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EXECUTIVE SUMMARY

A case study was performed on a Caltrans concret e rehabilitation proj ect near Los
Angeles on Interstate 10. The project was uni que inthat the contractor hadtoremove and
replace 2.8 1ane-km of concrete pavement in a 55-hour weekend cl osure. The exi sting cement
treated base was not removed except in places where it had deteriorated, and a fast setting
hydraulic cement concrete with a 4-hour opening strength was used for the surface concrete. The
contractor used a concurrent working method in whi ch demolition and concret e pavi ng occurred
simultaneously and onl y a single l ane was removed and repl aced. The contractor had only one
standard width const ruction access 1 ane (3.7 m) and a shoulder width of less than 3.0 m.

The contractor successfully completedthis 2.8 lane-km objective in 55 hours and was
eligible for a $500,000 bonus per the contract. The demolition operation took 76 per cent longer
than pl anned, but it di dnot delay the overal I progress of the project. The concrete paving
activities, especially the concrete del ivery and discharge, controlled the overall progress of the
55-hour weekend project. Interms of the number of slabs repl aced per hour, the 55-hour
weekend cl osure was 54 percent faster than the average ni ghttime closure conducted by the same
contractor. The amount of the rehabilitationwork performed over the 55-hour extended cl osure
would have normally taken 2.5 weeks (16.4 days) of ni ghttime 1ane cl osures. If nowork
stoppages in the concret e pavi ng had occurred, the maximum amount of rehabilitated road would
have been 3.5 lane-km. In 10-hour nighttime cl osures, the contractor was able to remove and
repl ace 50 sl abs on average compared with 15 slabs for 7-hour nighttime cl osures.

During weekend daylight hours, traffic through the construction zone was reduced by 30
to 60 percent compared with normal weekend traffic volume. During construction, the
percentage of traffic divertingtoother routes doubl ed over normal diversioninthe daylight

hours, but was only appr oximately 5 percent more than normal duringthe nighttime hours. The
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reduced traffic vol umes passingthe constructionsite indicated driver awareness of the weekend
construction window and traffic lane closures. Caltrans did an excel lent job of informing the
public of the project throughlocal media outlets (radio, newspapers, and televi sion), signage, and
brochures.

The construction productivity data from the demdition and paving operation was used to
validate a constructability and productivity anal ysis software coded by the University of
California Berkeley (UCB). The average results from a deterministic and stochastic anal ysis
were inagreement with the actual project productivity. The stochastic anal ysis showedthat the
expect ed range for the proj ect productivity was between 2.2 and 3. 4 1 ane-km for a 68 -percent

confidence interval with the average product ivity being 2.8 lane-km.
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1.0 INTRODUCTION

1.1 Caltrans Long Life Pavement Rehabilitati on Strategies (LLPRS)

Many of the urban concret e pavements in Californi a have exceeded t heir design lives and
are close tothe end of their service lives. The reconstructionandrehabilitation of these urban
concrete pavements provi des many chal l enges to the Califania Department of Transportation
(Caltrans) and pavement contractars. Caltrans wants a l ong- 1ife concrete pavement that requires
minimal mai ntenance over its designlife. Furthermore, Caltrans expects the concrete pavement
tobe constructed efficiently and with minimal user disruption. Caltrans has initially assumed
fast-track construction of 1ong-life urban concrete pavements shouldresult inareducedlife cycle
cost, increased safety for users and agency personnel, and reduced user delay costs. Inorder to
properly assist Caltrans in completing this work, contractors want to be reasonabl y confi dent that
the project can be completed withinthe tight guidelines of fast- track constructionwith the added
I ong-life pavement features specified by Caltrans andstill make a profit.

Giventhat very littleurban reconstruction has been completedto date, information is
needed to determi ne which methodologies for pavement design, materials selection, traffic
management, and reconstruction strategies are most suitable to achieve Caltrans objectives for
1 ong-life pavement and minimum traffic delays. There is a need to investigat e and document
construction projects and techni ques tobetter inform Caltrans, other road agencies, contractors,
and policy-makers as to which strategies are most advantageous for concrete pavement
reconstructioninanurbanarea. This report seeks toprovide some of that information.

Caltrans has undertaken a demonstration project on I-10 in Pomona, CA (Los Angeles

County). Acontractor was awarded the I-10 project to determine how many | ane-kilometers



could be reconstruct ed on an urban freeway during repeat ed ni ghttime cl osures and one 55-hour

weekend 1 ane cl osure.

1.2  Research Objectives

The objective of the University of Califaniaat Berkel ey (UCB) research was to
compl ete a case study of the I-10 Pomona proj ect focusi ng on documentation of the traffic
management plan and const ruction process for both nigttime and weekend cl osures. The
emphasis of this research project was t o document the techniques the contract or used to construct
the urban concret e pavement and i dentify whi ch construction areas were constraining the overall
project productivity (e.g, concrete curingtime, concrete delivery, concrete pavement demolition,
etc.).

Identification of the constrainingactivities is requiredinorder toefficiently improve
future constructionproductivity by allowing contractors and agencies to appl y innovations where
they are most needed. Interactionbetween UCB, Caltrans, and the prime contractor was key to
the success of the research. F gure 1 shows the major parties invol ved in completing and
documentingthis project.

To best disseminate constructionand traffic management information from this
reconstruction prgject, UCB was present torecord and document the reconstructionprocess. The
documentation of the I-10 project includes an overview of the project, traffic management
strategies utilized, the contractor’s scheduling of the project, construction constraints, actual
constructionproductivity and procedures, and a comparison of estimated product ivities versus
actual productivities. This information can be used by Caltrans, other agencies, contractors, and

elected official s tomake decisions on future urban reconst ruction proj ects.



DOT Contractor

Caltrans M.K. Western Rock
CTS
Harber

Sub-Contractors

Figure 1. Information process chart for the case study.

1.3 Research Approach

1.31 Preparations before Construction

Several meetings were hel d with the contractor and Caltrans prior tothe 55-hour
construction window on the I-10 Pomona proj ect. These meetings focused on gat hering
backgr ound information on the proj ect, the contractor’s proposed work plan, the availability of
resources, the proposed traffic management strategies, andthe contractor’s critical pathmethod
(CPM) schedule. Caltrans andthe contractor were indi vidually interviewed to determine why
certain construction methodologies and traffic management strategies were sel ected.

Photographi ¢ documentation was made of the site prior to construction. The information

3



collected from Caltrans and the contractor (the work plan, CPM schedule, and resource
availability) was put into a constructability anal ysis program previ ously devel oped by the UCB
research team for Caltrans toestimate the most probable product ivity (I ane-km) withinthe 55

hour weekend closure (1, 2). This anal ysis is coveredin Section4.0.

1.3.2 Data Collection during Construction

Duringthe I-10 55-hour weekend construction phase, UCB had five people in Pomona
with 2 or 3 people always at the constructionsite. UCB made photographi ¢ documentation of all
activities surroundi ng t he const ruction process, including the traffic management activities,
demdition, material placement, equipment, and personnel. Detail ed record keepi ng and
document ation were performed in conjunction with t he phot ography.

The on-site record keepi ng and document at i on focused on eval vating the const ruction
methodology and pavement rehabilitation processes, and on observation of freeway traffic
behavior adjacent tothe constructionarea. The constructionmet hodol ogy eval uation incl uded
resour ce productivity data, requi red number of resources, actual construction process, and critical
resources. The activities that constrainedthe constructionproductivity wereidentified, andto
the extent possible, quantified from these observations. Traffic behavior around the construction
site was recorded by Caltrans and UCB to provide data on impact of constructionactivity on

traffic, and onthe effect of traffic management strategies on del ays.

1.3.3 Data Analysis after Construction

After completion of the 55-hour weekend construction, the final product deliveredto
Caltrans by the contractor was phot ographi cally documented. The actual constraints for the

project were identified. The actual CPM schedul e versus the pl anned CPM schedul e were
4



plotted and compared. UCB interviewed Caltrans and the contractor after the project was

compl eted to di scuss why certain changes occurred during construction and what could be done
inthe future toimprove productivity. Based on the informationcollected, Caltrans’ and the
contractor’s initial planning were compared and contrastedto determine whi ch assumptions were
the most realistic for this urban reconstruction project.

The rehabilitation information for the 55-hour weekend cl osure was compared with the
performance data from nighttime cl osures gat hered from the contractor to determine negative
and positive aspects of both options. The construction data gathered by UCB was alsoinput into
the UCB constructability model (1) for further calibration and validation.

Caltrans shared traffic volume data measured during the 55-hour weekend cl osure from
their inductive 1oop sensor system. This data was anal yzed and compared with the traffic
volume data of atypical (historical ) weekend. By comparing the traffic vol ume of the 55-hour
weekend with that of a typical weekend, the impact of the rehabilitation over a weekend to the

road users coul d be determined.






2.0 MAJOR FEATURES OF THE PILOT PROJECT

2.1  Project Background

Interstate 10, one of the most important arterial roads connectingthe east and west coasts,
begins inJacksonville, Florida and extends thr oughout the southern United States and terminat es
in Santa Monica, California. The segment of the I-10 running thr ough Southern Californi a,
commonly called the “San Bernardino Freeway,” was built inthe early 19 60s with a 20-year
designlife. I-10 has a high concentration of deteriorated concrete pavement with extensi ve
concrete slab failures due totransverse and longitudinal cracks and faulting, as illustratedin
Figure 2. Traffic volumes inthis stretchof freeway are as hi gh as 240,000 Average Daily
Traffic (ADT), as illwstratedin Fi gure 3.

In 1998, Caltrans 1aunched t he 1 ong- lifepavement rehabilitation strategies (LLPRS)
program to rebuild 3,000 1ane-km of concret e pavement on the state hi ghway net work over the
10 proceeding years. One of the main objectives of the LLPRS is to minimize user delays and
rehabilitate 6 1ane-km over a weekend.

Caltrans selecteda S-kilometer (3.3 mile) stretchof the I-10 from Route 57/210 to Garey
Avenue (km post 68.2/73.5) in Pomona (Los Angeles County), shown in Figure 4. The section
of freeway was rehabilitated using Fast-Setting Hydraulic Cement Concrete (FSHCC) over a
series of repeated ni ghttime closures and one 55-hour weekend cl osure. The proj ect was a pilot
for use of FSHCC and long-lifepavement techni ques for full-scal e 1ane repl acement. The main
purposes of the pilot project were toevaluate constructability of new rehabilitation techni ques
that can be used to repl ace aged and det eri orat ed concrete pavements t hroughout California, and
to evaluate the advant ages of using FSHCC for state hi ghway concrete rehabilitation proj ectsto

minimize traffic del ays.
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Figure 2. Typical failure of concrete pavement on U S. Interstate 10.

AL

Figure 3. Typical traffic vol ume of on U.S. Interstate 10.
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Figure 4. Location of project i n Pomona, CA.

Inearly 1999, Caltrans awarded a $15.9 million contract (Contract No. 07-18 1304 (07-
LA-10-68.2/73.5)) to Morrison Knudsen Corporation (MK) of Highland, CA to complete the
pilot project. Four other contractors participatedinthe bidding of the project, andthe second
lowest bid was about $150,000 more t han the MK bidestimate. The winni ng proposal from MK
was approxi mately 10 per cent more t han the engineer’s prel iminary estimate.

The total volume of FSHCC was estimated at 14,000 m’ torehabilitate about 20 1ane-km
of concrete pavement. This 201ane-km consisted of a 5-km centerline stretch of freeway for
east bound and west bound I-10 for 1anes three and four only (Caltrans numbers lanes starting
from the median and moving towards the outer shoulder). The rehabi litation contract beganin

April 1999 and was compl eted in February 2000.



2.2 Scope of the Rehabilitati on

The I-10 freeway has four lanes ineachdirectioninthe area of the project. Only minor
work t ook place on the two inner passenger lanes and out er auxi liary or connector 1anes.
Caltrans requiredtwo of the four 1anes toremain open while rehabilitation work was under way.
Lane Number 3 was assi gned for the construction access torehabilitate Lane Number 4 and vice
versa. The inner and outer shoulders were al ready rehabilitated with asphal t concrete prior tothe
rehabilitation of the concrete pavement lanes. The inner shoulder was used as part of Lane
Number 1 when Lane Numbers 3 and 4 were cl osed because 1.2m of Lane Number 2 was
requiredto secure space toinstall safety barriers (Mobile Concrete Barrier (MCB) or cones)
bet ween t he open and cl osed lanes during the rehabi litation, and for the concrete screed.

The outer shoul der could not be used as a full access 1ane because of a sound wall
adj acent to the shoulder whichlimited t he shoul der widthto2to3 m in some locations. The
outer shoul der was used as a full access lane inareas where its width was 3 m. Where the width
of the outer shoulder was limited t o less than three meters, the number of access 1 anes for
construction was reduced to one 1ane. Consequently, when only one full lane was available for
construction access during the rehabilitation, vehicles coul dnot pass by one another in the only
through lane. This constraint of a single access lane for construction del ayed parts of the
rehabilitationprocess because the demdition and paving operat ion interfered with each ot her.

For most of the 55-hour weekend, Caltrans didnot require the contractor toremove and
replace the cement treatedbase (CTB) or aggregate subbase. Inseveral locations where the CTB
was badly deteriorated, the slaband CT B were removed and replaced.

Figure 5 shows examples of cross sections designed by Caltrans for the I-10
rehabilitationproject. Six different types of structural sections were desi gned (K gure 5). They

can be categorizedintothree groups:
10
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e shoulder rehabilitati on: asphalt concrete used t o rehabilitate shoulder

e slabreplacement: 204 mm (8 in.) concrete, replace slabonly

e full depth replacement: (concrete slab and CTB): 228 mm (9 in.) and 260 mm (10

in.) slab with variable new CTB thi ckness

Although it appears that many different pavement cross-sections were implement ed for
the I-10 project, the majarity of the rehabilitation was slab repl acement. This report mainly
focuses on the slab repl acement process with a limited description of the full depthreplacement
option. Inthe case of slabrepl acement, the existing 204mm PCC slab was repl aced with the
same thi ckness of FSHCC. Inthe case of full depthreplacement, the existing 100 mm (4-inch)
CTB was replaced with a thicker fast settinghydraulic cement treatedbase (FSHCTB) (136 to
168 mm), and the exi sting 204-mm (8-inch) PCC slab was repl aced with a thi cker 228 -mm (9-
in.) or 260-mm (10-in.) FSHCC sl ab.

During the 55-hour weekend closure, the major task of the rehabilitation was slab
repl acement. The occasional occurrence of full depth repl acement during the 55-hour weekend
closure didnot slow down the overall rehabilitation process because it occurred in several
isolatedlocations. FHgure 6 shows a typical designprofile change for slabreplacement option. In
aprevious report to Caltrans by UCB, ful depth repl acement was found to be 50 percent less

product ive than a sl ab repl acement only strategy (1).

2.3 Summary of the Unique Features of the Project

The I-10 rehabilitation proj ect has several unique features:
e (Caltrans decidedtoimplement one 55-hour weekend closure versus ni ghttime-only cl osures

inorder to check how many 1 ane-km of existing PCC slab coul d be repl aced

12
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with new FSHCC and how a weekend cl osure wouldimpact traffic conditions inthe

area.

e The amount of FSHCC used onthe I-10 project as the slabrepl acement material was the

largest volume of material usedtodate for pavement rehabilitationby Caltrans on one

project.

e The contractor useda “slablift-out” method as a type of “non-impact demolition” for the

concrete sl ab demolition operation. The slablift-out method was intended to protect the

under lying CTB from damage. Inthis technique, concrete slabs are cut into 3 pieces by

sawing prior to the 55-hour project, and the segment s are dug out by an excavat or and | oaded

intoa 22-ton capacity end dump truck. Caltrans hoped this “non-impact” method of

demoalition would expedite t he demolition process and release the slab demolition activity

from the potential constraints of the rehabilitation process.
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e A Movable Concrete Barrier (MCB) was used as a safety barrier system between traffic and
construction zone instead of rubber cones or K-rail. Although it is quite expensive, it allows
for quickinstallation, dismantling, and moving of the barrier system in short construction
windows.

e Fimnally, Caltrans usedincentive/di sincentive clauses and QA/QC for quality in t he contract
for the first time on a concrete pavement project. The purpose of the incentive/di sincentive
clauses were t o encourage as much rehabi litation during the 55-hour weekend closure as
possible while maintaining adequate quality. QA/QCconstruction places responsibility for
the final product quality on the contractor because the contractor is allowed to select the

concret e mix design as 1ong as the final product meets Caltrans speci fications.

