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Abstract

The objective of this research was to developenraduate a methodology for measuring
the effect of various bridge deck replacement nathan the total cost, schedule, and road user
costs of a bridge project. Steps are outlinedl&da collection, normalizing, and nested ANOVA
statistical analysis of created construction penmmce factors: unit cost, production rate, and
road user cost. A contractor exit survey was dmed to gather vital information on a bridge
project that may not be reflected in the raw ceddadata. A hypothetical example problem was
created which demonstrated how the methodologyaaaty/sis outlined can be used to aid
engineers in justifiably selecting the most vialelge deck replacement method(s) to use on

future projects, based upon regional constraintisagy@ncy priorities.
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Chapter One

Introduction
Currently, many elements of the U.S. Highway Inftasture (e.g., roadways, bridges, culverts,
etc.) are approaching design life expectancieseasing the need for either replacing or
rehabilitating deteriorating elements. The Fedelighway Administration (FHWA) estimates
that 26 % of bridges, currently in the U.S., arBailent and in need of repair or replacement
(Mistry and Mangus, 2006). The birth of the intats system in the mid 1950’s created an
essential infrastructure of roadways and bridgesd t@ commerce in the U.S. “In the past two
decades, the number of vehicles on U.S. roadwag/sbeeased by more than 75% while the
total mileage of new highway systems has increagazhly 4%” (FHWA, 1992). The
continued use of the deteriorating infrastructareuch critical condition comes with an ever-
growing risk to the traveling public. This combila of traffic volume growth, user demand,
and the current state of the infrastructure hasrlady engineers to explore new construction
methods (e.g., accelerated construction technidoesgplacing or rehabilitating infrastructure
elements that minimize construction-related imp#etg., traffic delays to road users, increases
in fuel consumption, impact to local businesses) etAdditionally, the FHWA is emphasizing
that future bridge designs have a service lifesga00 years, placing additional pressure on the

overall performance of accelerated constructiohrigpies (Mistry and Mangus, 2006).



A growing concern in the transportation industryhis confounding effect and impact
construction schedules have on the traveling pulllanger construction schedules typically
result in extended lane closures which lead tdicrabngestion and ultimately result in high
road user costs (RUCs) absorbed by the motorintgoulm addition, if accelerated construction
techniques are implemented on projects to reducgRby minimizing traffic related impacts,
higher construction costs could be experiencedstigaa state highway agency’s budget. Cost-
benefit analyses must be performed for upcomingept® under consideration to make sound
justifiable engineering decisions on whether ortoa@mploy an accelerated construction
method(s). For a project being considered for lacad construction techniques, a decision
maker needs to have a fundamental understanditinge @fiteraction between the cost, schedule,
and traffic impact in order to perform an effectoast-benefit analysis. From this information
engineers can determine, based on the needs andaes of a project under consideration,

which accelerated method(s) is the most financialiyple option.

“The Alabama Department of Transportation (ALDO&slover three total miles of major
interstate bridges (i.e., 3 to 5 lanes wide withragimately 600,000 ftof deck near downtown
Birmingham, AL) with significant levels of deck @king and deterioration” (Ramey and Oliver,
1998). To address the current state of theseidegng interstate bridges, a combination of
accelerated bridge deck replacement methods ang perposed for use in Birmingham, AL.
The appropriate accelerated bridge deck replacemetitod needs to have the ability to reduce
overall construction time while simultaneously astmg high quality performance, therefore

satisfying both traffic volume and FHWA servicesldlemands.



Prior to the actual implementation of accelerateddge deck replacement methods in
Birmingham, testing and evaluation of such metre@sneeded to determine associated
advantages and disadvantages. The testing anaaéioal will measure both in-place structural
integrity, and construction performance of foureliént bridge deck replacement methods. A
research project is being conducted on a low volseantion of I-59 in Collinsville, AL to
examine and evaluate the performance of four sslemtcelerated bridge deck replacement
methods. The I-59 bridges were identified foritegand evaluation since the bridges are
located in an area where construction related imspaould be minimal since the location has an
approximate AADT of 13,420 vehicles (ALDOT, 2011he lower traffic volume makes the I-
59 bridges an ideal location for this researchesingpacts to road users will be minimal, and
construction activity will not experience delaysaasesult of construction related traffic
disruptions. Monitoring the 1-59 project from anstructability standpoint will assist in
identifying advantages and disadvantages of thedgebdeck replacement methods for

consideration by ALDOT engineers on future Birmiagh AL bridge projects.

1.1 Bridge Deck Replacement Methods

The 1-59 bridge project is unique in the sense ithaill employ three different bridge deck
systems, two construction sequences, and two difterasting techniques for bridge deck
reconstruction. Each of the three elements: (tk dgstem, (2) construction sequence, and (3)
casting technique, will be used to evaluate theselarated bridge deck replacement methods

from a constructability perspective and are defiseplarately in the following sections.

1.1.1 Deck System
The term deck system refers to the design and rakteised to construct a modular bridge deck

achieving a particular desired structural integrifyne first phase of the 1-59 project was to

3



determine: (1) the number of deck systems thatdcbeltested on the I-59 bridges, and (2) which
systems were most beneficial for future use. Wask was performed by the Auburn University
Department of Civil Engineering, led by Hassan H. Abbas. The three deck systems to be
evaluated in this research include: (1) ExodeHhi¢2) Steel Grid (Partial Depth), and (3)

NCHRP (Full Depth). Each deck system is descraegghrately in the following sections.

1.1.1.1 Exodermic Deck System

An Exodermic™ (or “composite, unfilled steel gridf¢ck is comprised of a reinforced concrete
slab on top of, and composite with, an unfillecebtgid. This system can be constructed with a
cast-in-place (CIP) or precast (PC) casting teasq The Exodermic system maximizes the
use of the compressive strength of concrete antetiséle strength of steel (Exodermic Bridge

Deck, 2011). Figure 1-1 shows the typical desigamExodermic deck system.

REINFORCED CONCRETE

MAIN REBAR
(TOP REBAR)

STEEL CONCRETE PAN

TRANSVERSE REBAR| |
(BOTTOM REBAR)

DISTRIBUTION BARS

MAIN BEARING BARS

Figure 1-1. Exodermic Deck System (Harvey, 2011).

1.1.1.2 Steel Grid Deck System
Three steel grid deck system combinations exisgtnpfull, and partial depth. An open steel grid

deck system is the lightest system and the edsi@sstall, however, it also offers the poorest

4



ride quality. A full depth steel grid deck systesrthe heaviest modular deck system of the three
with the relative best ride quality, but it is alb@ most expensive and difficult to install. A
partial depth steel grid deck system is in-betwidenopen and full depth systems in terms of
weight, cost, and constructability (Harvey, 201Through earlier research conducted by the
Auburn University civil engineering department,atml depth steel grid deck system was
selected to be further investigated for its fedisyoon the 1-59 project. Figure 1-2 shows the

design of a typical cast-in-place (CIP) steel gradtial depth deck system.

—— TERTIARY BARS

e N
s A

- .t

R

T
‘e
*

NS
20 GAUGE Gnl.v%?ﬁﬁh—h%ﬁu
REINFORCED CONCRETE- \-«/

‘— MAIN BEARING BARS
Figure 1-2. Steel Grid Deck System (Harvey, 2011).

1.1.1.3 NCHRP Deck System
The purpose of the National Cooperative Highwaydaesh Program (NCHRP) Report 584 was
to establish guidelines and recommendations faticrg nonproprietary, full-depth, precast (PC)
concrete bridge deck panel systems. The repogldeed: (1) recommended guidelines for the
design, fabrication, and construction of full-dept@ concrete bridge deck panel systems and (2)

connection details for new deck panel systems @add Tadros, 2008). The NCHRP deck

system that will be tested in Collinsville is CDb),(as identified in NCHRP report 584. The PC



concrete deck panels use pre-tensioned transvedseoaventional longitudinal reinforcement.
Transverse panel to panel connections will be aptished through the use of a splice slot

located along the transverse reinforcement of éack panel system. Once the panels are in
place, an additional splice bar will be inserte itihe slot and the slot will be filled with grout.

Figure 1-3 shows the unfilled NCHRP deck systemteasnasverse panel to panel connections.
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(a) Plan View of Deck System Showing Reinforcemehbcation.

#6, 24.5" long -
splice bar I
‘\\ 11127 Ll % 112"
5 A I—x
: \
b y
L T i T o By ] | o N bty RN
T #6 %mﬂw |rr- J w6
-
o
" '_. X2y

10"

Dietail D2

(b) CD-1(b) Splice Panel to Panel Connection.

Figure 1-3. NCHRP Deck System (Badie and TadrospR8).



1.1.2 Casting Technique

Casting technique refers to whether the bridge dgstems were precast (PC) offsite or cast-in-
place (CIP) at the project location. PC is defiasdh product created in a reusable mold off-site
and then transported to the construction locatwnristallation. Often PC concrete is casted in a
controlled environment under ideal concrete cugogditions. CIP is defined as concrete that is
cast at the project location into a specific fomaated for one unique project. The
environmental conditions are often beyond the @mtr’s control during the curing process and

equipment like mats and driers are used to aiduhi@g of concrete if necessary.

1.1.3 Construction Sequencing

Construction sequencing refers to the schedulimigséaging of bridge deck replacement
activities that are employed by the contractor tigtmut the project duration. The two types of
construction sequencing evaluated in this reseaathde: (1) traditional construction
sequencing and (2) accelerated construction segquenEach type of construction sequencing

evaluated as part of the 1-59 project is definddwe

1.1.3.1 Traditional Construction Sequencing

Traditional construction sequencing is defined asrestruction sequence that uses a permanent
lane closure to replace the entire length of bridge. During this sequencing, temporary
concrete barriers (TCB) will be used to establisiing closure while the adjacent lane is
maintained open for vehicle travel. Once demaligmd construction is completed for the full
length of a lane (i.e., all four lane-spans), ti@BTis removed and the closed lane is reopened for

use by the motoring public.



1.1.3.2 Accelerated Construction Sequencing

Accelerated construction sequencing employs intéentilane closures, as defined by a
contractual time-based provision, to perform cargdton during periods of low traffic volume.
This construction sequence employs TCBs to establdosed lane while maintaining an open
lane of travel adjacent to the work space. The@@se of using intermittent lane closures during
non-peak travel time periods is to minimize traffisruption on the motoring public. An
intermittent lane closure could be considered akwight closure (e.g., 6 p.m. to 6 a.m.) or
weekend closure (e.g., Friday at 6 p.m. to Mond&/am.). During these intermittent lane
closure periods, demolition and construction aredour on a single lane-span or on the amount
of bridge decking the contractor can demolish apdlace within a given work period. Once
construction on the lane-span under considerasi@oimplete, the closed lane is reopened for
traffic and both lanes remain operational for fafiovements until work begins on the
subsequent lane-span, during the next non-pea&l tiiave period. The lane is then closed once
again so demolition and construction can occuherstibsequent lane-span under consideration.
This process is repeated until all lane-spans thesentire length of the bridge are completed.
After total lane reconstruction work is completee TCBs are removed permanently and both

lanes on the bridge are reopened to the travelitdjq

1.2 Research Objectives
The purpose of this research is to develop a framriethat will be used to evaluate the impact of
different bridge deck replacement methods fromrestraction perspective based on the total
project cost, schedule, and traffic impact. Thec#jr objectives of this research are:

1. Develop a methodology for statistically evaluatihg effects that a particular bridge

deck’s replacement methods: deck system, construsgéquence, and casting technique



have on the three specified construction performadactors: (1) unit cost, (2) production
rate, and (3) road user cost.

Perform a hypothetical case study using the metloggadeveloped to demonstrate the
applicability of the method and how the results barnused to select the most viable
bridge deck replacement method to use on a futmjeqt based upon regional
constraints and agency priorities.

Develop an exit survey to be administered to amdpdeted by the contractor that gathers

important construction feedback of each bridge depkacement method constructed.

To satisfy the research objectives and determiadtitge deck replacement methods effects on

the construction performance factors outlined fthewing tasks will be performed on the I-59

project:

1.

Identify, describe, evaluate, and critically asgessinent literature on the current deck
systems, methods, technologies, and analysis wpobsiavailable for assessing bridge

deck replacement methods.

. Outline how the data (i.e., bridge dimensions, ,cestedule, traffic data, and contractor

reports) from the Collinsville 1-59 project will bmllected for each bridge deck
replacement method constructed.

Describe how construction camera technology camskéd to monitor and document the
construction effort for each separate lane span.

Use Remote Traffic Microwave Sensor (RTMS) G4 desiprior to the construction
effort to capture traffic data (i.e., volumes apéeds) to aid in calculating accurate road

user costs.



5. Create guidelines to perform an analysis of vaeg@ddNOVA) to determine the effect
that each bridge deck replacement method has orotistruction performance factors
(i.e., unit cost, production rate, and road usests)o

6. Develop an example problem to demonstrate the fubee anethodology based on a

hypothetical scenario of the 1-59 project.

1.3 Organization of Thesis

This thesis is divided into six chapters that orgenillustrate, and describe the steps taken to
satisfy the research objectives outlined aboveap®r 2 Literature Review examines the
current state of bridge deck replacement methogsaatice. Furthermore, the literature review
documents performance factors, scheduling, cortgtruand traffic monitoring techniques, and
analysis methods that pertain to performing a coatpe analysis. Chapter Blethodology and
Data Collection will outline the step-by-step procedures, learned farmulated out of the
literature review, which will be used in the momitg and collecting data on the I-59 project.
Chapter 4Data Analysis Techniques will discuss how to develop Gantt charts and noizeahe
raw data collected to create the selected congiruperformance factors: unit cost, production
rate, and road user cost. After normalizatiorhefdata, analysis of variance (ANOVA) tests
will be outlined and an exit contractor survey vl described. Chapter Application of
Methodology will give a detailed example from start to finiskhibiting in a step-by-step
fashion, the data collection process and the agjbic of the statistical analyses. Hypothetical
scenarios will be created with fictitious data &mralysis as a result of the construction effort
being delayed on multiple occasions. This sedluould be used as a reference during actual

construction of the 1-59 project. ChapterGanclusion and Recommendations will summarize
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the work performed in chapters 1 through 5 witls¢es learned through the course of this

project and make recommendations for future briotk replacement research.
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2.1

Chapter Two

Literature Review

Introduction

To satisfy the research objectives outlined ingrevious chapter, a thorough literature review

was conducted on several pertinent subjects rglatithe 1-59 project in Collinsville, AL. The

topics that have been examined include:

1.

7.

8.

Accelerated Bridge Construction (ABC) methods #hast or have been used and
implemented on bridge rehabilitation and reconsioagrojects,

Construction performance factors that have beersuaned for quantifying effectiveness
of both building and roadway construction projects,

Scheduling effects on the overall performance ofqats,

Traffic monitoring technologies that exist for cagbg accurate and reliable vehicular
data,

Road User Cost (RUC) estimating for bridge projects

Collection locations for monitoring traffic flow,

Construction camera monitoring technology, and

Analysis methods for measuring construction pertoroe

The following sections will discuss the resultglo# literature review for the abovementioned

topics.
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2.2 Accelerated Bridge Construction (ABC) Methods

ABC methods refer to any construction bridge eftbét is intended to greatly reduce the typical
overall construction schedule. This is a wideesmltompassing term. The 1-59 project will be
testing a variety of ABC deck systems, constructeguences, and casting techniques. A
variety of cast-in-place (CIP) and precast (PCjesys have been experimented with on ABC
projects in the past. Each offers its own advasgamnd disadvantages; a portion of this research
will focus on comparing the strengths and weakreefeach system. One such deck system
that will be used on the I-59 project is an Exodefthsystem. Exodermic deck panels are
comprised of an unfilled steel grid 3 to5 in. (7t63.2.7 cm) deep, witha 3 to 5in. (7.63 to 12.7
cm) reinforced concrete slab on top of a compagitie the steel grid. The Exodermic panels
can be either PC offsite or CIP at the projecttioca In 2005, the Georgia Department of
Transportation (GDOT) experimented with PC Exoderdeck panels on two bridges. One
bridge was the Bells Mill Bridge in Gainesville, G¥d the other bridge was the Atlanta I-285

bridge, over US-41.

The Bells Mill Bridge was 388 ft (118.26 m) longtlvia two way, two lane configuration. The
bridge was narrow with a total transverse widt®ft (7.92 m). The deck spans were replaced
on a nightly schedule (Monday — Friday) 9:00 p.on5100 a.m. with two PC Exodermic panels

with an area of roughly 500°f(46 ).

The Atlanta 1-285 bridge over US-41 is an eighelénidge system (four lanes in each direction)
with a total length of 240 ft (73.15 m). Due te tbkew of the bridges, Exodermic trapezoidal

panels were used. The project schedule for thenstuction effort consisted of a weekend
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closure schedule (using partial lane closuresistpat Friday 9:00 p.m. and reopening on
Monday at 5:00 a.m.) to avoid high periods of i@affDuring the construction phase, two lanes
of traffic were maintained while the remaining timnes were repaired at a rate of 2,527485
m?) per weekend. The project was completed in 5 eeglclosures, 7 weekends ahead of the
allotted 12 weekends provisioned in the GDOT bidaftotal of 12,635 ft(1174 nf) of bridge

decking upon completion.

The construction effort of both the Bells Mill bgd and the Atlanta [-285 bridge were a success
because “the bridge decks were replaced using deukl replacement techniques during periods
of low traffic volume to reduce accident risk antprove public acceptance” (Umphrey et al.,

2007).

Another ABC bridge project was conducted by theddbepartment of Transportation (ODOT)
in Quaker City, Ohio in 2003. The project usedecpst deck system to rapidly replace the
bridge deck. Originally the 60 ft (18.29 m) briddeilt in 1952, had been a two span,
continuous, reinforced concrete slab bridge withfogced concrete substructure. Due to time
constraints, it was not possible to replace theipus slab with a new continuous concrete slab.
Closure of the bridge would result in a 20 mile.{#2km) detour for automobiles and a 40 mile
(64.37 km) detour for trucks and buses (Salem.gR@06). Another alternative explored for the
Quaker City bridge was using a partial lane closamstruction sequence. This process was
eliminated because the bridge was a major routedioool buses and a partial closure posed
safety concerns to the large school buses padsioggh the work zone. The ODOT decided to

use a post-tensioned precast system for deckingoepent coupled with a compressed work
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schedule that took advantage of the time betweengspnd summer semesters of the local Ohio
schools. The project was accomplished in 19 dagays behind schedule. Although the
project was complete 3 days behind schedule, thiegirwas considered a success because it
was completed in a reasonable enough time thabseltvity was not affected and the
structural objectives of the reconstruction were taesatisfactory conditions (Salem et al.,

2006).

The above mentioned methods of ABC are a more cegisee approach to maximizing
construction productivity while minimizing traffidelay impacts during rehabilitation. Other
less conventional methods exist that have provée gquccessful on a number of projects. One
project in particular that used innovative techeig|to solve a complex problem is the Church
Street South Extension project over the New Hawmggrlbcking and Rail Yard that used one of
the world’s largest cranes to complete a bridgé@eceplacement. The Connecticut
Department of Transportation (ConnDOT) required &h320 ft (97.54 m), 850 ton (743 metric
ton) span of a 1,280 ft (390.14 m) bridge be regadan a single weekend. Traditional bridge
construction techniques were not possible becatue drain yard that existed under the
footprint of the project. A compressed construtsohedule was used to minimize disruption to
train service and shorten worker exposure timetivarail lines. To meet the rigorous
demands outlined by the ConnDOT, the Lampson latenal LLC'’s Transilif LTL-2600 was
used to lift the 320 ft (97.54 m), 850 ton (743 neetion) prebuilt span of bridge section into
place in a 3 hour period. On an early morning, l@4y2003 the crane lifted the section 65 ft
(19.81 m) into the air and maneuvered it 100 ft480m) over to its final resting location. The

total duration for the move was 3 hours. Whenfithed project was completed in December
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2003 it was 5 months ahead of schedule and $50Q0@€r its $32 million dollar budget

(Mistry and Mangus, 2006).

2.3 Construction Performance Factors
An objective of the 1-59 project will be to assé#iss effect that the bridge deck replacement
methods selected has on the construction perforenf@otors: unit cost, production rate, and

road user cost.

For analysis, data collection will be recorded tiylo the duration of the project and then used to
compute construction performance factors. The daltaction effort regarding construction
performance factors will begin prior to the constion effort, continue through all stages of the
actual work, and be continued for a period afterabmpletion of the project. From the
literature review, three common measurement fa¢t@s cost, schedule, and quality) appeared
many times indicating these factors as importatd ttabe collected to perform a construction
performance analysis. “Project managers like todhout the three legged stool on which their
project sits: project quality, schedule, and cadgpplying rapid bridge construction techniques
such as those described here strengthens thosedegndously” (Capers Jr, 2005). Umphrey
et al. (2007) identified similar performance fastm their research of four accelerated bridge
projects in Georgia. “Documentation of the GDOTrkvimcluded a time sequence, deck
replacement square footage per work period, tatasttuction time, typical work period
construction tasks, and photographic display/dsiomsof the deck replacement work”

(Umphrey et al., 2007).
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A method for comparing methods of construction ggiarformance factors is to create index
values or ratios of the performance factors inféorteto normalize the data to have the ability to
analyze data across different sized projects. @narKumaraswamy (1995) collected index
values during their research of Hong Kong buildiegstruction projects. Major building
construction in Hong Kong has a reputation for génth satisfactory and incredibly quick with
accurate completion time forecast (Chan and Kumaasy, 1995). In 1995 Chan et al.
formulated and tested empirical models to deternfipeoject completion estimates could be
predicted based on a set of parameters. Forrdmgarch they closely examined the
relationships between time-cost models, time-fl@a models, and time-number of stories
models. In all 3 models a linear relationship wWatermined with a coefficient of determination
above 0.60. The results of the research showedtbandex values created could be used to
make future project predictions based on a knowarpater. Although this example is referring
to building construction, the applicability of cteg performance factors for future project

estimating can be used in bridge construction.

