ABSTRACT

WAMBEKE, BRAD WILLIAM. Identifying, Prioritizing, and Reducig Variation of
Construction Related Tasks. (Under the direction of On IMu and Dr. Simon M. Hsiang).

In this research, variation is defined as the timeerdffice between what was
planned and what occurred in terms of task starting tiameks duration. Variation in
construction tasks is important as it can impact olepabductivity performance.
Construction projects consist of a large number ofdegendent tasks. When the starting
time or duration of one task varies, it can affect otthewnstream tasks and result in
disruptions to the schedule and/or decreased productivittye cbnstruction process is
complicated and involves numerous people with differarléeof responsibility, which can
make identifying the root causes of the variation difficulThe primary goals for this
research include identifying, prioritizing, and reducing vamatof construction tasks.
Identification involved determining the most prevalent roatises of variation. Factor
analysis was utilized to illustrate how those individoalises were interrelated with one
another. A risk assessment matrix, commonly used iftanyil planning, was used to
guantify the associated frequency and severity of theesaof variation and prioritize which
causes posed the greatest threat to project performaBoeial network analysis was
conducted to identify the underlying network of tradesp@lwith the key members of the
network. The results of the variation and socialwoek analyses were combined to develop
a decision support system to target variation for elittona The analytical hierarch process
(AHP) was used to support decision making when multiple camdlicting criteria were

involved. Lastly, the research examined the feasibdftyeducing variation by using the



Last Planner System®. This research is important ahdable as it serves to address
several gaps in the body of knowledge pertaining to vaniatssociated with a construction
project. Additionally, this research has a broader impadhe construction community. It
provides a framework and repeatable associated analytethlods to identify, prioritize,

and reduce variation on a construction project.
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CHAPTER 1

1.0 INTRODUCTION

Variation, defined for this research as the differeretsvben what was planned and
what occurred always exists in the construction work m®c&ariation can be considered a
form of waste and it can have a significant impactladyor productivity and can pose
challenges to project managers. There are threésfadeahis research. The study was
conducted to identify the most prevalent causes of \@niatlevelop techniques to prioritize
those causes based on risk in terms of frequency aerdtygeand examining how to reduce
or eliminate the variation. Construction project takksthis research are focused on the

daily activities associated with the weekly work plan.

1.1 Background

Construction is a labor intensive industry, and laboredlabsts often account for a
large percentage of the total costs for a constructiajegr For example, the labor
component for electrical and mechanical construction deen estimated to be 40-60%
(Hanna et al.,, 2002). Gomar et al. (2002) found it was ncoramon for labor costs to
account for 30-50% of the total project cost. Given thé lpgrcentage of the overall
project cost, it is important to recognize the factoes tmpact labor productivity and costs
and to improve control when feasible.

Variation almost always exists in the constructiormrkyarocess and it inevitably can
have a significant impact on labor productivity, yet thet causes of variability often

remain unclear. Variation can result from uncetta@nd can be viewed as a form of waste.



Uncertainty (Uncertainty, 2011) refers to being in aest#tdoubt or being dependent on
chance. Crichton et al. (1966) found uncertainty to beodribe greatest challenges to the
interdependent building process. Uncertainties can ftem numerous sources ranging
from items like labor, equipment, and materials, tovegoment departments, planning
authorities, and even the general public (Crichton et986). For example, there may be
uncertainty as to whether or not a shipment of matenglsrrive when anticipated. When
the materials do not arrive as anticipated and schedalds are impacted, it causes
variation. Variation, at least when it causes ayletan thus be considered a form of waste
as it can impact schedule reliability and productivity.

Ballard (2000) used the percentage planned complete (PP&arane work plan
reliability. The PPC is the ratio of the number ofksa100% completed to the number of
tasks planned. Ballard’s research (2000) indicated an aveR@ef 54%, thus illustrating
the extent of variation in construction. Previouseaesh, which is discussed in further
detail in the literature review section, has demongirtdte importance of variation. Howell
and Ballard (1994) discussed the importance of reducing varitdictabilize work flow.
Howell et al. (2001) demonstrated that reducing variatiommjarove planning reliability
from 50% to 70% can theoretically increase productivity by 3D&6 ffom 50% to 65%).
Thomas et al. (2002) found labor force variability wasrgjly correlated to improved
performance. Despite the previous research about #semqe and importance of variation
in construction, little work has been done to identify tbot causes of variation and how

they correlate to each other.



Additionally, little research exists that exassnsystematic means of prioritizing
causes of variation for reduction or eliminationridg the planning process. Prioritizing the
causes of variation to be targeted for reductiomortant for managers as it enables them
to get the “biggest bang for the buck.” In otheords, they can focus their efforts on
eliminating the cause(s) of variation that will pige the greatest benefit in terms of project
performance. A critical assumption in this stuslyhat the capacity for root cause analysis
and preventive action is limited, and it is notsibée to address all causes of variation
simultaneously. This research uses a risk assessnagrix (Figure 1.1) to analyze the risk
due to variation. Risk assessment matrices, cortlynged in military planning, consider
both the likelihood a particular event will occurdathe associated severity if that event does
occur (FM 100-14, 1998). The resulting risk, ithaded as low, moderate, high, and

extremely high in Figure 1.1, can then be prioetiZor mitigation or elimination.

Frequency or Likelihood

Rare Unlikely Possible Likely Certain

Catastrophic
g Major
o Moderate
< | Minor

Low

Key: L=Low; M=Moderate; H=High; E=Extremely High

Figure 1.1: Risk Assessment Matrix



Construction projects are often complex and full afiability and uncertainty in
interdependent tasks that project managers work to symezarto the best of their ability.
When one task experiences variation, it may causthantask to experience variation as
well due to interdependency. This interdependency poseslang®to project managers as
they try to deal with scheduling and sequencing a large nuoftbieades involved with a
project. Plausibly and arguably, there is an underlyingasoetwork of trades that exists
and recognizing it can help succeed in this challenging envinanm& social network is
pattern of ties that exist between different entifies people, organizations, countries, etc.).
In construction, it is arguable that a good superintendent wnderstands the underlying
social network of trades is one key to the succespafjact. It takes years of experience to
develop this skill and according to the interviews coreldicby the researcher, few
superintendents could articulate the social network éwvengh they knew it existed. This
research incorporates the use of social network anatysry to identify these networks as
well as the key trades in a particular project.

Once the causes of variation and the associated &dgstrare identified, a project
manager can focus their planning efforts to target and eethe variation and improve
project performance. There are likely to be multiipletors that influence the decision as to
how to reduce the variation; therefore, a systemattbadeapproach that incorporates these
factors is needed to assist with the decision proc€&hs research examines the feasibility
of using the LPS® to reduce or eliminate those causesmdtion deemed to pose the
greatest risk to project performance. It also incorpsrdte analytical hierarchy process

(AHP) when multi-criteria decisions need to be made.