2.4 Contract Incenti ves/disincenti ves

Over last several years, a number of road agencies have introduced alternative
contracting and bidding methods tothe traditional “lowest bidder” principle in which only the
cost aspects of the contractor’s proposal are considered for hi ghway rehabilitation projects. For
the purpose of minimi zi ng road user i nconvenience during rehabi litation project s, road agenci es
have sought to reduce hi ghway reconstructiontimes and t he number of 1anes to be cl osed by
including schedul ing aspects inadditionto the cost aspects. For example, Herbsman compared
the advantages and di sadvantages of a) bi dding on cost/time, b) incentive/di sincentive for time
del ay, c) bi dding on cost/time combined with incentive/di sincentive, and d) lane rental (3).

The traditioml 1ow bid concept was used for the I-10 proj ect overall, but incent ive and
disincent ive conditions were appliedtothe segment tobe built inthe 55hour ext ended weekend

closure to encourage the contractor toachieve the rehabilitation production objective. The

14



following paragraph from the of the I-10 proj ect contract demonstrates how the
incentives/disincent ives worked (4):

“Incentive payment will be made to the Contractor inthe amount of 3600 per lane
meter, for each | ane met er replaced whichis inexcess of 2,000 [ ane meters, and
whichis replaced during the 55 hour extended weekend cl osure. Disincent ive
deduction will be assessed t he Contractor inthe amount of $250 per lane meter
for each lane meter less t han 2,000 | ane meters that the Contract or repl aces
during the 55 hour extended weekend cl osure. One lane meter i s defined as one
meter long of the full width of one sl ab within [ ongitudinal joint. The total of all
incentive payments that the Contractor may receive from the designated portion
of work will not exceed 3500, 000.”

In addition to the incentives/di sincentives clauses, arelatively severe 11 qui dated damages
clause was provi ded in the contract tomake sure the 55-hour weekend closure would be
compl et ed as scheduled:

“Should the Contractor fail toprovide all lanes ready for use by publictraffic at

the end of the 55 hour ext ended weekend closure, i qui dat ed damages will be
assessed by t he Department as follow: For each 10 minute period, or fraction

there of, that all lanes are not available for use by public traffic, the anount of
liqguidated damages assessed will be $10, 000.

2.5 7-and 10-Hour Nighttime Closures

Most of the 20 1 ane-km segment to be rehabi litated was planned to be rebuilt with 7-hour
or 10-hour nighttime cl osures except for the 2.8 1ane-km stretchthat was to be repl aced during
the 55-hour weekend cl osure pilot prgect. Work completedin 7- and 10-hour ni ghttime closures
consi sted of replacingindividual and multiple slabs inarow.

AsindicatedinTable 1, two types of nighttime cl osure were implement ed as basic
construction windows. Ten-hour ni ght time closures took place from 10 p.m. to 8 a.m., while 7-
hour nighttime cl osures went from 9 p.m. to 4 a.m. For the east bound freeway (out of downtown
Los Angeles), 10-hour closures were used during t he whole week (weekday and weekend

nights). For the westbound 1 anes, 7-hour cl osures were applied duri ng weekday nights because

15



of greater traffic volumes headi ng t o downtown Los Angeles, and 10-hour closures were used
during weekend nights. Overall, 10-hour cl osures covered approxi mately 64 percent of the

nighttime cl osures and 7-hour closure covered the remaining 36 per cent.

2.5 1 Nighttime Closure Productivity

Interms of ni ghttime closure productivity, the contractor rebuilt onaverage 50 slabs, and
at best 60 slabs per 10-hour ni ght time closure. The 7-hour cl osure productivity was much less
than 10-hour closure. MK coul d onl y repl ace about 15 slabs on average with a maximum of 20
slabs and 6 slabs inthe worst case. The sl ow productivity of 6 slabs duringa 7-hour closure
resul ted from having t o ski p and j ump around slabs in some areas, which wastedtime for
mobilization/ demobilization and the alignment of equipment such as the self-propelled gang drill
units for the drillingof tie bars. The comparison of productivity bet ween t hese two di fferent

nighttime closures is covered in more detail in Section 2. 7.

Table 1 Compari son of ni ghtti me cl osures
7-hour Closure 10-hour Closure
Closed Time 9pm. —4am. 10p.m. —8 am.
Direction West bound Fastbound (whole week)
(weekday) West bound (weekend)
Percent of Nigttime Hours | 40% 60%
Productivity
(slabs*per hour) 7.5 10
Typical Production 15 50
(Slabs per Closure)

(* Note: typical panel sizeis 0.2m thick x 3.6 m width x 4.5 m length)
The summary of the typical scheduling of the nighttime closure:
¢ Auxiliary work: 5 hours

mobilization & traffic setup: Y2hour

curing: 4 hours

16



clean & demobilization: 1/2 hour

e Mainwork (demolition, concrete delivery, and paving)
7-hour closure: 2 hours

10-hour closure: 5hours

2.52 Resources Involved in Nighttime Closures

The details of the major resources involved in t he nighttime cl osures are summarizedin
Table 2. Based on experience, the contractor used t he number of resources listedin Table 2.
The number of resources mobilized for nighttime cl osures was less than hal f of that required for
the 55-hour weakened closure because of a hi gher number of limiting constraints, such as shorter

available work duration, construction access, and space 11 mitation.

Table 2 Details of major resources involved in the nighttime closure
Resource Capacity Number mobilized
Dump truck 22 ton 7 trucks with one excavator
Mixer truck 8 cubi ¢ yard 4 —8 mixers
Bat ch pl ant 220 cubic yardper hour | 1
Pavi ng machi ne Hand operat ed screed 1 plus 1 standby

Originally, a Moveable Concrete Barrier (MCB) was going to be used as the safety
barrier between the open and closed l anes for bothtypes of nighttime cl osure and the one
weekend cl osure. However, a storage area for the MCB along the freeway outer shoul der was not
made avai l able in most cases, sorubber cones were used during ni ghttime closures. Using
rubber cones on ni ght time cl osures was inexpensive, simpler to install, andtookless time,
however, cones coul dnot provide the same level of safety as the MCB. During the 55-hour
weekend cl osure, the MCB was used as the safety barrier between live traffic andthe

constructionzone. The MCB was required inthe speci fications because road users and
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construction workers were going t o be exposed to potential hazards duringthe 55-hour

continuous closure.

2.6  55-hour Extended Weekend Closure

The 55-hour weekend cl osure began at 10 p.m. on Friday, October 22, 1999 and the
rehabilitatedlanes were opened to live traffic againat 5a.m. Monday, October 25, 1999. During
the 55-hour weekend cl osure, 2.8 lane-km of deteriorated concrete slabs were to be removed and
repl aced in Lane Number 3. The location of the project was on east bound I-10 between Fairpl ex
Drive exit (station 704+8 0) and Garey Avenue exit (station 736+05), as shown in Figure 7. The
purpose of the first 51 hours of the 55-hour weekend closure was torepl ace exi sting 204mm
concret e pavement slabs (PCC) in Lane Number 3 with the same thi ckness of new FSHCC. In
areas where the base was seriously damaged from moisture and erosion, Fast Setting Hydrauic
Cement Treated Base (FSHCTB) was used to replace the existing base (full depth repl acement
option). The same mix was used for concrete base and slab. For this 2.8 lane-km stretch, Lane
Number 4 had previ ously been rehabi litated thr ough nighttime cl osures.

Figure 8 shows a plan view of the freeway and the lane closure tactics utilized duringthe
pavement rehabilitation

Two out of the four 1anes remained open while rehabilitationwork was underway. Inthe
first kilameter of the prgject, two lanes were assigned for construction access, Lane Number 4 as
amain access lane and t he shoul der as an auxiliary access.

For the remainingtwo-thirds of the project, only Lane Number 4 was assigned as the
constructionaccess. The width of t he outer shoulder varied from 2 to 3 meters with an adj acent

sound wall. The reduction in the number of access lanes signi ficantly impacted the demolition
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operation because trucks entering or exiting the demdition area were bl ocked by ot her trucks
being | oaded with the removed concrete sl abs.

Inthe design stage, Caltrans surveyed the existing pavement structure to assess the
condition of the pavement and especi ally to check the CTB. Based on the survey results, the
Caltrans designteam produced drawings that laid out the rehabi litation for each section of
freeway as shown in the example drawing in Figure 9. When read i n conj unction with the
pavement cross-sections (Figure 5), the drawings are clearly marked as to which slabs shoul d
recei ve which type of rehabilitation. With the drawings of proposed rehabilitated slabs, the
contractor knew where to apply the two main types of rehabilitation processes (full depth
repl acement or slab repl acement only).

For the pilot prgject, which speci fied either Lane Number 3 or Lane Number 4, the
contractor preferredtorehabilitate Lane Number 3 because of the more efficient construction
access. Inthe rehabilitationof Lane Number 3, two full access lanes are availabl e except for
areas where the sound wall exists adjacent to shoul der. When the two access lanes are located all
on one side, more mobility is affordedtothe contractor inmani pul ating demolition and delivery
trucks. If the contractor decidedtorehabilitate Lane Number 4 instead of Lane Number 3, the
product ivity of the rehabilitation would be less because the two access lanes, Lane Number 3 and
the shoul der, woul d have t o be split apart.

After the 55-hour weekend closure, project engineers for the contractor commented that
if the contractor had been provided with two full construction access 1anes from t he beginning to
the end of the project, significantly more production could have been achieved. Ina UCB study
deliveredto Caltrans, one of the major constraints limiting the rehabilitation production was

found to be the number of access 1 anes availableto the contractor (1).
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2.7  Production Comparison of Weekend Closure with Nighttime Cl osures

Nigttime and weekend cl osures have both positive and negative aspects from a
product ion and traffic inconveni ence point of view. A detailed comparison for the two nighttime
closures (7 and 10 hours) and the 55-hour weekend cl osure is summarizedin Table 3, especially
focusing on the productivity, i.e., how many slabs could be repl aced per hour during each
different construction windows. The definition of productivity used in Table 3is based on the
average number of slabs repl aced per hour without consi deration of the number of resources
involved in the specific rehabilitation process.

Table 3 shows that the additional three hours of work in the 10-hour closure versus 7-
hour closure greatly enhance the productivity of the ni ghtly operation (50 slabs versus 15 slabs
replaced). This canbe further extrapol atedto 55-hour weekend closures where mobilization,
demobilization, and curing times become a smaller percentage of the total project 1engthandthus
more production can be achi eved. Interms of the number of slabs repl aced per hour, the 55-hour

weekend cl osure was 54 percent more productive than t he average ni ghttime cl osure.

Table 3 Comparison of productivity for different constructi on windows

Nighttime Closure Weekend Closure
7-hour Closure 10-hour Closure 55-hour Closure
Net working hc_)urs 2 hours 5 hours 43 hour s
(concr ete pouring)
Auxiliary hours
(mobilizatia/ curing/ 5 hours 5 hours 8 hours
demobilization)
Number of slabs replaced | 15 50 615
Productivity
(sl abs per hour) 7.5 10 14
Maj or resources 7 du_mp trucks 7 du_mp trucks 21 du_mp trucks
4 mixer trucks 8 mixer trucks 12 mixer trucks




Approximately 2,300 m* of FSHCC was used for the rehabilitation during the 55-hour

weekend cl osure, which was about 16 percent of the total concrete vol ume of 14,000 m’ for the

entire rehabilitationproject.

The entire rehabilitationproject took 10 months to complete. Yet, in one 55-hour

weekend cl osure, 16 percent of the total material used in the rehabi litation project was placed.

The highproductivity of the weekend cl osure demonstratedit tobe anefficient alternative to

nighttime only closures for both the road users and Caltrans.

The amount of the rehabi litation wor k done over the 55-hour ext ended closure would

have normally t aken approximately 16 days of nighttime 1 ane cl osures to complete based on t he

average ni ght time closure wi ndow, as shown below.

Productivity of the weekend closure compared t o nighttime closures

East bound Nighttime Closures = 7 days of 10-hour closures per week
Westbound Ni ghttime Closures =2 days of 10-hour closures and 5 days of 7-hour
closures per week

Average nighttime cl osure time (east bound & west bound):

9 daysx 10 - hour closure + 5 days X7 - hour nighttime closure
14 days

8.9 hours per nighttime cl osure, average

Average performance 7-hour ni ghttime closure =15 slabs

Average performance 10-hour nighttime cl osure =50 slabs

Average number of slabs per 8.9-hour closure =37.5slabs

The performance of the 55-hour weekend cl osure = 615 slabs

Productivity of a 55-hour weekend cl osure compared to nighttime closures:

#of slabs for 55 - hour weekend closure _ 615
Avg. #of slabs for nighttime cl osure 375

=16.4 times as many sl abs

which means that 16.4nighttime closure are requiredto achi eve t he same number of

repl aced slabs on a 55-hour weekend.
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From the road user’ s point view, when the total duration of 1ane closures for 16 days of
nighttime closure is compared to one weekend cl osure, the duration of the 55-hour weekend

closureis only 38 percent of the 16 ni ghttime closure duration as shown below.

Comparison of the duration of a weekend closure to 16.4 nighttime closures
e Average number of hours of a ni ghttime closure = 8.9 hours per nighttime

e Number of hours for 16.4 ni ght time closures = 16.4 x 8.9 =146 hours

e Number of hours for a weekend cl osure =55 hours

¢ Ratio of lane closure duration=55/ 146=38%

For either 7-hour or 10-hour ni ghttime cl osures, a 4-hour opening strength material is
required to achieve the proper concrete strengthtoopenthe lane backtotrafficinarelatively
short construction window. This is one reason for the applicationof FSHCC in nigttime only
closures. The benefits of FSHCC for a 55-hour weekend cl osure may not outweighits costs, and

it may not be t he most efficient material touse for weekend cl osures.

2.8  Traffic Management

2.8.1 Traffic Management Plan

Prior tothe 55-hour weekend cl osure, Caltrans and t he cont ractor made a large effort to
disseminat e information about the I-10 project through several medi a out lets. During the desi gn
stage, a comprehensi ve trafficmanagement plan was devel oped with detailed detour plans for the
55-hour weekend cl osure. Inorder to control traffic and inform t he publicof detours duringthe

55-hour weekend cl osure, approximately one hundred message and signboards were installed
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t hr ough the neighboring freeways, hi ghways, and main arterials in the vicinity of the I-10
corridor.