2.4 Project Schedule

Project scheduling is an important aspect to tleeesss of any construction project. During
accelerated construction, scheduling plays a sagmit role in ensuring the project is completed
on time or ahead of schedule. In accelerated ngrigin, scheduling becomes an essential
component to ensure that projects are completezkessfully on-time or ahead of schedule.
Planning and coordinating sequential events kespdugtivity rates high by minimizing lost
work hours due to lack of material or personnett@nproject site. Prior to construction an
important task to consider during the scheduliraress is to organize a pre-construction

meeting amongst the parties involved on the proj&tie objective of this meeting is to discuss

17



potential problems that could occur during the taasion effort. Groups are encouraged to
voice their opinions on potential issues or circtanses that could delay the project, while also
indicating that they understand their individuapensibilities. This process ensures everyone is

working together to successfully complete the aredéd task and finish the project on time.

In the Quaker City Bridge project discussed earBach a pre-construction meeting was held.
Representatives from ODOT, the general contrattterpost tensioning subcontractor, the
precast fabricator, and the design engineering ffimeb six months ahead of construction to
discuss any potential delay issues that could beuwartered during work. An issue that had been
overlooked earlier in the planning phase was aenoidinance permit required for heavy
construction in urban areas. If proper paper wiatdt not been filed before construction, the
noise ordinance could have caused serious delys.to the short duration of the construction
project and the importance of the bridge beingaegd, local officials gladly offered a waiver on
the noise ordinance (Salem et al., 2006). By lmmm@ diverse group of individuals together to
examine the work of their peers they were ableéntify potential problems that had been
overlooked in the earlier development phase ofmplan Once the sequence of work and
possible delay issues had been identified in thecpnstruction portion of the project, the next
step was to begin the construction phase of th&k€u@ity Bridge. During construction it is
important to keep clear lines of communication opetween all parties involved in the project.
In the event that work cannot be carried out adogrtb the schedule or setbacks occur that
cause delay, rapid communication among key persaomesolve issues is required to keep
work moving forward. ABC requires fast decisioakeep pace with that of accelerated

construction. On the Quaker City Bridge projeat@s noted that a key to success was the
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project manager’s authority and ability to makegtodecisions when the engineers could not be
reached immediately (Salem et al. 2006). “Them@mbdr and contracting agency formed a
cordial relationship of partnering that ensurectimosphere conducive to quality performance”
(Salem et al., 2006). Giving confident and quedifindividuals authority to make hard decisions
rapidly is critical for accelerated projects todmeomplished on a compressed schedule

successfully.

Periodic monitoring of the project should be parfed during construction by comparing work
accomplished to work expected at a given time.s Phocess ensures that the project remains on
schedule. Following construction, a post constonctneeting should be held to analyze the
work that was performed. The objectives shoultbbessess the work performed against the
work expected and identify any successes or falthvat occurred during the project. Feedback
from the contractors is encouraged and should beé tgsrevise plans for future projects. Naoum
(1994) used a questionnaire following project cagtiphs to evaluate client satisfaction
concerning time, cost, and quality. All aspectshef post construction analysis should be
integrated into future work based upon the lessegsied to ensure projects operate more

smoothly in future construction efforts.

2.5 Traffic Monitoring Technologies

To monitor the flow of traffic prior, during, andgt construction, a literature review was
performed on different vehicular detection techgads. It was identified that the device
selected should be capable of the following: (I)intusive data collection means, (2) record

accurate and reliable data, (3) easy to installmachtain, and (4) be remotely accessible. Four
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different types of vehicle detection equipment wasmpared for use on the I-59 project which

included:

1.

2.

3.

4.

Pneumatic Tubes
Vehicle Magnetic Imaging
Traffic Detection Cameras

Radar Monitoring Devices

The results of this literature review were useddl®ct the traffic monitoring device that was

purchased for the 1-59 Project.

2.5.1 Pneumatic Tubes

Pneumatic tubes work by using a set of air fillgles placed across a roadway at a set distance

apart. When traffic traverses the tubes, an dseis sent to a controller on the side of the road

The control box can calculate, based on the distahthe tubes from each other, the speed,

volume, classification, and gap of the vehiclesdraing the pneumatic tubes. This system

requires that workers enter the traffic lanes stah the rubber tubes and secure them to the

pavement. Figure 2-1 below shows the typical dgpknt of a Trax Apollyon pneumatic tube

system on a roadway. Figure 2-2 shows the sameApallyon controller box that would be

used to gather traffic data from the pneumatic sube
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Figure 2-1. Deployed Pneumatic Tubes. Figure 2-ZT'rax Apollyon Controller Box.
Courtesy JAMAR TRAX Apollyon Brochure Courtesy JANRATRAX Apollyon Brochure

Once data are collected, the controller box mustdvenloaded to a computer for data analysis
and interpretation. This can be accomplished tjincuseries of different connectors. More
modern controller boxes use a universal seriallb@B) connection, which makes data transfer
more convenient. The system overall requires lithy power, compared to other vehicle
movement monitoring technologies. On average, s can be monitored by a single
controller and tube system for simple counts, edidlg speeds. The biggest drawback to using a
tube system in Collinsville was the associated tea@nce of the tubes on the roadway. Traffic
movements, particularly heavy vehicles, passing tuges have a tendency to displace the tubes
and affect the reliability of the collected dafehis requires periodic maintenance of installed
tubes to ensure data collection is accurate. Afiogrto Smadi et al. (2006) on the use of road
tubes, “they present a number of challenges, imetudnixed accuracy for simple axle counts,
limited data detail (long recording intervals),fatifiity of setup, and potential safety hazards to

crew and road traffic” (Smadi et al. 2006).

2.5.2 Vehicle Magnetic Imaging (VMI)
VMI devices come in a variety of styles. VMI desscwork by measuring disruptions in a
magnetic field created by the metal in vehiclespagthrough the recorder’'s magnetic zone.
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Extreme low temperatures can create unreliabifitthe accuracy of vehicle counts (Bahler et al.
1998). The speed, vehicle classification, and tof@ieach vehicle can be determined from this
field disruption. The recorder is generally plagethe lane of travel for monitoring traffic
movements. This requires workers to temporaribgetne traffic lanes to install the VMI

device. Figure 2-3 shows a plate style VMI deypoeduced by Quixote Transportation
Technologies Inc. The plate is installed on thé#ese of the roadway for traffic collection.
Figure 2-4 shows a close up view of the G-10 VMIide produced by Quixote. A hole is

drilled into the roadway and the G-10 is insertedr® top of G-10 is near flush with the road
surface. Asphalt is applied to the top of the Gd®mooth out any differential heights between

the road and the G-10.
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Figure 2-3. Quixote’s NC-200 VMI Device Figure 2-4 Quixote's G-10 VMI Device
Courtesy www.qttinc.com Courtesy www.gttinc.com

Some VMI devices must be physically removed fromltime of travel and connected to a
computer for data retrieval. Other more advangstems create a wireless link with a nearby
site controller that can transfer the informatioratremote location. The NC-200 can be seen
installed on the roadway in Figure 2-5. For dataeval, the NC-200 will have to be physically
removed from the roadway and brought to a comgatetownload. The wireless link between

two G-10 VMI devices and a site controller can eersin Figure 2-6. With the G-10,
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downloading of the data can be accomplished fraan®te location and the devices do not need

to be removed until their battery life expires.

Figure 2-5. Deployed NC-200 VMI Device. Figure 2-6Site Controller Link to VMI Devices
Courtesy nu-metrics NC-200 Brochure Courtesy nudngeGroundhog G-10 Brochure

Since most market devices require one piece opeugmt per lane, the upfront cost of this type
of vehicle detection technology can be expensiMee battery life on VMI devices ranges from
21 days to 3 years depending on the type of VMjuigment with a longer battery life can be

left in place and retrieved months later for conéid traffic analysis.

2.5.3 Digital Video Monitoring

Digital video monitoring devices use video imagingapture traffic data for analysis. This is
accomplished through user defined detection zoresgaed with point and click application.
Information that can be collected include: speedint, and vehicle classification. The greatest
benefit of this type of technology is that it all®or live streaming video of the monitored
location. Due to the power demands of such equipnmeost video cameras require a
connection to traffic cabinets, making them idealihtersection locations. Because of the
bandwidth requirement needed by streaming vidas,usually typical to integrate the camera
into an agency'’s IP-based communication network.advantage of connecting into an IP-

based communication network is the ease of mongaand retrieving data from a remote
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location. The number of lanes that can be simattasly monitored is a matter of the camera’s
geometry to the viewing area. In general, if tleédfof vision of the video device is clear, thén i
can be monitored. Figure 2-7 shows the view aflaw detection camera located above an

intersection.

Figure 2-7. Typical Intersection Location. Figure2-8. Autoscope Traffic Detection Device.
Courtesy www.autoscope.com Courtesy www.autoscope.c

The live monitoring technology makes video detectguipment ideal for traffic incident
reporting. Current issues with this technologyifatb three main categories: (1) monitoring
vehicles at night, (2) monitory vehicles in pooratheer, and (3) direct sunlight on the camera
lens. A study by Bahler et al. (1998) on nonintregraffic devices stated, concerning camera
technology, “miscounting was observed during thegition periods, especially the transition
from day to night. One video device tended to woaient during the evening transition and the
other tended to over count” (Bahler et al. 1998)terms of poor weather and direct sunlight an
overhead hood has been designed for most cameesrsythat offer minimal protection from
the elements. Figure 2-8 shows an image of anstofee video traffic detection camera. It can
be seen that a hood has been designed over theackame minimizing sun glare. Itis
recommended that the video camera be orienteccimaway as to avoid poor weather and

direct sunlight to minimize the potential for inacate data collection.
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2.5.4 Radar

Radar monitoring devices work by creating a raddd falong the roadway that monitors
vehicles entering and exiting the field. Data ttet be collected include: speed, class, count,
and volume. The radar device can be placed irre#h overhead or a sidefire orientation. The
setback and elevation should be determined basétempecification of the technologies’
manufacturer. The installation process does riptire workers to enter the roadway,
minimizing exposure to live traffic conditions assded with dangerous work zone
environments. The RTMS G4 produced by Image Sgriam (ISS) can be seen in Figure 2-9

in a sidefire orientation along a typical highwapturing bidirectional traffic data.
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Figure 2-9. RTMS G4 in Sidefire Position. Figure 2L0. RTMS G4 Radar Device.

Courtesy Imagesensing.com RTMS G4. Courtesy ww\g-ttgeis.com.

Radar technology has proven over time to be bahlyireliable and accurate. Bahler et al.
(1998) concluded that the use of RTMS G4, seengark 2-10, equipment for freeway
applications, “exhibited good potential for detagteand measuring vehicle speed. The
technology also has the advantage of monitoringiptellanes when mounted from a sidefire
location, perpendicular to the direction of traffiBahler et al., 1998). Weather had little effect
on the consistency of traffic counts with radalexibrs. Radar boxes tend to be small in size

and easily installed and calibrated. They candbaip to store data into memory for later
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retrieval, or various forms of wireless technolaggate the capability to access data from the
radar device, via a remote location. The poweuireqnents of many radar systems is quite low

and most venders offer a solar power option folgorged traffic monitoring needs.

2.5.5 Summary of Traffic Monitoring Devices

The requirements of the traffic monitoring deviedested for the 1-59 project included: (1)
nonintrusive data collection means, (2) record eateuand reliable data, (3) easy to install and
maintain, and (4) be remotely accessible. Fodii¢dranonitoring technologies were researched
for possible purchase. Of the four technologie®, wideo detection, two radar, two VMI, and
one pneumatic tube were compared. The summahedbur technologies can be seen in Table
2-1. It was determined that the RTMS G4 by IS8Iked the traffic monitoring device
requirements outlined for the 1-59 project. ThREREMS G4 devices were purchased with
internal wireless modems and cameras. The wireheskems make it possible to monitor and
download traffic data from a remote location withawirect connection to the RTMS device.

With the internal cameras the travel lanes can beitored from a computer remotely.
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Table 2-1. Traffic Monitoring Technologies Summary

Traffic Monitoring Technologies

Activity Radar G-10 w/Site
Autoscope Recorder RTMS G4 Trax Apollyon NC-200 Controller
Installation Method Non-Intrusive Non-Intrusive Non-Intrusive Intrusive Intrusive Intrusive
Sensor Typd Video Radar Radar Pneumatic VMI VMI
Soeed
Data Volume Yes Yes Yes Yes Yes Yes
Collected Class
Incident Yes No No No No No
Max Setback Distance (f{) 300 400 250 None None 4%0 ft. to Site
ontroller
Download Wireless Yes No Yes No No Yes
Interface ' Ethernet (!P) Yes No Yes No No Yes
Direct connectior Yes Yes Yes Yes Yes Yes
Number of _Slmultaneous 6-8 2 12 5 1 1
Monitored Laneq
Bi-directional Monitoring Yes Yes Yes Yes No No
Memory Capacity N/A 4 MB 8 MB 8 MB 3 MB 5-days
Affected By | Rain/Snow/Sun None None Stop Go Traffic  Power Lines  Power Lines
Offsite Monitoring and Contrg Yes No Yes No No Yes




2.6 Road User Cost
Road user cost (RUC) is a function of the volume lane conditions at a work zone. To
determine how to accurately assess a RUC for 8&groject the following literature was

reviewed.

Traditionally, the Highway Capacity Manual (HCM)shaeen used for predicting freeway
capacities. One problem that is encountered frgng on the HCM model for predicting
capacities is “the Highway Capacity Manual (HCMygedures provide generic estimates for
two types of lane closures only, with no guidansécahow these estimates are affected by
traffic, geometric, and environmental conditional-Kaisy and Hall, 2003). The HCM
procedure for calculating a freeway capacity ifrgi determine an ideal base capacity and then
modify it by a series of factors. As previouslgitsed, those factors do not account for critical
lane closure conditions or environmental issu@sanl attempt to create a more accurate model
for predicting the capacity of freeways during domgtion, Al-Kaisy and Hall (2003)
experimented with two variations to the HCM modBbth models were built on the principles
established in the HCM of determining a base capacid then modifying it by several factors.
The factors chosen by his team as most effectitigg@apacity were: percent heavy vehicles,
driver population, light conditions, inclement wieat, work activity on-site, lane closure
configuration, and rain. In the first experimenmtanlinear multiplicative capacity model was
derived. The resulting model had a coefficiendetermination of 0.63. In the second
experiment a linear additive capacity model waster@ using multivariate linear regression with

a coefficient of determination of 0.68. Overdiletauthors determined that a model that
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accounted for critical lane closure conditions mvionmental issue was more accurate in terms

of predicting the freeway capacity than simply nedyon the HCM model.

Other factors to consider when estimating a RUQaeregional cost values per vehicle. The
American Association of State Highway and Transgarh Officials (AASHTO) reports three
key factors for performing a user benefit analysidetermine a RUC from highway
construction projects. The three key factors natliare the value of time, operating cost, and
accident cost per vehicle (AASHTO, 2010). TheeHhctors depend on the lane closure

conditions and the average wage and operatingotdisé location in question.

2.7 Collection Locations

Smadi et al. (2006) stated on set-up requiremeantserning vehicle detection technology,
“There are many factors that need to be takenaotount as far as setting up the sensors, such
as location, complexity of the user interface (safe and hardware), the ease of the
deployment, and the type of roadway facility beamglyzed” (Smadi et al. 2006). Location will
dictate the weather and environmental conditicddemplexity of the user interface (i.e,,
software and hardware) will determine how remogalgessible the device is. Ease of
deployment will control how portable a device id®used at multiple locations. The type of
roadway facility will usually be divided into eith&ee flowing conditions, such as those
exhibited on freeways, or stop go conditions, @&ns# intersections. These factors will govern
the decision on which vehicle detection technolisggpplicable to a specific situation. The
conditions that exist for the 1-59 project areeefflowing, two lane, rural highway on level
terrain. The project location experiences an ageeemnual daily traffic volume of 13,420

(ALDOT, 2009). The device to be used for dataeszilbn will be the RTMS G4, a radar based
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device. A comparative study by Bahler et al. ()9@8ted RTMS G4 units in both overhead and
sidefire mounted positions on a freeway test sitated on Interstate 394 at Penn Avenue in
Minneapolis, Minnesota. The results of the RTMSdath were compared to baseline values
gathered from both hand and loop counts. In tleelead orientation the RTMS G4 was
mounted at 25 ft (7.62 m) in the direction facirgpdrting traffic. The device in the overhead
configuration counted vehicular volumes within 3gaat of the baseline values. For the sidefire
configuration, the units were mounted to sidefioéep at a setback of 4 to 100 ft (1.22 to 30.48
m) with a height of 15 to 35 ft (4.57 to 10.67 nThe setback and height were determined from
manufacturer specifications. The RTMS G4 volunmethe sidefire orientation, were within 5
percent of the baseline values. For overhead iglefire positions, the speed data were within 8

percent of the baseline value.

A comparative study was performed by the reseascBeradi et al. (2006) using the Wavetronix
Smart Sensor and a video vehicle detection systemnthis study the devices were mounted to a
mobile trailer device that was easy to deploy ammletely mobile. The devices were deployed
along the side of the roadway in a sidefire positigth a setback and height dimensions as
outlined by the manufacture. The trailer mountadhr units could be oriented in a forward fire
or sidefire position; however, it was noted by Sieddl. (2006). that sidefire was best suited for
temporary data collection. Mounting the radar dexo extending mobile trailers did not cause
any loss of accuracy or reliability in collectedaland proved an excellent method for creating

mobile units
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Based on the above literature review, three saarep trailers for deployment and data
collection were purchased to accompany the RTM$l&4dces. The trailers were manufactured
by ASTI and were recommended by Blackhawk Entegptise local ISS RTMS G4 vendor.

The maximum telescoping height of the trailersdt2 The ASTI trailers were purchased to
accompany the RTMS G4 devices and can be seegumeF2-11. The trailers made the RTMS
G4 devices highly mobile and easy to reuse forr&utraffic monitoring needs. For data
collection purposes, the trailers can be placedgthe shoulder or adjacent to the roadway in a
sidefire position. This orientation keeps theaitists from entering the traveled roadway while

the RTMS remains non-intrusive.

Figure 2-11. ASTI RTMS G4 Trailer.
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2.8 EarthCam® Construction Cameras

To capture construction activity during the 1-5®ject two construction camera manufactures
were researched, those two companies being theu@xdid EarthCam. Both companies were
highly recognized as leaders of construction cartesianologies and have been featured in
Engineering News Record (ENR) magazines. Figut2 2hows the OxBlue and Earthcam

construction cameras.
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(a) OxBlue Camera. (b) EarthCam Camera.
Courtesy OxBlue Construction Camera System 2010. urtésy Earthcam.net.

Figure 2-12 Construction Camera Manufactures.

The purpose of the cameras on the 1-59 project isdnitor day to day construction efforts for
later analysis in conjunction with reports docunremntvork performed. It was required that the
construction camera chosen for the 1-59 projed bgstem that includes a fixed camera with
remotely controllable digital Pan, Tilt and 5x Zo@RiTZ), and viewable over the internet
through a password protected website. The webcgioin for viewing the 1-59 project needed
to support calendar image selection, as well agétaopping and overlaid effects for image
comparisons. The website and server where infeom&tould be stored, needed to be
controlled locally by the camera manufacturerwds determined that the manufacturer needed

to provide continuous viewable images at a mininmird816H x 2112V (or 6 mega pixels)
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resolution and 1 image per 15 minutes through tst Wwebsite. This resolution provides the
ability to see in detail to the farthest extenths project without camera movement. At the
completion of the 1-59 project it is required tlaaime lapse video be created with the option to

maintain the camera website until a predetermiimad.t

While both camera manufacturers provided digitadgencameras capable of the resolution and
web applications required, the OxBlue company ditlocally control the web server as desired.
Both companies provided a completed time-lapseovdiéh the option to maintain the website
for a predetermined time. Both manufacturers wergacted and asked to provide competitive
guotes for the camera requirements outlined abd¥we. quotes were to include the cost of the 6
mega pixel camera with web service for a monthfand year.

Table 2-2. Construction Camera Price Comparison Cért

. Monthly Web Monthly Yearly Cost
Manufact M Pixel o
anutacturer €9aFXE " Unit Price ($) Charge (%) Cost($) ($)
OxBlue 6 mp 4,500.00 615.00 5,115.00 11,880.00
EarthCam 6 mp 5,249.20 250.00 5499.20 8,249.20

After price comparison, it was determined thatBEaethCam was a better value than the OxBlue
construction camera package. The EarthCam haghathinitial cost for the equipment, but
offered a lower month to month web service fee elne year, the savings for choosing the

EarthCam over the OxBlue would be approximately@pG.

2.9 Analysis Methods

The 1-59 project will evaluate three elements aiamas bridge deck replacement methods: (1)
deck system, (2) construction sequence, and (8nhgaschnique that exist for each bridge, but
are not shared by each bridge. Due to the unisenfethis project regarding the combinations
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of bridge deck replacement methods being constlumter all bridge spans, simple linear
regression analysis was not considered as thewiadse test. Alternatives to simple t-test and
linear regression were researched. A nested asalfygariance (ANOVA) test, by definition
satisfies the requirements for analysis in regazdee combination of bridge deck replacement
methods being proposed for the 1-59 project. ‘#rtain multifactor experiments, the levels of
one factor (e.qg., factor B) are similar but nottieal for different levels of another factor (¢.g.
factor A). Such an arrangement is called a nestelierarchical, design” (Montgomery, 2005).
This multifactor design is applied during the ongation of the 1-59 project, with each of the
bridge deck replacement methods be dependent aegbls of one another. The nested
ANOVA compares the mean value of each level tordatee statistical influence of a parameter
being tested. The nested ANOVA will be used tedaine the effect of each bridge deck

replacement method on the outlined constructiofopaance factors.

2.10 Summary of Literature Review
A thorough literature review was performed to gamwledge of construction and bridge
projects from previously conducted research. Tteeature review was divided into six areas
that were intended to cover all aspects of the pisect. The eight areas covered by this
literature review are listed as follows:
1. Accelerated bridge construction (ABC) methods thast or have been used and
implemented on bridge rehabilitation and reconsioagrojects,
2. Construction performance factors that have beersuned for quantifying effectiveness
of both building and roadway construction projects,

3. Scheduling effects on the overall performance ofqats,
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4. Traffic monitory technologies that exist for capiigr accurate and reliable vehicular data,
5. Road User Cost estimating for bridge projects,

6. Collection locations for monitoring traffic flow,

7. Construction Camera Monitoring Technology, and

8. Analysis methods for measuring construction pertoroe

The lessons learned from the literature review weea applied to create a methodology for

collecting data and analyzing it systematicallyjchtsatisfy the I-59 research objectives

outlined in Chapter 1 of this report.
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Chapter Three

Methodology & Data Collection

3.1 Introduction

The purpose of this chapter is to describe andksiiea methodology and procedure for data
collection on the I-59 bridges in Collinsville dag construction. The I-59 bridges consist of
four total lanes, two northbound (NB) lanes and seathbound (SB) lanes. For construction
purposes, each bridge has been subdivided intauftique spans. Each span is divided by the
two existing lanes: (1) the inside (passing) lane @) the outside (travel) lane. In this theais,
span in a particular lane will be referred to d@re-span. There are a total of eight lane-spans

per bridge and sixteen lane-spans for the enti@ project.