1.2 Research Objectives

The primary focus of the research is on variatiooasfstruction project tasks. There
are eight individual research objectives that supporbttezall framework and guide this
research. The objectives focus on identifying the causear@tion, prioritizing which of
those causes to reduce, and then examining how theyecaadhced. These research
objectives were studied and analyzed using a survey andsépaeate case studies. While
each of these could be viewed as an independent resedidty,athey are related and
together support the overall objectives of this dissertat The survey was employed to
identify the causes of variation and their impacts adpctivity. The survey also served to
create and prioritize factors to be considered during lWeesérk planning meetings, based
on the number of trades involved. The case studiessoaiciucted to gather empirical data
and demonstrate how the variation could be identified, ipzied for reduction, and then
reduced using the LPS®. Eight contributive objectives wikaeeloped to achieve the

overall goad of this study.

Objective 1 Determine the most prevalent individual causes oftian and how workers,
foremen, and project managers view the causes diffgrentl

Objective 2 Identify underlying factors that correlate the individoauses of variation in
terms of starting time and duration.

Objective 3:Determine the causes of variation that pose the egeaisk of impacting

project performance.



Objective 4:Develop the organizational social network of trades fgiven construction
project.

Objective 5:Analyze the social network to identify the key tradéhiw the network.
Objective 6:ldentify the organizational structure of contractorsatlés associated with the
variation posing the greatest risk to project performance.

Objective 7:Develop a decision support system to target trades inffart & reduce
variation.

Objective 8:Compare performance in terms of productivity and coshgavor two similar

projects, in which the LPS® was used on one, but nobttiner.

1.3 Research Design

1.3.1 Research Design Overview

There were two primary methods used to gather data inetearch; the use of a
survey and the execution of three case studies. Alththegtietails of both are discussed in
Chapter 3 (Methodology), a flow chart (Figure 1.2) andief Imarrative are provided as an
overview of the research design.

The literature review served to identify what researak been done in terms of
variation and its impact on productivity. A survey wasntlueveloped to identify the
specific causes of variation and to examine their impaetgroductivity. The results of the
survey addressed the first two research objectives dpdcho determine the direction for

the remainder of the research. The natures of the cadsariation supported the study



hypotheses that it is feasible to identify and remowses of variation prior to buffering the
variability that cannot be eliminated. Buffers can dmnsidered to be a source of
contingency used as a safety factor so a trade dodak®tonger to complete a task than
planned. A benefit of reducing variation is to also redbisecontingency, which can result
in reductions in cost or schedule. The case studies wei@mped to further validate the
results of the survey and then to generate quantitatieeagsociated with the weekly work
plans of different construction projects. This data wsed to address the remaining six

research objectives.

Research Design Flow Chart

Literature Review
Conduct Surve
* Define Variation DeVEIOp Survey y

«ID previous research/ * Questionnaire based * US Army Corps of
methodologiesffindings + Conducted pilot study Engineers

. ; « English and Spanish versions + Local construction
Survey & Case Studies 9 P consultantclients

Analyze SurveyResults

Vi « 124 usable responses

; . * Findings:
Case Studies Feasibleto > Mos% prevalent
* Empirical data Attack address variation causes ofvariation

« Prepare study designs

+ID Participants before relying on

buffering?

variation

» Underlying factors

« Conduct study thatcorrelating
l individual causes
Analyze Study Results vy
> Variation as risk Buffer ;
» Social network of trades pmmmmmmmmeeee3 first

> ID key trades

» Trades as source of risk for
variation

» Decision supportsystemto !
reduce variation
» Projectcomparison—LPS®
vs non-LPS®

Figure 1.2: Research Design Flow Chart



1.3.2 Questionnaire Survey

The first stage of field work was to employ a natiadwvsurvey to gather data about
the specific causes of variation. The respondentshésurvey were either working under a
contract on a public project being managed by the US Armmp<of Engineers or they
were a client of a local construction consulting compaiiye survey was intended to be
distributed nationwide and both the Corps of Engineedstha consulting company had
clients located throughout the United States. There W24 usable responses to the survey,
80% of which came from contractors working for the CarpEngineers and the other 20%

from clients of the consulting company.

1.3.3 Case Studies

Meredith (1998) described the rational and case study résapproaches. The
rationalist method involves modeling by equations, laboya¢xperiments, and statistical
survey analysis texplain what and how things happen. Case study research typical
collects data from a natural setting, without experimeocbntrols or manipulations. The
goal of case study research isunderstandwhat is happening and helps the researcher
comprehend why certain characteristics or effects oacdo not occur. The objectives of
this research were consistent with those of the sagky approach; therefore, case studies
were employed. Case studies can be single or muttgde designs (Tellis, 1997).
Although not required, multiple cases can strengthendselts by replicating the pattern-
matching, thus increasing confidence in the robustness ahéwey (Yin, 1994). In this

research, a multi-case design, consisting of four studias used. The case studies further



validated the survey results in terms of identifying ldagling causes of variation. The case
studies were also used to prioritize which causes ofati@m should be targeted for
reduction and to examine if using the LPS® could effectivetjuce the variation. The
specifics of these studies are described in more dettilel methodology portion (Chapter
3); however, Table 1.1 below lists the three case stagidgrovides a general description

of how they were used for this research.

Table 1.1: List of Case Study Participants

Case | Company

Study D General Case Study Description

A general contractor tracked variation in an effort tonidg which causes
of variation posed the greatest risk to project perfocea Social networ
1 GC analysis was used to examine the organizational strudtirgades
associated with the variation. Lastly, a decision supp@tem was used {o

develop a prioritization for reducing variation within fe@ject.

A local mechanical contractor performed an internal siudye executing
two similar projects. The study identified which causé variation posed
2 SUB | the greatest risk to project performance. The LPS®usad on one of the

projects to reduce the variation and a productivity bece8t analysis wa

"2

performed to determine if using the LPS® was beneficial.

The study involved two companies, both which perform maspnry
MR1 | restoration activities. One (MR1) used the LPS® and ther ¢MR2) did

not. The case study was intended to examine differencethein

3 performance while using different planning philosophies; weweone of

the companies (MR2) did not provide data as planned. Theredfuoss

1%

MR2
results of the study are limited by the information and olasiens

obtained during a single site visit.




1.3.4 Analysis Techniques

As previously mentioned, there were two primary meansdiect data. The
approaches and techniques used to analyze the data diffédrefdwo methods of data
collection and are introduced here and are more fublgriteed at the points where they are

used in the dissertation.