Figure 10 shows an exampl e of a traffic management pl an drawing for the I-10 project.
The goal of Caltrans traffic plan was to divert as many road users from the I-10 corridor as
possible onto al ternative routes duringthe 55-hour weekend cl osure. Caltrans advertisedthe I-10
project planthroughlocal media sources such as newspapers, TV, radio, and flyers for both
nighttime cl osures and the 55-hour weekend cl osure. Caltrans alsoutilizedthe Internet for the
advertisement of the 55-hours weekend closure by opening an exclusive web page for the
project. (6)

Inits traffic plan, Caltrans decided to close the connector route entrances to eastbound I-
10 from the 210 and 57 freeway during t he 55-hour weekend closure for t woreasars: first, to
minimi ze incoming traffic to eastbound I-10 by detouring the traffic toalternative routes; second,
the 1ocation of the incoming connectors (210 and 57) was tooclose tothe starting point of the
weekend rehabilitaion and there would not be sufficient capacity in the two open lanes on
east bound I-10 t 0 accommodate the expected volume of traffic from thr ough and connector
routes. Fgure 11 shows a phot o of the beginning of the I-10 weekend rehabi litation project with
two lanes and a shoul der cl osed and two lanes left open for traffic. Fgure 12 shows the
connector ramp to eastbound I-10 from the 210 freeway cl osed during t he 55-hour weekend.

The ramps cl osed in the direct vicinity of the weekend cl osure incl uded the entrance ramp
at Fairplex, the entrance andexit ramp at Dudley, the exit ramp at White, andthe exit ramp at
Garey. All of these ramps were still open to construction vehicles, which helped expedite the

demolitionand concrete delivery operation and minimi zed constructionsite traffic jams. These
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&3 .
Figure 11. Beginning of closure of two right 1anes with rubber cones.

RAMP CLOSED

USE TAMP Al
GARE?:

Figure 12. Closure of eastbound entrance and exit ramps during the 55-hour weekend
closure.
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ramp closures were posted to the public on signboards prior tothe impl ementation of the
weekend cl osure.

Caltrans cooperated with 1 ocal transportation organi zations such as the Auto Club of
Southern California and the Califania Trucking Associationtohelp distribute the information
about the project. A team of officers from the California Highway Patrol was dispatchedtothe
site during the weekend closure to help the project team control traffic andsecurity of the site,
particularly during the nighttime hours. The California Highway Patrol hadthe authority to
suspend or stop the project independently of Caltrans if they felt the safety of the road users or

construction workers would be compr omi sed.

2.8.2 Impact of the Weekend Cl osure t o Road Users

2.8.2.1 Trdffic Measurement Plan

With the assistance of Caltrars traffic management in District 7, traffic volume data were
anal yzed t o understand the trends of road users duringthe 55-hour weekend cl osure. This traffic
data was compared with historical weekend traffic data. Caltrans measured the eastbound traffic
volume at two stations during the 55-hour weekend closure.

The first measuringlocationcollectedthe total eastbound traffic volume at “Kellog”
(near “Via Verde”) before any connector diversion. The measuring station was located west of
the 210, 57, and 71 int erchanges on I-10 eastbound. The traffic volume measured at Kellog
represent s the number of vehi cles using the I-10 before the connector spilt at the 210, 57, and 71
freeway.

The second set of traffic data to measure was the net traffic volume t hrough the proj ect

site (Fairplex Avenue to Garey Avenue). However, the traffic measuring detectors for this
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location were damaged during previ ous ni ght time cl osures. The net traffic vol ume thr ough the
construction site was instead cal cul ated by subtracting the di verted traffic vol umes at the 210, 57,
and 71 freeway from the measured traffic volume at Kellog The connector ramps enteringI-10
from these al ternative routes were cl osed during t he 55-hour weekend closure and t herefore
traffic volumes from these routes di d not need to be incl uded in the traffic anal ysis.

2.8.2.2 Comparison of 55-hour Weekend Traffic Data with Histovicd Data

The raw traffic volume data coll ected by Caltrans was anal yzed for the 55-hour weekend
closure andis shown in Figures 13to 15. The key point of interest toCaltrars traffic
management is how the traffic pattern of the travel ing public changed during the 55-hour
weekend closure relative toa typical weekend.
The findings from the information displayed in Figures 13to 15 are:
¢ Duringthe 55-hour weekend closure, the eastbound traffic vol ume passing through
the project site at the peak-hours (Saturday and Sunday 9 am. —9 p.m.) was reduced
by 30 to 60 percent compared with t he peak traffic duringtypical weekends (Figures
13 and 14).

e The reduction in the hourly volumes t hrough t he construction zone during the day
resul ted from more road users t aki ng alternat e routes t han on t ypical weekends
(Figure 14). The Kellogtraffic volume measurements indicate that 25 percent of the
traffic divertedto Route 57, and 25 percent divertedto Route 210 and 71, 1eaving
only 50 percent of the traffic to pass through the construction site on eastbound I-10.

e The total east bound traffic vol ume at Kellog during the 55-hour cl osure was 5 to 35

percent less thantypical weekends at peak hours (Figure 15). Off peak-hour vehi cl es

were not di scouraged or concerned about the weekend 1ane cl osures, so di versions
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Conparison of Eastbound Through Traffi c Volume
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Figure 13. Through traffic volume during construction weekend compared with typi cal
weekend.

Diver sion from Eastbound to Other Routes
Diversion (55-hour) = = = DIVERSION (Histary)

70%
60%
50%
40%
30%
20%
10% -
0% +—
SN NSNS SN S

N S N S
& Y u%%o",g, NSRS > & " SR AR

Diversion Percent

55 hours Time Frame

Figure 14. Diversiontraffic during construction weekend compared with typical weekend.
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Figure 15. Net through traffic volume compared with total vol ume before diversi on.

of the freeway (1500 vehicles per hour per lane). Overall, Caltrars traffic management efforts

were successful without any significant delays on the freeway during the 55-hour weekend

during nigttime hours were only 5percent different thanhistorical volumes, as

showninFigure 14. The overall reductionintraffic volumes on I-10 during the

peak-hours indicates that road users were well informed.

The demand by road users during the weekend construction was still under the capacity

closure. The largest delay was 19 minutes on Sunday afternoon bet ween 2 and 4 p. m.
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2.9 Fast Setting Hydraulic Cement Concrete (FSHCC)

2.9.1 Mix Design

AFast Setting Hydraulic Cement Concrete (FSHCC) was used for the I-10 project.
Caltrans selected FSHCC to eval uate the effects of reducing the concrete curingtimetoa
minimum. The cement utilized for this prgyect was supplied by CTS Cement Manufacturing
Company (CTS). Rapid Set isaproprietary cement from CTS with its mai n component bei ng

calcium sul fo-aluminate. The final mix design the contractor usedis shownin Tabl e 4.

Table 4 Maj or features of the FSHCC mix desi gn
Constituent Quantity
Rapid Set Cement 390 kg/m’
Concret e Sand 676 kg/m”
9.5mm A ggregate 215 kg/m’
25-mm A ggregate 900kg/m”
Water 181liters/m’
Entrapped Air 1.5 percent
Water toCement Ratio 0.46

Tar get Slump 150 £ 50 mm
Daracem ML 330 (210) 25 oz./cwt.*
Recover (21C) 27 oz./cwt.*

(*oz./cwt. =ounces per hundred pounds wei ght of cement)

The mainrequirement in the specificationwas that the concrete flexural strength should
be 2.8 MPa (400 psi) after 4 hours. This early strength specificationessentially eliminates
normal portland cement concrete from consideration in the mix desi gn. The FSHCC was al so
requiredtoreach4.2 MPa (600 psi) within 28 days.

The target water tocement ratio(w/c) of the mix desi gn was 0.46 with a desired slump of
15£5cm (6 £2in.). Three aggregates were bl ended together : 25-mm stone, 9.5mm pea

gravel , and washed concrete sand.
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A superplasticizer (Daracem ML-330) was used to improve the workability of the
concrete. A retarder (Recover) was al so added to delay the initial set time of the concrete. The
FSHCC was found to be temperature sensitive, sothe retarder and superpl asticizer were adjusted
for any 5°C changes inambient temperature to maintain a constant wor kability and set time of
the mix.

FSHCC begins initial set after about one hour and final set occurs after about 80 minutes.
This rapidset time hel ps achi eve the required hi gh early strength, but this characteristic also
requires careful management of the concrete delivery trucks to avoid setup in the mixer drums.
If the concrete is not di schar ged within appr oximately one hour after bat ching, thenthe FSHCC
begins t o build up on the mixer fins inthe drum. Traffic congestiononthe way to the site,
constructiontraffic jams, or a backup in di scharging of the precedi ng mixer trucks may result in
rejectionof aload, increased build upinthe mixer drum, andthe potential 1oss of the mixer truck
from service until it canbe chipped out.

To manage the risk of early setup the contractor hadto bal ance the need t o maximize the
number of concrete delivery trucks arrivingat the site per hour to provide the most efficient
paving product ion and the ri sk of unwanted buildup in the mixer trucks or rejection of the

concrete trucks due to unanticipat ed del ays intrarsit or at the site.

2.9.2 Concrete TestingPlan

All fresh and har dened concrete property testing was contracted to Twining Laborat ories
of Sout hern California, Inc. Caltrans did not adopt non-destructive testing methods intheir
speci fication, although the Federal Highway Administration was i ndependently conducting

maturity testing. Third-point flexural strengthbeam tests were used to measure concrete strength
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as the basis for accepting andrejecting the in-pl ace concrete. Cylinders were used to measure

compressive strength, but results were only to be used as a reference in case of disputes. The

contractor was requiredto sampl e 10 beams and 6 cylinders from every 15 mixer trucks [once

every 100 cubic meters or part there of in between (4)]. The detailed testing schedul e and

strengthrequirements stated inthe specificationare summarizedin Table 5.

Table 5 Test schedule and strengt h requi rements in the specifi cation
Flexural Strength Compressi ve Strength
Curing Time Number of Number of
Specimens Strength Specimens Strength
3 hours 3 beams N/A 1 cylinder N/A
4 hours 3 beams 2.8 MPa 2 cylinders N/A
28 days 3 beams 4.2 MPa 2 cylinders N/A
Contingency 1 beam 1 cylinder
Total Specimens 10 beams 6 cylinders

2.93 Flexural Strength Requirement Criteria

The strength criteria used for accepting and rejecting placed concrete is shown in Table 6

(4). If any di sputes over the flexural strengthresults arose, the cylinder strengths coul d be used to

resol ve the strength discrepancies. Caltrans and the contractor agreed prior tothe 55-hour

window that the incentive/disincentive clause for pavi ng production would not be tied tothe

concrete strengthcriteria. Therefore the contractor coul d recei ve 100 percent of the incentive

($500,000) for completing the 2.8 1ane-km of paving even if some sample units di d not meet the

4-hour or 28-day flexural strengthcriteria.

Table 6 Criteria for strengthrequi rement in connection with payment condition
Fl exural strengthrequi rement
4-hour curing 28-day curing Acceptance/ Payment
2.8 MPa (400 psi) 4.2 MPa (600 psi) Accepted/full pay
2.8 MPa (400 psi) 3.8-4.2 MPa (540600 psi) Accepted’95% pay
2.4-2.8 MPa (342-400 psi) 3.8 MPa (540 psi) Accepted’9(0% pay
Less than 2.4 MPa (342 psi) - Reject ed

(*Note: rejectionrequired concrete tobe removed and repl aced at the contractor’s expenses)
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2.94 Resultsof the Concrete Testing

Tables 7 and 8 show the average results of the concrete beam and cylinder testing,
respectively, for bot h the 55-hour weekend and nighttime closures. The 3- and 4-hour flexural
tests met the Caltrans strength specificationof 2.8 MPa at 4 hours for both nighttime and
weekend construction. Likewise, the average 28 -day strengthresults were 10 percent hi gher
than the specification. The flexural strengthresults were approxi mately the same for ni ghttime

and weekend work. The compressive strength data showed trends similar tothose of the flexural

strenghresults.
Table 7 Res ult of concrete beam testing for ni ghtti me and weekend closures (MPa)
Curing Required Nighttime Weekend Average Total Average
Time Strength Average Strength Strength Strength
3 hours N/A 2.9 3.0 2.9
4 hour's 2.8 3.1 3.3 3.1
28 days 4.2 4.7 4.68 4.7
Table 8 Result of concrete cylinder testing for nighttime and weekend closures
Curing Required Nighttime Weekend Average Total Average
Time Strength Average Strength Strength Strength
3 hours N/A 23.6 22.6 23.5
4 hour's N/A 24.8 25 24.8
28 days N/A 41.6 41.3 41.5
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3.0 CONSTRUCTION PRODUCTIVITY DURING THE 55-HOUR WEEKEND
CLOSURE

3.1 Partidpation of Subcontractors

One principal contractor (Morrison Knudsen Corporation) managed the I-10 project. The
principal contractor was incharge of drillingholes for tie bars, installing dowel bars, pavingthe
concrete, controllingtraffic, and handl ingthe movable concrete barrier (MCB). All other
activities were contracted out tospecialty contractors or were the responsibility of the owner

(Caltrars).

Work was split among the participants as foll ows:
e (Caltrans (Owner): Inspection and traffic management
e Morrison Knudsen (principal contractor): Management and concret e pavi ng activities
e Harber: Demolition (slabremoval with excavat ors and hauling with dump trucks)
¢  WesternRock Inc.: Concrete Batch Plant and delivery with mixer trucks
CTS: Cement supply (RapidSet cement)
Vulcan Materials: Aggregate supply
e Twining Laborat ories: Concrete testing
e Barrier Systems Inc.: Moveable Concrete Barrier, including transfer and transport of

machine

Cellular tel ephones were used very efficiently as a communicationtool for coordination

among the contractor and subcont ractors at the site.
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3.2 Contractor’s Intermal CPM Schedule

The contract or devel oped and pursued two CPM schedules, an “internal ” and a “formal”
schedul e, for the 55-hour work weekends. The internal CPM schedul e was the most optimistic

option, as shown in Table 9. The formal CPM schedul e, shown in Tabl e 10, was submitted to

Caltrars.

Table 9 Contractor’s i nternal CPM schedul e for the 55-hour weekend closure

Sequence Work Activity | Start | Finish | Duration (hrs)

1 Rehabilitation of 1 area (main rehabilitati on work)
1 Set traffic control -2 1.0 3.0
2 Install Mobile Concrete Barriers (MCB) 0 2.0 2.0
3 Sl ab demolition 0.5 16.0 15.5
4 Cleaning sub-base 1 16.5 15.5
5 Drill and tie bar install 1.5 20.0 18.5
6 Set polyethyl ene and dowel baskets 2.0 20.5 18.5
7 Concrete slabpaving 2.0 40.5 38.5
8 Pavement marker 41.0

11 Re habilitati on 2" Area (additional rehabilitation work)
9 Slab demolition 18.0 24.0 6.0
10 Cl eani ng sub-base 18.5 24.5 6.0
11 Drill and tie bar install 23.0 31.0 8.0
12 Set pol yethylene and dowel baskets 23.5 31.0 7.5
13 Concrete sl abpaving 40.0 50.0 10.0
14 4 hour curing 50.0 54.0 4.0
15 Remove MCB 52.0 54.0 4.0
16 Open to traffic 55.0 55.0

(Note: time O starts at 10 p.m. on Friday)

Based on ni ghttime cl osure work, MK was confident they could achieve the rehabilitaion
goal of 2.8 lane-km during the weekend cl osure much earlier thanthe formal CPM schedule
indicated MK’s original intent withthe internal CPM schedule was to complete the target goal
of 2.8 lane-km and then continue rehabilitaing other parts of the contract work on I-10 during
the remainder of the weekend. The main purpose for this strategy was to take advant age of the
large traffic management effort and finish work that woul d ot herwi se have t o be completed on

nighttime closures. As shown in Section 2.6, weekend work was 66 per cent more efficient than
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nighttime work. Furthermore, the faster the work was compl eted by the contractor, the less risk
tothe construction workers from construction zone exposure.