Figure 3-1 illustrates a flow chart developed towlthe sequencing of this research effort for
the evaluation of the bridge deck replacement nithd he flow chart begins with the three
major components used to evaluate each bridgergptkcement method and continues through

the data collection effort, normalizing of colledteata, statistical analyses, and results.
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Bridge Deck Replacement Methods

rCasting Technique

! I
! I
! I
1 > I
! I
! Construction Sequence (WD/WN/WE) !
: ' |
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Deck System
Lm e e e —————— J-—--------------- I
Data Collection 1 J 1
1 1 :
! Cost Schedule | | Traffic Data Survey :
! :
e === ; __________________________________
Normalizing

1 1
1 . 1
| Unitcost | | Production RUC !
X Rate ,
1 1
1 |
1 1
1 4 1
1 1
: Nested ANOVA ] :
1 \_ 1

Bridge Deck Replacement Methods Results

Note:

*WD
*WN
*WE

- Weekday Lane Closure Scenario
- Weeknight Lane Closure Scenario
- Weekend Lane Closure Scenario

Figure 3-1. Project Flow Chart for Evaluating Bridge Deck Replacement Methods.
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Data collection for the 1-59 project will be penfioed on each individual lane-span for each
bridge deck replacement method. Four unique britkgd replacement methods are to be
constructed and evaluated during the reconstructioine 1-59 NB and SB bridges. The inside
lane on both the NB and SB bridges will be conseédictising a traditional construction sequence
while the outside lanes on both bridges will bestnrcted using an accelerated construction
sequence. The NB bridge will be constructed usasi-in-place (CIP) casting techniques while
the SB bridge will be constructed using precast) (4Sting techniques. Figure 3-2 shows the
NB and SB bridges’ lane orientations and directiohsavel. The four spans for each bridge are
labeled and identified for each individual lane+sp&ane-spans that are shaded white will be
constructed with traditional construction sequeggcimhile lane-spans that are cross hatched will
be constructed with accelerated construction sexjngn Above each bridge, the deck system
that corresponds to the lane-span has been igghtifror referencing purposes each lane-span
has been given an identification number. A paldiclane-span’s identification number will be
composed of the direction of travel, whether this inside or outside lane, and the individual
bridge-lane-span number. For example the lane-spdhe NB bridge, on the inside lane of

span 1 will have an identification number of NBI1.
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Figure 3-2. Plan View of I-59 Bridge Project Divied into Lanes and Lane-Spans.

Data to be collected for each bridge deck replacémethod will include (1) lane-span
dimensions (i.e., existing and post-constructiargth of lane-span and area of lane-span), (2)
cost, (3) schedule, and (4) traffic data (i.e.elanlumes and speeds). All data collected is
considered to be raw data. The raw data will leelus calculate the following three

construction performance factors: (1) unit cos},pidduction rate, and (3) road user cost (RUC).
A nested analysis of variance (ANOVA) techniqud W@ used to determine the effect that each

individual bridge deck replacement method has erctinstruction performance factors.
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References for data collection include reportedesifrom the contractor, inspector project
diaries, visual inspection of the project via E&dm construction camera technology, the

ALDOT plans set, and traffic data collected by REVIS G4.

A survey will be administered at the completiorttod project to gather feedback from the
contractor on their experience with each bridgekdeplacement method. This feedback is
intended to gather any additional information altbetbridge deck replacement methods that
were not captured by the data collected. Suchnmdtion could include ease of construction or

factors beyond the contractor’s control that mayehlaad an impact on construction.

3.2 1-59 Bridge Dimensions

Dimensions for all lane-spans have been calculated the ALDOT plan set for Project No.
BR-1059 (I-59 Collinsville). Two additional girdewill be added to the previous existing four
girders for a total of six girders at completiom gccommodate the widening of the bridge. The
addition of substructure and superstructure elesn@sgociated with the bridge widening is not
being considered in this research effort and cpmeding data will not be collected. This
research is solely focused on data associatedtetdemolition or construction of the bridge

deck.

The length of each span was calculated using ALB@Veying station information from the
plan set. The stations were marked along the dem@ef each bridge. The deck width was
measured from the longitudinal construction joothe outside edge of the shoulders. Because
the construction joint is located off-center, indwval outside lane-span deck widths to be

demolished and constructed are greater than tHewdeth of individual inside lane-spans. A
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typical existing and post-construction inside lapan deck width is 12.58 ft (3.8 m) and 19.38 ft
(5.87 m) respectively. While, a typical existingdgoost-construction outside lane-span deck
width are 20.58 ft (6.24 m) and 27.38 ft (8.3 nypectively. The total existing lane-span deck
width is 33.2 ft (10.1 m) and the total post-constion lane-span deck width is 46.76 ft (14.2

m).

The area of the existing lane-span is determineldig-span width multiplied by the length of
the lane-span, calculated from dimensions includegdde ALDOT plan set. Similarly, the area
of the post-construction lane-span deck has bédenlated as the constructed lane-span width
multiplied by the length of the lane-span understderation. Table 3-1 provides a complete
summary of all lane-span deck dimensions (i.egtlenwidth, and area). These values are
calculated based on the dimensions shown on ALDI@it gheets and should be confirmed by
the contractor during the course of the constracgiffort. Lanes identified with an asterisks

could have varying areas due to the skew of thagbri
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Table 3-1. Lane-Span Dimensions for Northbound/Sdabbound Bridges

Existing Post Construction
Lane Span
ID Length (ft) Width (ft) Area(ft 2 Width(ft) Area(ft ?)
NBI1 56.83 12.58 714.9 19.38 1101.4
NBI2* 56.00 12.58 704.5 19.38 1085.3
NBI3* 56.00 12.58 704.5 19.38 1085.3
NBI4 56.83 12.58 714.9 19.38 1101.4
NBO1 56.83 20.58 1169.6 27.38 1556.0
NBO2* 56.00 20.58 1152.5 27.38 1533.4
NBO3* 56.00 20.58 1152.5 27.38 1533.4
NBO4 56.83 20.58 1169.6 27.38 1556.0
SBI1 56.83 12.58 714.9 19.38 1101.4
SBI2 56.00 12.58 704.5 19.38 1085.3
SBI3 56.00 12.58 704.5 19.38 1085.3
SBl4 56.83 12.58 714.9 19.38 1101.4
SBO1 56.83 20.58 1169.6 27.38 1556.0
SBO2 56.00 20.58 1152.5 27.38 1533.4
SBO3 56.00 20.58 1152.5 27.38 1533.4
SBO4 56.83 20.58 1169.6 27.38 1556.0
Note:

NBI(#) - Northbound inside (lane-span number)

NBO(#) — Northbound outside (lane-span number)

SBI(#) - Southbound inside (lane-span number)

SBO(#) - Southbound outside (lane-span number)

Demolition and construction will occur off-centeom the centerline of the bridge, creating
inside lane-span dimensions that are smaller thigside lane-span dimensions. By performing
construction off-center, the new construction jahthe lane-spans will occur over the center of
a girder providing the joint more stability duriognstruction. The longitudinal construction
joint is identified as the location where individilene-spans will join, progressing in the

longitudinal direction of travel. Figure 3-3 bel®ows a typical existing and post-construction

cross-section of the longitudinal construction jawer the existing girder.
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Figure 3-3. Elevation Views of Longitudinal Constriction Joint.

During work activity, the longitudinal constructigmint will be protected from vehicular traffic
by temporary concrete barriers (TCBs). Duringitradal construction sequencing, one row of
TCBs will be used to divide the lanes into a waplkee and traffic space to protect the
construction joint from vehicular traffic. FiguBe4 shows the placement of TCBs for an inside

lane under traditional construction sequencing.
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During accelerated construction sequencing thelidoeia period during construction that both
the inside and outside lanes will be open for traW® accomplish periods with two travel lanes
while continuing to protect the construction joititree rows of TCB will be used. Figure 3-5
shows the location of TCB being used during aceséder construction sequencing scenarios.
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Figure 3-5. Accelerated Construction Sequencing T@ Concrete Barrier Placement.

At decking completion a permanent guard rail wélibstalled at the edge of the new decking,

reducing the actual lane width by 1.38 ft (0.42am)seen in Figure 3-5
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3.2.1 Northbound (NB) Bridge Deck Details

All lane-span construction on the NB bridge willdecomplished with CIP techniques. For NB
lane-spans 1 and 2, both the inside and outsidss laail be built with Exodermic deck systems.
For NB lane-spans 3 and 4, both the inside anddmutanes will be reconstructed with Steel
Grid deck systems. All work performed on the irsiane of the NB bridge will be done with a
traditional construction sequence; while all wock@mplished on the outside lane will be
performed with an accelerated construction sequewark accomplished in a traditional
construction sequence, will be performed in theation of travel. Work completed with an
accelerated construction sequence on the NB bralgeide lane, will be performed in the
opposing direction of travel. The reason for hgwwork activity progress in the opposing
direction of vehicle travel, during accelerated stomction sequencing, is so the oncoming end of
the permanent existing barrier rail system can stgjace as long as possible. By using the
existing barrier rail, the contractor does not hevprotect the blunt end of a temporary barrier
from oncoming traffic. Figure 3-6 shows the lapeds details for the NB bridge with arrows

identify the direction of travel and reconstructiwark activity.
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Figure 3-6. Northbound Bridge Span Construction D&ils.

3.2.2 Southbound (SB) Bridge Deck Details
All bridge deck replacement methods on the SB leriddl use PC techniques. Both SB inside
and outside lane-spans 1 and 2 will be built wibtHRP deck systems. Likewise, both SB

inside and outside lane-spans 3 and 4 will be coctgtd with Exodermic deck systems.

All inside lane construction sequencing for thel8iBlge will employ traditional construction
sequencing, while the outside lane will employ ém@ed construction sequencing. All work
accomplished in a traditional construction sequemstde lane on the SB bridge, will be
performed in the direction of vehicle travel. Mbrk completed in an accelerated construction
sequence, outside lane on the SB bridge, will bfopaed in the opposing direction of vehicle
travel. As previously stated, the purpose for waghkn the direction opposing travel, during the

accelerated construction sequence, is to considéorist safety by maintaining the permanent
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features of the oncoming end of the existing guaticas long as possible. Figure 3-7 shows the
lane-span details for the SB bridge with arrowsaating the direction of travel and

reconstruction work activity.
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Note: Arrows on bridge lane-spans represent the doeatiork will progress.

Figure 3-7. Southbound Bridge Span Construction Qtails

3.3 Data Collection Location

For data collection purposes, only items that @edluduring construction, located in the activity
area, (e.g., bridge deck materials, equipmentraba temporary concrete barrier) will be
considered for cost, schedule, and traffic datar. this thesis the activity area is defined to hegi

at the beginning bridge deck station and end aétitebridge deck station.
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3.4 Data Collection

The data that will be collected for each bridgekd@placement method will include the cost,
schedule, and traffic data. Cost and schedule bege further subdivided into three work
activities: (1) TCB, (2) demolition, and (3) consttion. These activities have the greatest
potential for creating a cost or schedule varidretgveen the bridge deck replacement methods
and therefore are being recorded independentliprrivation on each category and procedures

for data collection are given in the following sens.

3.4.1 Cost

Cost data will be collected for each bridge degkaeement method constructed. Cost will be
collected for each TCB used within the activityagrdemolition of existing lane-spans, and
construction of each lane-span. This value wpkesent the total cost of labor, materials, and

equipment required to demolish and replace a péatidane-span under consideration.

3.4.1.1 Temporary Concrete Barrier: Cost

Cost of temporary concrete barrier (TCB) will inguall equipment, material, and labor
required to install, rearrange, and remove all TGBder consideration within the defined
activity area. All TCB cost data will be reporteddollars. Because there are four lane-spans
per lane, TCB cost assigned to traditional conswnsequence lane-spans will be one fourth
the total lane cost of initial and final TCB indédion and removal. Figure 3-8 shows an
example of the installation of TCB along the longihal length of the bridge, dividing it into a

work space and traffic space.
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Figure 3-8. Lane Configuration of TCBs for Traditional Construction Sequence.

During the accelerated construction sequencingtivl be an initial and final TCB installation
and deployment with additional TCB rearrangemenefxh lane-span. To optimize lane
closure and open times, TCB will be rearrangedinantisly as construction advances from one
lane-span to the next. The total TCB cost fom&{apan using an accelerated construction
sequence will be one fourth the total lane cosinitikl and final TCB installation and removal,
plus the TCB rearrangement cost occurring for iithligl lane-span demolition and construction
activities. Figure 3-9(a) shows an image of arekrated construction sequence lane with initial
TCB installed, while Figure 3-9(b) shows the reagement of TCBs on lane-span 2 so
demolition and construction can be performed. xianeple Figure 3-9, after construction is
complete the TCBs will be rearranged back onto-lgren 2 and work activity will advance onto

lane-span 3.
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(a) Lane Configuration of TCBs for the AcceleratedConstruction Sequencing.
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(b) Rearrangement of TCBs for the Accelerated Constiction Sequence for Demolition.

Figure 3-9. Lane Configuration of TCBs for Acceleated Construction Sequencing before and
After Lane-Span Demolition.

To keep track of all costs and fees for TCBs, Ta@skhas been developed. The table is ordered

by deck system type, construction sequence, anhgdschnique with the appropriate lane-
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span identification. The researcher will recore tbtal cost for initial and final TCB installation
and removal for an entire lane in the column tltene TCB’. The ‘Lane TCB’ cost; will be
divided by four and recorded in the column labéled.ane TCB’. This fee represents the
shared cost for the initial deployment and rema@¥alCBs that are common amongst the
different bridge deck replacement methods. Faliticmal construction sequencing the ‘Total
TCB’ cost will be the same as the /4 Lane TCB’ cdsor accelerated construction sequencing
the cost for TCB rearrangement must be recordedrmhaded in the total TCB cost. The total
TCB cost will be the addition of the /4 Lane TCBidathe ‘TCB Rearrangement’ and will be

written in the column titled ‘Total TCB'.
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Table 3-2. Northbound/Southbound Bridge TCB Cost Ata Collection Summary

NORTHBOUND
Deck Construction Casting Lane Span COST (%)
System Sequence Techniqgue ID Lane TCB Y, Lane TCB TCB Rearrangement| Total TCB
Traditional CIP NBIL
. NBI2
Exodermic NBOL
Accelerated CIP NBO2
. NBIl4
Steel Grid
Accelerated CIP NBO3
NBO4
SOUTHBOUND
Deck Construction Casting Lane Span COST (%)
System Sequence Technique ID Lane TCB Y, Lane TCB TCB Rearrangement| Total TCB
Traditional PC SBIL
SBI2
NCHRP
Accelerated PC SBOL
SBO2
Traditional PC SBI3
. SBl4
Exodermic SBO3
Accelerated PC SBO4




3.4.1.2 Demoalition: Cost

The demolition cost for each lane-span will be regabby the contractor in dollars. The cost of
demolition will include all material, labor, andwegment used in the demolition of each existing
lane-span. Only cost associated with actual deimolof the bridge deck should be considered.
Any demolition or preparation work performed on brelge below the deck area is beyond the

scope of this research. Table 3-3 has been créatad researchers in the collection of

demolition cost data.

Table 3-3. Northbound/Southbound Bridge DemolitionCost Data Collection Summary

NORTHBOUND
Deck Construction Casting COST (%)
System Sequence  Technique Lane-Span ID Demolition
Traditional CIP NBI1
. NBI2
Exodermic NBOL
Accelerated CIP NBO2
Traditional CIP NBI3
: NBI4
Steel Grid
Accelerated CIP NBO3
NBO4
SOUTHBOUND
Deck Construction Casting i COST (9)
System Sequence  Technique Lane-Span 1D Demolition
Traditional PC SBIL
SBI2
NCHRP
Accelerated PC SBO1
SBO2
Traditional PC SBI3
, SBl4
Exodermic SBO3
Accelerated PC SBO4

3.4.1.3 Construction: Cost

The cost to construct each deck system for ea@h-kpan will be reported by the contractor in

dollars. This cost will include all labor, matdsiaand equipment required to construct the deck
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system in question. The following Table 3-4 hasrbprovided to collect construction related

data for each lane-span.

Table 3-4. Northbound/Southbound Bridge DemolitionCost Data Table

NORTHBOUND
Deck Construction Casting COST (%)
System Sequence  Technique Lane-Span ID Construction
Traditional CIP NBI1
. NBI2
Exodermic NBOL
Accelerated CIP NBO2
Traditional CIP NBI3
. NBI4
Steel Grid
Accelerated CIP NBO3
NBO4
SOUTHBOUND
Deck Construction Casting i COST (%)
System Sequence  Technigue Lane-Span 1D Construction
Traditional PC SBIL
SBI2
NCHRP
Accelerated PC SBO1
SBO2
Traditional PC SBI3
: SBl4
Exodermic SBO3
Accelerated PC SBO4

3.4.2 Schedule

Scheduling for all lane-span activities will beseded in hours. This time will represent the
total time required to reproduce the activity undensideration. Scheduling will be recorded
independently for TCB, demolition, and constructi@cheduling tables have been provided in

each scheduling subsection to aid in the colleatiodurations.

3.4.2.1 Temporary Concrete Barriers: Schedule
The duration or total time of project spent inst@gjland removing TCBs will be recorded in

hours. Total lane duration of initial deploymentldinal removal of TCBs will be shared by all
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four lane-spans in the activity lane. The durafmminstallation and removal of TCBs for
traditional construction sequence lane-spans wilbbe fourth the total duration for deployment
and removal of TCBs. The previous Figure 3-8 shthegypical lane configuration of TCB

deployment for a traditional construction sequenithin the activity area.

For accelerated construction sequence bride dgtkaement methods, the total duration for
deployment, rearrangement, and removal of TCBsheilbne fourth the total duration of initial
deployment and final removal of TCBs, plus the tlararequired to rearrange TCBs during
individual lane-span construction. See Figurei8-®e previous section for a typical

accelerated construction sequence setup.

The start and finish time for all activities wilklmlocumented in the ALDOT inspector project
diaries. EarthCam construction cameras may be toseerify times reported by the contractor
to ensure accuracy. Table 3-5 is provided belovdfmumenting all start and finish times and to
calculate total durations for all TCB deploymeramrangement, and removal activities.
Durations will be reported as the period that etddsetween the start and finish time. For
traditional construction sequence the lane-span d@®tion is one quarter the total lane TCB

duration. There are no TCB rearrangement timésaditional construction sequencing.
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Table 3-5. Northbound/Southbound Bridge TCB Schede Data Collection Summary

NORTHBOUND
Lane Lane TCB Rearrangement TCB Total
Deck Construction Casting Span | Start | Finish | Duration | ¥ Duration | Start | Finish | Durations (hrs)
System Sequence  Technique ID Time | Time (hr) (hr) Time Time (hrs)
Traditional CIP mg:; No Rearrangement Required———
Exodermic NBOL
Accelerated CIP NBO2
" NBI3 ;
Traditional CIP NBI4 No Rearrangement Required
Steel Grid
Accelerated CIP NBO3
NBO4
SOUTHBOUND
Lane Lane TCB Rearrangement TCB Total
Deck Construction Casting Span | Start | Finish Start | Finish | Durations (hrs)
System Sequence Technique ID Time | Time | Duration | ¥ Duration | Time Time (hrs)
Traditional PC SBIL No Rearrangement Required
SBI2
NCHRP
Accelerated PC SBOL
SBO2
Traditional PC 22:2 No Rearrangement Required
Exodermic SBO3
Accelerated PC SBOA




3.4.2.2 Demoalition: Schedule

The duration of time spent demolishing existingkileg will be collected by the project

inspectors in hours and will be recorded in tharids for each individual lane-span. This data

will be collected by recording the start and finishe of demolition activity for each lane-span.

The duration will be reported as the time elapsstdvben start and finish times. The EarthCam

video surveillance equipment may be used to valiffime values recorded. Table 3-6 should

be used to collect and document start and finralediand calculate lane-span demolition

durations.

Table 3-6. Northbound/Southbound Bridge DemolitionSchedule Data Collection Summary

NORTHBOUND
- Demolition
Deck Construction Casti_ng I_Sapn;n ' o _ Durations
System Sequence  Technique D Start Time Finish Time (hrs)
Traditional CIP NBIL
. NBI2
Exodermic NBOL
Accelerated CIP NBO2
Traditional CIP NBI3
. NBIl4
Steel Grid
Accelerated CIP NBO3
NBO4
SOUTHBOUND
i i Lane- Demolition
Deck Construction Castl_ng Span _ _ Durations
System Sequence  Technique D Start Time Start Time (hrs)
Traditional PC SBI1
SBI2
NCHRP
Accelerated PC SBO1
SBO2
Traditional PC SBI3
. SBl4
Exodermic SBO3
Accelerated PC SBO4

57



3.4.2.3 Construction: Schedule

Construction duration will follow demolition durati and include all the time required to form,
pour, place, and cure each bridge deck replacemetitod. The construction start time for each
lane-span will be recorded by the inspector andnted in their daily inspection reports.
Construction will be considered finished once thdde deck replacement method is identified
as structurally capable of sustaining motor vehicgel. This period may be prior or post
permanent guard rail installation. The time thatlane-span is designated as structurally sound
will be identified and reported by the inspectotfas finish time of construction. The duration

of construction for each bridge deck replacemerthoewill be reported as the elapsed time
from start to finish of construction activity. Tlal8-7 should be used to track the start and finish
time of construction activity and to calculate tr@lge deck replacement method construction

durations.