» Factor Analysis. The survey involved collecting data about the perceptions that
laborers, foremen, and project managers had in termbatfwere the primary causes of
variation. The research hypothesized that the indivitaebrs were not independent
and multicollinearity existed. SAS was used to perforetoia analysis to further
analyze the survey data with a goal of determining Hoindividual causes could be
clustered together into a smaller number of factors.

» Social Network Analysis (SNA)Just as the individual causes of variation are Hot a
independent, nor are the trades. There is an underlyingl s@tivork of trades that
exists within a construction project. SNA was conductedeatify this network for a
given project.

* Analytical Hierarchy Process (AHP)There were instances when multiple criteria need
to be considered when making a decision. The AHP was gsaangans to assist with
the decision making process in the study.

. Benefit / Cost Ratio AnalysisDespite all of the various analysis methods, mosey i

one of the key factors that comes into the decisiokimggprocess. A benefit / cost analysis
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was conducted with the"®case study while examining the use of the LPS® to reduce

variation and improve project productivity.

1.4 Motivation / Research Significance

My motivation for this research is twofold. Firstfieel construction engineering and
management is an important and essential aspect obtiséraction industry and | want my
research to be worthy addition to the constructioateel body of knowledge. Second, |
want my research to have a practical use to the catisin industry. My hope was that
companies that assisted or were involved with my reseaochd be able to directly learn
and improve as a result of my work. | chose the topigariation as | feel it is an area
within the construction industry that requires additionesearch and that the new
knowledge gained will be useful to those who are in acadandao those who work in the
construction industry.

Research has been conducted on factors affecting pratjueind on variation. As
will be discussed further in the literature review chgytesre are different views pertaining
to variation. Some argue that variation is uncontbt¢lgRadosavljevic and Horner (2002)];
some argue it is better to use buffers to remain flexiblan attempt to address variation
[Thomas et al. (2002)]; while some argue it is best totdaryeliminate variation where
possible before buffering what cannot be eliminated [Hoetedl. (1994)]. Although there
is a significant amount of research on variation and ptodiycindependently, there is
minimal research directed at understanding the root safseariation and examining how
this variation can be reduced. There is also littlearesefocused at prioritizing which

causes of variation, along with their associated trathas,pose the greatest risk to project
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performance. Lastly, there is little empirical dedasupport whether or not it is feasible to
use additional planning to effectively reduce variation whsleieving an acceptable benefit
to planning cost ratio. This research was intended to Hethdse gaps in the body of
knowledge pertaining to variation of weekly work plans ahduld be useful to project

managers as they strive to improve project performance.

1.5 Scope Limitations

Respondents to the survey were volunteers of compdraesvere working under a
contract for the Corps of Engineers or were a cleintn local construction consulting
company, therefore the data is limited to their input.

Although efforts were made to involve similar type pectgefor the case studies to
compare to one another, all aspects of the projeats mee identical. The case studies were
limited to the types of projects that the companies @paiing had planned and were
executing. One of the case studies involved a generalractor with multiple
subcontractors. Another case study involved just a médlacontractor; therefore, this
research does not cover all the different types aisizaction projects. However, the
research results are still relevant and the reseaethods are repeatable and can be applied

to other types of projects with minimal adjustment.
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CHAPTER 2

2.0 LITERATURE REVIEW

The purposes of this literature review are to study thé&gdsaand of construction
research pertaining to variation, variability, and varggno define variation for this research
and to identify causes of variation and their relat@mwork flow and productivity. Another
purpose of the literature review is to study research pertpito factors affecting
productivity as they are hypothesized to be associatedfadgtbrs causing variation. The
planning philosophies associated with Lean Construction agsuned as part of the case
study; therefore Lean Construction was also studiedra®pthis literature review. Lastly,
factor analysis, social network analysis, and the &nalyhierarchy process (AHP) were
used in this research; therefore, the backgrounds of ea&) asethey pertain to

construction, are included in the literature review.

2.1 Construction Research Pertaining to Variation, Variability, and Variance

2.1.1 Definition of Variation

There are several different definitions of variapibtr variation as it pertains to labor
productivity. Rilett (1998) defined variability as the variarassociated with a component
or end product specification in construction projects. Tefam et al. (1999) defined work
flow variability as the standard deviation from an expdcaverage. Radosavljevic and
Horner (2002) defined variance in construction labor productastystandard deviation, a

measure of dispersion from the mean. Thomas et2802) calculated variation of
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productivity as the average of the absolute value of iffex@hce between daily productivity
and the baseline productivity. Howell et al. (2004) measuegiability of work flow by
comparing the tasks assigned (those tasks that “will” be)dda those completed (what
“did” get done). The PPC is the ratio of the numbfagiasks 100% completed to the number
of tasks planned. It can be used to indicate work plamahibdty as shown in Equation 1
below. Koskela (2000) defined variability as random variatiothe processing times or
arrival of inputs. For this research, variation is wedi as the difference in what was
planned and what occurred in terms of either task sgattime or task duration. This
definition was selected for use because 1) the differdtween planned and actual task
starting times or duration impacts productivity performangmicantly, and 2) this
definition provides a direct means to measure the vaniatt his definition is also consistent
with previous definitions used in construction research [Hlosteal. (1994); Horman and

Thomas (2005); Kaplan et al. (2005)].

PPC = Number of tasks completed / Total number of tasks ornyweai plan Eq. 1

This research studied two types of variation. They siegting time variation and task
duration variation. The starting time variation is thiference between the planned and
actual starting time of a task. The task duration tianais the difference between the
planned and actual task duration. An example is provided tbhefuillustrate these two

types of variation.
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Consider, for example, a crew scheduled to installtei@e They were scheduled
to start work at 8:00 and the installation was plannedke eight hours to complete. If the
crew started at 8:00, but it took nine hours to completeiribtallation, the starting time
variation would be zero and the task duration variatioalvbe one hour. The starting time
and task duration are measured independently. Even if attasiéd at a different time than
it was planned, the task duration variation could sgllzero provided the actual duration

was equal to the planned amount of time.