The contractor was not permitted to implement the internal CPM schedule as the formal
plan because of a number of obstacles. Caltrans was not in favor of the contractor’s internal
CPM for two mainreasons. The first reason was that the traffic management plan woul d have to
be revised toallow the contractor access toother 1ocations onl-10 not includedinthe 2.8 1ane-
km production run. Secondly, Caltrans would have had to adjust several contractual conditions
to accommodate the proposed additional work. For example, payment and quality control
factors for the extra work, whi ch would not be connect ed with the ori ginal 55-hour project plan,
would have had to be worked out. The internal CPM pl an proposed by the contractor (Table 9)
was realisticinterms of predicted progress of the rehabilitation, assuming no mi shaps would

have occurred to sl ow down the productionrate.

3.3 Formal CPM Schedul e Submitted to the Owner

Figure 16 shows the contractor’s formal CPM schedul e submitted to Caltrans. Table 101s
the summary of the CPM schedul e showing the mainactivities of the rehabilitationwith start
times, finishtimes, and durations. The CPM schedul e is strai gt forward, as most activities have
“start-to-start” or “start-to- finish” relationshi ps.

The activities on the critical paths are as fol l ows:

mobilization >
slabremoval >
pour FSHCC -
cl ean up wash-outs >
pavement markers =

Cure FSHCC 4 hours =

pick-up MCB >

open ramps and connect ors
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The CPM schedul e of the 55-hour weekend cl osure was very tight, with most of the main
activities onthe critical path without any alternative paths or floats for contingency.

The contractor reviewed and checked the plan very carefully due to the contractual
pressures tofinishthe targeted 2.8 lane-km in 55 hours. The proposed CPM schedul e submitted
toCaltrans was more rel axed t han the contractor’s internal schedule. The contractor was very
confident of the plan and schedule based on experience from a number of repeated nigttime
closures. MK didrealizethat if oneactivity l agged in production or a breakdown occurred, then
it coul d del ay the whol e rehabilitation process and j eopardi ze the targeted completion goal of 2.8
lane-km. For this reason, MK incl uded redundancy inmaj or equi pment, includingthe batch
plant, demolition trucks, excavat ors, paving screeds, and concrete del ivery trucks.

A couple of points can be made about MK’ s proposed CPM schedul e as comparedto
MK’s internal CPM schedul e:

e Alot of preparatory activities at the begi ming of the project were schedul ed to take

place immediatel y upon closure of the project area (i.e., time zero [Friday, 10 p.m.])
inorder tomaximize the available time for the main activities, especially concrete
paving. InMK’s intermal CPM schedul e, these activities were scheduledto start with
one- ar two-hour lags sequentialy.

e The duration of slab demolition (17 hours) was relatively short compared withthe
concrete paving duration, which was schedul ed for 47 hours. The contractor believed
demolition coul d be completed qui ckly with multiple crews, i.e., three excavat or
teams. This would be equival ent to one demolition crew working continuously for 51

hours.
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e Fimlly, the duration of the paving activity (47 hours) in the proposed CPM schedule
was stretched as much as possi ble as compared with the internal CPM schedul e of

38.5hours of paving time.

Table 10 Formal CPM schedule submitted to Cal trans

Sequence | Major work activity Start time Finish time Duration (hours)
1 Set traffic control -2.0 -1.0 1.0
2 Irstall MCB 0 1.0 1.0
3 Slab demolition 0 17.0 17.0
4 Cleaning sub-base 0 17.0 17.0
5 Drill and tie bar install 0 26.0 26.0
6 Dowel baskets 0 26.0 26.0
7 Concrete slabpaving 2.0 4.0 47.0
8 Saw cut 4.0 51.0 47.0
9 Pavement marker 45.0 53.0 8.0

Note: time O starts at 10p.m. on Friday

3.4  Initial Resource Planning

3.41 Manpower Organization

Due tothe tight work schedul e, workers on the j ob site were schedul ed to work 12-hour
shifts with two shifts per day. Although there were many activities invol vedinthe rehabilitation
project, MK mobilized appr oximatel y 35 people for coordination, paving, and traffic control.
The breakdown in labor for the principal contractor was as foll ows:

e Project manager: 1

e Project engineers: 2

e Superintendents: 2

e Total number of l1aborers: about 30

e Pavingoperation: 21 per shift
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e Traffic control: 6

e Dumpingarea: 3

3.42 Details of Resource Operation Plan

Table 11 shows the major resources schedul e for usage by the contractor duringthe 55-
hour weekend cl osure. (onpared wth the resource schedul e for the ni ghttime cl osure shown in
Table 2, the number of the resources increased significantly. For example three times as many
demolitionand concrete delivery trucks were pl anned as compared t o t he nighttime only
closures. Inclusionof many crews was possibl e because t he entire const ruction zone was
protected from traffic and crews could work in different 1ocations onthe site.

Because many parts of the rehabilitation work were contracted out tospecialty
contractors, the prime contractor di d not have complete control of the resource pl anning. For
example, the concrete batch plant, end dump trucks for demolition, and mixer trucks for concrete
delivery were under t he control and responsi bility of subcontractors. The responsibility for
mobilizing the total number of each resource needed was placed on t he subcont ractors.

In the demolitionplan, multiple crews were to be mobilized to short en the durat ion of the
demolition Three demolition teams wor king simul t aneousl y were planned with a minimum gap
bet ween the teams. Fach team would take care of a certainnumber of slabs and t hen leap
forwardin front of the other demolition crews until completion of the work.

Inthe demolitionplan, seven end dump trucks were assi gned t o each excavator. Multiple
demolitioncrews were possibl e as t wo construction access 1 anes were avail abl e (Lane Number 4

and the shoulder). Shortly after constructionbegan, demolition trucks could use closed exit and
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entrance ramps to the sitetotry and avoid any interruption bet ween t he demolition teams and
undesired queui ng of the trucks in one location.

Inthe concrete delivery plan, 12 mixer trucks per shift were slated for operation with 3
standby mixers in case of excess buildup of FSHCC in the mixer drum. A dry mix batch plant
from Western Rock was exclusi vel y used for the project duringthe weekend closure. A standby
bat ch plant was arranged with the same st ock of materials, as contingency for an emer gency.

Two rotating concrete screeds were mobilized for concret e pavi ng with one screed being used for

backup.
Table 11 Initial resource pl anfor 55-hour weekend closure
Resource Quantity Total Quantity of Resource
End Dump Truck, 22-ton Capacity 7 per team 21 trucks (3 teams)
Excavator, Im’ Capacity 1 per team 3 (3 teams)
Mixer Truck, 8 cu. yd. Capacity 12 per hour 15 mixers (3 standby)
Batchplant, 220 cu. yd. per hour Capacity 1 2 (1 standby)
Hand Operated Screed 1 2 (1 standby)
Gang Dirill for Tie Bar Holes 2 2 (for both | ongitudinal edges)
Concrete Saw for Transverse Joirts 1 1

3.5  Sudden Change of the Contract from Traffic Control Requirement

One of Caltrans biggest concerns during the 55-hour weekend closure was t he
inconveni ence to road users, especially since Caltrans didnot have experience with this type of
urban freeway closure. At the sametime as the I-10 project, several other rehabilitationprojects
were underway on nearby freeways. These nei ghboring rehabilitationprojects coul d aggravate
the traffic congestion onthe I-10 (Pomona) segment during the weekend cl osure.

A few days prior tothe pilot prgject, Caltrans requested a contingency pl an by the
contractor toopenthe rehabilitatedlane totraffic withintwo hours of notice by the Resident
Engineer. Caltrans issueda letter tothe contractor statingthe demolition progress coul d not be
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more than 20 slabs from the paving operation. The reason for this actionby Caltrans was to
avoidlarge del ays tothe road users travel ling through the I-10 Pomona corridor. The contractor
would be requiredto openthe rehabilitatedlanes totrafficif traffic backup on east bound I-10
was 30 minutes longer thanthat of a normal weekend. Another reason for this stipul ation by
Caltrars was tomake sure the contractor coul d efficiently produce, deliver, and place the
FSHCC before completely removing all the slabs in Lane Number 3.

This restriction onthe number of slabs demolished ahead of t he paving operation was
lifted on Saturday morning at 10:30 a.m. Caltrans and the contractor could not affordto have the
road still dosed when rush hour traffic began on Monday at 5a.m.

Accordingtothe contractor, enough time was not available toproperly develop a
contingency plan for this restriction, as they were only giventhis information several days prior
tothe 55-hour weekend cl osure. The contractor’s solution was to slow down the progress of
demoalitionafter a certaintime period to make sure t he demolition crews di d not out pace the
paving operation. The contractor reduced t he demolition operation from three teams to two
teams approxi mately 5 hours after the demolition began.

The downsizing of the demolition from three totwo crews was one reason why the actual
duration of demolition was much longer t han (al mest twi ce) t han t he schedul ed demolition in the
proposed CPM. However, this demolition restriction did not hinder the contractor from
achievi ng t he production goal of 2.8 lane-km in 55-hours. The reason the contractor was ableto
complete theentire length of the project was that the demolition operation was far enough ahead
of the paving. The concrete paving was onthe critical path for the majority of the proj ect, while

the demolition work was only briefly on the critical pathat the beginningof the project.
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3.6  Typical Rehabilitation Processes

The typical process of the rehabilitation for the 55-hour weekend closure was pl anned as
follows:

1. Saw cutting for demolition (compl eted during previous ni ghttime closure)

2. Imstall MCB and lane cl osures

3. Demolition of slab/haul ing out demolished sl ab

4. Demolition an paving of CTB (for full depthreplacement only)

5. Clean and sweep CTB

6. Drill holes andinstall tie bars

7. Install bond break (Pol yet hyl ene sheets)

8. Install dowel bar baskets

9. Concrete production and delivery

10. Concrete placement

11. Fini shingand texturing

12. Spread curing compound

13. Cure concrete

14. Saw transverse joints

15. Install pavement reflectors

16. Clean up sl ab surface

17. Demobilize of MCB

18. Open lares totraffic

19. Grind pavement surface (to occur duringa subsequent ni ghttime cl osure)

The rehabilitation process over the 55-hour weekend closure is a typical exampl e of

linear production with an optimal distance bet ween the activities toavoidinterruptions while still
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minimizing the number of resources. A detailed description of the above processes is in Sections

0and3.12.

3.7  Traffic Closure with Movable Concrete Barrier (MICB)

The first step of the rehabilitation process was traffic control. The major traffic control
activities were settingup traffic signs, closing of entrance/exit ramps and connectors from ot her
routes, and installing Moveable Concrete Barrier (MCB) for the 1ane cl osure. The contractor
began toset up traffic signs two hours before the lane cl osure could be implemented, i.e., Friday
at 8 pm.

During the 55-hour weekend closure, the speci ficationrequiredinstallation of MCB
bet ween the traffic andrehabilitationlanes, i.e., Lane Numbers 2 and 3. The purpose of the
MCB was toserve as atemporary safety barrier between road users and const ruction workers.
For nighttime cl osures, rubber cones were used instead of MCB for prompt installation and
removal. Figure 17 shows anisometric view of a MCB from the contract drawing with its
typical dmensions. F gure 18 shows a picture of the MCB wtilized as a safety barrier onthe I-10
prgect.

The MCB is only available for 1ease from a specific manufacturer, namely Barrier
Systems, Inc. This manufacturer al so suppliedthe transfer and transport machine for the MCB.
The price quoted by the manufacturer for any successful bidder was $125 per linear meter of
concrete barrier and $133, 000 per unit of transfer and transport machine based upon a year lease
(4).

The MCB segment s were al ready placed and 1 ined up on the out si de shoulder before the
weekend cl osure and only needed to be shi fted into place (bet ween Lane Number 2 and 3) by the

transfer and transport machine. Inaddition to the benefit of concrete barriers for worker safety,
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the hi gh cost of usingthe MCB could be justified by the simplicity and qui ckness of the
installationprocess. The installationof the MCB for the whole 3 1ane-km segment was
performed within 30 minutes. Figure 19 shows how the MCB was installed by the transfer and

transport machi ne at the beginning of t he proj ect.

'\ l.
——TOP MOUNTED REFLECTOR
-‘>’ AT 7.3 INTERVAL

r

Figure 17. Isometric view of the MCB (unit: meter).

Figure 18. MCB install ed as safety barrier during the weekend closure.
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Figure 19. Installation MCB using transfer and transport machine.

3.8 Demolition of PCC Slab

Most contractors use two types of demolition methods for concrete pavement
rehabilitation: impact and non-impact. Inthe case of impact demolition, the concrete slabis
rubblized by a breaker, which repeatedy drops a heavy hammer mounted on the impact
equipment. The rubblized slab can then be 1 oaded onto a truck in small pieces. This impact
demdition method is normally used for full-depth repl acement options, as the drop hammer can
rubblize the pavement down t o t he subbase 1 evel.

Inthe case of non-impact demolition, the concrete slabis cut into several pieces by
longitudinal 1y and transversel y cutting the slabs, and t hen lifting out large sl ab segments with an

excavator. Inthis case, the CT B remains undi sturbed and onl y the concrete slabis removed.
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Figure 20 shows the saw cutting operation for the non-impact slab demolition. Figure 21 shows
concrete slab cut into three pieces longitudinally for easy removal.

Bot h demolition met hods were used for the I-10 project. Most areas required only slab
repl acement (non-impact demolition met hod), while a few areas needed the full -depth slab
repl acement (impact demolition). For the non-impact demolition process, slabs were al ready
longitudimal ly saw cut intothree parts, one meter from both 1 ongitudinal edges, during previ ous
nighttime closures. There was some saw cutting during the weekend cl osure towards the end of
the project because the contractor couldnot finishcuttingall 615 slabs before the project began.
The concrete slabs cut during nighttime closures prior tothe 55-hour weekend cl osure were used

as normal traffic lanes until the time of the weekend cl osure.

3.8.1 Slab Demolition Plan

The demolition contractor (Harber) mobilized three demolition teams at the beginni ng of
the project. Each team worked si multaneousl y with a minimal separation and moved forward in
a staging progress rather than spread out intothree equally divided parts spanni ng the whole
project length. After about one-third of the sl abs had been demolished, onl y two demolition
teams remained until the end of the demolition phase due to the physical constraints of the
prgect.

One excavator with a 1 m® bucket capacity and seven end dump trucks were assi gned for
each team in the initial demolition plan. End dump trucks were owner-driver trucks and were
mobi lized throughout the Southern Califaniaarea. At the start of the demolition, a hand held
pneumatic hammer broke up the first slabtoallow the blade of t he excavator tolift ot the first
slab, as shown in Figure 22. With t he non-impact demdition method, the excavator sat in Lane

Number 3 infront of the slabs that it was removing. The excavator then loaded the old concrete
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Figure 20. Slab cutting for non-impact demdition met hod.
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Figure 21. Slab panels cut into three pieces 1 ongi tudi nally.
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Figure 22. Breaking the starting point of the sl abwith a j ackhammer.

A
Figure 23. Non-impact demolition.
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into the end dump truck sitting in Lane Number 4, as shown in Figure 23. The loading rate of
the cut slabs (non-impact demolition method) was quicker t han that of the rubblized sl abs
(impact demolition met hod) because t he excavat or coul d more easily remove a few large pi eces
than many smaller pieces.

When two construction access lanes (i.e., Lane Number 4 and shoul der) were not
provided, especially for the final two-thirds of the rehabilitaion project, the excavat or on Lane
Number 3 and dump truck on Lane Number 4 bl ocked the passage of concret e mixer trucks, as
showninH gure 24. For alarge part of the project, a soundwall was adjacent to the shoul der
causing access lane restrictions. In H gure 25, an end dump truck for demolition was being
loaded on t he shoul der and part of Lane Number 4. As another demolition truck is trying to pass
this crew, the excavat or must halt its operationbriefly. Inmany instances, a demolition truck or
mixer truck coul dnot pass the demolition crew, as shown in Figure 24. Inthis situation, the
demolition truck had tomove forward to allow for the waiting truck to pass and t hen back up to
the excavator. Occasionally, the demolition truck would move forward to t he next demolition
crew especially if there were a signi ficant number of demolition trucks queuing from behi nd.