58



Table 3-7. Northbound/Southbound Bridge Constructbn Schedule Data Collection Summary

NORTHBOUND
. . Lane- Construction
Deck Construction Casting Span ' — . Durations
System Sequence  Technique D Start Time Finish Time (hrs)
Traditional CIP NBI1
. NBI2
Exodermic NBOL
Accelerated CIP NBO2
Traditional CIP NBI3
. NBI4
Steel Grid
Accelerated CIP NBO3
NBO4
SOUTHBOUND
. . Lane- Construction
Deck Construction Casting D -
: Span , . urations
System Sequence  Technique D Start Time Start Time (hrs)
Traditional PC SBI1
SBI2
NCHRP
Accelerated PC SBO1
SBO2
" SBI3
Exodermi Traditional PC SBlA
c SBO3
Accelerated PC SBO4

3.4.3 Traffic Data

Prior to construction activity on the I-59 bridg#sefore” construction traffic values were
collected using the RTMS G4 devices. “Before” damgion traffic values included traffic
volumes and speeds on the 1-59 bridges during ndmaealane operating conditions. The
RTMS G4 devices were deployed in a sidefire pasiéilong the roadway in three locations for
traffic data collection. Data were collected oaeseven-day week for both the NB and SB
bridges. The trailers were deployed twice priocadastruction, once for the NB direction and
once for the SB direction in advance of the bridgéke traffic collections on the NB bridge

were at mile markers 202.1, 204.4, and 204.6. tidféc collections on the SB bridge was
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located in the vicinity of mile marker 205.3, 205a8d 207.0. These collection locations were
used to capture traffic prior to and in the trapsitareas. In Figure 3-10 the trailer locatiors ar
represented by stars for the NB and SB bridgesatisgely. The directions of vehicle travel and

the orientation of the entrance and exit ramps e identified.

Activity Area
{_A_\ irad
&, .
' Q&&Q > <% 2053 2058 207.0
Southbciund Bridge O\‘% NN\, % Kk ) ¢

202.1 2044 204.6 ‘ 2, &
8 o

*Not to scale

Figure 3-10. RTMS G4 Traffic Collection Locations.

The data were separated into two vehicle classificg, passenger vehicles and trucks, for later
RUC estimating. The RTMS units identified clagsafion by vehicle length. Passenger vehicle
is any vehicle that was less than 46.9ft (14.2nd))tamck is any vehicle greater than 46.9ft
(24.2m). This vehicle classification was deterrdifrem the AASHTO publication “Geometric
Design of Highways and Streets”. From the coll@dtaffic data for the NB and SB bridges,
average vehicle volumes and speeds were calcudlatélaree possible closure scenarios. The
three possible work closure scenarios are (1) &eaeclosure with a full 24 hour closure, (2) a
weeknight closure with a 12 hour work period (ectpsure occurs on Tuesday at 6pm and
reopens on Wednesday at 6 am), (3) a weekend el@seirclosure occurs on Friday at 6 pm and
reopens to traffic Monday at 6 am). The weekertlvaaeknight closures will be possible with
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TCB rearrangement. The volume and speed datalatddurom the RTMS G4 traffic data
collection can be seen on Table 3-8. The weekehdne is based on a 60 hour weekend
period. The values in Table 3-8 represent a typwegkday, weeknight, and weekend vehicle
volumes and speeds for the six individual collectoints collected with the RTMS G4 devices.
To calculate weekday volumes and speeds, the avgedgcle volumes and speeds for Tuesday,
Wednesday, and Thursday were used. Likewise,dhepeak vehicle volumes (i.e. 6pm to 6am)
were used for Tuesday, Wednesday, and Thursdagl¢alate weeknight vehicle volumes and
speeds. Weekend vehicle volumes and speeds wewdatad as the average of the six RTMS
G4 collections points for the period of Friday ph6to Monday at 6am.

Table 3-8. Northbound/Southbound Traffic Data by Work Closure Period

Vehicle Volume Speed (mph)
Passenger Passenger
Time of Day Vehicle Truck Total Vehicle Truck
Weekday (24hr) 7,974 4,164 12,138 75 77
Weeknight (12hr) 2,314 1,328 3,644 66 70
Weekend (60hr) 27,120 5,984 33,104 77 79

During the 1-59 project the RTMS G4 devices willdeployed again at the predetermined

locations to capture traffic data (vehicle voluraes the corresponding traveling speeds). This

data will be compared to the before constructidnesgathered prior to the start of the 1-59

project to determine road user costs (RUC). Fudletails will be provided for calculating RUC

in Chapter 4.

3.5 Summary of Methodology & Data Collection

For each bridge deck replacement method constractede 1-59 project, four areas required

data to be collected. Those four areas inclugdda(ie-span dimensions (length of lane-span,

areas of lane-span both existing and post-congn)ci2) cost, (3) schedule, (4) traffic data
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(volumes and speeds). Cost and schedule databeavefurther subdivided into TCBs,
demolition, and construction activity. Using thedige dimensions and the American
Association of State Highway and Transportationdidfs (AASHTO) publication “User

Benefit Analysis for Highways Manual” three constian performance factors will be created,
those three factors being, (1) unit cost, (2) pobidn rate, and (3) RUC. From the construction
performance factors, statistical analyses will bégrmed using nested analysis of variance
(ANOVA) statistical testing. All subsection rawtddables described and found in this chapter

should be compiled into one summary table as se@able 3-9 below for use in Chapter 4.
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Table 3-9. Northbound/Southbound Bridge Compreherige Raw Data Summary

NORTHBOUND
Construction
Lane Area (it) Cost ($) Schedule (hrs) T.D.
Deck Construction Casting Span  Span Veh
System Sequence Technique ID Length | Exist | Post TCB | Demo| Constf TCB| Demao Const Vol
" NBI1 56.83
e odermic Traditional CIP NBI2 £6.00
Accelerated CIP NBOL  56.83
NBO2 56.00
" NBI3 56.00
i Traditional CIP NBI4 56.83
Steel Gri Accelerated op _NBO3 5600
ccelerate NBO4  56.83
SOUTHBOUND
Construction
Lane Area (it) Cost ($) Schedule (hrs) T.D.
Deck Construction Casting Span  Span Veh
System Sequence Technique ID Length | Exist | Post TCB | Demo| Constf TCB| Demao Const Vol
Traditional PC SBIL 56.83
SBI2 56.00
NCHRP
Accelerated PC SBO1 56.83
SBO2 56.00
" SBI3 56.00
Cerm Traditional PC SBla 56.83
Exodermic Accelorated oc _SBO3  56.00
ccelerate SBO4  56.83
Note:

*Exist — Existing Construction Area

*TCB — Temporary Concrete Barrier

*Demo - Demolition

*Const — Construction

*T.D. Veh Vol — Traffic Data Vehicle Volume



Chapter Four

Data Analysis Techniques

4.1 Introduction

The purpose of this chapter is to develop techrsiqadoe applied to perform data analyses on
data collected during the construction of the kB@ges in Collinsville. The analysis of the data
collected will be used to determine the interachetween bridge deck replacement methods and
the construction performance factors being tesiesults will be compiled for the I-59 project
that summarizes all analyses performed. Fromdgelts it will be possible to infer which

bridge deck replacement methods would be mosteiablfuture bridge projects, based on
geographic, project specific and monetary condsaiithe results will be demonstrated and
interpreted in four main sections, (1) Gantt chg@¥ summary of construction performance
factors, (3) nested analysis of variance (ANOVAxsewith interaction tree diagrams, and (4) a
contractor exit survey. The following sectionslwiltline the steps and analyses required to

compile the results mentioned above.

4.2 Gantt Charts

Scheduling data will be used, from the I-59 prqjézicreate Gantt (bar) charts for each lane
(i.e., inside or outside lane) under constructidhe Gantt charts will show the construciton
process from beginning to end and they will be usetbmpare different construction sequence
lane closure strategies. The Gantt charts wilblgiaally depict the total lane closure period(s),

work performed during peak and non-peak hours,clkekiolumes, and the flow of the scheduled
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tasks. This will highlight the advantages and dsatages of traditional and accelerated

construction sequence scenarios.

Total lane closure duration will be the periodiofé that the lane being reconstructed is closed
from vehicular traffic until it is reopened. Irattitional construction sequencing, this time period
will be continuous from the deployment of temporeoycrete barriers (TCBs) to final TCB
removal. In contrast, accelerated constructiomergng lane closures will occur intermittently
as the lane opens and closes for each reconstmaattovity to be performed on individual lane-
spans. The total lane closure for the acceleraedtruction sequence will be the sum of the
closures and rearrangement of TCBs for all indigldane-spans to be reconstructed, plus the

initial and final closures associated with TCB agphent and removal.

Figure 4-1 illustrates a typical Gantt chart farast-in-place (CIP) traditional construction

sequence lane closure for the 1-59 project.

Day 1 ' Day 2 ! Day 3 ' Day 4 ' Day 5 |Lane Closure
Lane-Span Deck System | _ o o e e | ()
- o - —>= - >
* TCB Installation ﬂ I I I I 1
i i i i
1 Exodemic 5] i 7 T 6 ] i 18.5(0.5)
i i i i
2 Exodermic - i [ 7| | ; 17.5(0.5)
i | i |
3 Steel Grid _ ! [ [ 6 1 175 (0.5)
4  SteelGiid ! - ! &5 1 6 ]| 16509
| | T
* TCB Removal ! ! ! ! [ 1
| | | |
Vehicle Volume 6,069 i 6,069 | 6,069 i 6,068 i 1,770 26,046
Legend: TCB Demolition Construction Cure

Note:
* The work period for this example is a 12 hour kday
* Only work activity is shown, but each day repmesea 24 hour lane closure unless noted otherwise
* Number in parenthesis in the ‘Lane Closure’ cotuane shared TCB values
Figure 4-1. Typical Traditional Construction Sequace Gantt Chart.
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Figure 4-1 illustrates the activities TCB deployriesmoval, demolition, construction, and
concrete curing time. For CIP casting technighescuring time will be absorbed into the
construction aspect of the performance factorse Aimber values on the various bars indicate
hours spent on that particular work activity. Mmark schedule developed in this example was
for a typical, 12 hour work period during daytimenditions. However, it should be noted that
each day interval represents a 24 hour lane clggnied when employing traditional

construction sequencing.

The TCB deployment and TCB removal is a sharedevalivided equally among all lane spans
in the reconstruction lane. The shared time igcatdd in parenthesis next to the lane closure
times for each bridge deck replacement methodeddy below the TCB removal activity are
the reported average vehicle volumes for each erlod. In the above example the weekday
traffic volume of 6,069 vehicles from Table 3-8 wersed for each 24 hour period. In the
example, the final day (Day 5) consisted only ¢iotirs of work activity. A ratio of a 24 hour
vehicle volume was applied to a 7 hour work petindet a vehicle volume of 1,770. Work
activity is considered complete at the end of Day8 all TCB have been removed from the

bridge no longer affecting the motoring public.

Work could occur during weekdays, weekends, or wiggits. The decision as to which work
schedule will be used, will be decided by ALDOT dhe contractor at the time of actual
construction of the 1-59 project. Each work scenaiill have a different effect on the total lane
closure period. An example problem will be create@hapter 5 that assumes a traditional

construction sequence lane, with a weekday closuneé an accelerated construction sequence
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lane, with a weekend closure, to determine thecaitthe bridge deck replacement methods on

the construction performance factors of: unit cpetduction rate, and RUC.

4.3 Normalizing Collected Data

Before analysis, the raw data collected must benabzed into the construction performance
factors: unit cost, production rate, and RUC. thas particular project, normalizing is required
and is a process which accounts for the sligheckfices in areas so comparisons can be made
between the construction performance factors. @odtschedule data will be normalized by the
lane-span geometry to create unit costs and primatuctes. RUC will be estimated with the aid
of the RTMS G4 data collected and guidelines framAmerican Association of State Highway
and Transportation Officials (AASHTO)“User and Noiser Benefit Analysis For Highways”

manual.

Normalizing the collected data is performed for twasons: (1) it accounts for the difference in
inside and outside lane areas, and (2) it allowsésearch to be applicable to similar scale
bridge deck replacement projects for future congmaus. As discussed in Chapter 3, due to the
location of the construction joint, the inside andside lane areas are different. On both bridges
the inside lane is roughly 8 ft (2.4 m) smallentliae outside lane. If normalizing were not
performed it would not be possible to compare th&t and schedule data of each bridge deck

replacement method for each individual lane-span.

4.3.1 Unit Cost
The unit cost represents the cost in ($/ft 9t fiormalized by the dimensions of the bridge ,
required to produce a bridge deck replacement rdedthane lane-span of the I-59 bridges.

Unit cost has been independently calculated for ;Td&Bnolition, and construction activity.
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TCB unit cost is calculated as the total cost spantoncrete barriers for a lane-span divided by
the linear length of the lane-span. The TCB uodtds reported in dollars per foot ($/ft).

Equation 4-1 below shows the calculation for deteimg TCB unit cost.

$

TCB Unit COS(E) = TCB Cost ($)

Lane -Span Length (ft)

(4-1)

Demolition unit cost will be calculated as the tatast for demolition of an individual lane-span
divided by the area of existing deck of the lanarspnder consideration. The demolition unit
cost will be reported in dollars per square fooexisting deck ($/f). Equation 4-2 will be used

to calculate the demolition unit cost.

$ j_ Demolition Cost ($) 4-2)

Demolition Unit CosE— =

ft> ) Existing Lane-Span Area {ft
Construction unit cost will be calculated as thaltoost required to construct the lane-span
under consideration with the appropriate deck syst&€his cost will include all labor, materials,
and equipment that was required to construct aspae that was structurally capable of

carrying vehicles. The construction unit costnseeequation 4-3, will be reported in dollars per

square foot of post lane-span area f/ft

$ j_ Construction Cost ($) (4-3)

Construction Unit Co{t—2 =
ft? ) Post Lane-Span Area {ft

4.3.2 Production Rate
Production rate has been independently calculate@@B, demolition, and construction
activity. The production rate will indicate the anmt of the construction performance factor that

could be reproduced in a period of time.
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TCB production rate will be calculated as the Imleagth of a lane-span divided by the total
duration of time spent installing or removing TGB the lane-span in question. The production
rate for TCB will be reported in feet per hourl{f). Equation 4-4 is used to determine a bridge

deck replacement method’s TCB production rates.

- \
TCB Production Ra(eij: Lane - Span L.ength (ft (4-4)
hr TCB Duration (hr)

Demolition production rate will be determined byiding the existing lane-span area by the
total duration spent on the demolition process sihgle lane-span. Demolition production rate
will be reported in square feet per houf/tft). Equation 4-5 is used to calculate demolition

production rates.

(4-5)

ftZ] _ Existing Lane -Span Area {ft )

Demolition Production Rate— — _
hr Demolition Duration (hr)

Construction production rate will be calculateddmyiding the post construction area by the total
duration of the construction period for each lapars Construction production rate will be

calculated using equation 4-6 and reported in sgfesat per hour (fthr).

(4-6)

ftzj _ Post Lane-Span Area {ft

Construction Production Rate— | = : :
hr Construction Duration (hi

4.3.3 Road User Cost

The traffic data of volumes and speeds collectet the RTMS G4 will be used to determine a

RUC for each lane. RUC is a function of the dedagerienced per vehicle that travels through

the activity area of the 1-59 project. For thisthoelology only the delay aspect of RUC is being
considered. Alternative routes are not a parhefRUC for this research. It was assumed that

the construction activity would not divert vehickesm using the I-59 bridges. The ALDOT
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temporary traffic control plan has the potentiatteate delay to the motoring public traversing
the work zone. This delay typically comes in thari of one or both of the following, (1)
enforced lower work zone speed limits, and (2)irafongestion reducing vehicle flow due to
the closure of travel lanes. Since the I-59 ptagtocated on a very low-volume interstate
segment, the only delay expected to be experiewdedome from an enforced lower work zone
speed. In a high-volume road network, delay che@xpected from both lower work zone

speeds and vehicle congestion from lane closures.

RUC is divided into two parts: (1) value of timetb& occupants per vehicle and (2) the
operating and ownership cost per vehicle. To datex the value of time aspect the researcher
must gather average hourly wages by industry tgpéie geographic location in question.
Based on the transportation mode and trip purdusaverage hourly wage is adjusted by a
percentage factor. Next, the researcher mustrdaterthe average vehicle occupancy. This is
performed by visual inspection of the vehicles étang the project location. Average values for
the information stated above can be found in Chidptd the AASHTO manual. Itis
recommended that the AASHTO manual be consultedhwesgmating all value of time

information.

The value of time is determined by the producthefaverage hourly wage, percentage of hourly
wage, and average vehicle occupancy and is reporigallars per vehicle hour ($/veh-hr).

Equation 4-7 below can be used to calculate theevaf time per vehicle hour.

Value of Time per Hos{r j: Wage Percentage @eancy (4-7)

veh - hr
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To calculate the operating and ownership costdheviing information is required: finance rate,
other operating costs per mile (tires, maintenaete), vehicle service life (years), vehicle cost,
salvage value at end of service life, and insurgseeyear. Again, the AASHTO manual offers
guidance for estimating all the operating and owhigr cost stated. With this information the
amortized vehicle cost per hour and the insuranseer hour can be calculated. The
amortized vehicle cost per vehicle hour ($/vehenrthe depreciation value is determined by

applying equation 4-8. The value 8,760 is a caosiearfactor used to convert years to hours.

Amortized Cost per Vehicle HoEr $ j=[(i (P(lf Iy -F)} 18,7 (4-8)
veh - hr @ iy -1

Where:
I = Finance rate
P =Vehicle Cost ($)
F = Salvage Value ($)
n = vehicle life in years

The insurance cost per hour is calculated by sirdpligling the insurance cost per vehicle hour
by the number of hours in a year. Equation 418sid to determine insurance cost per vehicle

hour ($/veh-hr).

Insurance Cost per Vehicle Hour 3 j
r

veh-h

_insurance cost per ye
8,760

(4-9)

Equation 4-10 is used to calculate the total cestehicle hour ($/veh-hr) which is the addition
of the value of time, amortized value, and the iasae cost per vehicle hour. This value will be

multiplied by the travel time before and duringdasiosures to determine a final RUC.

Total Cost per Vehicle Ho@%) = Value of Tim@mortized+ Insuranc (4-10)
veh - hr
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The travel time for the before lane closure is @iaied by dividing the segment length, in feet,
by the average travel speed before closure, insmige hour, of the vehicle classification in
guestion. Likewise, the travel time per vehicleing lane closures is calculated by dividing the
segment length, in feet, by the average traveldsdaeng closer, in miles per hour, of the
vehicle classification in question. It is expectiedt the before lane closure average travel speed
is greater than the during lane closure travel gpddis will be a result of the regulatory
reduced work zone speed limit. Therefore it iseeted that the travel time before the lane
closure will be less than the travel time during ldne closure. Given the low-volume of the I-
59 location, possible delay from queuing will netdonsidered in this research. Equation 4-11
shows how to calculate the travel time associat#a both before and during lane closures. The
value 5,280 is a conversion factor used to corfeettto miles, while 3,600 is a conversion

factor used to convert hours to seconds. Thelttawe is reported in seconds.

Travel Time (Sec;:(SegmeSntZIE;e;gth (ﬂj)x[ Spe:éIG(On?pJ‘ (4-11)

Once travel time has been determined for both kedad during lane closures, the cost per
vehicle can be calculated. This is accomplishethbitiplying the total cost per vehicle hour,
determined with equation 4-10, by the before anthduravel time values calculated in
Equation 4-11. Equation 4-12 is used to calcutatt per vehicle for both before and during

lane closure.

Cost per Vehicl{ $ j: Total Cost per veh-fy x Dele (4-12)
veh 3,600

The realized cost per vehicle is calculated byrsuiing the cost per vehicle before the lane
closure from the cost per vehicle during the ldosure. The realized cost represents the
monetary value, had there been no delay from régwylaeduced work zone speed limits, the
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motorist incurs as a result of the work zone coodg. Equation 4-13 is used to determine the

realized cost per vehicle.

Realized Cost per Vehi Ie$;hj = Cost After LaBsure- Cost Before Lane Closi (4-13)
ve

To calculate RUC for each lane and vehicle classtiion, the volume of vehicles that traversed
the lane during the construction effort is muloliby the realized cost per vehicle and the
percentage of vehicle classification.

Lane RUC ($)= Realized Cost Volume Classréentag (4-14)
The volumes and speeds of the vehicles before mtisin have already been collected. During
the actual I-59 project the RTMS G4 devices willused to determine the volumes and speeds
of vehicles during construction. The RUC will leported for each lane as a dollar amount ($).
Because each lane-span contributes to the totggbrdosure, the total RUC will be shared as a
percentage of the total closure for each lane-spane-span closure will be calculated as lane-
span duration divided by total lane-span closuréipiied by lane RUC from equation 4-14.

See equation 4-15 for lane-span RUC.

x  Lane RUC (4-15)

Lane -Span RUC (@[ ;

Lane-Span Duration (hr)
Total Lane-Span Duration (h

A RUC template has been created to aid the resefairclorganizing and calculating a RUC for
each lane. The template follows the steps detailedjuations 4-7 through 4-14. A blank
template is located in Appendix A. In the RUC tdatg, vehicles have been divided into two
classifications, passenger vehicles and truckssdtayer vehicles represent any vehicle shorter

than 46.9 ft (14.2m) in length, while trucks are aehicle greater than 46.9 ft (14.2m) in length.
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Once the unit cost, production rate, and RUC haenlzreated, a summary table of the
construction performance factors will be compil€dble 4-1 demonstrates how a summary table

of the construction performance factors shouldrgamized.
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Table 4-1. Northbound/Southbound Bridge Constructon Performance Factors

NORTHBOUND
Construction
Lane Area (ft?) Unit Cost Production Rate RUC
Deck Construction Casting Span Span TCB | Demo | Const | TCB | Demo | Const
System Sequence  Technique ID Length | Exist | Post | ($/ft) | ($/ftD) | ($/tD) | (ftthr) | (ft%hr) | (ft%hr) [ ($)
i NBI1 56.83
Traditional CIP
Exodermic NBI2 56.00
Accelerated CIP NBO1 56.83
NBO2 56.00
Traditional CIP NBI3 56.00
Steel Grid NBl4 56.83
Accelerated CIP NBO3 56.00
NBO4 56.83
SOUTHBOUND
Construction
Lane Area (ft?) Unit Cost Production Rate RUC
Deck Construction Casting Span Span TCB | Demo | Const | TCB | Demo | Const
System Sequence _ Technique ID Length | Exist | Post | ($/ft) | ($/ft) | ($/ft) | (fuhr) | @t%hr) | (@t%hn) | ()
Traditional PC SBI1 56.83
NCHRP SBI2 56.00
Accelerated PC SBO1  56.83
SBO2 56.00
it SBI3 56.00
Traditional PC
Exodermic SBl4 56.83
Accelerated PC SBO3 56.00
SBO4 56.83
Note:

*Exist — Existing Construction Area
*TCB — Temporary Concrete Barrier
*Demo - Demolition

*Const — Construction

*RUC — Road User Cost



4.4 Nested ANOVA Statistical Procedure

The construction performance factors will be preeeswith a nested ANOVA statistical test.
The ANOVA test will report validity of the model drstatistical significance of the bridge deck
replacement method on the construction performéaxter being tested. From the ANOVA
test, interaction tree diagrams will be createte hteraction tree diagrams will graphically
explain the model being tested and show the ndstation of the construction performance

factors in relation to the bridge deck replacenmeathods.