2.1.2 Research on Causes of Variation and Relationship to Wovk and Productivity

Several researchers, although with somewhat opposings,vidave identified
variation as an important aspect of the constructiacgss. Adherents of the opposing
views would agree that variation cannot be entirelynielited from the construction
process, and hence provision must be made for flexilmlitgsponse to variation. One type
of response is to buffer variation with inventory, capaoitytime. Thomas et al. (2002)
examined the relationship between construction outpuabiity and labor performance
based on concrete formwork field data from 14 projectseylused a factor resource model
and a project waste index to examine the relationshipdeet the variability of workflow
and labor productivity. They concluded that labor forceabdity was more strongly
correlated to improved project performance than was wavkflariability. 1t should be
noted that Thomas et al.’s (2002) definition of variabiitgs more closely associated with
that of standard deviation from a baseline value ovee,timther than the definition

expressed at the beginning of this paper. Based on #sasanch, they recommended a
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strategy of flexibility (i.e. adjusting crew sizes amdivork hours or using alternative
assignments) to deal with labor force variability, eatthan using management action to
reduce the causes of variation. Although Thomas & &002) was based on concrete
formwork activities, it was included in the literature mvias the philosophy could also
apply to other trades within the construction industry. nkdor and Thomas (2005)
performed an exploratory analysis of the relationshipvéen inventory buffers and
construction labor performance in order to identify whetbptimal levels of inventory
buffers could be observed for labor performance outsormidey used a project waste index
to study the size of the buffer between rebar fabooatind installation and compared it to
the labor performance of the fabrication and ingtialtecrews for three commercial projects
in Brazil. They concluded that some inventory bufferpbdl achieve the best labor
performance and that the inventory buffer seemed taelsed to construction labor
performance. Although the causes of variation were spécified, the research
demonstrated that variation is detrimental to projecoperdnce. Again, this view focused
on buffering first, rather than reducing the causes oatran by some form of management
action prior to buffering.

The opposing view is from those who think is it feasdote important to first reduce
the variability to the extent possible, then bufferatvbannot yet be eliminated. Howell et
al. (1994) studied buffers, project performance, delivery afenml, and the planning
system to illustrate the importance of reducing variatidmey used data associated with
pipe design, fabrication, and installation. They conduti®at flow variation could be

reduced by stabilizing functions through which the work flofinen concept to completion.
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They also concluded that planning systems must include a meaadjust what work
“SHOULD” occur, so operations could better match tHatILL” get accomplished.
Stabilizing work to create smooth continuous flow is cetesit with the Toyota Production
System (Ohno 1988). Reliable flow is also important wbensidering the impact on
gueuing.

Queuing theory is basically the study of waiting linesd a common use in
construction has to do with earth moving operations ¢Fand Koning 1994). Regardless
of the activity, when variation exists, the queue andehire process can potentially be
affected.

Ballard and Howell (1998) used the percentage planned ca(pIBC) to examine
work plan reliability. The PPC is the ratio of thenmmher of tasks 100% completed to the
number of tasks planned. Ballard and Howell's (1998) rekaadicated an average PPC of
54% for over 450 weeks’ worth of data; thus illustratingatson is certainly present in the
construction industry. As a result, Ballard created tR&®, in which the last planner
(typically the foreman) develops the weekly work play using a 6 week look-ahead
process to ensure constraints on successful task exeantiodentified and removed. If the
constraint cannot be removed, the task is not avaitalde included on weekly work plans.
The intent of the LPS® is to create a more reliableklyework plan. Howell et al. (2001)
demonstrated that reducing variation to improve planningbitfiafrom 50% to 70% can
theoretically increase productivity by 30% (i.e. from 50%6%80). Liu and Ballard (2009)

demonstrated use of the LPS® can increase both the mP@@ductivity as well.
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Table 2.1 summarizes much of the research that has beennps in terms of
defining variation, variability, and variance. It albahlights the research objectives,
conclusions and remaining questions. Based on the litera¢wiew, there is a gap in
knowledge in terms of identifying the root causes of variatiorhis research assumes
factors causing variation are related to, and the sanmany cases, as those that affect
productivity. Although little research is focused at idigimg the root causes of variation,
there has been a significant amount of research aimdacirs affecting productivity.
Section 2.2 provides information pertaining to the literaengew on factors affecting

productivity.
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Table 2.1: Literature Review Summary for Variation, ¥ade, and Variability

Author/Reference x| Term |~ Definition - Research OBJs - Research Design/Method - Conclusions - Remaining Questions -
Flow variation can be reduced
by stabilizing all functions
through which work flows from  What were the causes of the
Provide suggestions for research and Use discussion of data regarding buffers, project concept to completion. variation? How does the process of
Never clearly defined, but can be . ) . . . . . - ,
- I N improved practice regarding the performance, delivery of material, and the planning reducing variation differ between the
Howel et al. (1994) Variation  implied to be a difference from what . . . N . . N . .
was expected management and reduction of flow  system to illustrate the importance of reducing Planning systems must include different aspects - planning, design,
P . variation. variation. a means to adjusting fabrication, deliver, installation?
“SHOULD", so operations can
better match “SHOULD” with
“WILL".
Considered three areas:
1) Contract Variation: yarlablllty of density , , o Should there be a specified or
e measurements from different contracts (projects). 1) FD has higher variability than L
. o . U ) acceptable level of variability for the
E Getr = oo Develop a methodology for identifying 2) Lot Variation: Variability of density MD tests. density?
Rilett (1998) Variability v, =2t variability in density measurements  measurements from same lot (i.e same 2) Larger variance between ¥
« (Tee = 1) . ification).
€ of pavement spemﬁcanovn)v o contracts than lots (as What are the root causes of the
3) Test Variation: Variability of samples between  expected). variability?
the two test methods used (Marshall or Field '
Density).
Variable (unreliable) work flow
results in 2 kinds of waste: How tightly should we try to control
. . . vairation for different aspects of the
lllustrate the impact work flow . . . R R 1) production stations cannot A
o Game - involving dice with different variability. 5 . 3 construction industry?
. - - variability has on performance of realize their full production
Tommelein et al. (1999) Variability  Deviation from a mean value . N y
construction trades and their . . capacity because they are T
Computer simulation model Some variation is not preventable -
successors. starved for resources. .
. how much planning is enough / too
2) Intermediate buffers are
. - much?
larger when high variability
prevails.
Workflow variablity has little
1 impact on performance. What was planned? How much
- I 2 -
vV =7Z (DalIyVaIue- BasellnthJe) o variation was there from whgt was
n Labor force variablitiy more planned? How do you identify the
Examine relationship between . strongly correlated to improved root causes of the variation?
- N P Test several measures of construction output
Thomas et al. (2002) Variation VX100 construction output variability and \ariability against labor productivit performance.
CoeffOfVar=———————|  labor performance. Y ag P Y Without knowing these, it is hard to
BaselineVéue Recommends strategy of know where to focus efforts to
flexibility to deal with labor force reduce variation or if a strategy of
PWI = Cumulative- BaselineVéue| variability (adj crew sizes, work flexibility is the best.
- BaselineViue hours, alt assignments).
Standard deviation - measure of The specific productivity tasks were
dispersion not mentioned, nor was the data
broken down into categories (other
. - Reveal evidence that normality than masonry or formwork related).
= 2 _x2 random behavior) is not a - . . Productivity data in study had . . L
Radosavjevic and Horner N S= _ Z (Xn X ) ( e ) - Statistical analysis on productivity data sets (5 Y v What if the variance within like tasks
Variance n-1\i= characteristic of productivity (i.e. stable mean, but unstable . . 5 N
is considered/examined? Is their

(2002)

show there is too much variability for formwork & 7 masonry) from 11 different sites

the central tendency theory to apply).