The passage of an empty concrete mixer truck on the way back to the bat ch pl ant had first
priarity in most cases. The reason for this was that the concrete paving was the critical activity
and the contractor want ed to avoi d buildup of FSHCC inthe mixer truck drums. Occasionally,
the laborer assigned tothe demolition crew would help direct traffic trying to pass the demadition
crew, but this constructionsite traffic management was almost al ways left up to the demolition
contractor superintendent or excavator operator.

Although the 22-ton capacity end dump trucks hauling out the old concrete slabs hada 9-

m?® capacity (12 cubic yard vol ume of concrete, or 2.7 slabs), the volume of concrete in each
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Figure 24. Concrete mixer truck waiting for clearance to pass behind the demdition
operation.

Figure 25. Fxcavator pausing operation to allow an end dump from other demolition team
to pass.
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truck was between 1 and 1.5slabs. For atypical slabsize of 3.7mby4.5m by 0.23 m thick, the
wei ght of the concrete inan end dump ranged from 8 metric tons (3.3 m’ volume) for one panel
or 12 metrictons (4.9 m’ volume) for 1.5slabs. The mainreason the actual loading volume was
less thanthe capacity of a truck was that the slab pieces (> 1m) could not be packed efficiently
intothe truck bed.

The unpacked volume bet ween t he pieces of slab was t oo hi gh and consequent | y when
only half of truck’s payload was utilized the volume of the truck bed was full. However, the
contractor already knew about this 50 percent capacity reduction from their nighttime closure
experience. The contractor needed t o mobilize more trucks t o compensate for reduced haul ing
volume per truckinorder to finishthe demdition in the minimum amount of time. According to
the measuredresul t of 466 demolition deliveries, the average efficiency of demolitiontrucks was
found to be approximately 47 percent of their vol ume capacity, as discussedindetail inthe next
section.

One of the challenges for the agency and contractor was securing a | arge enough area
located within a few miles of the rehabilitationsite where the removed concrete slabs coul d be
dumped. Luckily, the location of the dumping area for the I-10 project was about 8 km (5 miles)
from the jobsite. The contractor renteda dumpsite from a private business in Los Angeles
County. Figure 26 shows the view of t he dumping area with an end dump truck and a breaker.
The contractor’s site office, subcontractor’s batchplant, and dumping area were inthe same area
near the project site, which minimized haul distances.

The contractor commented that without the dumping area for the ol d concrete slabs cl ose
tothesite, the prgyect wouldn’t work. The mainreason for this is the turnaround time per truck

was not long and therefore not as many end dump trucks were required tobe mobilized. The
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contractor used a breaker mount ed on a backhoe to rubbl ize slab pieces at the dumping site, as
shownin K gure 26. Fi gure 27 shows the st ockpile of rubblized concrete left at the dumping area
for future use.

Under the freeway bridges, a small backhoe was used t o excavate the concrete slabs
instead of the large excavators used for the normal demdition. The reason for using the small
backhoe versus the l1arge excavator was the cl earance underneath the bridges. The 1oading time
underneat h t he bridges t ook about twenty to thirty minutes compared with appr oximately five
minutes for the normal demolition operat ion.

For the slab repl acement only case, cl eani ng up the base with a front-end loader followed
right after the slab demolition, as shown in Figure 28. For most of the project, the existing CTB
layer had loose debris ontop of it from erosion of the base or materials washing underneat h t he
slab. Inmany places, the CT B could be scraped away by the heel of a shoe. The overall
condition of the exi sting base was not very good for a pavement section expectedtolast for 30

years.

3.8.2 CTB Denvplition and Repl acement

Although most of the rehabilitation was limited to slab repl acement, in some areas where
the base was badly deteriorated, full-dept h demolition t ook place. F gure 29 shows impact
demolitionthroughthe use of a guillotine breaker. Inorder toaccommodate a thicker CTBand
slabinthe full-dept h option, part of the aggregate subbase had to be removed. After the
guillotine hammer was fini shed, the whole section was t aken out with an excavat or, as shownin
Figure 30. FSHCC was used for the placing the new CT B layer to qui ckly achieve early strength
with the purpose of placingthe slab as soon as the CT B achi eved t he minimum required strength.

Placement of the fast-setting hydraulic cement treat ed base can be seen in Fgure 31.
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Figure 27. Stockpile of rubblized concrete.
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Figure 29. Impact demdition with a breaker for full dept h replacement.
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Figure 30. Removal of PCC
repl acement.

Figure 31. Placement of FSHCC CT B.




3.8.3 As-built Progress of Slab Demolition

The fol lowing sections compare and contrast the actual progress with the proposed CPM
for the concrete pavement demolition. There were 615 concret e sl abs removed from Lane

Number 3 for the 2.8 1ane-km project.

3.8.3.1 Summary of End Dump Truck Qperation

The UCBresearchteam recorded a total of 466 1 oaded end dump trucks exitingthe site to
haul out the 615 slabs. Onaverage, each end dump truck carried about 10.3 metric ton (4.3 m3),
which was equivalent to approximately 1.3 concrete slabs. The maxi mum carrying capacity of
the end dump trucks was 22 tons. This meant that only 47 percent of the total carrying capacity
of the end dump truck was being utilized, due tothe inefficient packing of the large panel pieces.

The demolition progress can be summarized as fol l ows:

e The first demdition truck was 1oaded at 22:30 Friday as pl anned.

e The demolition oper ation took 30 hours, from time 0.5 (Friday 22:30) to time 30.5
(Sunday 4:30 a.m.). (Note that the CPM schedul e pl anned 17 hours for demolition.)

e For aperiodof time, three demolition teams operated simultaneously with a st aging
progress met hod, but for the majarity of time only 2 demolition crews wor ked
simultaneously. The reason for this was constructionsite access problems and t he
constraint onthe contractor tonot progress more than 20 slabs in front of the paving
operationat the begi nning of the project, as discussedin Section3.5.

e A total of 466 trucks haul ed out demolished concrete slabs. (Notethat the contractor’s

planestimated a total of about 400 trucks.)
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Average number of slabs carried per end dump truck loading = 615 slabs / 466
truckloads =1.32slabs per truck= 10.3 metricton (4.3 m3) of concrete per end dump
truck.

Efficiency of the end dump truck=10.3 metricton average divi ded by t he 22 metric
ton capacity of the end dump truck for an efficiency of the truck of approximately
47% of its capacity.

The average number of panel s demolished per hour = 615 slabs / (30 hours x 2 t eams)
=10 slabs per hour per team. (Note that the contractor’s plan was to demolish 12
slabs per hour per team with 1 to 1.5 panel s 1 oaded for each end dump truck.)
Average loading time of an end dump truck= 30 hours x 60 min. / (466/ 2 teams) =
about 8 minutes per load.

Average number of trucks showing up per hour = 466 / (30 x 2 teams) = about 8
trucks per hour per team.

A total of 32 end dump trucks were mobilized — 11 more than the 21 planned in the
contractar’s CPM schedul e.

Between 19 and 20 end dump trucks were in continuous operat ion, with the extra

dump trucks reserved for shift changes and spares, if necessary.

There were two main reasons why the actual demolition duration was 30 hours inst ead of

the proposed 17 hours. The first reason for demolition delay was that the contractor had t o make

sure the demolition crew did not outpace t he paving operation per Caltrans’ instructiontonot to

be more than 20 slabs in front of the pavi ng operation and be abl e t o open the section to traffic

within two hours (see Section 3.6). Accordingly, several hours after begi nni ng demolition, the

contractor reduced the demdition operation to one crew to meet this requirement.
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The second reason was that after the demolition restriction was lifted on Sat urday
morning, the contractor was not able touse three crews because the final two-thirds of the
project had only one full access 1ane (Lane Number 4) for constructiontraffic instead of the
intial two access lanes (Lane Number 4 and outer shoulder). This made it difficult torun
multipl e demolition crews al ong with the paving operation. As shown in Figures 24 and 25, it
was very difficult for the demdition crew to pass inthe area with the sound wall without

interrupting the loading of a truck.

3.8.3.2 Statistics for Demolition Truck Qperation

The UCBresearch team recorded arrival, departure, and l oadingtime of almost all end
dump trucks used in the demolition operation (466 trucks). The main purpose of recordingthe
demolitiontrucks enteringandexitingthe site was sothat the progress of the demolition process
could be analyzed andrel ated to the other construction operations andthe total project
production. The data would also be useful to help calibrate the UCB constructability and
product ivity analysis model discussedin Section4.0 (1), especially for use instochastic anal ysis
given that arealistic shape of the distribution curve for the resource profiles (trucks, batchplant,
screed) was required.

The demolition truck operation can be summarized as follows:

e Average loading time per end dump truck was 5.5 minutes with a 0.9 -minute standard

deviation, as shownin K gure 32.

e (Onaverage, approxi mately 9 end dump trucks showed up per hour per crew for

demdition with a 2.3 truck standard deviation, as shown in K gure 33. For every

demolition crew, an end dump truck arrived at the demolition area every 7 minutes.

62



Demolition Loading Time

80

Number of Occurrences

Loading Time (min.)

Figure 32. Distribution of the cyde time of demolition loading.
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Figure 33. Distribution of the number of end dump trucks arriving at the site per hour.
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There were several minutes of waiting for each dump truck al ong with the previ ously
ment ioned 5. 5S-minute average loading time. This meant that when three crews were
operating simultaneously, a demolition truck was entering or exitingthe construction
zone every 2.3 minutes.

When const ruction access was reduced t o one l ane, a three-team operation was not
feasibl e because int er ference bet ween demolition truck crews would occur before one
truck coul d be 1 oaded i n the average 5.5 minutes.

As reportedin Section 3.8.3.1, approximately 8 end dump trucks arrivedat the site
every hour per team instead of the nine pl anned. The mainreason for the di screpancy
isthat onaverage, fewer thantwo demolition teams were operating simultaneousl y.
This would increase the efficiency of each demolition operation to nine end dump
trucks per hour.

Although there were alternative entrances to the construction zone, two of the ramps
(Fairpl ex and Dudley Avenue) did not reduce t he congestion of demolition truck
traffic because they were 1 ocated at the begi nning of the project. The White Avenue
exit ramp was used as entering point for the demolition trucks, but it was located 2
km from the start of the project and therefore was not useful for most of the weekend.
Furthermore, the dimensions of the White Avenue exit made it difficult for standard
lengthtractor-trailers tomake a U-turninorder tostart heading eastboundinthe
construction zone and thus demolition loading del ays were encountered near this exit

ramp.
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e Based on the average | oadi ng time of the end dump trucks (5.5 minutes), the average
maximum number of end dump trucks to1oad per hour was 11. The average
efficiency of the end dump truck loading process was 82 percent (9 / 11).

e The average turnaround time of demolitiontrucks was measured as approxi mately
one hour (64 minutes with a five-minute standard deviation), as shown in F gure 34.
Due t o the turnaround time averagi ng more than one hour and the average number of
demolitiontrucks per crew of 9, the total required demolition trucks t o be mobilized
needed t o be more than the 21 originally planned. The contractor had 32 demolition

trucks available for the 55-hour weekend.

Total Turnaround Time (De molition Trucks)

Number of Occurences

0 1 1 1 1 1 T 1 1 1
30 40 50 60 70 80 90 100 110 120

Turn-around Time (min)

Figure 34. Distribution of turnaround time of demolition trucks.
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3.9 Install ation of Dowel bars and Tie bars

Histarically, the typical concrete pavement in California was jointed plain concrete
without tieor dowel bars. Inthe new design criteria for LLPRS projects, dowel bars at
transverse joints andtie bars at longitudinal joints have tobe installedinthe new pavement
structure. Figure 35 shows the implementation of the new designcriteria onthe I-10 project.
The tie bars were instal led on both sides of Lane Number 3 during the 55-hour weekend cl osure.
Tie bar holes were bored by a sel f-propel led gang drill unit. The gang drill created 27-mm
diameter holes at a depth of 0.38 m with 0.75-m spacing between bars, as shown in Fi gure 36.
The epoxy coated deformed steel tie bar was 16 mm in diameter by 0. 75 m in lengt h and was
placed at the middle of the slab thickness. Thetie bar was insertedintothe hol e and secured
there by a fast-setting epoxy as shown in Figure 37.

Each 4. 5-m 1 ength panel had 5 holes for tie bars. A total of 6150 holes were drilled.
With two self-propelled gang dri 1l units, the operation took appr oximately 38 hours. Interms of
drilling product ivity, about 80 hol es per hour per gang drill were completed This translates into
an average progress rate of 72 lane-meters per hour for the drillingoperation. Other than an
initial setupproblem, which del ayed the start of paving by appr oximately one hour, the

performance of the gang drills was excellent.

3.10 Installation of Pol yethylene Sheet

As soon as the tie bar hol es were drilled, a 0.15mm polyet hyl ene sheet was spread out on
the existing CT B to act as a bond breaker between the CTBand new concrete slab, as shown in
Figure 38. The bond breaker woul d reduce friction bet ween the concrete slab and CT B, which

would reduce the risk of shrinkage cracking. However, the condition of the existing CTB
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Figure 37. Injection of epoxy intotie bar holes.
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Figure 38. Placement of polyethylene sheet as a bond breaker bet ween CT B and new sl ab.

probabl y di d not warrant use of a bond breaker. Incertainareas, the existing CT B visually

appeared tobe alightly cement treated base and in other areas appearedto be a granul ar base.

3.11 Placement of Dowel Baskets

Dowel baskets were pre-fabricated with t en epoxy coat ed dowel bars per joint with the
steel dowel havinga diameter of 38 mm and a length of 0.6 m. Dowel baskets were t 0o heavy to
be handled manual ly, soa small crane mounted on a delivery truck was used for unloading and
positioning the baskets. The dowel baskets were fixedtothe CT B at the proper transverse joi nt
locations, as shown in Figure 39. The joint locations were chosen to match the sawed joint on
the adjacent slabs. A chemical release agent was sprayed on the dowel bars t o prevent bonding

of the dowel bars tothe concrete, as shown in F gure 40. At constructionjoints, the dowel bars

69



were drilledintothe existingslabs, as showninFigure 41. Insome instances during
construction, the dowel baskets or drilled dowels were not completely paralld to the pavement

surface as seenin F gure 41.

3.12 Concrete Production and Batch Plant Operation

The contractor believed the batch plant tobe the most critical resource inthis accel erated
operation and incl uded contingencies to make sure concret e coul d be produced cont inuously
evenif the main batch plant br oke down. Western Rock was the subcontractor in charge of the
production and delivery of concrete through the use of their ownresources, i.e., batchplant and
mixer trucks.

Figure 42 shows the dry mix bat ch plant that was used excl usively thr oughout the I-10
55-hour weekend project. The hourly capacity of the batch plant was 170 m’, however, onl y half
of the capacity was utilized for the I-10 project. The plant was 1 ocated approxi mately 8 km from
the constructionsite. Anearby bat ch plant was on st andby in case the primary batch pl ant was
not able tosupply the j ob with sufficient concrete.