The I-59 project is a mutltifactor project with thedge deck replacement methods being mixed
with both shared and independent structure depgradirthe method under consideration. Three
bridge deck replacement methods will be testedtla@afore a three stage nested ANOVA
design will be developed and modeled accordingliye nesting was based on the uniqueness or
shared attribute of the method under consideratdathods that were cleary independent were
nested closer to a top level while methods thaeviard to independantly define were nested
deeper in the model. Casting technique was chaséie first nested level because it is clearly
unique to the northbound and southbound bridgesisttuction sequence was nested at the
second level of the model. Unlike the casting téghe the construction sequences, traditional
and accelerated construction sequence, are propasiedth the northbound and southbound
bridges. However, there did exist a shared aspdhe fact that each bridge’s inside lane would
be constructed with a traditional construction ssope while the outside lane would be
constructed with an accelerated construction semueRinally, deck system was nested at the
third level because it had the least shared amaagst individual method for each bridge. The

Exodermic deck system was shared for both the houihd and southbound bridge while each
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bridge also received an additional deck systemwtlagtindependent of the other bridge. Those
deck systems being the steel grid on the northbouikde and the NCHRP on the southbound

bridge. The model for the three-stage nested desigs follows in equation 4-15.

i=12,...,n

T j=1,2,...,n
y(jkl) = p + o+ By + Vey T Gijo k=12 .1 (4-15)

1=1,2,...,n

The termy(ijkl)) is the dependent factor of: unit cost, productete, or RUC. The is the

mean of the 16 values of the performance factguiestion and theg;y) is the usual nested

identically distributed (NIDY0, o2) error term. For this modet; is the effect of the'i casting
techniquefjgis the effect of the"} construction sequence within tHedasting techniquey is
the effect of the R deck system within thd'jconstruction sequence arftidasting technique.

An assumption of the nested ANOVA test is thatrdrelom effects model of the, i), and

Yki) terms arex; ~ Normal (0, 67), Bi~ Normal (0, 654), Yicij~ Normal (0, 65)

respectively. That is to say that as the analysiges through the nested levels each set of
factors at the level is question is treated as atyndlistributed. The results of the factors are
dependent on the stages in which it is nestethelrrangement of the levels were changed (i.e.
if construction sequence was moved to the firgtlleit could be expected that the ANOVA test
would report different results. To understandribsted nature of the ANOVA Figure 4-2 has
been created and shows the typical nested ANOV&auwtion tree diagram of the design model

being used.
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Performance Factor (y) Dependen

Casting Techniquexj Casen- Precast
COnStrUCtion Sequeno;é)( Traditional Accelerate Traditional Accelerate
Deck SySten’ryo Exodermic Steel Grid Exodermic Steel Grid Exodermic NCHRP Exodermic NCHRP

Figure 4-2. Nested ANOVA Interaction Tree Diagram.

The nested ANOVA test will be performed a totake¥en times for the seven unique
construction performance factors, from Table 4etoss the different nested levels. Those
seven construction performance factors being: (B Tnit cost, (2) demolition unit cost, (3)
construction unit cost, (4) TCB production rate, ddmolition production rate, (6) construction

production rate, and (7) RUC.

The null hypothesis (§) will test that the mean value of the construcpenformance factor in
guestion, regardless of path selected to the destkr® level, are equal. This is to say that the
bridge deck replacement methods have no statistigaificant difference on the mean value of
the factor being tested. The alternative hypoth@sj) will test that the path selected does result
in a statistical significant difference in the meahue of the construction performance factor in
guestion. Table 4-2 summarizes the constructiofopeance factors and the null and

alternative hypotheses that will be tested in theted ANOVA.
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Table 4-2. Nested ANOVA Null and Alternative Hypohesis Test for Construction
Performance Factors

Construction Performance Factor Null Hypothesis (H) Alternative Hypothesis (H,)
1. TCB Unit Cost Uy = = Ug not all y; are equal
2. Demolition Unit Cost Uy = = Ug not all y; are equal
3. Construction Unit Cost U = = Ug not all y; are equal
4. TCB Production Rate U = = Ug not all y; are equal
5. Demolition Production Rate Uy = = Ug not all y; are equal
6. Construction Production Rate Uy = = Ug not all y; are equal
7. RUC U = = Ug not all y; are equal

For each test performed, an ANOVA statistical tasld an interaction tree diagram will be
produced. The ANOVA statistical table will reptinte p-value for each bridge replacement

method and the Rvalue for the model being tested.

The p-value will identify the effect that a briddeck replacement method has on the overall
construction performance factor being tested. Bseaf the limited data points for this
experiment, a p-value of 0.05 or smaller will beritfied as having a statistically significant
difference on the mean value of the performanctfaclhat is to say that if this project was
reproduced with the same bridge deck replacemetitads on a similar scale project, 95 % of
the future construction performance factors wowdnwithin = 1.96 standard deviations of the
mean of the construction performance factors traevanalyzed in this research. THevRlue
reports the goodness-of-fit of the model. A goadref-fit statistic is a quantity that measures
how well a model explains a given set of data. dteeptable tolerance of the goodness-of-fit
for this research is set at a value of 0.60, waesemodel that results in arf Ralue below 0.60
will be classified as an inaccurate model and mebeas can not accurately draw any

conclusions from the accompanied p-values. TheaRie of 0.60 is generally accepted in
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statistics as a threshold for goodness-of-fit aad seen in the literature review as used by

researchers performing comparison analysis, spattifiChan and Kumaraswamy.

Interaction tree diagrams will be created to givefarence for the magnitude of cost in the
ANOVA test. Under each node on the interactior ttagram the mean and standard deviation
will be presented. On the far right of the intéi@t tree diagram the p-value, determined in the
ANOVA test, will be reported. ANOVA statisticallibe and interaction tree diagram will be

described in more detail in the hypothetical exangbblem produced in the following chapter.

4.5 Contractor Exit Survey

Upon completion of the 1-59 project a survey wil &dministered to the contractor. The survey
will ask specific questions about the construceéfort of bridge deck replacement methods that
were implemented on the project. The purpose®stirvey is to gather vital information about
each bridge deck replacement method that may ndireetly represented in the raw or
normalized data. Such information could includeantrollable weather conditions that cause
excessive delays to a particular lane-span. |h autase, it may be necessary to exclude that
particular lane-span from further analyses and treadata as an outlier. Other important
information will include the overall impression ththe contractor had of each bridge deck
replacement method (i.e., was there a particuldhogethe contractor had difficulty working
with). Finally, the exit survey can be used toges) future research topics in the field of bridge
deck replacement methods and construction perfarentactors interactions. For the full exit

survey see Appendix B.
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4.6 Summary of Data Analysis Techniques

To determine the interaction between bridge deplacement methods and construction
performance factors on the I-59 project, stepaf@lysis have been outlined. From the
analyses, results for the bridge deck replacemetiiaas can be compiled. The results will be
divided into four main categories (1) Gantt chaf@3,summary of construction performance
factors, (3) nested ANOVA tests with interactioeetidiagrams, and (4) the feedback from a
contractor exit survey. From the results it wal thetermined if all or any of the bridge deck
replacement methods have a statistical significapact of the mean value of the construction

performance factors being tested.

Gantt charts will be constructed using schedulimg)zehicle volumes collected. No
normalizing or transformation of the data will le®uired at that time. The Gantt charts give a

graphical representation of the work activities aetp explain the logical order of construction.

To develop construction performance factors, thedata that are to be collected must be
normalized before actual analyses can be apphedmalizing will be accomplished on cost and
schedule by using the bridge dimensions. Fromviiisvill be able to create a unit cost and a
production rate for each of the three subpartsB,Td&molition, and construction. To create the
RUC, volumes and speeds must be collected bothdafal after lane closures. This will be
accomplished with the RTMS G4 devices. The preslipmentioned AASHTO manual will be
referenced with the volume and speed values cellletd determine a final RUC per lane. The
RUC per lane-span will be calculated as a raticooitribution of a lane-span to the total lane

closure.
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Nested ANOVA tests can be performed after the rata ias been normalized into the
construction performance factors of unit cost, paibn rate, and RUC. ANOVA tests will be
performed seven times, once for each individuaktroction performance factor. From the
analyses, p-values and falues will be reported in conjuction with an irtetion tree diagram

for each test. The p-value will be used to repdréther a bridge deck replacement method has a
statistical significant impact on the overall constion performance factor in question. The R
value will report the goodness-of-fit of the nesfddOVA model. For this research, a p-value

of 0.05 or lower will be considered as statistigaignificant. An B value of 0.60 or greater

will be seen as a model that fits well enough ® the corresponding p-value to conclude

statistical significance.

At the completion of the 1-59 project a contraatait survey will be administered. The survey is
a subjective analysis by the contractor, intendegbther important feedback that may not be

reflected in the collected data.

This research was originally intended to be conetiiat conjunction with the actual 1-59 project.
However, due to setbacks beyond the control ofrésearch team, actual construction was not
able to be accomplished. To outline in greateaitifte methodology detailed in this research an
example problem will be produced in the followirtapter. The example problem will guide

the reader through all the methodologies, datactiin, analyses, and results outlined in the

previous chapters.
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Chapter Five

Application of Methodology

5.1 Introduction

A hypothetical example scenario has been creatddrtmnstrate the applicability of the
methodology and statistical analysis outlined irmgters 3 and 4 of this report. The following
example will be applied to the proposed I-59 projesing hypothetical construction schedules,
durations, and construction costs, as a resulefttual 1-59 project being delayed. The
purpose of the example is to demonstrate the agipit of the analytical procedures developed
which are used to determine the effect, usingsiiedil testing, that the bridge deck replacement
methods have on the three selected constructidarpeance factors: (1) unit cost, (2)
production rate, and (3) road user cost (RUC). dlements of each bridge deck replacement
method that are being used in the analyses inctyge:of deck system, construction sequence,
and casting technique. The bridge dimensions amel-§pan identification numbers used
throughout the example are identical to the adt%8l project to be constructed in the future.
Figure 5-1 shows the details of the northbound (&) southbound (SB) bridges used in this
example. The deck system, construction sequeasting technique, direction of vehicle travel,
and lane-span identification numbers have beerddlder each bridge and are shown on Figure

5-1.
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Southbound Bridge (precast) /N/

Exodermic |
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Outside Lane SBI3 SBU
1 A
. . ! ! I
Northbound Bridge (cast-in-place) 1 I I
1 ! |

% Steel Grid

Inside Lane
—

Outside Lane |
—

Legend

Accelerated Construction Sequencing —— Direction of Vehicle Travel

|:| Traditional Construction Sequencing

Figure 5-1. Plan View of the I-59 Project Dividednto Lanes and Lane-Spans.

For traditional construction sequence lane recanstn, all durations values are based on an
assumed 12 hour, daytime work period. For acdeléreonstruction sequence lane
reconstruction, a work closure period of Fridayhigt 6pm to Monday morning at 6am was
assumed. The weekend vehicle volumes are basedypfcal 60 hour weekend work period
and will be adjusted accordingly. Table 5-1 shewisimes and speeds of both passenger

vehicles and trucks that were collected using thMRB G4 devices.
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Table 5-1. Northbound/Southbound Traffic Data by Work Closure Period

Vehicle Volume

Speed (mph)

Passenger Passenger
Time of Day Vehicle Truck Total Vehicle Truck
Weekday (24hr) 7,974 4,164 12,138 75 77
Weeknight (12hr) 2,314 1,328 3,644 66 70
Weekend (60hr) 27,120 5,984 33,104 77 79

Figure 5-2 is the project flow chart that will b@léwed throughout the example problem. Since
this is a hypothetical example problem, the fitepswill be to develop raw, hypothetical cost,
schedule, and traffic data. After the establishneéthe hypothetical raw data, the data analysis
procedures outlined in the thesis will be followieddata collection, data normalization,
statistical analyses, and reporting of resultse fidport containing the results of the analysek wil
state the effect that each bridge deck replacemetitod has on the construction performance

factors. The following is a detailed example pewsblshowcasing the applicability of the

methodology described above.
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Bridge Deck Replacement Methods
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! Nested ANOVA J !
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Bridge Deck Replacement Methods Results

Note:

*WD - Weekday Lane Closure Scenario
*WN - Weeknight Lane Closure Scenario
*WE — Weekend Lane Closure Scenario

Figure 5-2. Project Flow Chart For Evaluating Bridge Deck Replacement Methods.

86



5.2 Raw Data Development

To perform an example problem, hypothetical ravadetd to be developed for cost, schedule,
and traffic data. Actual bridge dimensions frora t569 project have been used in the following
example. Any other similarities that exist betw#@s example data and actual data collected in
the future at the time of the I-59 project are puoeincidental. All assumptions for cost,
schedule, and traffic data will be describe infilowing sections. Average bid prices for TCB,
demolition, and construction activities on bridgejpcts were researched to determine the

project cost data to use for the example.

5.2.1 Bridge Dimensions

As previously stated the bridge dimensions forlth®@ project were determined from the
ALDOT plan set for Project No. BR-1059 (I-59 Cob8inlle). These dimensions were used to
calculate individual lane-span dimensions (i.egtenwidth, and area). A summary of the lane-

span dimensions by lane span ID can be seen ire Babl
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Table 5-2. Lane-Span Dimensions for Northbound/Sdabbound Bridge

Existing Post Construction
Lane Span
ID Length (ft) Width (ft) Area(ft ?) Width(ft) Area(ft 2

NBI1 56.83 12.58 714.9 19.38 1101.4
NBI2 56.00 12.58 704.5 19.38 1085.3
NBI3 56.00 12.58 704.5 19.38 1085.3
NBI4 56.83 12.58 714.9 19.38 1101.4
NBO1 56.83 20.58 1169.6 27.38 1556.0
NBO2 56.00 20.58 1152.5 27.38 1533.4
NBO3 56.00 20.58 1152.5 27.38 1533.4
NBO4 56.83 20.58 1169.6 27.38 1556.0
SBI1 56.83 12.58 714.9 19.38 1101.4
SBI2 56.00 12.58 704.5 19.38 1085.3
SBI3 56.00 12.58 704.5 19.38 1085.3
SBl4 56.83 12.58 714.9 19.38 1101.4
SBO1 56.83 20.58 1169.6 27.38 1556.0
SBO2 56.00 20.58 1152.5 27.38 1533.4
SBO3 56.00 20.58 1152.5 27.38 1533.4
SBO4 56.83 20.58 1169.6 27.38 1556.0
Note:

NBI(#) - Northbound inside (lane-span number)
NBO(#) - Northbound outside (lane-span number)
SBI(#) - Southbound inside (lane-span number)
SBO(#) - Southbound outside (lane-span number)

5.2.2 Cost Estimating

Cost estimating was performed for TCB, demolitiangl construction. Bid prices and average
values were used as a reference point for hypctileatost values. Actual cost data collected on
the I-59 project once constructed, most likely waky from estimated bid pricing submitted by
the contractor during project letting. All costwes reported herein, unless otherwise noted,
include all material, labor, and equipment requikegderform the activity under consideration.
The cost values are not intended to predict thesh¢t59 project costs, but rather give guidance

as to how to process the actual values collectedgithe 1-59 project for analysis.
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For demolition and construction activities, the ogpt of a learning curve will be applied where
appropriate for each bridge lane. “Many repetitteastruction field operations exhibit a
learning curve, over which the time or cost pereylecreases as the cycle number
increases”(Everett and Farghal 1994). As constm@ontinues the estimated cost of

subsequent lane-spans are expected to lower dareunderstood learning curve concept.

5.2.2.1 Temporary Concrete Barrier: Cost Estimating

To estimate temporary concrete barrier (TCB) dbst,overall bridge length was first calculated
to be 225.6 ft (67.7 m). The price of a new teot fmoncrete barrier was researched and
determined to be $350 by the concrete barrier veD@XC. To estimate the number of barriers
required per row the bridge length was dividedhsyten foot concrete barrier. It was
determined that a single row of TCB required 23ccete barriers. By multipling the number of

barriers by the cost per barrier, the cost per@gdbWCB was determined to be $8,050/row.

In traditional construction sequencing only one @ CB is required to create a work space
and a traffic space for each bridge. The cosirfstalling and removing the total TCB row was
estimated as $8,050. Each lane-span that israddional construction sequence lane shares an
eqgual portion of the $8,050. The actual cost &mhelane-span being construction under

traditional construction sequence is reported a81&2

In an accelerated construction sequence lane #nereree rows of TCB required to separate the
bridge into a work space and traffic space. Mujtthe TCB cost per row of $8,050/row by the
three rows of TCB equals a value of $24,150. Vhise is shared by each lane-span in the

construction sequence lane. The actual cost reghdot each lane-span in an accelerated
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construction sequence lane is $6,038. Table SG¥8rarizes the TCB cost estimation for the
example problem.

Table 5-3. TCB Cost Estimating Summary

Construction Sequence Lane TCB Cost Lane-Span TCBdSt
Traditional
(1 Row of TCB) $8,050 $2,013
Accelerated
(3 Rows of TCB)

$24,150 $6,038

5.2.2.2 Demolition: Cost Estimating
From the report ‘Life-Cycle Cost Survey of ConcrBradge Decks’, “the average cost of
removal and disposal of concrete decks is $9.1%qeaire foot” (Anido 2001). This value was

used as a reference for estimating each lane-sgamslition cost.

The assumed demolition cost is $9.79($100.08/r) multiplied by the area of the lane span.
An assumed learning curve will be applied for auabn in cost of the subsequent lane-span.
The second and third lane-spans’ constructionredeive a 5% cost reduction, while the fourth

construction lane span will receive a 10% reduction

In accelerated construction sequence lanes, atieduc cost will also be applied to each
subsequent lane-span. However, it has been asdhatezh a weekend closure only two lane-
spans will be demolished in one weekend. Thergforly the second constructed lane-span on
each weekend will receive a 5% cost reduction fthenlearning curve.

Table 5-4 summarizes the demolition cost valueglkd@ed for each lane-span by applying the
average cost per square foot of $9.£@$100.08/m) and the appropriate learning curve percent

cost reduction.
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Table 5-4. Demolition Cost Development Based on &iamed Learning Curve Cost Reduction

NORTHBOUND
Span Existing
Construction Casting Lane Span Length [Construction Learning Curve
Deck System Sequence  Technique ID (ft) Area (ft?) Estimated ($/ff) Reduction Demolition Cost ($)

Traditional clp NBI1 56.83 714.9 9.19 0% 6,570

Exodermic NBI2 56.00 704.5 9.19 5% 6,151
Accelerated cIp NBO1 56.83 1169.6 9.19 5% 10,211

NBO2 56.00 1152.5 9.19 0% 10,591

Traditional clp NBI3 56.00 704.5 9.19 5% 6,151

Steel Grid NBI4 56.83 714.9 9.19 10% 5,913
Accelerated cIp NBO3 56.00 1152.5 9.19 5% 10,062

NBO4 56.83 1169.6 9.19 0% 10,749

SOUTHBOUND
Span Existing
Construction Casting Lane Span Length [Construction Learning Curve
Deck System Sequence  Technique ID (ft) Area (ft?) Estimated ($/ff) Reduction Demolition Cost ($)

Traditional PC SBIl 56.83 714.9 9.19 10% 5,913

NCHRP SBI2 56.00 704.5 9.19 5% 6,151
Accelerated PC SBO1 56.83 1169.6 9.19 0% 10,749
SBO2 56.00 1152.5 9.19 5% 10,062

Traditional PC SBI3 56.00 704.5 9.19 5% 6,151

Exodermic SBl4 56.83 714.9 9.19 0% 6,570
Accelerated PC SBO3 56.00 1152.5 9.19 0% 10,591
SBO4 56.83 1169.6 9.19 5% 10,211




5.2.2.3 Construction: Cost Estimating

Construction cost for concrete deck systems weseareh and “the average concrete deck cost
was reported by twelve Department of Transport&i@DOT’'s) was $29.50 per square foot.

The minimum cost reported was $20.00 per squareaios the maximum was $55.00 per square
foot” (Anido 2001). When comparing the price osta-place (CIP) to precast (PC) deck
panels, it was found that PC panels can have #aliprice 75% higher than CIP panel (Menard

2010). This information was used to estimate goetibn cost for the example problem.

Because no actual bid prices have been given tir deck system the following unit cost were
assumed from the literature. Exodermic CIP deokevestimated at the average cost of $29.50
per square foot. Steel grid was assumed at themam cost of $20.00 per square foot. NCHRP
was priced at the maximum cost of $55.00 per sdfieate The Exodermic PC deck was
estimated at a price of 75% higher than the Exoae@tP deck with a value of $52.00 per
square foot. This data is hypothetical and onlgnded to outline how real 1-59 data should be
collected and processed. Table 5-5 summarizessthiemed unit cost of each deck system.