(undefined) variance

Variance = S?

conclusion still valid?
What tasks experience the greatest

variation? Seems that's where the
focus should be.
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Author/Reference ~

Term '

Definition ~

Table 2.1 Continued

Research OBJs ~

Research Design/Method -

Conclusions ~

Remaining Questions -

Koskela (2004)

Howell et al. (2004)

Horman and Thomas (2005)

Kaplan et al. (2005)

Kim et al. (2008)

Hallowell and Gambatese
(2010)

Random variation in the processing

Variability times or arrival of inputs

Measured by comparing the tasks
Variability of assigned (what "Will" be done), to
Work-Flow those completed (what "Did" get
done)

Implied to mean a change from what

Variabilit
Y was expected.
Never clearly defined, but can be
Variability  implied to be a difference from what
was expected.
Although never defined, variance can
Variance  be implied to mean uncertainty,
Variation  particularly in terms of cost
estimation.
. Although never defined, variation can
Variation

be implied to mean a difference.

Analyze whether Lean Thinking can
be viewed as a theory of lean
production.

Address issues/concerns with
Thomas' paper “Reducing Variability
in Improve Performance as a Lean
Construction Principle.”

Perform an exploratory analysis of
the relationship between inventory
buffers and construction labor
performance.

Identify whether optimal levels of
inventory buffers can be observed for
labor performance outcomes.

Assess the presence of product and
process variability in demand and
supply, and the impact it has on
precast pile delivery.

De\elop a model to classify overseas
construction projects into five cost
performance groups: extreme cost
overrun, moderate cost overrun,
neutral, moderate cost saving, and
extreme cost saving.

To provide CEM researchers with a
standard methodology for
implementing the Delphi method in
rigorous studies intended for
publication.

Assess Lean Thinking in terms of development of a
theory.

Respond to another journal article

The size of the buffer between rebar fabrication and
installation in the construction of a structural

system is compared to the labor performance of the

fabrication and installation crews.

Elaborates on two deterministic scenarios and
compares those with actual data from a project
involving 340 precast piles. The performance of the
system is analyzed on the basis of

inventory vs. work completed.

Used survey data to create a model using factor
analysis correlated with cost performance data.

Validated the model with bootstrap method (used
original data to validate model)

1) Paper describes the traditional procedures
required to conduct the research methodology as
described in literature.

2) In an effort to create a standard and adaptable
methodology with application to many types of
CEM research, guidelines and minimum
requirements for effective implementation of all
phases of the Delphi process are presented.

Lean Thinking cannot be viewed
as a \alid and mature theory of
production.

Authors should have condisered
what was planned vs. what was
completed to define the
variation.

Disagreed with the author's
opinion that a flexible strategy
is the best way to deal with
variation of the labor force.
Stated the authors (Thomas et
al.) did not provide quantitative
evidence to substantiate this
claim.

Some buffer helps achieve the
best labor performance in the
construction operations studied.

For the studied projects,
inventory buffers seem to be
related to construction labor
performance.

Model 2 (Just in time) preferred:
Less inventory - less handling
and storage costs

Less space - less capital
investment

More adaptable if project
requirements change

The model helped predict the
construction cost performance
of a potential international
project, with regard to the
contractor's initial cost
estimate.

Delphi Method has been used
\ery little (only 8 studies) with
CEM research.

Significant variability between
studies in terms of
methodological approach

Is Lean Construction being
build/developed as a theory or just a
method to improve performance?

N/A - commenting on another paper

What were the causes of variation -
they were not identified or studied in
this paper?

How much of the variation could be
accounted for by other means(better
planning, etc.)?

What was the variability associated
with the execution of installing the
piles? Is it meaningful as the
“"causes" may be hard to determine
if they are due to differences in
ground conditions.

How much waste is associated with
the practice? How much site
exploration is appropriate to have an
adequate picture of the subsurface
conditions...to further refine pile
design?

Is there a plan to validate the model
with data other than the original
suney data?

Although it was addressed in the
article, isn't bias still a concern?
How do you overcome it?
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2.2 Construction Research Pertaining to Factors Affecting Productivity

A significant amount of research has been performedference to factors affecting
construction productivity. The literature review used toetlgy a baseline of factors to
consider when examining variation. Borcherding and Gar@@81) identified material
availability, tool availability, rework, overcrowded workeas, inspection delays, foreman
incompetence, crew interference, crew turnover, arehrien changes as the top nine factors
affecting productivity. Thomas and Yiakoumis (1987) categorifactors affecting
productivity into four categories; environmental, site, agement, and design factors.
Herbsman and Ellis (1990) categorized specification, desigiterial, and location factors
as technological influence factors. Additionally, product social, and labor factors were
categorized as organizational influence factors. Thoamaks Sakarcan (1994) identified
congestion, sequencing, weather, plant status, informagqoipment, tools, material,
rework, component size, specifications, design featwesk content, and scope, as factors
affecting productivity using a factor model. Portas and AliuRL997) used an artificial
neural network to predict low/medium/high productivity ratasconcrete formwork. They
found work complexity, superintendent skill, crew skilesign accuracy, dimensions,
degree of repetition, working condition, site congest@nd site access as primary factors
affecting productivity. Somnez and Rowings (1998) also densd factors associated with
concrete placement activities and found quantity, job, tyyev size, percent overtime, crew
composition, weather, and the concrete pump to be theagyr factors impacting
productivity. Rojas and Aramvareekul (2003) found scheduling, nvegmpexperience and

motivation, adverse working conditions, and scope clatg®e the top factors associated
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with productivity. Liberda et al. (2003) found lack of detaileédnping, inadequate
supervision, and lack of information to be the thre¢ofacthat most significantly impacted
productivity. Dai et al. (2009) implemented a nationwide sumreolving nearly 2000 craft
workers to examine the impacts of 83 different productifattors. Factors involving tools
and consumables, materials, engineering drawing managesnentonstruction equipment
were identified as having the greatest impact on productivign the craft workers’
perspective. Kimpland (2009) divided the top factors into tategories; internal and
external. Lack of foreman planning and communicatiolisskiultural resistance to change,
poor communication between foremen and project manageuslack of technical training
at the craft level were the top internal factors. Rpality of plans and specifications, slow
responses to questions, unrealistic schedule demands trencustomer, and lack of
gualified foremen and craft workers were the top extdaaors.