The constituents of the FSHCC were continuously suppliedto the batch plant since only a
limited storage space existed at the plant. The quantity of stock materials at the plant was
enough to produce concrete for a coupl e of hours before new materials were required. The
manufacturer of the cement had to continuously supply the cement silos to keep up with the
concret e pavement production. Aggregates materials were supplied to Western Rock
continuously during the concrete production from Vul canMaterial s, an aggregate quarry and
crushing plant, as shown in Fi gure 43. The aggregate source was | ocat ed about 10 km from the
bat ch plant. The turnaround time for the aggregate delivery was about one hour using 22-ton

capacity end dump trucks, shown in Figure 44.
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Figure 39. Installation of dowel bar basket.
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Figure 40. Application of rel ease agent to the dowel bars.
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Figure 41. Placement of dowel bars in existing slab.
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Figure 42. Western Rock l-iat ch
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Figure 43. Vulcan Materials crusher pl ant (aggregate source).
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Figure 44. Ddivery of aggregate with 22-t on capac
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A drymix concret e bat ch pl ant was used for the project instead of central ready mix drum
since buildup on a central drum plant would occur and eventually sl ow down the overall
production of FSHCC. With the dry mix plant, the concret e mixer trucks would mix the concrete
ingredients at the batch plant and on the way to the constructionsite. If any trucks had excessive

buildup in the mixer drums, then those mixers coul d be taken out of servi ce and chipped out.

3.12.1 Breakdown of the Batch pl ant

On Saturday around 11:30 a. m., the main concr ete bat ch pl ant suspendedits operation
because of a breakdown. The power transformer suppl ying electricity to the plant mal functioned
catastrophically. The standby batchplant production was reliabl e and some concrete was
supplied from there until the primary plant was operational again. Approximately four hours
after the transformer mal function, a generator was rented to supply power tothe primary bat ch
plant and concrete delivery was begun once again. Thistemporary loss in concrete production
prevented the contractor from finishing the project ahead of schedule. The rented generat or was

used for the remainder of the project to supply power tothe primary batch facility.

3.12.2 Buildup of ESHCC

One of the handling issues with some FSHCC materials is bui I dup of concrete on metal
surfaces, such as the mixer drum, due t o the chemistry and viscosity of the cement. The
contractor took special precautions toprevent buildup by washing out every mixer drum with a
high-pressure water jet after the truck had dischargedits load. F gure 45 shows a picture of one
of the washout areas. The washout material hadtobe collectedina troughto prevent
contamination of the ground and sewer lines with cement slury. Although two temporary

washout sites were inservice duringthe rehabilitation, mixer trucks were usually queued in a
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Figure 45. Temporary washing area for concrete buildup in the mixer drum.

line waiting to washout. The washout process typically took about 15 minutes per mixer truck.
Even with the hi gh-pressure water jet cleaning, concrete buildup still occurred insome mixer
trucks.

At the batch plant, alarge scale was used to measure the wei ght of an empty mixer truck
as soon as the mixer arrived back tothe plant from its delivery. The amount of concrete buildup
inthe ready mix truck drum was obt ai ned by finding the di fference bet ween the measured wei ght
of the returning mixer truck and the empty, cleanmixer truck weight. During the 55-hour
weekend proj ect, one ton of FSHCC buildup in the mixer drum was accept able and the mixer
was left inservice until the amount of buildup accruedto4tons. If the concrete buil dup was
more than the 4-ton criteria for a gi ven mixer truck, it was taken out of service and moved to a

chi pping area.
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As shownin F gure 46, a laborer had t o climb into the mixer drum and chisel the SHCC
stuck to the mixer drum with a pneumatichammer. The process of chipping out 4 tons of
material from the drum took anyw here from one to four hours and resul t ed in si gni ficant costs.

Due to the buildup inthe mixer trucks, spare mixer trucks were requiredinthe event that
some trucks had to be taken out of service for chipping The contractor had originally planned to
have 15 concrete mixer trucks — 12 running and 3 on call in the event of difficulties. Inreality,
the contractor had 20 mixer trucks in continuous operationanda total of 27 mixer trucks
mobilized during the 55-hour weekend. This buildup inthe mixer trucks was al so why the
average efficiency of each mixer truck turned out to be approximately 87 percent (di scharging

volume / char gi ng volume).

3.13 Concrete Delivery

Although the bat ch pl ant was regarded as the resource most critical tothe rehabilitation
process, the concrete mixer trucks provedto be the resource most constrainingto the production
rate of the rehabilitationproject.

Because agitation was requiredto prevent the FSHCC from setting up, regular mixer
trucks (rotating drum) had to be used rat her than end dump trucks. Due tothe potential for
concret e bui I dup in the drums, only 6-m” loads were bat ched i nto the each mixer truck This
capacity was 20 percent 1ess thanthe maxi mum capacity of the drum (7.5 m’ ) typically used for
PCC mixes.

The concrete delivery trucks and dri vers were provided by the West ern Rock along with
the FSHCC. Atthesite, the mixer trucks were positioned on Lane Number 4 and di schar ged
concrete int o Lane Number 3 in front of the rotating concrete screed, as shown in Figure 47. On

the majarity of the site, no construction traffic (demolition trucks or contractor vehicles) could
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Figure 46. Chipping area at the batch plant.

Figure 47. Concrete di scharge and paving operation.
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pass t he pavi ng operat ion until the concret e mixer truck had fully dischargedits load. Inmost
cases, empty demolitiontrucks returning from the dump area were not bl ocked by mixer trucks,
since the demolition trucks took ot her entrance ramps to avoi d the paving operation. However,
the mixer trucks I eaving the site were al most al ways interrupted by the demolition operations
because t hey had to be washed out before returningto the batchplant.

The contractor hadto optimize the concrete pavi ng production with sufficient mixer
trucks while avoiding di schar ge backups, which could cause loss of material and possibly loss of
service for trucks inwhich the FSHCC set. Although the number of mixer trucks was optimized
as a bal ance between more production and minimal risk of delay and setup during delivery, at
one point seven mixers were rejected for having mix in the drum for more t han one hour. The
reason for this 1ong wait to discharge was a breakdown of the rotating concrete screed. It took
more than a hal f-hour to replace the broken screed with t he backup screed.

Near the end of the paving operation, the screed broke down again. Approximately seven
mixers were queued waiting for the replacement of the screed, as shown in Figure 48.
Fortunately, none of the trucks were rejected since they were withi n one hour of being bat ched.

The contractar estimat ed each mixer truck could carry enough concrete to pave
approximately 1.5 new concrete slabs (5.5 m3) based on previous ni ghttime cl osure experi ence.
For the 55-hour weekend, it took 440 concrete delivery trucks to complete 2.8 lane-km (615
slabs of 4.5-m length and 0. 23-m thickness). Based on this data, the average efficiency of each
mixer truck was 87 percent. This meant that on average, only 5.2 mr° out of each 6-m’ bat ch
from the concret e plant was di scharged at the site. It shouldbe noted that this efficiency also

includes any trucks rejectedat the site.
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Figure 48. Queuing of mixer trucks waiting to discharge during screed breakdown.

The remaining 0.8 m® of material per truck canbe attributedto concrete buildupinthe
truck, material washed out at the site, andtrucks that didnot discharge at the site due to other
paving factors such as screed or plant breakdown. This efficiency of each mixer truck was

similar towhat MK had expected based on their previ ous ni ghttime work.

3.13.1 Summary of As Built Mixer Truck Operation

As reportedinthe previous section, the efficiency of the mixer truck was foundtobe 87
percent during the weekend cl osure. Accordingto the data recorded by the UCB researchteam,
it took 440 mixer truck deliveries to pave 615 slabs during the weekend closure. Thisis
equivalent to 1.4 concrete slabs (4.5m by 3.66 m) per mixer truck volume compared with t he

target panel replacement per truck of 1.5. Due to the faster setup time and the buildup inthe
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mixer trucks, FSHCC is probably not as efficient as PCC, and therefore would not be as

productive if the same volume of PCC were batched, delivered, and di schar ged at the

constructionsite.

Production rates on total mixer trucks at the site, duration of paving, and vol ume of

concr ete paved are summarized as fol lows:

The first discharging of concrete startedat 01:30 Saturday morning. Note that there
was a 1. 5-hour del ay because the drilling of hol es for tie bars took 1 onger than
planned at the beginning of the proj ect.

47 hours of the paving operation from hour 3.5 (Saturday 01:30) to hour 50.5
(Monday 00:30) incl udi ng a 4-hour suspension of the concrete delivery due to the
main bat ch plant breaki ng down (net total hours of concrete paving was 43).

(Note that 47 hours actual duration is same as proposed CP M schedul e.)

Total number of concrete delivery truck arrivals =440

Average number of slabs place by each mixer truck delivery =615 slabs / 440
deliveries = 1.4 slabs per delivery =5.2m? per delivery of concrete mixer truck.
Efficiency of the end dump truck=25.2 m® out of total volume capacity of 6 m’. The
efficiency of the concret e mixer truck was about 87 percent of its capacity.

When the entire concrete pavement vol ume is divided by the total volume of the all
the mixer trucks arrivingat the site, it is found that each mixer truck could have
carriedanadditional 0.8 m’. If the average truck were 100 percent efficient, then
only 384 mixer truck loads woul d have beenrequired to suppl y the entire project.

With 100 per cent efficient trucks, the paving woul d have been completed in seven
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fewer hours. This would be consi dered an i deal situationbut not practically
achievabl e.

Average number of panel s paved per hour =615 slabs / 43 hours = 14 sl abs per hour.
The average di scharge rate for a mixer truck =43 net hours x 60 min. / 440 trucks
dischargi ng = approxi matel y 6 minutes per di schar ge.

Average number of mixer trucks per hour =440 / 43 hours = appr oximately 10 mixer
trucks per hour.

A total of 27 concrete mixer trucks were mobilized

Between 20 and 21 concrete mixer trucks were in continuous use during t he paving
operation with the extra trucks used for spares when the FSHCC buildup became

€xcessi ve.

3.13.2 Concrete Mixer Truck Operation Statistics

The UCBresearchteam recorded concret e mixer truck delivery data throughout the entire

55-hour weekend proj ect and cal cul at ed the followingstatistics:

Average concrete di scharge time per mixer truck was measured at 3.5 minutes with
0.7-minute standard deviation, as shown in Figare 49. This time did not incl ude
waiting time and time to position the truck inthe correct spot. The average time for
waiting, positioning, and di scharging concrete was found to be 6 minutes, as notedin
the Section 3. 13. 1.

On average, approxi mately 10 mixer trucks di scharged concrete per hour with a 2.1-
truck st andard devi ation, as shown in H gure 50. This means that about every 6

minutes, a concrete mixer truck arrivedat the pavingarea. Each mixer truck typically
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discharged concrete for 3.5 minutes. Waiting and positioning of the truck t ook
approximately 2.5 minutes. The contractor had pl anned on havi ng 12 mixer trucks
per hour maki ng deliveries tothe constructionsite. If one truck coul d be di scharged
every 3.5 minutes, then the maxi mum number of trucks per hour to discharge would
be 17. However, the maximum output of the batchplant was 15 trucks per hour. The
average efficiency of the mixer trucks to discharge per hour relative tothe maximum

possible was 67 percent (10/ 15).

The average t urnaround time for concrete mixer trucks was 74 minutes with a 4-

minut e standard deviation, as shown in Fi gure 51.

150
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Figure 49.

Distribution of cycle time of concrete discharging from mixer trucks.
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Figure 50. Distribution of t he number of mixer trucks arriving to the constructionsite per
hour.
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Figure 51. Distribution of turnaround time of mixer trucks.
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The contractor had expected a mixer truck to show up to t he paving area every 5 to 6
minutes, which the actual records indi cated was nearly achieved. The contractor al so expected
the average turnaround t ime of the mixer trucks to be between 45 and 60 minutes. The average
turnaround time for the mixer trucks was 74 minutes, which was approxi mately 40 per cent more
than the contract or had pl anned. Most likel y, the contract or underestimated t he time it took to
washout the mixer drum, whi ch consisted of waiting in line, removing concret e chutes, and
washing witha hi gh-pressure water jet. The power washing operation was del ayed several times
due to imsufficient availability of water for rinsing Traffic duringthe weekend, particularly

during the day, alsoplayedarole inincreasingthe turnaroundtime.

3.13.3 Breakdown of the Concrete Mixer Truck Turnaround Cycle

The cycle of atypical concrete delivery truck is shown in Figure 52 and Table 12. K gure
52 indicates that 43 percent of the mixer truck’s operational timeis spent driving from the plant
tothesite andbacktothe plant. This transit time ends up costing the contractor and agency
additional money because more trucks have to be mobilized in order tomeet the concrete vol ume
requiredat the screed. Inorder toincrease productivity of the project and reduce costs, batch
plant areas adjacent tothe project site are necessary. Inthe future, agencies shoul d explore rental
of publicright of way tothe contractor near the site tohelpincrease project productivity and

decrease costs by minimizing the number of mixer trucks inthe system.

3.13.4 Comparison of PCC versus FSHCC Productivity Related to Concrete Delivery

Figure 52 and Tabl e 12 show that the concret e production and pl acement with FSHCC
most likely increases the turnaround time for mixer trucks. Several processes would be reduced

or eliminated if FSHCC had not been used in this project. For example, concrete bat chi ng would
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Breakdown of a Mixer Cycle Time (about 70 min.)

5

@ waiting to place

O concrete placement
O washing

B moving to batch plant
15 |m measuring weight

DO waiting for charge

O concr ete char ging

O r ecor ding slip

O moving to site

5 10

Figure 52. Components of typical turnaround time of mi xer truck

have been 50 per cent faster with PCC because a central mixing drum could have been used to
bat ch the concret e and char ge the trucks. The five minutes inthe batchplant area for initial
mixing could al so have been eliminated since a central drum plant woul d complete most or all of
the mixing process. The washout process could have been reduced t o five minutes, since PCC
does not buildup as rapi dly as FSHCC in the mixer drums and weighing the drum for bui I dup
coul d be eliminat ed with P CC.

Based on these estimates, PCC would have decreased the t urnaround time for mixer
trucks by about 30 percent. This means that an FSHCC operation probably requires 30 percent
more mixer trucks tosupply the same volume of concrete at the jobsite. If PCC were used on

this project, only 19 mixer trucks woul d have needed t o be mobilized.
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It should be noted that this compari son does not take into account the early strength
requirements of the concrete, which PCC would not have met. Furthermore, the overall project
product ivity woul d not have changed since the volume of concrete tothe site was kept const ant
inthis comparison and the number of resources were reduced for PCC construction.

If the early strengthrequirement inthe specification were rel axed, then a hi gher volume
of PCC could have been delivered tothe site per hour.

End dump trucks could have been used to deliver the PCC. However, in California, most
end dump trucks for PCC have a carrying capacity of 6 m’. According to the contractor, the
concrete mixer trucks could have carried 7.5-m’ loads of PCC instead of the 6-m’ loads of
FSHCC. For the larger 1o0ads, the batchplant used by the contractor coul d not have been used
since it only batched 6-m” loads. The efficiency of PCC would most likely be higher since
buildup and regul ar chi ppi ng would not be anissue. Assuming mixer truck efficiency for
FSHCC and PCC were the same and a 1 arge capacity bat ch plant were available, a PCC
operation could have supplied 25 percent more concrete to the site per truck. For the I-10
prgect, this would have requi red onl y 352 mixer trucks of PCC versus 440 mixer trucks of
FSHCC. The paving could al so have been finished 25 percent sooner and requi red 35 hours for
PCCversus 43 hours for FSHCC. This indicates the same distance of PCC with a 12-hour
opening strengt h coul d have been paved as t he 4-hour openi ng strength FSHCC.

This comparison suggests that there are ideal windows where FSHCC is the most
efficient material touse for rehabilitation whileslightly longer windows make PCC the preferred
material. The construction window times for each material depends on many factors and should

be det ermined on a proj ect -by-project basis.
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The discharge rate at the site canbe 30to 50 percent faster with PCC in end dump trucks
compared withmixer trucks. If end dump trucks were wtilized for PCC paving on this prgect,
then a concret e spreader would have beenrequired. If PCC mixer trucks are utilized, thenthe
discharge rate will be the same as FSHCC mixer trucks. When the concret e volume increases to
acertainlevel, amanual screed(clary)is not the most efficient way to pave, and consolidation

and fini sh of the concret e become more cumbersome.