Table 5-5. Assumed Deck System Construction Unitdst

Deck System Casting Technique Construction Unit Cog$/ft?)
Exodermic CIP 29.50
Steel Grid CIP 20.00
NCHRP PC 55.00
Exodermic PC 52.50

Following unit cost estimation, the learning cuprenciple was again applied to develop
construction cost for each lane-span. The learoumge reductions for each lane-span are the
same for the construction cost as they were fod#molition cost. Table 5-6 summarizes the

construction cost developed, based on the assuniedost and learning curve reduction.
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Table 5-6. Construction Cost Development Based gkssumed Learning Curve Cost Reduction

NORTHBOUND
Span Post
Construction Casting Lane Span Length [Construction Learning Curve
Deck System Sequence  Technique ID (ft) Area (ft?) Estimated ($/ff) Reduction Construction Cost ($)
Traditional cIp NBI1 56.83 1101.4 29.50 0% 32,491
Exodermic NBI2 56.00 1085.3 29.50 5% 30,416
Accelerated cIp NBO1 56.83 1556.0 29.50 5% 43,607
NBO2 56.00 1533.4 29.50 0% 45,232
Traditional cIP NBI3 56.00 1085.3 20.00 5% 20,621
Steel Grid NBI4 56.83 1101.4 20.00 10% 19,825
Accelerated cIp NBO3 56.00 1533.4 20.00 5% 29,133
NBO4 56.83 1556.0 20.00 0% 31,120
SOUTHBOUND
Span Post
Construction Casting Lane Span Length [Construction Learning Curve
Deck System Sequence  Technique ID (ft) Area (ft?) Estimated ($/ff) Reduction Construction Cost ($)

Traditional PC SBIl 56.83 1101.4 55.00 10% 54,519
NCHRP SBI2 56.00 1085.3 55.00 5% 56,707
Accelerated pC SBO1 56.83 1556.0 55.00 0% 85,580
SBO2 56.00 1533.4 55.00 5% 80,115
Traditional PC SBI3 56.00 1085.3 52.50 5% 54,129
Exodermic SBl4 56.83 1101.4 52.50 0% 57,824
Accelerated PC SBO3 56.00 1533.4 52.50 0% 80,498
SBO4 56.83 1556.0 52.50 5% 77,606




Figure 5-3 summarizes the learning curve redugiencent for each lane-span for demolition

and construction activity.
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Figure 5-3. Summary of Learning Curve Cost Reductn for Each Lane Span.

5.2.3 Schedule Estimating

Reasonable average activity durations for instalbtearrangement/removal of TCB,

demolition, and construction were assumed for daiclye, lane-span, and deck system. Lane
span-dimensions from Table 5-2 were used as timaastg tool for calculating total time

required for completing a particular activity.
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5.2.3.1 Temporary Concrete Barrier: Schedule Estimating

TCB schedules were estimated for the time requoedstall, rearrange, and remove one row of
TCBs. It was estimated that each activity: instadh, rearrangement, and removal, would
require 1 hour. In traditional construction seqteg only one row of TCB is required. For
installation and removal it is estimated to taket2l hours (e.g., 1 hour installation, 1 hour
removal). This time will be shared by all four éaspans equally and the reported TCB lane-

span time will equal 0.5 hours.

During weekend accelerated construction sequertbneg rows of TCB will be required, as well
as rearrangements for individual lane-spans. Tdwkend closure scenario assumes that there is
only one rearrangement for each lane-span consttuctherefore, 4 total hours of
rearrangement for the entire lane will be requiréte total estimated TCB schedule for
accelerated weekend scenarios is 10 hours (6 farsstallation/removal and 4 hours for
rearrangement). The lane-span TCB duration repovik be ¥ the total lane TCB duration (i.e.
10 divided by 4 equals 2.5 hours per lane-span).

Table 5-7. TCB Schedule Estimating Summary

Construction Sequence Lane TCB hours Lane-Span TCBours
Traditional
(1 Row of TCB) 2 0.5
Accelerated
(3 Rows of TCB)

10 2.5

5.2.3.2 Demolition: Schedule Estimating
The outside lane, using accelerated constructiqueseing, of both the NB and SB bridges has
larger areas than the inside lane areas, usingitrzal construction sequencing. The initial

demolition time required for an inside lane-spam@gi$raditional construction sequencing was

95



assumed to be 5 hours. This time included allragitiack hammering, and debris removal to
prepare the lane-span for reconstruction. A legrourve of 0.5 hours was applied for the
following two lane-spans for durations of 4.5 houfde learning curve assumes that as the
contractor repeats an operation he or she will imecmore efficient at that operation which
results in requiring less time to complete the santwity. For the fourth lane-span an
additional learning curve of 0.5 hours was applggding the fourth inside lane-span a

demolition duration of 4 hours.

A learning curve was also applied to the outsidesausing weekend accelerated construction
sequencing. During the weekend scenario it wasattd that only two lane-spans could be
demolished over this period. For this reason,taddil reduction in time from the learning
curve will not be applied to the third and fourdimé-span. Each weekend will start the learning
curve process over. The durations required fofitekand second lane-spans, of weekend
accelerated construction sequence lanes, are 8.armburs respectively. The durations for the
third and fourth lane-spans, which will occur or #econd weekend, are also 9 and 8.5 hours

respectively.

5.2.3.3 Construction: Schedule Estimating

Construction schedule estimating was accomplislyezhlzulating the time needed for each deck
system. Cast-In-Place (CIP) deck systems will ireqadditional curing time after pouring
concrete, while precast (PC) systems will not. pber or placement time for each deck system
was estimated in hours for both the traditional aocklerated construction sequence lanes. A

ratio of the outside lane-span areas to the inaigie-span areas was used to estimate all pour or
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place times. The curing time regardless of deckesy and lane-span was estimated at 6 hours.
Table 5-8 shows all estimated construction times.

Table 5-8. Estimated Deck System Construction Sctieles

Pour or Place Time (hrs)

Casting Cure Time (hrs)
Deck System Technique Traditional Accelerated
Exodermic CIP 7.5 10.5 6
Steel Grid CIP 7 10 6
NCHRF PC 6 9
Exodermic PC 7 10

Figure 5-4 displays all schedule estimates caledlat this section by lane-span in a bridge plan
view format. On the NB bridge the value of constian has two numbers. The first number

indicates the pour time while the second numberessmts the curing time. The SB bridge is all
PC and therefore does not have a curing time fpioéthe lane-spans. The arrows on the lane-

spans identify the direction that work will progses
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Southbound Bridge (precast) /N/

NCHRP Exodermic
> 7
PR « N AN N ~ A ~ N~
Demolition L . - - Ve 85 /- L N 9 N . . 85 N N
. . rg» R s . Ak»\ o NS
Construction P R Ea - 85 I ? 10 N N L N 9B N
¥ s . s S d N N ’AV'SAF SRS AT .
Demolition - 4.5 . 4.5 ‘.' 5
Construction I 6 6.5 7
] _ { - . _ |

Demolition

Construction

Demolition

Construction

Legend

Accelerated Construction Sequencing = Direction of Deck Reconstruction

D Traditional Construction Sequencing

Note: construction times reported for CIP methad®imatted as: (pour time/cure time)

Figure 5-4. Summary of Learning Curve Time Reducbn for Each Lane-Span.

5.2.3.4 Traffic Data: Value Estimating

Before construction, traffic data volumes and speeitl be used in the example problem. The
vehicle classification has been divided into pagsenehicles and trucks. Passenger vehicles
represent a vehicle below 46.9 ft (14.2 m) in langhile trucks represent a vehicle above 46.9
ft. (14.2 m) in length. These lengths were clasdifrom the American Association of State
Highway and Tranportation Officials (AASHTO) “Geotrie Design of Highways and Streets”

manual.

98



During construction it is assumed that there wallno reduction in flow due to the low volumes
experience on the I-59 roadway. However, an epfbmwork zone speed of 45 mph will be used
to determine additional RUC. Volumes and speedswiil be used for traditional construction
sequence lanes, that will have weekday closuresaacelerated construction sequence lanes,
that will have weekend closures, can be seen ofeaB. The weekday value is estimated from
a 24 hour period, while the weekend value is based 60 hour period.

Table 5-9. Northbound and Southbound Traffic Databy Work Closure Period

Vehicle Volume Speed (mph)
Passenge Truck Total Passenger Truck
Vehicle Vehicle
Before Construction
Weekday 3,987 2,082 6,069 75 77
Weekend 13,560 2,992 16,552 77 79
During Construction
Weekday 3,987 2,082 6,069 45 45
Weekend 13,560 2,992 16,552 45 45

5.3 Data Collection Summary

The values estimated in the previous section ferettample will be consolidated, summarized,
and shown in Table 5-10. On the actual I-59 ptdjeese values will represent actual values
collected over the course of the bridge reconstroctffort and no schedule or cost estimating
will be required. Table 5-10 shows the bridge disiens, cost, schedule, and traffic data for the
example. The duration information will be usediévelop hypothetical Gantt charts to be used
throughout the example. The construction perfolcadactors to be evaluated will also be

developed from the data seen on Table 5-10.
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Table 5-10. Northbound/Southbound Bridge Summary Bw Data Table

NORTHBOUND

Construction Area Traffic

Span (ft? Cost ($) Schedule (hrs) Data
Construction  Casting Lane Span Length Vehicle
Deck System Sequence Technigue ID (ft) Exist Post TCB | Demo| Const] TCB| Demo Cons{ Volume
Traditional clp NBI1 56.83 714.9 1101.fl 2,013 6,570 32,491 050 05,0 13.50 6,512
Exodermic NBI2 56.00 704.5 1085.3 2’01,3 6,151 30,416 0/50 04.513.00 6,512
Accelerated clp NBO1 56.83 1169.6| 1556.p 6,038 10,211 43,607 2,50.508 16.00 7,518
NBO2 56.00 1152.5| 15338 6,038 10,591 45,232 2,50.009 16.50 7,518
Traditional cIp NBI3 56.00 704.5 10853 2,013 6,151 20,621 0550 04,5 13.00 6,512
Steel Grid NBI4 56.83 714.9 1101.4 2’01,3 5913 19,825 050 04.012.50 6,512
Accelerated clp NBO3 56.00 1152.5| 15338 6,038 10,062 29,133 2,50.508 15.50 7,518
NBO4 56.83 1169.6| 1556.p 6,038 10,749 31,120 2,50.009 16.00 7,518

SOUTHBOUND

Construction Area Traffic

Span (ft? Cost ($) Schedule (hrs) Data

Construction ~ Casting Lane Span Length Vehicle

Deck System Sequence Technigue ID (ft) Exist Post TCB | Demo| Const] TCB| Demo Cons{ Volume
Traditional PC SBI1 56.83 714.9 11014 2,013 5,913 54,§ 19 0/50 04|0 5.50 5,153

NCHRP SBI2 56.00 704.5 1085.8 2,01’3 6,151 56, _07 0,50 04/5 6.00 5,153
Accelerated PC SBO1 56.83 1169.6| 15560 6,038 10,749 85,580 2.50.00 9 9.00 5,655
SBO2 56.00 11525/ 15333 6,038 10,062 80,015 250.508 8.50 5,655

Traditional PC SBI3 56.00 704.5 1085.8 2,013 6,1?1 54,129 0,50 04/5 6.50 5,153

Exodermic SBl4 56.83 714.9 1101.4 2,01’3 6,570 57,424 0,50 05/0 7.00 5,153
Accelerated PC SBO3 56.00 11525/ 15333 6,038 10,591 80,498 2.50.00 9 10.00 5,655

SBO4 56.83 1169.6/ 15560 6,038 10,211 77,606 2.50.50 8 9.50 5,655

Note:

*Exist — Existing Construction Area
*TCB — Temporary Concrete Barrier
*Demo = Demolition

*Const = Construction



5.4 Analysis Techniques

The raw data summarizediable 5-10will be used to compute the construction perforogan
factors to be analyzed. Gantt charts will be @@dtom the scheduling information to help
understand and evaluate the different closure siomidat will be examined. The inside lanes

using traditional construction sequencing will meler construction during a typical weekday

closure schedule. The outside lanes being cotsttumder accelerated construction sequencing

will be evaluated with a weekend closure scenario.

The formulas and methodology for creating the Gelmdirts and construction performance

factors have been described in detail in Chapter 4.

5.4.1 Gantt Charts

For the construction schedule developed in thedata for this example problem Gantt charts
have been created. Traditional construction seqngmwas assumed to occur on weekdays
using a closure from the beginning of the projettlwhe finish of the project. Accelerated
construction sequencing was assumed to be perfoom&gekends and uses non-peak travel
periods to intermittently close lanes for reconstinn while reopening lanes during peak travel

periods.

A 12 hour work period during the week and a 24 heaork period on the weekends were
assumed. One of the limiting factors to the wartkeslule was the casting technique. Cast-in-
place (CIP) construction techniques require a & ksate time. This additional cure time limited
the ability of the accelerated construction seqadade performed during any other closure

period other than weekends.
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From the raw data on Table 5-10 the following Gahtirts were created. The charts highlight
the effect that different bridge deck replacemeathads have on the total project schedule. The
numbers displayed on the bars represent the satetoie required to complete the activity
under consideration. The far right column indisétee lane closure time for each lane-span in
hours. The number in parenthesis next to the dbomire time is the shared time for TCB
installation and removal. On the bottom of eacartthe corresponding vehicle volume is
reported for each work period. For traditional stoaction sequencing on the inside lanes, the
work period is 12 hours, however the lane clossifen 24 hours. For accelerated construction
sequencing on the outside lanes, the work periddtaalane closure period are the same since
the lane is reopened to traffic once constructsocoimpleted on a lane-span. Figure 5-5 shows
the Gantt charts for the traditional constructieguence lanes of the example problem. Figure
5-6 show the Gantt charts for the accelerated oactgin sequence lanes of the example

problem.
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Day 1 ' Day 2 ' Day 3 ' Day 4 ' Day 5 |Lane Closure
Lane-Span Deck System < =!: ;!= ‘=!= =!: - (hrs.)
| | | |
* TCB Installation ﬂ I I I I 1
1 Exodermic I : |I 75 | 6 ] | : 185 (0.5)
2 Exodermic - : =7 6| : 175 (0.5)
3 Steel Grid _ : | 7 [ 6 ] : 17.5(0.5)
4 Steel Grid : - : [ &5 6 || 165005
* TCB Removal ' ' ' ' E 1
| | | |
Vehicle Volume 6,069 I 6069 | 6,069) I 6,068 I 1,770 26,046
(a) Northbound Bridge, Inside Lane, Cast-in-place.
Day 1 ' Day 2 ! Day 3 ! Day 4 Lane Closure
Lane-Span Deck System o o S _ (hrs.)
B gl T s g
* TCB Deployment ] I I I 1
4 Exodermic 5 1] : I : 12.0 (0.5)
3 Exodemic 25 ] | | | 110 05)
2 NCHRP — : I 10.5 (0.5)
1 NCHRP : [+ ] : : 9.5 (0.5)
* TCB Removal ' ' ! E 1
| | |
Vehicle Volume 6,069 I 6,069 | 6,069 I 2,403 20,610
Legend: TTC Demolition Construction Cure
I
(b) Southbound Bridge, Inside Lane, Precast.
Note:

* The work period for this example is a 12 hour kwday
* Only work activity is shown, but each day repmesea 24 hour lane closure unless noted otherwise
* Number in parenthesis in the ‘Lane Closure’ cotuane shared TCB values

Figure 5-5. Traditional Construction Sequencing Gatt Charts with Weekday Closure.
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Lane Closure

Weekend 1 Weekend 2
Lane-Span_ Deck System | _ - - )
* TCB Deployment |3 | 3
4 Steel Grid 9o T 10 [ 6 1l 26.0 (1.5)
3 Steel Grid 85 95 G ' 25.0 (1.5)
2 Exodemic _ 105 [ s 0 265 (15)
1 Exodemic 85 10 || 255 (1.5)
* TCB Removal = s
Vehicle Volume 14,897 15,173 30,070
(a) Northbound, Outside Lane, Cast-in-place.
Weekend 1 ' ' Weekend 2 Lane Closure
Lane-Span Deck System - I i= (hrs.)
* TCB Installation II : : 3
1 NeHR s 5 . 1919
2 NCHRP : 18 (15)
3 Exodermic : ' 20.0 (1.5)
s Exotemic 1905
| |
* TCB Removal | i =] 3
Vehicle Volumes 11,035 : : 11,586 22,621
Legend: TTC Rearrangement Demolition | ConstructionI | Cure |
— 1 N
(b) Southbound, Outside Lane, Precast.
Note:

* The work period for this example is an around ¢texk schedule
* Only work activity is shown, but each day repmsea 24 hour lane closure unless noted otherwise
* Number in parenthesis in the ‘Lane Closure’ cotuane shared TCB values

Figure 5-6. Accelerated Construction Sequencing Gdt Charts with Weekend Closure.



On Figure 5-5 and Figure 5-6 the effect of the aoidal curing time of the CIP casting

techniques can be seen on the total project daratlias important to remember that the
accelerated lane-spans have a slightly largertaeeathe traditional lane-spans and therefore
have a larger scheduled time. The production i@ksilated in the following section will

provide a better indication as to the effect tlaatstruction sequence had on the total lane closure

and schedule.

5.4.2 Normalizing Collected Data

The compiled raw data on Table 5-10 must be nomadlfor nested analysis of variance
(ANOVA) statistical testing. Using the bridge dinstons and values found in the American
Association of State Highway and Tranportation €&t (AASHTO) publication,“User and
Non-User Benefit Analysis For Highways” the constion performance factors: (1) unit cost,
(2) production rate, and (3) RUC were calculatEdr the example problem the following values
were assumed from “User and Non-User Benefit Angsllysr Highways” for passenger vehicles
and trucks and can be seen on Table 5-11. Thésesvare hypothetical and may not be

appropriate for the actual 1-59 project.
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Table 5-11. Assumed RUC Calculation Values

Passenger Truck
Vehicle
Finance Rate 0.10 0.10
Percentage of Hourly Wage 50% 100%
Average Hourly Wage($) 18.56 20.23
Average Vehicle Occupancy 1.3 1.05
Speed Before Closure (mph
Weekday 75 77
Weekend 77 79
Speed After Closure (mph) 45 45
Other Operating Cost per Mile($/mile) 0.04 0.05
Vehicle Life (years) 10 8
Vehicle Cost ($)| 20,000 60,000
Salvage Value at End of Life ($ 2,000 5,000
Insurance per Year (3$) 1,000 1,500
Cargo Value($) 200,000

All equations, 4-1 through 4-15, used to calcuthtgeconstruction performance factors can be
found in in Chapter 4. Example calculation for Eredermic Traditional CIP bridge deck

replacment method with lane-span ID NBI1 have h@enided and are shown below.

The TCB unit cost was calculated using equationsé€n below:

$

TCB Unit COS(E) = TCB Cost (%)

Lane-Span Length (ft)

- 2018 45,

4-1
56.83 “-1

Demolition unit cost will be calculated as the tatast for demolition of an individual lane-span
divided by the area of existing deck of the lanarspnder consideration. Demolition unit cost

was calculated with equation 4-2 below:

(4-2)

Demolition Unit CosEi

.I:t2

j: Demolition Cost ()  _ 6,750 0.19
Existing Lane-Span Area {ft ) 714.9

Construction unit cost will be calculated as thaltoost required to construct the lane-span

under consideration with the appropriate deck systed can be seen in equation 4-3 below:
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Construction Unit Co{ $ j— Construction Cost ($) _ 32, 494 5

2 3)
ft> ) Post Lane-Span Area {ft ) 1101.4

TCB production rate was calculated as the lineagtle of a lane-span divided by the total
duration of time spent installing or removing TGB the lane-span in question and is shown in

equation 4-4 below:

Lane-Span Length (ft): 56. 8_31 13.7 (4-2)

TCB Production Ra(eij: .
hr TCB Duration (hr) 0.50

Demolition production rate will be determined byiding the existing lane-span area by the
total duration spent on the demolition process sihgle lane-span. Demolition production rate

can be seen in equation 4-5 below:

Demolition Production Rate— =143.0 (4-5)
hr Demolition Duration (hr) 5.00

ftZ] Existing Lane -Span Area (it ) 714.9

Construction production rate is calculated by divdthe post construction area by the total

duration of the construction period for each laparsand is shown in equation 4-6 below:

Post Lane-Span Area {ft ) 1101, A1 6 (4-6)
Construction Duration (hr) 13.50

Construction Production R{f:] ]
;

The RUC was calculated using equations 4-7 thrau@jd. The following template, shown in
Figure 5-7, demonstrates how the equations werme tosealculate a lane-span RUC for the lane-
span ID NBI1. Table number on the RUC templaterréd the “User and Non-User Benefit

Analysis for Highways” AASHTO publication.
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Road User Cost Estimating

General Information

Site Information

Project I-59 Project Segment (ﬂ) 225.66
Datg 24-Feb Period of Closure Weekday
Analysis Year 2011 Volume (veh 22,621
Percent Passenger Cars |(%) 66.0%
Percent Heavy Vehicles (%6) 34.0%
Inputs
Finance Ratg: 0.10 |
Passenger Vehicles Trucks
Percentage of hourly wage (Table %-1) 50% Percentabewly Wage (Table 5-1) 100%
Average hourly wage (Table 5{12)  $18.56 Average hourly wage (Table 5{2) $20.23
Average vehicle occuparfcy 1.3 Average vehicle occuparjcy 1.0§
Speed before closure (mph) 77 Speed before closure (mph) 79
Speed during closure (mph) 45| Speed during closure (mph) 45|
Other Operating Costs per Mie (Table 5-4)  0.04Q Other @iy Costs per Mie (Table 54{4) 0.05(
(tires, maintenance, etc.) (tires, maintenance, etc.)
Vehicle Life (yeard) 10 Vehicle Life (yeard 8
Vehicle Cost (§)  $20,00 Vehicle Cost (4§ $60,00
Salvage Value at End of Life  $2,00( Salvage Value at End of $5,000
Cargo Valu $200,00!
Insurance per Year (Table 544):  $1,00( Insurance per Year (Table 5{4):  $1,50(
Calculations
Autos Trucks
Value of time per vehicle hour ($/veh-pr):  $12.06 Valugiwk per vehicle hour ($/veh-hr): $21.24
(wage X percentage X occupancy) (wage X percentage X occupancy)
Amortized cost per vehicle hour ($/veh-r):  $0.35 Amortized cost per vehicle hour ($/veh-hr):  $1.234
A = (F(P*(1+)"n)-F)/((1+i)"n)-1)/8760 A = (*(P*(1+)"n)-F)/((1+))*n)-1)/8760
Insurance cost per vehicle hour($/vehthr):  $0.114 Insurance cost per vehicle hour($/vehthr): $0.1712
(Insurance per year / 8760) (Insurance per year / 8760)
Inventory cost per vehicle hour($/veh-hr):  $2.283
(Cargo value X finance rate / 8760)
Total cost per vehicle hour ( $/veh-hr):  $12.54 Total cost per vehicle hour ( $/veh-hr): $24.9298
Travel time before closure (sec) 1.994 Travel time before closure (sgc) 1.944
Travel time during closure (s¢c) 3.419 Travel time during closure (s¢c) 3.419
(Segment / 5280) X (3600 / Speed) (Segment / 528BBRO / Speed)
Cost per vehicle before closure ($/yeh) $0.007 Cost per vehicle before closure(($) $0.0134
Cost per vehicle during closure($/veh) $0.0119 Cost per vehicle during closure($)  $0.0231
(Total cost per vehicle hour / 3600)*(delay) (Tatast per vehicle hour / 3600)*(delay)
Realized cost per vehicle ($/vgh) $0.0044 Realized cost per vehicle ($/vgh)  $0.0103
(cost after closure - cost before closure) (cost afosure - cost before closure)
Results
RUC from Autos for lane($) $73.87 RUC Trucks for l&sy $78.3
(Realized Cost X Volume X Percentage) (Realized Gosblume X Percentage)
Total RUC for Lane ($)| $152.24 |

Figure 5-7. RUC Template For Lane-Span NBI1.
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It is shown in Figure 5-7 that the total lane RU&svdetermined to be $175.29. To calculate the

RUC for the lane-span we will apply equation 4-15.