As discussed above, there have been decades of previous ef variation and
classifying productivity factors. Figure 2.1 below illustratesny of the articles described
above. Unlike this research, previous efforts have &tas one or the other (productivity
or variation). Previous efforts have not addressed the root causesiafioarnn terms of

how the factors affect construction task starting sirmed duration.
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Figure 2.1: Chronology of Construction Labor Productivitgéaach

22



2.3 Research Pertaining to the Lean Construction Planning Philosophy

2.3.1 Lean Construction Background

The following background information on the Lean Construdtstitute (LCI) was

obtained from the organization’s websit@ww.leanconstruction.org LCI, a non-profit

research organization, was founded by Glenn Ballard and Boavell in August 1997.

LCl's purpose is to reform the management of productiodeisign, engineering and
construction for capital facilities. LCI developed thean Project Delivery System®
(LPDS) that applies principles pioneered in manufacturinganstruction. LPDS® tools
facilitate planning and control, maximizing value and mizing waste throughout the
construction process. The key differences betweem deastruction and other forms of

project management include:

* Control is redefined from "monitoring results" to "making thinggen." Planning
system performance is measured and improved to assiableelorkflow and
predictable project outcomes.

» Performance is maximizing value and minimizing waste at the projegel It is
claimed that current practice attempts to optimize @atity and thus reduces total
performance.

* Project Dédlivery is the simultaneous design of the facility and itsdpistion
process. This is concurrent engineering. Current peaaien with constructability

reviews is a sequential process unable to prevent waseghtions.
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» Value to the customer is defined, created and delivered througheuife of the
project. In current practice, the owner is expected toptetely define requirements
at the outset for delivery at the end, despite changiagkets, technology and
business practices.

e Coordinating action through pulling and continuous flow as opposed to
traditional schedule driven push with its over-reliance cemtral authority and
project schedules to manage resources and coordinate work.

* Decentralizing decision making through transparency and empowerment. This
means providing project participants with information ondtage of the production

systems and empowering them to take action.

In summary, lean construction is a production managetvesed project delivery system
emphasizing the reliable and speedy delivery of valuéhdllenges the generally accepted

belief that there is always a trade between timst aod quality.

2.3.2 Lean Construction Planning

Planning is one of the key aspects of lean constructienréisearch is focused on.
The Last Planner System (LPS®) is the planning processiatsd with and advocated by
the LCI. It involves collaborative planning / schedulintended to engage all members of

the project team. Figure 2.2 below illustrates the flo@cess associated with the LPS®.
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Figure 2.2: Last Planner System® of Production Control &B8&P003)

The primary purpose of collaborative planning is to ensaliabie weekly work
plans are created. This is accomplished by identifyingfathe tasks/conditions that must
be accomplished to “make ready” the work that is beicigeduled. It is essentially
identifying all of the pre-requisite tasks for a given itend then ensuring it is feasible for
those pre-requisites to be completed.

The Weekly Work Plan (WWP) meeting is where thisatmlrative planning occurs
in order to create the WWP. The WWP is built aroulhadfathe team members making
reliable promises. To be more specific, the last @esfi.e. often the trade foremen on
site) only promise they will accomplish a task oncés iclarified that the identified pre-

requisite conditions will be satisfied. Figure 2.3 bekhaws an example of a WWP.
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Figure 2.3: Example of a Portion of a Weekly Wétln

Look-aheads are an important aspect of the LPS@&rcén et al. (2005) found that
PPC improved when companies included the use d-dde@ads while implementing the
LPS®. One of the key purposes of the look-ahedad iglentify and remove constraints,
which are items that need to be completed or adédegrior to a task being started (Ballard
1997). Some categorical examples of constrairdsts contract, design, materials, labor
and equipment, and prerequisite work (Choo et@9). Once the constraints for a task
have been removed, the task is “made ready” anddhenitment to accomplish the task is
more reliable (Gonzélez et al. 2010).

A key measure of success of the LPS® is the PRGneasures the percentage of
tasks from the weekly work plan that were complet&allard’s research was focused on
PPC and he found that by using a collaborative ntegn approach like the LPS®, PPC
typically increased from about 55% to over 70% I&@dl 2000). It has also been shown that
construction labor productivity is positively coatd with PPC (Liu and Ballard 2009).
One aspect that the PPC doesn't capture is seve@itye can determine the frequency in
which a specific cause of variation occurs basedusimg the PPC, but it cannot be

determined whether the task that was not complsite@ly required an additional hour to
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complete or if it caused a delay of a week or more. uBaeof the risk assessment matrix in

this research addresses this limitation.

2.4 Construction Research Pertaining to the Use of Factor Analysis

2.4.1 Factor Analysis Background

Factor analysis has been thoroughly studied by severarcbses, for example
(Spearman, 1927; Harman, 1976; Kim and Mueller, 1978). Facttyseng used when
analyzing a number of individual items in which multicollnigy exists. Multicollinearity
is a condition in which the independent variables arenskedéves correlated (Ott and
Longnecker, 2001). Several individual causes of variatiom considered during this
research. It is hypothesized that multicollinearitysexi and some of those individual
causes of variation are correlated to the otherstoFamalysis is based on the assumption
the observed variables (i.e. those causing variation thi®research) can be explained by
some underlying factors, which are smaller in number thambserved variables (Comrey

and Lee, 1992).

2.4.2 Factor Analysis Use in Construction Research

Trost and Oberlender (2003) studied the prediction of eamrty estimate accuracy
for construction projects. They used factor analysisgtoup 45 elements related to
predicting early cost estimates into 11 different fexctoThose factors were used to develop

a model for predicting estimate accuracy. Doloi (2007)operéd factor analysis to identify
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major factors associated with motivational attribusdfecting productivity in Australian

construction industries. Factor analysis was used ooipgi35 critical success factors
pertaining to the competitiveness of contractors into esfylgters (Lu et al., 2008). Dai et
al. (2009) used factor analysis to analyze survey daected pertaining to factors affecting
productivity. They identified 10 latent factors to repredéet underlying structure of 83
productivity factors. Although factor analysis is a comnmethod to analyze data, no
researchers have used it to analyze how the individuaésanfsvariation of construction

tasks are interrelated.

