an implementation plan to supptre NCDOT in incorporating
enhanementtechnique®n alreadyestablisheghrograms that can atd identify and
mitigate constructability inhibitors iprojects withDMUII desigrs.

Thelimitations associatedith this research include thtite sample size for some of tipeojects
with DMUII desigrs was small (e.g., one @ntinuous Flow Intersection antiree Quadrant
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Roadwaysprojects) which preverd generalization of thdindings related to inhibitorghat
affecedthe projects. In additiorthe findings inChapter 5 are limited to a single DDI afudl
project. Further studiesvith larger sample sizand a variety oDMUII typesare recommended
to reinforce the findings These additional efforts should focus exploing DMUII WZTC
performance baseoh designtype. Future research also couidclude projects that were not
affected by COVID19restrictions

Future Work

This work haded toseveral recommendatiofsr waysto enhancehe construction oDMUII s

and opens the dodwor future research studies. Firtrtherresearch is needed éaplorewaysto

use ORD to facilitate and detect constructability issues and reduce the level of risks due to
uncertainties€.g., thelocation of utilities). The concept of constructability and hawwill be
incorporated into ORD is fuzzyAlso, ways thaDRD can help with constructability assessment
need to be identified Integrating all of thesefforts will be key to improving construction in
general, but the greatest berefitill involve DMUII sbecaus®©MUII designs areelatively new

and many construction uncertaintsesroundind®MUII s will need to be identified anditigated.

In addition toidentifying enhancement techniques, deteingrwaysto measurehe impact of
each techniques likewise important Tracking the impact ofconstructability reviews
modularization and prefabrication, automation, 3D modeling, and staging and sequencing for
projects withDMUII desigrs is of special interest because knowing which enhancer is more
effective for a particularDMUII design will allow practitioners to allocate resourteshose
enhancers.Therefore, developinggsformance metrics important because these tools8l aid

in the representation, organization, and determination of the succepsogda With respect to
DMUIIs, the performance metrics cée applied to evaluate the performance of key areas
(American Society of Qualit2021). These metrics will aithe NCDOT in reducingthe need for
complex measurements ahding able to usa single value that can be tracked, managed, and
improved consistently throughtall NCDOT Divisions.

Lastly, to comprehensively address the variations in cost, schedule, and roadway operation
measures betweddMUIl and CII designs, a national (multistate) data collection effort should be
considered. Such efforts would enable us to gather data from various regions and states,
encompassing diverse geographical, climatic, and demographic conditions. By collecting this
extensive dataset, we can better understand how different inhibitors impact the performance and
efficiency ofDMUII and ClII designs in realorld scenarios.Also, since this project could not
provide any guidance on Ecbel Interchanges, if any future workbsilt, it is recommended to
assess their constructability.

Through this nationwide data collection effort, we can identify key patterns and trends that may
emerge, shedding light on the strengths and weaknesses @fMblth and Cll approaches. This

will allow policy, engineers, and decisionakers to make informed choices when selecting the
most suitable design for specific projects in different locations. Moreover, this collaborative data
collection effort will foster kowledge sharing among states, promoting best practices and
innovative solutions for tacklmtransportation challenges.
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By undertaking this ambitious data collection effort, we can proactively address potential
inhibitors, helping ensure that future transportation projects are not only efficient but also cost
effective.

In addition, it is recommended to conduct a public percepiszessment for DMUIIs. What we
discovered early in the project was that public perception and opposition is aimhapaor.
Unfortunately, a detail assessment of tis inhibitor indicated that it is outside the scope of this
project because our focus was related to constructiobitorsonly. There is anecdotal evidence

that preconstruction diminishes paesbnstruction when drivers become familiar with the new
intersection design. For exple, DDIs appear to be quickly accepted by users one thyudte
similarly, 400 RCls have beduilt in NC in which 80 reside in division 3 alone. Reports from
division 3 indicate a positive acceptance of this RCIBRemonstrating that widespread
implementation promotes familiarity and reduces anxiety and opposittonthe other hand,
despite their regular use, roundabouts appear to be continuously challenging for users and to drawn
negative reviews. In summary, we recommend a study to carefidlyate public perception of
DMUIIs. This could involve pre&onstruction, post construction, survey, and assessment.
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Appendix A

Interview Questionnaire

Respondent Background
1. Pleasze provide the following information:
Name: Email:
Last name: Phone:
Company name: Job ttle:

=

What 15 vour current job fimction? Specify

3. How manv years of experience do vou have in vour current line of work?
g) Less than 2 years c) 6-9years
b} 3-3 vears d) More than 10 vears

Alls General Questions and Issues Identification

4. Have vou been involved m the construction of any projects that included a DMUIL (show image of
projects of interest)?

a) None c) I have been involved in 2 projects
b} Ihave been involved in 1 project d) Ihave been involved in more than 3
projects

Pleasze provide the # or location of the most challenging projects:

To copsuftamts only
4. How manv ATl projects have vou contributed to or been a part of in desizn or pre-construction?

a) None c) Thave been involved in 2 projects
b} Ihave been involved in 1 project d) Ihave been involved in more than 3
projects

Please provide the # or location of the most challenging projects:

Ask questions 3-11 for each project mentioned in guestion 4
5. What type of AIl project was (Neame the projeci(s) mentioned in #4)7

a) Diverzing Diamond Interchanges d) Reduced Conflict Intersection
b) Grade-Separated Cuadrant e) Contimuous Flow Intersection
Intersection f)  Other, specify

c) Echelon Intersection

6. How was your experience participating in or being on the project team of (Nepne the project
mentioned in 77
a) Favorable, everything went smoothly
b} The project prezented izzues but we were able to manage them
¢} There were many setbacks and the project was a problem project

What type of contract was used in (Name the project(s) mentioned in #4)? |

g) Deszign Build (DE) c) Construction Manager/General
b} Dezign Bid Build (DEE) Contractor (CAM/GC)
d) Other, specify
£. Do vou believe the type of contract (DB vs DEE) has an impact on AllsT Please explain
al Yes
b) No
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How was your experience participating in or being on the project team of (Name(s) the DML
project(s) mentioned in #4 or 5)?

a) Favorable, everything went smoothly

b} The project presented issues but we were able to manage them

¢} There were many setbacks and the project was a problem project

Specify
Constructability
10. In (Name the project(s) mentioned in 24) did vou experience any of the following issues? (Mark all

that apply)
a) Utilities i) Wall construction
b} Safety for workers k) Geotechnical issues
c) Safety for drivers I} Environmental concerns
d) Construction sequencing m) Water drainage during construction
e} Traffic control during construction n) Multimodal transit (bicycles, pedestrians,

(work zone control) buses, train) accommodation

f) Space constraints o) Public acceptance
g) Site access p) DBusiness impact
h) Right-of-Way q) High bids
1) Bridge construction r) Other, specify

11.

14.

15.

16.

Dezcribe each izzue

In what project phase did you experience the izsue(s)? (Ask based on the issue (3) identified in #0)
Beginning of construction

a) Planning/ Environmental e) End of construction
b} Design f) Throughout the construction of the
c) Pre Bid project

d) Middle of construction

. Have you previously participated in a constructability review (formal or informal) of an AIT project?

a) Yes
Which project(s)
b) No

. What type of review was 1t7

a) Formal
b) Informal

In which project development stage was the constructability review performed?
a) Planning c) Pre-Bid meeting
b} Design d) Censtruction

How is the construction of an ATl design different from a conventional intersection or interchange?

Comment on the constructability of a tightly constrained vs an unconstrained site
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Enhancers

17. Do you believe constructability reviews are beneficial in AIT designs and construction?
a) Yes
b) No
c) Nene

Please comment

18. Do you believe modularization and prefabrication would be beneficial for ATl projects?
a) Yes
b) No
c) None

Please comment

19. Do you believe automation (e vse of robots to avtomate paving operations, excavation, or
installation of material) would be beneficial in AIl designs and construction?
a) Yes
b) No
¢} None

Please comment

20. Do you think BIM or 3D modeling will be beneficial for All design and construction?
a) Yes
b) No
c} None

Please comment

21. Do vou believe staging (where you put things and when) is beneficial to AIl projects?
a) Yes
b) No
c) None

Pleasze comment

22. Are there any setbacks (disadvantages) to any of these enhancers?
a) Constructability reviews
b) Modularization and prefabrication
¢) Automation
d) BIM and 3D modeling
e) Staping

23. Is there any additional enhancer that needs to be considered? That iz what else might improve ATl
constructability?

24, What business/construction process changes are needed for improving AIl s designs and
construction?
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Appendix B
Survey Questionnaire
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