3< Lane RUC i  (4-15)

Lane -Span Duration (hr) }
h

Lane-Span RUC ($) _
Total Lane- Span Duration (

19

Lane-Span RUC ($-)(7—2jx 175.29 46.

All calculated construction performance factorsdtbridge deck replacement methods have

been summarized in Table 5-12
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Table 5-12. Northbound/Southbound Bridge Construdbon Performance Factors

NORTHBOUND

Construction Area
Span (ft? Unit Cost Production Rate RUC

Construction  Casting Lane Length TCB Demo | Const | TCB | Demo | Const
Deck System Sequence Technique SpanID  (ft) Exist Post | ($/ft) | ($/tD) | ($/t) | (ftthr) | (ft%hr) | (fZhr) | ($)

Traditional clp NBI1 56.83 714.9 11014 35.4% 9.19 29.50 113.7 (@483.81.6 46.26
Exodermic NBI2 56.00 704.5 1085.3 35.95 8.73 28.03 112.0 @56. 83.5 43.82
Accelerated clp NBO1  56.83 1169.6| 1556.p 106.25 8.73 28.p3 22.7 .6137 97.3 50.13
NBO2  56.00 1152.5| 15338 107.82 9.19 29.p0 22.4 1128 92.9 51.99
Traditional cIp NBI3 56.00 704.5 1085.3 35.95 8.7§ 19.00 112.0 @56.83.5 43.82
Steel Grid NBI4 56.83 714.9 1101.4 35.42 8.27 18.00 113.7 7478.88.1 41.39
Accelerated clp NBO3  56.00 11525 1533.8 107.82 8.78 19.p0 22.4 6135 98.9 49.20
NBO4  56.83 1169.6| 1556.0 106.25 9.19 20.p0 22.7 .0130 97.3 51.06

SOUTHBOUND

Construction Area
Span (ft? Unit Cost Production Rate RUC

Construction  Casting Lane Length TCB Demo | Const | TCB | Demo | Const
Deck System Sequence Technique SpanID  (ft) Exist Post | ($/ft) | ($/ft?) | ($/t2) | (fhr) | (ft%hn) | (f2hr) | ($)
Traditional PC SBI1 56.83 714.9 1101.4 35.4Q 8.27 49.50 113.7 T7178.200.3 | 30.82
NCHRP SBI2 56.00 704.5 1085.3 35.96 8.73 52.p5 112.0 6156.180.9 | 33.91
Accelerated PC SBO1 56.83 1169.6| 1556.0 106.25 9.19 5500 22,7 .0130172.9 | 37.81
SBO2 56.00 1152.5| 1533 107.82 8.73 5225 22.4 .6135180.4 | 35.97
Traditional PC SBI3 56.00 704.5 1085.3 35.96 8.73 49.87 112.0 6156.167.0| 35.45
Exodermic SBl4 56.83 714.9 1101.4 35.4Q 9.19 52.50 118.7 (43.157.3 | 38.53
Accelerated PC SBO3 56.00 1152.5| 15338 107.82 9.19 5250 22.4 .1128153.3 | 39.65
SBO4 56.83 1169.6| 15560 106.25 8.73 4988 22,7 .6137163.8 | 37.81
Note:

*Exist — Existing Construction Area
*TCB — Temporary Concrete Barrier

*Demo - Demolition
*Const - Construction



5.4.3 Nested ANOVA

Nested ANOVA was performed on each of the sevestcoction performance factors in Table
5-12. There are three sub-factors in unit cosB T@it cost, demolition unit cost, and
construction unit cost; three sub-factors in praduncrate: TCB production rate, demolition
production rate, and construction production ratej one cost factor in RUC. The null
hypotheses (b} tested that the mean value of the constructiofopeance factor in question,
regardless of path selected to the deck systenh lgas equal. This is to say that the bridge
deck replacement methods had no statistical sggmfieffect on the mean value of the factor
being tested and either method could be selectesirfolar results. The alternative hypothesis
(Hy) tested that the path selected does result iatststal significant difference in the mean
value of the construction performance factor ingfjioe. P-values were used to prove or fail to
prove the hypotheses. A p-value of 0.05 or smalks identified as having a statistical
significant difference on the mean value of thegremance factor. An Rvalue of 0.60 or larger
was an acceptable goodness-of-fit of the modeblela-13 shows the hypotheses and
construction performance factors that were testidd amnested ANOVA.

Table 5-13. Example Nested ANOVA Null and Alternate Hypothesis Test for Construction
Performance Factors

Construction Performance Factor Null Hypothesis (H) Alternative Hypothesis (H,)
1. TCB Unit Cost Uy = = Ug not all y; are equal
2. Demolition Unit Cost U = = Ug not all y; are equal
3. Construction Unit Cost U = = Ug not all y; are equal
4. TCB Production Rate Uy = = Ug not all y; are equal
5. Demolition Production Rate Uy = = Ug not all y; are equal
6. Construction Production Rate Uy = = Ug not all y; are equal
7. RUC U = = Ug not all y; are equal
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Each test produced an ANOVA model report with deriaction tree diagram. From the results,
conclusions were drawn to the effect that a bridgek replacement method had on the overall

mean of the construction performance factor beasted.

5.4.3.1 TCB: Unit Cost
The construction performance values that weredasta nested ANOVA for TCB unit cost
have been summarized on Table 5-14. These valeestaken directly from Table 5-12.

Table 5-14. TCB Unit Cost

Deck — Construction Casting Lane-span D TCB Unit Cost
System Sequence Technigue ($/ft)
iti NBI1 35.42
— Traditional CIP NBI2 -
Accelerated CIP NBO1 106.25
NBO2 107.82
Traditional CIP NBI3 35.95
Steel Grid NBI4 35.42
Accelerated CIP NBO3 107.82
NBO4 106.25
Traditional PC SBI1 714.9
SBI2 704.5
NCHRP SBO1 1169.6
Accelerated PC SBO2 leat
iti SBI3 704.5
— Traditional PC Bl re
Accelerated PC SBO3 11525
SBO4 1169.6

From the ANOVA test the following model report, Tal’-15, was created.
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Table 5-15. TCB Unit Cost Nested ANOVA Model Repdrfrom SAS Software

Source DF Sum of Squares Mean Square F-Value P-value
Model 7 20365.4309 2909.3473 4274.56 <.0001
Error 8 5.4450 0.6806
Corrected Total 15 20370.8758
R? Coeff Var Root MSE Mean

0.999' 1.1561 0.8250 71.36
Source DF Type I SS Mean Square F-value P-value
Casting Technique 1 0.0001 0.0001 0.00 0.9930
Construction Sequence 2 20365.4306 10182.7153 14961.0 <.0001
Deck System 4 0.00023 0.0001 0.00 1.0000

The ANOVA test fails to prove that the casting teiciue and deck system selected have a
statistically significant impact on the TCB unitsto The test proves that construction sequence
has a statistical significant impact on the mednevaf the TCB unit cost, with a reported p-
value of <.0001. The®value is very high at 0.9997, suggesting thastaéstical model

explains the given data well. For the 16 TCB wgo#t values tested, the overall mean reported

was $71.36/ft ($235.49/m).

An interaction tree diagram, Figure 5-8, was cre@#abegive reference to the magnitude of values
being reported by the ANOVA test. The test suggtsit the strongest impact on TCB unit cost
comes from the construction sequence selecte#figlime 5-8 we see at the construction
sequence level that the average mean value of @R ast for a traditional construction
sequence lane is $35.68/ft ($117.74/m). The aeemaepn value of the accelerated construction
sequence lane at the same level is $107.03/ft (3858. The accelerated construction sequence
TCB unit cost is on average $71.35/ft ($235.46/ighér than the traditional construction

sequence. ). The ratio of accelerated TCB urst totraditional TCB unit cost is 3:1, which is
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to be expected because the accelerated constrsetiuence lane requires three TCB rows to
perform intermittent lane closures, while tradigboonstruction sequencing only uses one row

of TCB.
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Parameter

Casting Technique

Construction Sequence

Deck System

TCB Unit Cost ($/ ft)

Cast-In-Place Precast
2 o u o
71.36_ 38.14 71.36_ 38.14
Traditional Accelerated Traditional Accelerated
y2 4 y2 g Mn 4 y2 4
35.68 0.30 107.03 0.91 35.68 0.30 107.03 0.91
Exodermic Steel Grid Exodemic Steel Grid NCHRP Exodermic NCHRP Exodermic
Y g M g Mn 4 Mn 4 y2 g y2 g Mn g Y g
3568 037 3568 037 107.03 1.11 107.03 111 3568 0.37 835.®.37 107.03 1.11 107.03 111

Figure 5-8. TCB Unit Cost Interaction Tree Diagram

Pvalue

0.993(

<.000!

1.0000



5.4.3.2 Demoalition: Unit Cost

The values used for demolition unit cost are drawectly from Table 5-12 which is the

summary of the construction performance factorabld 5-16 shows only the demolition unit

costs.
Table 5-16. Demolition Unit Cost
Deck Construction Casting Lane-span ID Demolition Unit
System Sequence Technigue Cost ($/ff)

iti NBI1 9.19
£ odermic Traditional CIP NBI2 573
Accelerated CIP NBO1 8.73
NBO2 9.19
Traditional CIP NBI3 8.73
' NBl4 8.27

Steel Grid
Accelerated CIP NBO3 8.73
NBO4 9.19
Traditional PC SBI1 8.27
SBI2 8.73

NCHRP

Accelerated PC SBO1 9.19
SBO2 8.73
iti SBI3 8.73
e odermic Traditional PC Bl 5 To
Accelerated PC SBO3 9.19
SBO4 8.73

From the ANOVA test the following model report, Tas-17, was generated.

Table 5-17. Demolition Unit Cost Nested ANOVA ModeReport from SAS

Source DF Sum of Squares Mean Square FValue P-value
Model 0.6348 0.0907 0.8¢ 0.5741
Error 0.8464 0.1058
Corrected Total 15 1.4812
R? Coeff Var Root MSE Mean

0.4286 3.6774 0.3253 8.8t
Source DF Type | SS Mean Square Fvalue P-value
Casting Technique 1 0.0000 0.0000 0.0C 1.0000
Construction Sequence 2 0.2116 0.1058 1.0C 0.4096
Deck System 4 0.4232 0.158 1.0C 0.4609
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At a p-value threshold of 0.05 the ANOVA model $aib prove that any of the bridge deck

replacement methods have a statistically significapact on the demolition unit cost.

This model may be explained from the low learniogve factors applied to the lanes. In real
construction a higher reduction learning curve megur that will result in greater deviation to
the demolition unit cost. It can also be seerhis ¢xample that the demolition unit cost is

completely insensitive to the replacement methatiog technique with a p-value of 1.0000.

The demolition unit cost interaction tree diagraan be seen in Figure 5-9.
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Parameter

Casting Technique

Construction Sequence

Deck System

Demolition Unit Cost ($ / ff)

Accelerated

Cast-In-Place Precast
U o u o
8.85 0.32 8.85 0.32
Traditional Accelerated Traditional
u o u o u o u
8.73 0.38 8.96 0.27 8.73 0.38 8.96
Exodermic Steel Grid Exode rmic Steel Grid NCHRP Exoderme NCHRP
Mn g Mn g Mn 4 Mn 4 y2 g y2 g Mn g
8.96 0.32 8.50 0.33 8.96 0.32 8.96 0.33 8.50 0.33 8.96 0.32 6 8.90.33

Figure 5-9. Demolition Unit Cost Interaction TreeDiagram.

o

0.27

Exodermic

i
8.96

o

0.32

Pvalue

1.000(

0.4096

0.4609



5.4.3.3 Construction: Unit cost
Table 5-12, construction unit cost were used fatest ANOVA. The construction unit costs
have been summarized on Table 5-18.

Table 5-18. Construction Unit Cost

Deck Construction Casting Lane-span ID  Construction Unit
System Sequence Technigue Cost ($/ft)
iti NBI1 29.50
— Traditional CIP NBI2 803
Accelerated CIP NBO1 28.03
NBO2 29.50
Traditional CIP NBI3 19.00
Steel Grid NBI4 18.00
Accelerated CIP NBO3 19.00
NBO4 20.00
Traditional PC SBI1 49.50
SBI2 52.25
NCHRP
Accelerated PC SBO1 55.00
SBO2 52.25
iti SBI3 49.87
— Traditional PC Bl oo
Accelerated PC SBO3 52.50
SBO4 49.88

The ANOVA model report, Table 5-19, for construatianit cost was created from the ANOVA

analysis.

Table 5-19. Construction Unit Cost of Nested ANOVAModel Report from SAS

Source DF Sum of Squares Mean Square F-Value P-value
Model 7 3300.9580 471.565. 214.18 <.0001
Error 8 17.6141 2.201¢
Corrected Total 15 3318.5721
R? Coeff Var Root MSE Mean

0.9947 3.9254 1.438: 37.80
Source DF Type | SS Mean Square F-value P-value
Casting Technique 1 3099.4273 3099.427 1407.71 <.0001
Construction Sequence 2 4.2950 2.147: 0.98 0.4178
Deck System 4 197.236 49.308! 22.40 0.0002
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The ANOVA test fails to prove that construction gence has a statistically significant impact
on the construction unit cost. The test does pthaethe casting technique and deck system
have statistically significant impacts on the camstion unit cost with a p-value of <.0001 and
0.002 respectively. The’Ralue is 0.9947, which indicates the model reprissére given data

well. The mean value for the 16 construction units tested was $37.86/($411.64/m).

The construction unit cost interaction tree diagwaas created from the analysis and can be seen
in Figure 5-10. At the casting level the calculabeean construction unit cost for CIP and PC is

$23.88/ft ($260.05/m) and $51.72/ft($563.23/M) respectively.

These results support the cost estimating foretkésnple problem. It was initially assumed that
PC had a higher unit cost, 75% mark up, than CtPitashould be expected that the ANOVA
supports this assumption. Likewise, the estimataticosts for the deck systems are reflected in
the ANOVA output. It was assumed that the lowast cost deck system was a steel grid,

followed by the moderately priced Exodermic, amfithe most expensive NCHRP.
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Parameter

Casting Technique

Construction Sequence

Deck System

Construction Unit Cost ($ / ©)

Cast-In-Place Precast
U o u o
23.88_ 5.28 51.72 1.86
Traditional Accelerated Traditional Accelerated
y2 o y2 4 u o y2 4
23.63 5.97 24.13 5.40 51.03 1.56 52.41 2.09
Exodermic Steel Grid Exodermic Steel Grid NCHRP Exoderme NCHRP Exodermic
u 4 u 4 u 4 u o y2 o y2 4 u 4 u 4
28.76 1.04 1850 0.71 28.76 1.04 1950 0.71 50.87 1.94 51.1986 1 53.63 194 51.19 1.86

Figure 5-10. Construction Unit Cost Interaction Tree Diagram.

Pvalue

<.000!

0.417¢

0.0002



5.4.3.4 TCB: Production Rate
The TCB production rate values in Table 5-12 werayred in the nested ANOVA. A
summary of theses TCB production rate values ave/shn Table 5-20.

Table 5-20. TCB Production Rates

Deck Construction Casting Lane-span ID TCB Production
System Sequence Technique Rate (ft/hr)
iti NBI1 113.7
Exodermic Traditonal clP NBI2 112.0
Accelerated CIP NBO1 22.7
NBO2 22.4
Traditional CIP NBI3 112.0
i NBl4 113.7
Steel Grid
Accelerated CIP NBO3 224
NBO4 22.7
Traditional PC SBI1 113.7
SBI2 112.0
NCHRP
Accelerated PC SBO1 22.7
SBO2 22.4
iti SBI3 112.0
e odermic Traditional PC Bl 157
Accelerated PC SBO3 22.4
SBO4 227

The ANOVA model report can be seen in Table 5-21.

Table 5-21. TCB Production Rate Nested ANOVA ModeReport from SAS

Source DF Sum of Squares Mean Square F-Value P-value
Model 7 32616.3600 4659.4800 6254.34 <.0001
Error 8 5.9600 0.7450
Corrected Total 15 32622.3200
R? Coeff Var Root MSE Mean

0.999¢ 1.2749 0.8631 67.7
Source DF Type | SS Mean Square F-value P-value
Casting Technique 1 0.0000 0.0000 0.00 1.0000
Construction Sequence 2 32616.3600 16308.1800 21890.2 <.0001
Deck System 4 0.0000 0.0000 0.00 1.0000

122



The ANOVA model report fails to prove that the aagttechnique and deck system methods
have a statistically significant impact on the T@®Bduction rate. The results suggest that the
construction sequence does have a statisticalhyfsignt effect on the mean TCB production
rate. The Rvalue of 0.9998, suggest a model that represkatgiven data well. The reported

mean value for the 16 TCB production rate value¥ig ft/hr (20.5 m/hr).

The magnitude of the TCB production rates can e sa the interaction tree diagram displayed
in Figure 5-11. The TCB production rate at thestarction sequence level is 112.8 and 22.6
ft/hr (34.2 and 6.8 m/hr) for traditional and a&rated construction sequencing, respectively.
The traditional construction sequence mean TCBuymtion rate is 90.2 ft/hr (27.3 m/hr) greater

than the accelerated construction sequence.

These results are expected because, by desigrCiBeoduction rates are insensitive to, not a
function of, casting technique and deck systeme fitoduction rates are dependant only on the
construction sequence which uses one row of TCBr&alitional and three rows of TCB for

accelerated construction sequencing.
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Parameter

Casting Technique

Construction Sequence

Deck System

Traditional

TCB Production Rate (ft / hr)

Cast-In-Place Precast
U o u o
67.7 48.3 67.7 48.3
Accelerated Traditional Accelerated

o y2 o u o y2 o
1.0 22.6 0.2 112.8 1.0 22.6 0.2
Steel Grid Exodermic Steel Grid NCHRP Exodermic NCHRP Exodermic
u o u o u o y2 4 y2 4 u 4 u o
112.8 1.2 22.6 0.2 22.6 0.2 112.8 1.2 112.8 1.2 226.2 0 226 0.2

Figure 5-11. TCB Production Rate Interaction TreeDiagram.

Pvalue

1.000(

<.000!

1.0000



5.4.3.5 Demolition: Production Rate
Demolition production rate values that were usechsted ANOVA testing can be seen in
Table 5-22. These values have been taken dirfotly Table 5-12.

Table 5-22. Demolition Production Rates

Deck Construction Casting Lane-span ID Demolition

System Sequence Technique Production Rate

(ft¥hr)

iti NBI1 143.0

Exodermic Traditional cp NBI2 156.6

Accelerated CIP NBO1 137.6

NBO2 128.1

Traditional CIP NBI3 156.6

Steel Grid NBI4 178.7

Accelerated CIP NBO3 135.6

NBO4 130.0

Traditional PC SBI1 178.7

NCHRP SBI2 156.6

Accelerated PC SBO1 130.0

SBO2 135.6

iti SBI3 156.6

Exodermic Traditonal i SBI4 143.0

Accelerated PC SBO3 128.1

SBO4 137.6

Table 5-23 shows the ANOVA model report and stasdor the demolition production rates.

Table 5-23. Demolition Production Rate Nested ANOX Model Report from SAS

Source DF Sum of Square  Mean Square F-Value P-value
Model 7 3320.490 474.3557 4.77 0.0215
Error 8 794.9801 99.3725
Corrected Total 15 4115.470
R? Coeff Var Root MSE Mean

0.8068 6.838: 9.9686 145.7
Source DF Type | SE Mean Square F-value P-value
Casting Technique 1 0.000( 0.0000 0.00 1.0000
Construction Sequence 2 2683.240 1341.6200 13.50 0.0027
Deck System 4 637.250! 159.3125 1.60 0.2639
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The ANOVA fails to prove that casting technique @egk system has a statistically significant
effect on the mean demolition production rate. yAQhé construction sequence has a statistically
significant effect on the mean of the demolitiongurction rate. The Rvalue of 0.8068,

suggests the model represents the given data Wed.overall mean demolition production rate

for the 16 values analyzed was reported as 14%k# {t.3.4 nithr).

The interaction tree diagram, illustrated in Figbf&2, shows the magnitude of the mean
demolition production rates at each bridge deckamgment method’s level. The mean
demolition production rate at the construction seme level is 158.7 and 132.8/ffir ( 14.6 and

12.2 nf/hr) for traditional and accelerated constructieguences, respectively.

It should be expected that the traditional consitoncsequence lane would have a higher
production rate than the accelerated construceguence lane, because of the assumed learning
curve and the sequential progression of demolaictivities. In the traditional construction
sequence lane, demolition occurs from the firsedgpan to the fourth lane-span reaching a
maximum demolition cost reduction of 10% from tharhing curve. In the accelerated
construction sequence, the learning curve onlyaillthe cost reduction to reach a maximum of

5%, because of the intermittent closures.
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Parameter

Casting Technique

Construction Sequence

Deck System

XA

Demolition Production Rate (f¢ / hr)

Cast-In-Place Precast
g y2 4
17.2 145.8 17.2
Accelerated Traditional Accelerated

2 o u o u o

132.8 4.5 158.7 14.8 132.8 4.5
Exodermic Steel Grid NCHRP Exoderme NCHRP Exodermic
Mn 4 Mn 4 y2 g y2 g Yz g un g
132.8 6.7 132.8 4.0 167.6 15.7  149.8 9.632.81 4.0 132.8 6.7

Figure 5-12. Demolition Production Rate Interactim Tree Diagram.