2.5 Construction Research Pertaining to the Use of Social Networ ks

2.5.1 Social Network Background

The concept of social network analysis (SNA) wag fitgoduced in the 1930s and
original studies focused on the social and political katghips between individuals
(Moreno 1960). Barnes (1954) started using the term “spetalork” to denote patterns of
ties, concepts usually used by social scientists: bounded gfewgpstribes, families) and
social categories (e.g., gender, ethnicity). Graphspcdograms, were created with nodes
representing individuals and the links between the nodesseqting relationships between
the individuals. In this context, sociograms were puvérd as a fundamental tool for
investigating the fabric of interpersonal relationshipghw groups of individuals

(Chinowski et al. 2008).
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2.5.2 Social Network Use in Construction Research

There has been limited research using social networkbeinconstruction field.
Thorpe and Meade (2001) used social networks to determine if pegecific websites
could be used to pull information and more effectivelgigie & build complex projects.
They surveyed members of the design and constructiontteaetermine communications
patterns; more specifically, with whom and how ofted the different teams members
communicate. Their SNA identified key members of #®nt in terms of communication
and illustrated the challenges that can arise when ortbose key members does not
participate, or use the project specific website. $oetworks have also been used in the
development of a model for achieving high performancauli® from project teams.
Chinowski et al. (2008) modeled the mechanics and the dgsarthe what and why
respectively, of information passed between the teamlmers. Much like Thorpe and
Meade (2001), they surveyed team members and used SNA to detesingraphical
representation of the communication architecture wittenteéam. In their study, architects
were in infrequent contact with the team during the nitgj@f decision-making processes.
They concluded that the isolation of key individuals dboted to over centralized decision
making, a lack of information and knowledge integrationd a lack of trust (Chinowski et
al. 2008). “In projects where trust and value sharing ateemaent, the impact on
information and knowledge sharing can be significant.” ASNas also used in the
construction industry to examine the mediating roleygdaby individuals that share the
same nationality as an international partner on a grdi@cMarco et al. 2010). They

studied the internal communications between two diffenerdject teams executing
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complex, reciprocally interdependent design projectsdiial One team was comprised of
Indians and Americans. The other team was identicilalso contained an Indian national
who had studied and worked in the United States. UsiNg\ $0 represent the
communication patterns, they found the Indian expatndssged a cultural boundary
spanning role by resolving cross-cultural knowledge system ctanftind increased

collaboration effectiveness (Di Marco et al. 2010).

2.6 Multi-Criteria Decision Making (M CDM) Techniques

2.6.1 MCDM Overview

“The theory of decision analysis is designed to hb#p individual make a choice
among a set of prespecifieglternatives” (Keeney and Raiffa, 1976). The MCDM
techniques are intended to support decision makers with thissgro€eetermining which
of the competing alternatives is preferred over therstivhile the alternatives may conflict
with each other when evaluated against different aiteriThe MCDM techniques enable
the decision maker to rank and/or assign weights of itapoe to the criteria, compare the
alternatives to each other in terms of the criteaied determine the preferred alternative.
There are several techniques including the analytical bleyaprocess (AHP), multi-
attribute utility theory (MAUT), and ELimination Et ©Ix Traduisant la REalité
(ELECTRE). Numerous texts and extensive research heae deedicated to these methods
of MCDM (Keeney and Raiffa, 1976; Edwards, 1977; Edwards andoBal994; Roy,

1996; Belton and Stewart, 2002; Saaty, 1980, 1987, 2008).
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Although each of these methods has the goal of detemgninhich alternative is
preferred, the AHP is a more plausible fit for thiseeesh due to two primary differences.
The first is the ability to assign criteria weiglatsd the other is transitivity. The AHP uses
systematic pairwise comparisons to determine criteright&® MAUT methods do not
assign importance weights to the criteria. Thislse @ problem with ELECTRE because
only qualitative criteria levels are required to constrinet toncordance and discordance
indices (Vargas and Hsiang, 2010). Transitivity betweerfeprrces means that if
alternative A is preferred to alternative B, and raliéive B is preferred to alternative C,
then alternative A is preferred to alternative C.thdfit the transitivity axiom, MAUT does
not work. The AHP does not assume transitivity agiden an intransitive situation, the
decision maker has available procedures for finding and titigd if deemed appropriate
(Gass 1998). The AHP method was used in this research dioe tifferences mentioned
above and because it has been tested, is theoseBoalhd, readily understood, and easily

implemented (Forman and Gass, 2001).

2.6.2 Additional AHP Background and Benefits

The AHP is a performance aggregation tool that fa@ltadecision making when
several aspects must be considered and some are faweedtbers for each of the
available options. AHP considers both qualitative and tjaéive information and
combines them by decomposing ill-structured problems into sgsieimerarchies to rank
alternatives based on numerous criteria. There areraelenefits of using AHP as a

decision support system, including (Hsiang, 2010):
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1. AHP estimates the weight for each criterion andfithed weighted average score for
each alternative.

2. AHP provides insights into the quantifiable elements o fhrocess; thereby
establish a better understanding of the final decision.

3. AHP provides simple and readable rules of evaluatiorthiecking the consistency
of the evaluation measures to integrate human subjgctiexperience, and
knowledge into the decision process.

4. AHP comprises uncertainty, risk and fuzziness.

5. AHP supports group decision-making.

6. AHP supports a verifiable, effective means of dealing wadtimplex situations.

7. AHP unifies treatment of qualitative and quantitative tseri

Figure 2.4 shows the AHP uses pairwise comparisons betyuvaenitative or qualitative
criteria to assess the relative importance of eathrion. These can be arranged in a
hierarchical manner for sets of attributes, and qualfteesels) within these attributes. As
such, the qualities of different attributes are noéatiy compared. Table 2.2 lists the four

primary steps in using the AHP Model.
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Figure 2.4: AHP Model Overview (Hsiang, 2010)

Table 2.2: Primary Steps in the AHP

Step Description
1 Determine Selection Criteria Weights
2 Determine Score for each Alternative (ProjectBigure 2.4)
3 Determine Preferred Alternative
4 Calculated and check Consistency Ratio

2.6.3 AHP Use in Construction Research

AHP has been used as a decision making tool inrakaeeas related to construction.
Shapira and Simcha (2009) used AHP to determineethéive importance cfafety factors

pertaining to tower crane operations on a constmdite. The factor weights will also be
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used in their developmentf a comprehensive model that will allow the computatidn
safety indices for individual construction sites employingeiocranes. Zhang and Zou
(2007) used an AHP model for the appragdaihe risk environment pertaining to the joint
ventures to suppothe rational decision making of project stakeholdersieyTconcluded
that the AHP model was effective in addressing the iiskslved in joint venture projects.
Goldenberg and Shapira (2007) developed an AHP-based model to addwesal
gualitative categories such as managerial convenience, tiopataefficiency, progress
delays, and work safety in the selection of criticahstruction equipment. Little, if any,
research has been conducted while using the AHP as a neamssist with the

determination of which trades should be focused on to redueeion.

2.7 Summary

Considerable research has been performed over the geafactors affecting
productivity. This research is used as the basis of studgingtion of construction related
tasks. As previously mentioned, there has also betan®xe research associated with
variation; however, the literature review has iderdiffeur primary gaps in the body of
knowledge.