Table 12 Breakdown of aful cycle for a concrete mixer truck
Activity Durati on (minutes)
Concret e chargi ng from the batch plant 5
Receive record slip from the office 5

Drive to paving site 15
Waiting in the queue for pouring 5
Concrete discharging 5

Wash out the drum 15

Drive back to the batch pl ant 15
Measure wei ght and wait in the queue for 1oadi ng 5

Typical total turnaroundtime of mixer trucks 70

3.14 Concrete Pavi ng and Finish Work

As mentioned previously, arotating concrete screed was used instead of a slip-form
paver. This was done for two reasons: first, FSHCC tends t o bui ld up on the paver, and second,
the slip-form paver would have further reduced the construction access lanes. The slip-form
paver would have requi red an additional 1 m of Lane Number 4 due to the track of the paver and
the stringline for grade and possibly 0.3 m of Lane Number 2. If the site offered more access
lanes, then productivity would have been better and I ess 1abor intensive with a paver than with a
rotating screed.

Two laborers operatedthe screed oneither side of the machine, strikingoff the excess

concrete and then smoothing out the surface of the concrete with a final pass, as shown in Figure
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53. Twolaborers consolidat ed the concret e with concrete vibrators infront of the screed.
Approximatel y ten workers were continuously invol ved in t he pavi ng and fini shi ng operat i ons.

The FSHCC had a hi gh slump since it was being pl aced by hand and Lane Number 3 had
the adjacent slabs toact as forms. The overall workability of the fresh concrete supplied was
good, as shownin Figure 54, but occasionally the consistency of the concrete was observed to be
too wet, as shown in Figure 55.

One undesirable characteristic of the SHCC on this project was formation of cement
ball's inside some of the mixer trucks. Some of the cement balls were as much as one foot in
diameter. Figure 56 shows alaborer with a cement ball he found in the FSHCC. Similar cement
balls were encount ered during construction of the Palmdale test sections on State Route 14,
which utilized FSHCC from a di fferent cement supplier (7).

Figures 57 and 58 show the subcontractor (Twining Labor atories) sampling the concrete
tomake specimens for strengthtesting. Tenbeam and six cylinder speci mens were cast from
every 15™ mixer truck. The Kelly Ball penetrationtest was used to measure the consistency of
the fresh concrete.

Fini shing and text uring were compl eted manually by two laborers who floated, trowell ed,
and broomed t he pavement surface behind the concrete screed, as shown in Figure 59. Curing
compound was sprayed on the surface immediatel y after finishingandtexturing, as shown in
Figure 60. Approximately two hours after the concrete was finished, a 4-mm deep saw cut was
made on each transverse joint with a single saw team, as shown in F gure 61. The condi tion of

the fini shed surface was rough, but the contractor planned t o di amond grind the surface during a
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Figure 54. Exampl e of good quality, fresh concrete.
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Figure 58. Six cylinder specimens were taken from every 15 mixer trucks for compressi ve
testing.
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Figure 59. Manual finishing and texturing of the pavement.

Figure 60. Curing compound being applied manually.
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Figure 61. Sawing transverse and joints after 2 hours of curing.

nighttime closure as part of the contract with Caltrans. The Caltrans specificationallowed for a

maximum grinding depth of 6 mm (4).

3.15 Comparison of Actual Progress with Proposed Progress

Table 13 presents a comparison bet ween t he planned CPM schedul e and t he as-built
CPM schedule. As shown in Table 13, most of the activities progressed as planned inthe (PM
schedul e except for the existing slab demditionactivity. The demolition process t ook 30 hours
instead of the planned 17 hours. As mentionedin Section 3.5, the main cause for the demolition
slow down was the constraint placed onthe contractor not to demolish more than 20 slabs in

front of the concrete paver.
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(Consequently, the contractor slowed down the concrete slab demolitionby operating only
two demolition teams most of the time, instead of three teams. However, this increase in
demdition time did not affect the overall productivity of the rehabilitation in terms of total lane-
km as the demolition operationwas not on the critical path for most of the project. There were
conflicts bet ween the concret e mixer trucks and the demolition teams, but it is difficult to
determine from the data collectedif the concrete paving productivity was significantly affected
by the increased duration of demolition.

The actual duration of the paving operation was the same as the contractor’s ori ginal
schedule. Four of the total paving operation hours were due to the batch pl ant breakdown, which

means t he contractor actually had fewer net paving hours than original ly pl anned.

Table 13 Proposed CP M schedul e vs. actual schedul e for the weekend closure

Sequence Work Proposed CPM schedule Actual schedule
Activity Start | Finish | Duration (hr) | Start | Finish | Duration (hr)

1 Set traffic 2 | -10 1.0 2 | 10 1.0
control

2 Install MCB | 1.0 1.0 0 20 2.0

3 Slab 0.0 | 17.0 17.0 05 | 305 30.0
demdition

4 Cleaning 00 | 17.0 17.0 1.0 | 310 30.0
sub-base
Drill and Tie

5 bt it 00 | 260 26.0 20 | 40.0 38.0

¢ |Dowel 0.0 | 2.0 26.0 3.0 | 410 3.0
baskets

7 Concrete 20 | 490 47.0 35 | 505 47.0
paving

8 Concrete 9.0 | 53.0 4.0 505 | 55.0 45
curing (end)

9 Saw cut 40 | 510 47.0 60 | 525 46.5

10 Pavement 450 | 53.0 8.0 450 | 53.0 8.0
marker

Note: time O starts at 10p.m. on Friday
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3.15.1 Overall Progress of the Rehabilitation

Table 14 is the summary of the overall performance of slab demolition and concrete

delivery operations, whichare describedin Sections 0and 3.12, respectivel y.

Table 14 Performance of sl ab demolition and concrete delivery
Description Demolition Concrete
(End dump truck) (Mi xer truck)
Performance data
Total number of panel s 615
(1panel=3.6m x4.5m x0.23m)
Activity duration (hours) 30 47
Total number of deliveries 466 440
Average progression (sl abs per hour) 20 14
Average vol ume of delivery 10 tons (4.2 m’) 52m’
Capacity of truck 22 tons (9.0 m’) 6.0 m’
Efficiency of truck 47% 87%
Statisti cs of demo/ delivery trucks
Average cycle time (min.) 5.5 3.5
Average no. of trucks per hour 9 10
Average turnaround time (min.) 64 74
Efficiency ofOperathn 829 67%
(based on average cycle time)

The actual progression of slab demolition and concret e pavi ng are plotted in Figure 62
with the original planned progress plotted with dashed lines. F gure 62 shows that t he pl anned
and actual demditionrate was similar, but changed five hours from the start. For the most part,
Figure 62 shows that the pl anned and actual rate of concrete paving were the same. Figure 63
shows the events that slowed down the demolition and paving whi ch occurred during the project.
The actual progress of the activities was measured by determining the positionof eachactivity
al ong the project length. The researchteam recorded the panel number location for both
demdition and paving approximately every hour and convert ed the data into I ane-km for the

overall progress.
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Figure 62. Actual progress of the rehabilitation compared with planned progress.

3.15.1.1 Overall Progress of Slab Demolition

The actual progress of slab demolition deviated from the original planned schedul e by
almost a factor of two. The demolition progress after five hours was much slower thanthe initial
progress due to the constraint placed on the contractor onhavingto openthe lane totraffic
within two hours, as showninFigure 62. The initial demolition up to five hours had three
demdition crews, whi ch cl osel y resembled t he proposed product ivity rate, as shown in Figure
62. Between the fifthand ei ghth hour, very little demolition progress was made because only
one demolition crew was working and t he demolition operation had greatly out paced t he paving,
The final two-thirds of the demolition had a constant productivity rate, which was aresult of

using two demolitioncrews. As shown inH gure 62, the final demolition rates were slower than
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Figure 63. Maj or problems which delayed the overall rehabilitati on progress.

the initial rate due tothe use of only two crews. The contractor was not able touse three
demdition crews during Satur day aft ernoon and ni ght because of the construction access

constraints posed by a soundwal I and reduced shoul der width.

3.15.1.2 Overall Progress of Concrete Delivery and Paving
The actual progress of the paving operation was directly controlled by the progress of
concrete delivery. Since the actual concrete delivery progress was similar tothe proposed
schedule, 1t 1s nosurprise that the actual paving durationtime was similar to the pl anned CPM.
As shown in Figure 63, the paving operation experienced several delays. The batch plant
br oke down for four hours andintwo instances t he paving screed broke down, temporarily

suspending the operation. However, the contractor still achievedthe rehabilitation goal within
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the 55-hour weekend. Without the breakdown in the batch plant and the screeds, the contractor
may have finished six hours earlier.

The slope of the paving progress in Figure 63 shows a gradual slowdown in the operation
relative to the initial production rate due to construction fatigue of the paving crew. Figure 63
did not indi cate any increase or decrease in paving when operations were occurring during the

day or night.

3.15.1.3 “What if” Scenarios for Demolition and Paving Productivity

Additional information can be extracted from the overal | progress of the slab demolition
and concr ete paving oper ations, shown in Fi gure 63, by asking “what i questions about the
rehabilitationprogress. Several “what if” questions are 1isted bel ow with a corresponding
answer based on the col lected data.

e What if the contractor could maintainthe initial productivity of the demolition throughout
the project without having to intentionally slow down the demolition operation?

1)  Based on the initial progress rate shown in Figure 63, the fastest the concrete slab
demdition could have been completed was 22 hours based on a maximum of three
crews. This would have saved the contractor 8 hours of labor from the actual
progress duration of 30 hours. The “D1” symbol in Figure 63 represents the
duration potentia if the contractor would have maint ained a constant progress from
t he beginning, assuming the same resource availability. This projectionalso
suggests that the contractor would pr obably not have been able to complete the
demdition of the concrete within the pl anned 17 hours unless an addi tional

demdition crew had been added.
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Based on the initial production rate for demolition, as much as 5 lane-km could
have been completed withi n t he 55-hour construction window. Thisideal
production of 5 1ane-km can be read from the projectionof the initial progress of
the demolition plotted in Figure 63. This cal cul ation gi ves an upper boundary on
concrete demolition in an urban area using t he same process and resources. This

calculation assumes that concrete pavi ng would not be on the critical path.

e What if the contractor colldmaintainthe initial progress of the concrete paving and

delivery without any breakdown in equipment or construction worker fatigue until the

end of the proj ect?

1.

1.

The paving operation could have been compl et ed within appr oxi mately 41 hours
instead of the actual duration of 47 hours as marked by “P1” in Figure 63. It is
interestingtonote that this paving duration of 41 hours is identical tothe
contractor’s internal CPM plan. If paving coul d have progressed at this rate, then
t he rehabilitation proj ect would have been completed in 46 hours rather than the

planned 55 hours.

The maxi mum amount of concrete paved based on the contractors process, paving
rate, and resources woul d have been 3.5 | ane-km compared t o the as-built 2.8 1ane-
km, if the contractor had continued pavingat full capacity withinthe 55-hour
construction window. This ideal production of 3.5 lane-km can be read as point
“P2” on Figure 63. Based on the maximum allowabl e amount of paving, the
efficiency of the contractor’s paving operation canbe cal culated as 80 percent (2.8

lane-km / 3.5 lane-km).
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e What if the ideal scenario of 100 percent efficient paving production (an average
discharge rate of 3.5 minutes and a maximum of 17 mixer trucks per hour) were achi eved

and neither the batch plant nor the paver were a constraint?

1. The paving would have been compl eted in 23 hours.

ii.  If the concrete delivery had the efficiency that was measured, the number of hours
to compl ete the paving would have been 26 hours.
iii.  Since the dry mix batch plant had a maximum output of 15 trucks per hour the
pavingtime woul d have been closer to 30 hours.
iv. Consequently, the minimum weekend cl osure to cover the 2.8 1ane-km of the
rehabilitationwiththe best assumptions is 38 hours.
e How fast woul d demolition be completedif 3 demolition crews could load 11 end dump

trucks per hour, based on t he average | oading time of 5.5 minutes?
i.  The demolition could be compl eted within 15 hours.

From the overall progress of the slab demolition and concrete delivery and paving,
demolitionwas not the critical constraint for this project. Instead, concrete delivery and paving
was the most critical costraint as it directly governed and deci ded the total amount of
rehabilitation within the 55-hour weekend cl osure. Inorder to increase the rehabilitation
product ivity (lane-km) for weekend const ruction windows, strategies shoul d be devel oped t hat
focus on increasing the number of concrete delivery mixer trucks per hour arrivingand
dischargingat the site. These strategies may involve increasing the capacity of each mixer truck,

decreasing the dischargingtime, and/or using a different concrete material for the majarity of the

prgect.

100



4.0 UCBCONSTRUCTABILITY ANALYSIS MODEL

The UCBresearchteam has developed a const ruct ability and pr oductivity anal ysis
program whi ch det ermines the maximum I ength of a rehabi litation proj ect that can be paved
under certaintime constraints, gi venthe number and capacity of resources, construction
methodology, and pavement desi gn profile. Figure 64 shows the hierarchical structure of the
UCBnodel representingthe level of anal ysis and options available at eachlevel. One of the
main purposes of this constructability and productivity research was to determine how many
lane-kilometers of pavement reconstruction coul d be achi eved ina 55-hour weekend closure.

A technical report (1) has al ready been submitted to Caltrans presenting the findings of
the constructability and product ivity anal ysis. Inthe UCB anal ysis, two basic alternatives were
defined to carry out the concret e pavement rehabilitation: “concurrent worki ng method” and
“sequential working method.” The basi c distinction between the t wo schemes is whether
demolition of the old concrete slab and paving of the new sl ab pavement can proceed
simultaneously (“concurrent ), or paving cannot begin until the demolition is completed
(“sequential ). Inthe UCB anal ysis model, the rehabilitation can be staged for single lane or
doubl e 1 ane paving. Single l ane and doubl e 1 ane paving are applicabl e for both concurrent and
sequent ial wor king met hods.

The rehabilitation methodology adopted for I-10 proj ect was the “concurrent working
method” in terms of construction sequencing and the “singl e 1ane method” interms of the
number of lanes demolished and paved simultaneously. The scope of the work for the I-10
rehabilitationproject was the same as the concrete rehabilitation scheme for a 203-mm (8-inch)

concrete slabrepl acement definedinthe UCB constructability model (1) and shown in Fi gure 6.
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Figure 64. Hierarchical structure of UCB constructability and productivity analysis model
for LLPRS.

4.1 Results of UCB Analysis Model for t he I-10 Proj ect

Table 15 and 16 summarize the detailed construction information from the I-10 proj ect,
such as the const ruction window, design profile, material characteristics, proposed work plan,
resource availability and constraints, and constructiontraffic patterns. This information was
used as inputs to the UCB constructability anal ysis program to predict the most probabl e
rehabilitationproductivity before construction happened with the planned resource profiles and
toverify the actual construction productivity with the actual resource profiles recorded during
the project operation.

The resource availability and const ruction traffic patterns were treated as constants for a
deterministic amlysis (i.e., novariations) and as random variabl es for a stochastic anal ysis (i.e.,

resour ce number and productivity treated as a random variabl es with defined distributions).
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Table 15 Input parameters of the I-10 project i nto UCB analysis model

Category Input parameter
Construction Window 55-hour Weekend Closure
Pavi ng Material Concrete (Fast Setting Hydraulic Cement)
Design Profiles 203-mm Slab Repl acement only
Curing Time 4 hours
Working Method Concurrent Working Method
Number of Paving Lane Single Lane Paving
Resource Condition Refer to Table 16.
Table 16 Input resource details (planned versus act ual)
Planned Truck Resources Actual Truck Resources
Delivery Trucks . Trucks per Actual Trucks per
Max. Capacity hour Capacity hour
Demolition 7per crew x 3 9 per crew x 2
(End Dump Truck) 22 ton Crews 10 ton Crews
Concrete 3 3
(Mixer Truck) 6m 12 3.2 m 10

4.1.1 Deterministic Analysis

The I-10 project parameters in Table 15 and resource profiles in Table 16 were put intoa
protot ype program devel oped for constructability and productivity anal ysis for Long Li fe
Pavement Rehabilitation Strategies by Linet al. (5) for deterministic amalysis. Figure 65 shows
one of the input screens with the actual resource profiles. Fgure 661is anoutput screen of the
anal ysis.