Pvalue

1.000(

0.0027

0.2639



5.4.3.6 Construction: Production Rate
The construction production rate values that weadyaed in this section were gathered from
Table 5-12. The values analyzed have been digplay&able 5-24.

Table 5-24. Construction Production Rates

Deck Construction Casting Construction
: Lane-span ID Production Rate
System Sequence Technique !
(ft“/hr)
iti NBI1 81.6
Exodermic Traditiona clP NBI2 83.5
Accelerated CIP NBO1 97.3
NBO2 92.9
Traditional CIP NBI3 83.5
i NBI4 88.1
Steel Grid
Accelerated CIP NBO3 98.9
NBO4 97.3
Traditional PC SBI1 200.3
SBI2 180.9
NCHRP
Accelerated PC SBO1 172.9
SBO2 180.4
i SBI3 167.0
S Traditional PC Bl 173
Accelerated PC SBO3 153.3
SBO4 163.8

From the nested ANOVA test the following model imf@ation was reported.

Table 5-25. Construction Production Rate Nested ARVA Model Report from SAS

Source DF Sum of Squares Mean Square F-Value P-value
Model 7 28253.5775 4036.225 94.46 <.0001
Error 8 341.8200 42.727"
Corrected Total 15 28595.3975
R? Coeff Var Root MSE Mean

0.9880 4.9827 6.536¢ 131.19
Source DF Type | SS Mean Square F-value P-value
Casting Technique 1 26634.2400 26634.240 623.35 <.0001
Construction Sequence 2 462.7625 231.381. 5.42 0.0326
Deck System 4 1156.5750 289.143: 6.77 0.0111
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The results show that the construction productate is statistically affected by all of the bridge
deck replacement methods. The overall mean of@henstruction production rates analyzed

for the given data is 131.Ffr (12.1 n/hr).

The interaction tree diagram was created from tmsttuction production rates on Table 5-24
and can be seen on Figure 5-13. The lowest p-vediseseen at the casting technique level with
a value of <0.0001. The mean value of the constmuproduction rates, at the casting
technique level, is 90.4 and 172.8t (8.3 and 15.8 ffhr) for CIP and PC respectively. PC
lane-spans were built on average at a rate of {86 (7.5 ni/hr) faster than CIP lane-spans. It
is expected that the PC casting technique woul@ kavigher production rate than the CIP

casting technigue because of the assumed 6 hangdime for CIP methods.

The deck system with the highest construction pectdo rate is a NCHRP deck system built
with a traditional construction sequence using aR€ling technique with a production rate of
190.6 ft/hr (18.0 ni/hr). The deck system with the lowest construcfiomduction rate is the
Exodermic deck system built with a traditional doastion sequence using a CIP casting

technique with a production rate of 82.3tt (7.8 nf/hr).

The results of the ANOVA test support the schedslemating assumptions. It was assumed
that the NCHRP deck system had the lowest totaltaur of 6 and 9 hours, for the traditional
and accelerated lanes respectively. The Exodeatatk system was assumed to require the

longest duration with a CIP casting technique &fahd 10.5 hours respectively.
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Parameter

Casting Technique

Construction Sequence

Deck System

Construction Production Rate (ft2 / hr)

Cast-In-Place Precast
U o u o
90.4 7.1 172.0 15.1
Traditional Accelerated Traditional Accelerated
y2 4 y2 g M 4 u 4
84.2 2.8 96.6 2.6 176.4 18.6 167.6 11.7
Exodermic Steel Grid Exodermic Steel Grid NCHRP Exoderme NCHRP Exodermic
M g M g M 4 Mn 4 y2 g y2 g M g Y% g
82.5 1.3 85.8 3.3 95.1 3.1 98.1 1.2 190.6 13.7 162.2 6.8 176.7.3 5158.6 7.4

Figure 5-13. Construction Production Rate Interacton Tree Diagram.

Pvalue

<.000!

0.032¢

0.0111



5.4.3.7 Road User Cost
RUC values that were used for nested ANOVA testang be seen in Table 5-26. These values

have been taken directly from Table 5-12 which samred the calculated RUC for each lane-

span.
Table 5-26. Estimated Road User Cost (RUC) Valugeer Deck System
Deck Construction Casting
System Sequence Technique Lane-span ID RUC ($)
iti NBI1 46.26
Exodermic Traditional ciP NBI2 43.82
Accelerated CIP NBO1 50.13
NBO2 51.99
Traditional CIP NBI3 43.82
Steel Grid NBI4 41.39
Accelerated CIP NBO3 49.20
NBO4 51.06
Traditional PC SBI1 30.82
SBI2 33.91
NCHRP
Accelerated PC SBO1 37.81
SBO2 35.97
iti SBI3 35.45
Exodermic Traditional i SBl4 38.53
Accelerated PC SBO3 39.65
SBO4 37.81

Table 5-27 shows the ANOVA model report and stasdor the RUC.

Table 5-27. RUC Nested ANOVA Model Report from SAS

Source DF Sum of Squares Mean Square F-Value P-value
Model 7 623.8538 89.1219 31.98 <.0001
Error 8 22.2917 2.7864
Corrected Total 15 646.1455
R? Coeff Var Root MSE Mean

0.9655 4.0005 1.6692 41.7262
Source DF Type | SS Mean Square F-value P-value
Casting Technique 1 480.9249 480.9249 172.59 <.0001
Construction Sequence 2 111.3586 55.6793 19.98 0.0008
Deck System 4 28.1279 7.8925 2.83 0.0981
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The analysis fails to prove that the deck systeectesd has a statistically significant impact on
the RUC with a confidence interval of 95%. The AWDdoes prove that the casting technique
and the construction sequence does statisticdtigtathe total RUC. TheRvalue for the model

was 0.9655 suggesting that the model fits the gdaga well.

From the RUC values on Table 5-26 the following Ridtéraction tree diagram was created and
can be seen in Figure 5-14. The largest RUC, $50vés associated with an accelerated

construction sequence and a CIP casting technique.

The traditional construction sequence was perforaredeekdays, while the accelerated
construction sequence was performed on weekenadsn the RTMS G4 data it was determined
that weekdays have an average lower vehicle volhare weekends for this example location.
In some rural locations passenger vehicle voluraesmcrease on weekends while truck
volumes decrease (Hallenbeck, 1997). Being tl&tik a rural location higher vehicle volumes
were experienced on the expected lower vehiclemelweekends. This result suggests that
regional factors must be accounted for when selgdltie period to apply accelerated
construction sequences. In rural locations wedkaighay be a better option for accelerated
construction sequencing than weekends, becaube tigher weekend vehicle volume

attributed to an a rural area.

The CIP casting technigue required longer tota lelosure duration than the PC casting
technique because of the additional 6 hour cuimg.t This additional time resulted in more

vehicles that experienced delay due to the construeffort, which results in a higher RUC.
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Parameter

Casting Technique

Construction Sequence

Deck System

Road User Cost ($)

Cast-In-Place Precast
U o u o
4721 3.93 36.24_ 2.86
Traditional Accelerated Traditional Accelerated
y2 4 y2 g Mn 4 y2 4
43.82 1.99 50.6Q 1.20 34.68 3.21 37.81 1.50
Exodermic Steel Grid Exodermic Steel Grid NCHRP Exoderme NCHRP Exodermic
Mn g M g Mn 4 Mn 4 y2 g y2 g Mn g Mn g
4504 173 4261 1.72 51.06 1.32 50.13 1.32 32.37 218 36.9918 2 36.89 1.30 38.73 1.30

Figure 5-14. RUC Interaction Tree Diagram.

Pvalue

<.000!

0.000¢

0.0981



5.4.4 Summary of Nested ANOVA

A summary of the p-values for each constructiorigerance factor tested can be seen in Table
5-28. A p-value of 0.05 or less was used to dateenf a bridge deck replacement method had a
statistically significant impact on the mean of toastruction performance factor in question.

Table 5-28. 1-59 Example Bridge Deck Replacement éthods Effect onConstruction Performance
Factors P values

P-Values
Unit Cost Production Rate RUC
Bridge D&c;rli)edplacement TCB Demo Const TCB Demo Const
Casting Technique 0.9930 1.0000 <.000[L 1.0000 1.0000 <.0001 <.0001
Construction Sequence <.0001 0.4096 0.4178 <.0001 0.0027 0.0326 0.0008
Deck System 1.0000 0.4609 0.000p 1.0000 0.2639 0.0111 0.0981

Note
*P value of 0.05 or less indicates a statisticaignificant effect on the mean value.

From the nested ANOVA results, unit cost of the TWas only affected by the construction
sequence. It required three rows of TCB for ace#el construction sequence, while in
traditional construction sequence it only requioa@ row of TCB. The demolition unit cost was
mostly unaffected by all three of the bridge deglacement methods. The construction unit

cost was affected by the casting technique andelck system selected.

The production rates of TCB and demolition weretaaled by the construction sequence. This
was a result of the assumed learning curves foexaenple project. The traditional construction
sequence was allowed to reach a maximum cost iedusit 10%, while the accelerated
construction sequence only reached 5%. The cangnuproduction rate was affected by all
three bridge deck replacement methods. The resuile ANOVA reflected the assumed

schedule of each deck system and the learning eypked for raw data estimation.
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RUC was affected by the casting technique and oartgin sequence. CIP casting techniques
had higher RUC than PC, because it required a tdage closure period for the curing time.
The traditional construction sequence had a low#€ Ehan the accelerated construction
sequence because weekend vehicle volumes weraltyfiegher than weekday volumes for this

rural location.

Based on the results of this hypothetical I-59 gxanproblem, as a practitioner selecting the
most viable bridge deck replacement method forltddation, one could suggest that a steel grid
cast-in-place traditional method would be bestcfamstruction. The steel grid deck system had
the lowest unit cost of construction of the 3 degktems with a moderate production rate. The
CIP casting technique had a lower production fiza the PC casting technique but also a lower
unit cost. The traditional construction sequengerall had a higher production rate and a lower
RUC than the accelerated construction sequence.tr@iflitional construction sequence having a
lower RUC than the accelerated construction sequesas due to the attribute of a rural bridge
having higher weekend vehicle volumes than the dagk In some cases, rural location may
have higher vehicle volumes on the weekend thaemveekday, opposed to urban locations

that typically have lower vehicle volumes on theekends.

The deciding factor between selecting a traditiamadccelerated construction sequence and a
CIP or PC casting technique would be based onetlative vehicle volume and length of the
bridge under consideration, along with regionaitattes of the project location. The example
problem used a rather small bridge, 225.6 ft (68)4with very low vehicle volumes located in a

rural location. Because the I-59 location waslrthra benefits of using accelerated construction
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sequencing on a weekend work schedule were nazedadnd the traditional construction

sequence resulted in a lower traffic impact andeloRUC.

5.5 Summary of I-59 Example Project

For the example problem, hypothetical data wastedei@ outline the steps created in the
methodology and analysis of this thesis. Usingtothetical data, with the methodology
created, it was demonstrated how the effects dfjerdeck replacement methods on construction
performance factors could be analyzed. From th©XN model reports and interaction tree
diagrams, inferences were made to highlight trengths and weakness of each bridge deck

replacement method.

The analysis will be used to help determine thetmiadle bridge deck replacement methods to
be used on future bridge projects. The primaryaldes, from the example results, were the
regional location, vehicle volume, and length @& bridge under consideration. Rural location
may have higher vehicle volumes on a weekend, wiigke accelerated construction
sequencing with weekend scheduling ineffectivdlaviating associated traffic impacts.
Alternatively, urban locations typically have lowerhicle volume weekend periods and
accelerated construction sequences performed baepériod has the potential to result in a
lower traffic impacts and RUCs. Longer bridgeswaverall higher vehicle volumes will result
in a high RUC and methods with higher productidesahat come with higher unit cost could
be more beneficial. Shorter bridges with low vé&hiolumes will result in a lower RUC and
methods with lower production rates that come \ather unit cost can also be considered. As a
practitioner, bridge deck replacement method selechust be determined on the total project

cost, schedule, and traffic impact. Low vehicléunoe projects will not always warrant
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accelerated construction methods that come wiilglaeh cost of construction. However, high
vehicle volume projects can have a high RUC thatccoffset the associated cost of
construction and accelerated construction methasb®a more beneficial where applicable

based on regional attributes of the project (uealror urban).
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Chapter Six

Conclusions and Recommendations

6.1 Conclusions

Deteriorating U.S. bridge infrastructure combindathuwraffic volume growth and increased user
demand has led many engineers to explore new catisitn methods for replacing or
rehabilitating infrastructure elements that minienconstruction related impacts (i.e., travel time
delays, congestion, and increases in road uses @RbEICs)). A better understanding is needed
of the interaction of accelerated construction méghes on the overall cost, schedule and related
traffic impacts. This information will allow pratibners to make sound engineering decisions

on which accelerated bridge construction technighesild be employed on future bridge project

A bridge deck replacement project has been propfasdeb9 in Collinsville, AL. The bridge is
225.6 ft (68.4 m) in length with an AADT of 13,4RALDOT, 2011). The purpose of this
research was to develop a framework that will ledlus evaluate the impact of different
accelerated bridge deck replacement methods froomstruction perspective based on the total

project cost, schedule, and traffic impact on t58 projects.

Before formulating a methodology for measuringeffects of bridge deck replacement methods
on the construction performance factors: unit gesiduction rate, and RUC, a thorough

literature review was performed. The literaturéee identified, described, evaluated, and
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critically assessed pertinent literature on theentrdeck systems, methods, technologies, and

analysis techniques available for assessing bidégk replacement methods.

The knowledge gleaned from the literature revievs applied to create a methodology for
statistically evaluating the effects that a pattcibridge deck replacement method’s deck
system, construction sequence, and casting techhignve on the three specified construction
performance factors: (1) unit cost, (2) productiate, and (3) RUC. Steps for data collection,
normalizing the data, and analysis of the data watkned. Tables were developed to aid in the

collecting and organizing of the data.

Delays associated with the development of the péinbid package, and unforeseen site
conditions on the I-59 project prevented the metthagly from being applied to the actual
project. As a result, a hypothetical example pFobbf the 1-59 project was developed to
demonstrate the applicability of the methodolo@e results of the analyses performed are
reported to showcase how the methodology couldskd to select the most viable bridge deck
replacement method to use on a future project baged regional constraints and agency
priorities. This example problem assumed hypothétiata and should only be used as a

reference that demonstrates the analysis framefwotke actual I-59 project.

Based on the hypothetical data in the example propit was identified that regional
classification, vehicle volume, and bridge length large contributing factors to the overall
RUC and selection of a bridge deck replacement odgetlin the example it was demonstrated

that accelerated construction sequence on a weealotediule may not be a viable selection for

140



rural location. Urban locations typically have lenweekend vehicle volumes than weekday

vehicle volumes and could benefit from weekend lacated construction sequencing.

For ideal urban location such as Birmingham, ALtmower weekend vehicle volumes, one
disadvantage of using accelerated constructioneseipg with PC casting techniques is that
while it achieves a shorter total project duratahjch keeps RUC low, it comes with an

average higher overall unit cost for the projdtimay not be financially justifiable to select
accelerated construction methods to keep RUC loallgorojects. If a project does not have

high vehicle volumes traditional construction methonay be a better option. Traditional
methods on low vehicle volume roadways can keepweeall project cost low with little impact

to the RUC. As a practitioner the most criticaingmnents to use during decision making are the
RUC and the construction cost. Determining wherCRiifsets the cost of construction will
enable proper bridge deck replacement method sw&iefctr a project based on project specific

contraints.

In addition, an exit survey was developed that baladministered to and completed by the
contractor at the 1-59 project completion. Thegmse of the survey is to gather important
construction feedback on each bridge deck replasemethod constructed that may not be

captured by raw data.

6.2 Recommendations
This research only considered direct RUCs suctahg\of time, and operating and ownership

cost. Depending on the location, there are manefactors that can contribute to the overall
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RUC. Such examples include additional wear anddkdetour roadways from vehicles

selecting alternative routes or the monetary lassriesses experience from exposure, due to
new route selection by vehicles, increased crashassociated with the presence of the work
zone, and health cost due to increased emissibmsse factors have the potential to increase the
total RUC of a construction project and researaukhbe conducted into adding these elements

into the total RUC.

From the results of the example problem and knogéeghined from this thesis, future research
should be conducted in the area of RUC on diffevehicle volumes and length bridges.
Because the vehicle volume and length of the brpdggs such an important part in determining
the overall RUC and therefore when that cost isfjable for selecting accelerated construction
methods, better understanding of the vehicle vokiamel bridge length is required. A sensitivity
analysis study should be conducted comparing tleetedf vehicle volumes against RUC to
determine at what magnitude of vehicle volume, RifiGets the increased unit cost
accompanied with accelerated construction methadewise, a study comparing the bridge
length to the RUC would show at what bridge leragtbelerated construction methods become

an alternative to justifiably keep RUC low.

In the example RUC values were estimated from tASKATO publication (i.e. value of time,
amortized cost, insurance cost). These valuesnobgpply to future bridge projects in different
regions. Research should be performed to deterappeopriate values for a project based on
region or site specific attributes. Then a sevigitanalysis should be performed to determine

the effects of the assumed values on the ovealltref the RUC.
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To model the nested ANOVA, the bridge deck replaagtnmethods had to be assigned to three
levels. The results of the ANOVA test are uniqui¢hie design of the levels. Future research
can be conducted on similar projects by assigriedotidge deck replacement methods to
different levels in the model and seeing how tiselits are affected. By having a set of results

for various models the information will be morenséerable to future projects.

From the results of the contractor exit surveytmadctual I-59 project, the exit survey should be
expanded upon. More questions can be formulatgdottter represent conditions that are
experienced during construction. This may leadoasidering additional categories associated
with the cost, schedule, and traffic data othentiganporary concrete barriers (TCB),

demolition, and construction.

The future research with the methodology outlifedughout this report would help in creating
a more accurate model for predicting the effecas inidge deck replacement methods will have
on the total project cost, schedule, and traffipat. This will give practitioners an effective
tool to use during the decision making process vdebecting accelerated bridge deck

replacement methods on future bridge projects.
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Appendix A

Road User Cost Template
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Road User Cost Estimating

General Information

Projec

Datg

Analysis Yeaf

Inputs

Finance Rat

Passenger Vehicles

Percentage of hourly wage (Table %-1)

Average hourly wage (Table 512)

Average vehicle occuparjcy

Speed before closure (mph)

Speed during closure (mph)

Other Operating Costs per Mie (Table 5—4)|:|

(tires, maintenance, etc.)

Vehicle Life (yearg

Vehicle Cost (4

Salvage Value at End of Ljfe

Insurance per Year (Table 5

Autos

Calculations

Value of time per vehicle hour ($/veh-

(wage X percentage X occupancy)

Amortized cost per vehicle hour ($/veh-

A = (F(P*(L+H)n)-F)I((L+)"n)-1)/8760

Insurance cost per vehicle hour($lveh

(Insurance per year / 8760)

Total cost per vehicle hour ( $/veh—

Travel time before closure (s¢c)

Travel time during closure (sgc)

(Segment / 5280) X (3600 / Speed)

Cost per vehicle before closure ($A\feh)

Cost per vehicle during closure($/veh)

(Total cost per vehicle hour / 3600)*(delay)

Realized cost per vehicle ($/v

(cost after closure - cost before closure)

Results

RUC from Autos for lane(

(Realized Cost X Volume X Percentage)

Site Information

Segment (ff)

Period of Closure

Volume (veh

Percent Passenger Cars (%)
Percent Heavy Vehicles (%0)

Trucks
Percentagewly Wage (Table 5-1)
Average hourly wage (Table 5{2)
Average vehicle occuparicy

Speed before closure (mph)
Speed during closure (mph)

Other 1@t Costs per Mile (Table 5

(tires, maintenance, etc.)

Vehicle Life (years)
Vehicle Cost (3)

Salvage Value at End of Ljfe
Cargo Valug

Insurance per Year (Table 5

Trucks

Valudimk per vehicle hour ($/veh-

(wage X percentage X occupancy)

Amodizest per vehicle hour ($Iveh-

A = (*(P*(2+)"n)-F)/((1+)"n)-1)/8760

Insuraast per vehicle hour($/veh—

(Insurance per year / 8760)

Inventory cost per vehicle hour($/veh-

(Cargo value X finance rate / 8760)

Total qust vehicle hour ($iveh-H): |

Travel time before closure (sgc)
Travel time during closure (sgc)
(Segment / 5283BR0 / Speed)

Cost per vehicle before closure|($)
Cost per vehicle during closure[$)
(Tatast per vehicle hour / 3600)*(delay)

Realized cost per vehicle ($/

(cost afosure - cost before closure)

RUC Trucks for lane (

(Realized &dgblume X Percentage)

Total RUC for Lane ($)|:I

Note:

*i = Finance Rate

*P = Vehicle Cost

*n = Vehicle Life

*F = Salvage Value at End of Life
*8760 = Number of hours in one v
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Appendix B

Contractor Exit Survey
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Were you able to reconstruct the lane span with théollowing
required bridge deck replacement methods in the tira period allotted

in the contract?

Yes

No

Exodermic Cast In Plac

[¢)

Steel Grid Cast In Plac

D

NCHRP Pre Cas

t

Exodermic Pre Cag

*If No please explain a short description below@sghy. (Weather delay, broken

equipment, etc...)

Rate the learning curve that was required for the bidge deck
replacement systems that were constructed.
1 = very difficult to learn

5 =very easy to learn (the second lane span weantist faster)

Exodermic Cast In Place Traditional Meth

Steel Grid Cast In Place Traditional Meth

NCHRP Pre Cast Accelerated Meth

Exodermic Pre Cast Accelerated Meth

Rate the ease of constructability of each bridge @& replacement
method independently.
1 = very difficult to construct a lane-span usinghis method

5 = very easy to construct a lane-span using thisathod

Casting Technique

Cast in place

Pre Cast

Construction Sequence

Traditional ( full lane closures)
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Accelerated (intermittent lane closures)

Deck System

Exodermic

Steel Grid

NCHRP

Would the contractor prefer working with any partic ular set of bridge

) ] Yes No
deck replacement methods on future bridge projects?
*if yes please provide the methods or method asloat explanation
Would the contractor oppose working with any partialar set of v N
es o]

bridge deck replacement methods on future bridge mjects?

*if yes please provide the methods or method asldoat explanation
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Appendix C

ALDOT Plan Set for Project No. BR-105
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