The result of the UCB constructability anal ysis model with the contractor’s pl anned
resource profile and formal CPM schedule described in Table 10 was 3.7 lane-km. The 3.7 lane-
km of rehabilitated concret e pavement over a 55-hour weekend closure predi cted by the UCB
model was t 0o optimistic compared with the actual performance of t he rehabi litation (2. 8 lane-

km).
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Figure 66. Sampl e output screen of the UCB analysis model.
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The contractor’s internal CPM schedule shown in Table 9 was similar tothe results of the
UCB’s deterministic amlysis. The contractor had pl anned to fini shpavingthe 2.8 lane-km
rehabilitationtarget in38.5 hours and cover additional work out side the 55-hour weekend
closure. Extrapolatingthe contractors planned productionto 55-hours of work would have
resultedin 3.5 lane-km of rehabilitated concrete pavement.

The maj or discrepancy between the predi cted productivity and actual performance
resul ted from a devi ation bet ween t he actual resource profile and the pl anned resource profile.
For exampl e, the pl anned average number of mixer trucks per hour was 12 with an average
capacity of 6 m’, while the actual average number of mixer trucks was 10 per hour with an
average capacity of 5.2 m’ per mixer truck.

After completion of the 55-hour weekend closure, the actual resource profiles recorded
by the research team (average number of end dump trucks and mixer trucks per hour and their
corresponding average capacities) and t he actual CPM schedul e (Tabl e 13) were input intothe
UCB anal ysis model to verify its applicability to a real rehabilitationproject.

The result of the anal ysis showninF gure 661s exactly same as the act ual performance of
the project of 2.8 lane-km. This result validates the UCB nodel for predicting concrete
pavement rehabilitation productivity gi ven the project constraints and actual resource profiles.

However, for a deterministic amalysis, inorder topredict the correct rehabilitationlength
accurately, the actual resource profiles must be predicted accuratel y before const ructi on begins
or a substantial error may result. This canbe seen by comparing the results of the anal ysis for
the predi cted and actual resource profiles demonstrated above. The predicted rehabilitation
length based onthe contractors internal CPM and resource profile was 3.7 1ane-km versus the

actual completedlengthof 2.8 1ane-km. The errors inthe number and capacity of resources
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caused a 32 percent deviation in the completed project length. Thus a det erministic amal ysis may
introduce large errors inthe predicted project productivity if the variability in the number and

capacity of resources are not accuratel y t aken int o account in the model.

4.1.2 Stochastic Analysis

For morerealistic results with the UCB model, a stochastic amal ysis was implement ed by
treating resource profiles as random variables. For the stochastic engine, Crystal Ball from
Decisioneering was used al ong with the UCB analysi s program shown in Fi gure 65. The
following two stochastic anal yses were completed:

1. contractor’s plannedresource profile and their formal CPM schedule

2. actual resource profiles recorded by the research team and the actual CPM schedule

(Table 13).

The actual resource profiles, as illustratedinF gure 32, for demolition and Figure 50 for
concrete delivery were used as Probability Distribution Functions (PDF), as well as resource
profiles for the batchplant and paving screed. Assumed PDFs were used for the pl anned
resource profiles because actual profiles were not known prior toconstruction. The resource
profiles were assumed to be normally distributed along withthe results.

The results of the stochastic anal ysis, with a one standard devi at ion confi dence inter val
(68 percent 1ikelihood of occurrence inthe output productivity), are shown in K gure 67 for the
planned resource profile and Figure 68 for the actual resource profile. The results andare

summarized as fol l ows:
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Planned resource profile:

e Lower boundary of productivity = 2.8 l1ane-km

Mean pr oductivity = 3.7 1 ane-km

Upper boundary productivity = 5.0 lane-km

Standarddeviation=1.01ane-km

Actual resource profile:
e Lower boundary of productivity = 2.2 lane-km
¢ Mean productivity = 2.8 lane-km

e Upper boundary productivity = 3.4 lane-km

The lower bound productivity of 2.8 1ane-km as the predicted productivity from the
stochastic anal ysis is identical with the act ual performance of the proj ect. Although the
contractor achi eved only the l ower limit productivity of 2.8 lane-km, this is still within a 68
percent confidence interval.

The mean productivity from the stochastic anal ysi s usingthe measured resource profiles
was the same as the deterministic analysis and the actual I-10 proj ect productivity. One of the
advantages of the stochastic anal ysis is that the results show the worst and best case scenario
al ong with the average product ivity for a gi ven rehabilitation project. The contractor or agency
can then select what is the most realistic productivity gi ven past experience on actual versus
predicted pr oductivity.

A sersitivity chart of the stochastic anal ysis with the actual resource profile is shown in
Figure 69. The sensitivity chart shows that the concrete mixer truck delivery has the 1 argest

impacts on the productivity of the pavement rehabilitation. Given that the concrete delivery
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trucks are the most significant element in achi eving the target rehabilitationamount, an
innovat i ve t echni que shoul d focus on the concrete del ivery system to improve the rehabilitation
productivity. Figure 69 alsodemonstrates that the mixer truck capacity has some infl uence on

the overall project productivity.

4.2  Validation and Calibration of UCB Model from the Case Study

The I-10 demonstrationproject played animportant role for the validation of the UCB
constructability anal ysis model. The results of the deterministic and stochastic productivity
anal ysis turned out tobe consistent with the actual performance of the project when the correct
number and capacity of the resources was assumed. The UCB constructability anal ysis model
can be used as a pl anning and anal ysis tool for paving contractors and transportation agenci es.
Based on the outcome of the I-10 case st udy, the UCB constructahlity anal ysis model shoul d be

adjusted for several key inputs such as concrete and demolition truck effi ci ency.

4.21 Calibrationof the DemditionOperation

As discussedin Section 3.8. 1, the non-impact demolition used i n t he I-10 proj ect was
quicker than impact demolition inloadingof slabs, but the packingratio (only 47 percent for the
[-10 proj ect ) was much less thanthat of impact demolition. The U model shoul d be i mpr oved
to handl e di fferent packingratios and progress rates for several demolition types.

It was observed on the I-10 project that mutiple demolition crews coul d work
simultaneously and effectivel y with a minimum space between the crews as 1 ong as a minmum
of two access lanes were provided. Two or three crews caneasily be converted intoa single
crew in the UCB model for simplicity, but only for the concurrent working met hod i n which

demolition and paving operation are worki ng simultaneously with two access lanes. The
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Figure 69: Sensitivity chart of the stochastic analysis with actual resource profile

sequent ial working met hod cannot have multiple crews because onl y one access lane is allowed
so that the number of 1anes closedis minimized Utilization of multiple crews coul d al so be
successful for concrete delivery and paving for the concurrent working met hod as long as the

concret e mix production operation has sufficient capacity to supply mutiple crews.

4.22 Calibrationof the Concrete Delivery and Paving Oper ation

The reduced capacity of concrete delivery mixer trucks for FSHCC due to buildup inthe
mixer drum shoul d be di fferentiated from normal PCC delivery capacity. FSHCC had a delivery
efficiency of 87 percent versus 95 percent for typical PCCdelivery (8). The abi lity to adjust for
concrete delivery efficiency of various concrete material s shoul d be added t o the UCB anal ysis

model, as shoul d be done for hauling efficiency of various demolition met hods.
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5.0

CASE STUDY CONCLUSIONS

The rehabilitation proj ect on the I-10 near Los Angeles using fast setting hydraulic
cement concrete (FSHCC) witha 4-hour curingtime and a 55-hour weekend closure was
compl eted successfully. The completion of the 55-hour weekend closure indicates that
state agenci es shoul d be confident that 2.8 lane-km of pavement rehabilitation in a
weekend 1s an achi evabl e goal, even with the use of a non- traditional concrete, assuming
the same pavement sectionused onthe I-10 proj ect. Under the Caltrans
incentives/disincent ives clause inthe contract, the contractor qualified for a $500,000
bonus payment for completion of the 2.8 lane-km stretch of rehabilitation duringthe

weekend cl osure.

A series of 7- and 10-hour nighttime cl osures were al so performed as part of this contract.
The average performance during the 10-hour nighttime closures (10 p.m. —8 a.m.) was
appr oximately 10 slab slabs per hour. Duringthe 7-hour ni ghttime closures (9 p.m.—4
a.m.), average performance was approximately 7.5 slabs per hour. The 10-hour ni ghttime
closures were 33 percent mor e productive per hour than the 7-hour cl osures because

appr oximatel y 5 hours were availabl e for the actual slabreplacement work versus 2 hours
for the 7-hour closures. H ve hours are needed in both types of ni ghttime cl osure for
mobilization, demobilization, and curing.

During the 55-hour weekend closure, an average of 14 sl abs were paved per hour. The
weekend cl osure was therefore 54 percent more productive in terms of slabs repl aced per

hour compared with the average ni ght time closures.

The singl e 55-hour weekend construction window account ed for approxi mately 16

percent of the entire rehabilitation work for the 10-month contract. The amount of the
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rehabilitation work performed over the 55-hour ext ended closure would have normally

taken 2.5 weeks (16.4 days) of average ni ght time 1 ane cl osures.

From the road user’s point view, 2.5 weeks (16.4) days of nighttime closure is less
convenient than one 55-hour weekend closure. The total duration of the 55-hour
weekend cl osure was 38 percent of the total durationof 16.4ni ghttime closures (average

of 8.9-hour nighttime windows).

During the 55-hour weekend closure, slab demolitiontook 76 percent 1onger thanthe
contractor’s proposed CPM schedule, mainly due to an intentional slowdown of the

demolitionoperationresul ting from:

1. arequirement applied by Caltrans as a contingency for minimizing the traffic del ay
on [-10, whichrequiredthe contractor tomaintaina maximum of 20 slabs of

separationbet ween paving and demolition crews; and

11. areduction in constructionaccess from two lanes t o one because of a sound wall

adj acent to the outside shoul der on t wo-thirds of the project length.

These factors adversel y affect ed t he demolition rate but didnot affect the overall progress
of the project because paving was on the critical path for the majarity of the proj ect.

The overall progress of the concrete delivery and paving was similar tothe contractor’s
original plan. Although a number of equipment breakdowns occurred, the rehabilitation
goal of 2.8 lane-km was still compl et ed in 55-hours.

The concrete delivery and discharge at the site were found to be the constraining factors.
The average efficiency of the concrete delivery trucks was foundtobe 87 percent. The
FSHCC played a role in reducing the overall efficiency of the concrete mixer truck

deliveries, primarily due to material buildupinthe mixer drum. Inorder toincrease the
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productivity rate, anincreased vol ume of concrete would needed t o be delivered to the
site.
A series of “what if” questions were asked and answer ed by the product ivity data
gathered at the site (assuming no external constraints would slow down progress). The
“what if” resul ts found that the fastest completiontime for the demolition operation was
approximatel y 22 hours, instead of the actual duration of 30 hours and proposed durat ion
of 17 hours based on t he initial progress rate of the demolition. The maximum amount of
demolition under the contractor’s process for 55-hours of work coul d have been 5 I ane-
km, assuming the concret e pavi ng was not on the critical path.
For the concrete delivery and paving, if the initial paving progress had been maint ai ned
throughout the proj ect length and no breakdowns had occurred, t he paving operat ion
coul d have been compl eted within appr oximatel y 41 hours instead of the actual duration
of 47 hours. With this optimistic progress for the paving operation, the entire
rehabilitation project coul d have been completed within 46 hours rather than the pl anned
55 hours. Alternativel y, the maximum amount of the rehabilitationthat coul d have been
compl eted within the 55-hour weekend was 3.5 1 ane-km instead of the actual 2.8 1ane-
km, if the initial concrete paving progress had been maint ai ned t hr oughout the project.
In order to identify the impact of the 55-hour weekend cl osure on road users, traffic
volume data were measured during the weekend closure const ruction and compared with
atypical weekend data.
1. Even with two lanes cl osed on the I-10 freeway during the weekend, the remaining
two l anes were still withinthe capacity limit of 1500 vehicle per hour per 1ane set by

Caltrars.
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1il.

During peak-hours (Saturday and Sunday 9 am. —9 p.m.), traffic throughthe
construction was reduced by 30 to 60 percent compared with the peak traffic during
typical weekends. The percentage of traffic diverting to other routes doubled during
the 55-hour weekend cl osure during the daylight hours, but was onl y appr oximately 5
percent more than normal duringthe nighttime hours.

Daylight hourly volumes measured upstream from the site indicated that traffic flow
t hrough the work site was 5 to 35 percent less thannormal during the 55-hour
weekend closure. This indicated driver awareness of the weekend const ruction

window and traffic lane closures, and the effectiveness of the publicity campai gn.

iv. The maxi mum measured traffic del ay for the entire project was 19 minutes.

Overall, Caltrars traffic management and publicity programs enabl ed the contractar to
have excellent access tothe site and minimized the turnaround time of the contractar’s
demolitionand mixer trucks.

Caltrans’ main obj ective for the use of FSHCC was toincrease the productivity of the
rehabilitation within a given const ruction window by decreasing the curing time of the
concrete. The benefits of FSHCC are absolutely required for short construction windows,
for example, 7- to 10-hour nighttime closures, especial ly when slab repl acement is non-
sequential. However, there does not seem to be an added benefit to using FSHCC in long
closures for lane repl acement, such as a 55-hour weekend cl osure, especially when an
entire lane is beingreplaced (i.e., sequential slabs). This indicates FSHCC is appropriate
for short closures such as 7- and 10-hour ni ghttime closures, and PCC is more
appropriate for 1ong cl osures such as 1ane repl acement. Facts supportingthis concl usion

include:
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1V.

V.

FSHCC costs 3 to5times more than PCC, which is not justifiable if the productivity
of the two materials are similar and rapi d strength gain materials are only needed at
the very end of the project.

FSHCC incl udes additional operatingcosts, such as the need for concrete washout
areas for the concrete mixer drums, chippingout the built-up concrete inthe mixer
drums, and surface grindingif the pavement does not meet ride quality standards due
t 0 hand-pour ing of the FSHCC instead of slip-forming.

If enough concret e can be supplied to the jobsite, then paver speed will be the critical
constraint onproduction (for this project only) and a manual ly operated rotating
screed will not be efficient. Rrthermore, a paver is preferredto hel pimprove
consolidationand finishability and t o avoi d t he need to diamond grind the new
pavement surface to achi eve smoothness.

FSHCC required about a 30 percent longer turnaround time for mixer trucks due to
use of a dry mix plant, washing out the concrete truck drum, checking for buildup at
the plant, and waiting at the plant to complete the proper number of revol utions.
Finally, i1f PCC had been used in the concret e mixer trucks, a 25 percent increase in

volume per load woul d have been achieved as compared t o FSHCC.

The measured construction productivity data from the demdition and paving operation

was used to validate constructability and productivity anal ysis software coded by UCB.

The average results from a determini stic and stochastic anal ysis were 1n agreement with

the actual project productivity. The stochastic anal ysis showed that the expected range

for the project productivity was between 2.2 and 3. 4 lane-km for a 68 percent confidence

interval with the average productivity being 2.8 lane-km.
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