1. There is a need to identify the causes and quantitiear@tion that exist within a
construction project.
2. No references were found to prioritize which causes avfation are posing the

greatest risk to project performance.
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3. No social network analysis research has been focuseardothe trades within a
project.
4. No decision support systems were identified that targgtdatermine the feasibility

of reducing variation for a construction project.

This research is important and valuable as it serveddiess these gaps in the body
of knowledge. Additionally, this research has a broadgpact on the construction
community. It provides the framework and repeatable dpalymethods to identify,
prioritize, and reduce variation on a construction projeEhe techniques and procedures

used in this research can be applied to other constrymtigects as well.
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CHAPTER 3

3.0 METHODOLOGY

For each data collection method, the survey and easzh stady, this chapter will
highlight the primary research objectives that are supgortIt will also provide an
overview of the design method, the associated datactiolte plan, and the analysis

technigues used for each of those methods.

3.1 Variation Survey

3.1.1 Research Objectives addressed by the Variation Survey

Objective 1 Determine the prevalent individual causes of variaaoa how workers,
foremen, and project managers view the causes diffgrentl
Objective 2 Identify underlying factors that correlate the individoauses of variation in

terms of starting time and duration.

3.1.2 Variation Survey Overview and Design

The literature review identified 166 items that affectductivity. (Borcherding and
Garner 1981; Thomas and Yiakoumis 1987; Herbsman and Ellis; I8@@mas and
Sakarcan 1994; Portas and AbouRizk 1997; Somnez and RowingsG@8@um and Haas

2002; Rojas and Aramvareekul 200; Liberda et al. 2003; Zayed aminH2004; Song
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2008; Dai et al. 2009; Kimpland 2009). These 166 items wers peeyenced and reduced
to 50 causes based on the following two procedures:

1) Causes that were only suitable for specific projectd tasks were removed. For
example, Somnez and Rowings (1998) identified the conpret® as a significant factor
affecting productivity of placing concrete. Since corergpecialty contractors probably
would only represent a portion of the surveyed companiesoid a very long survey and
ensure good quality of the response, concrete pump wastadtds a separate factor in the
survey. Instead, the pump would simply be considered peagnt.”

2) Similar causes under the same category were combir@dexample, hard hat, safety
vest, and safety glasses were combined as personal petgpiipment.

The 50 causes were then placed into one of eight nad@garies. Koskela (2000)
used a similar framework when discussing categoriesirtizdct productivity. Koskela’s
seven categories were connected work (prerequisite wortgdiledke construction design,
components and materials, workers, equipment and toolse gjpabsite), and external
conditions. These same seven areas were used anddinenal category, management /
supervision / information flow, was added. The eight eaieg used in this study are listed
below:

1) Prerequisite Workitems that must be completed before a task can begin.
2) Detailed Design / Working Methoéiaving an accurate and available design or drawing
and a feasible working method in order to accomplisivengask.

3) Labor Force:Labor force available and trained to perform the requask(s).
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4) Tools/Equipment:Required tools or equipment available in sufficient quastiand

conditions.

5) Material and Componentgdaving the correct and necessary materials availablen whe

and where needed.

6) Work / Jobsite Condition®Adequate physical space available to perform the task.
7) Management/Supervision/Information Flofystems exist to develop the work plan or
schedule, provide guidance or instruction, and to answetigu®svhen they arise.

8) Weather or External Factordtems that occur which are outside the control oféhos

your company.

Each category included a number of potential individual caosesriation. Table 3.1 lists

the 50 individual causes and illustrates how they araldistd among the 8 categories.

Table 3.1: Individual Causes of Task Starting Time Variation

1. Prerequisite Work:
Obtaining required permits for the work to begin
Completion of previous work (i.e. work before you isiohe yet)
Rework being required due to the quality of previous work
Poor quality of previous work (though not to a level thguires rework)
Inspections for previously completed work
2. Detailed design and work method:
Design constructability
Quality of documents (errors in design and/or drawings)
Turnaround time from engineers when there is a questibravdrawing
Strict specification requirements
Quality control requirements
Work complexity
Work sequence or method is not well planned
Low degree of repetition (task constantly changing)
Inadequate instruction on detailed working method
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Table 3.1 Continued

3. Labor Force:
Socializing (talking with fellow workers)
Absenteeism
People arriving late and/or leaving early due to illnegsry, family or personal reason, etc.)
Low morale and/or lack of motivation
Getting moved to another job/task before the one you wenlengaon was completed
Crew size is inadequate
Inefficiencies associated with personnel turnover (i.@. e@ployees)
Experience on similar tasks (i.e. there is a learnimgecassociated with non-repetitive tasks)
Worker/crew lack of skills/experience to perform thek{a) being asked of them
Language barrier among workers and/or worker-supervisor

4. Tools and Equipment:
Personnel Lift (unavailable, no operator, not the fiyiomaintenance)
Power Tools (not trained, used by someone else, misplaegttenance)
Crane or Forklift (unavailable, no operator, not the fiiomaintenance)
Hand Tools (used by someone else, misplaced, maintenance)
Other heavy equipment (backhoe, loader, dump truck, etc.) aitdlaie
Personal Protective Equipment (PPE) [not enough, used lgosenelse, misplaced, unserviceable]

5. Materialsand Components:
Material needs to be moved to where you need it
Material to arrive from distributor or supplier
Trying to get consumables
Error In material size
Error In material type

6. Work / Job Site:
Overcrowded work area / jobsite congestion
Difficult access to work area
Site Layout - distance between material storage andewhaterial is required for work is excessive

7. Management / Supervision / Information Flow:
Wait to get answers to questions you have about the desilgavaing
Need guidance or instruction from supervisor
Lack of field manager (foreman) skill/lknowledge
Coordination between different trades
Over commitment due to a tight work schedule
Foreman availability
Change in scope of work
Foreman communication skills
Communication between:

Owner/Engineer and project manager
Project manager and foreman
Foreman and workers

8. Weather / External Conditions:
Weather impacts (excessive heat, cold, wind, rain), etc.
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3.1.3 Variation Survey Data Collection Plan

A questionnaire survey was developed to address the firsarcesebjective by
identifying the most prevalent causes of starting time asl turation variation during a
typical week of work. It involved craft workers, forem and project managers and
consisted of two parts. In this research, craft workeesalso referred to as laborers and
include both skilled and unskilled workers.

In the first part of the survey, respondents provided bacikgranformation such as
their trade, position, size of their company, whetheytwork for a union or not, and their
level of experience. The second part of the surveyhmedocollecting feedback pertaining
to variation of the causes previously described for #esarch. Respondents were asked to
rank order the eight overall categories and indicatedmawy weekly hours of variation, in
terms of task starting times and duration, they expezgbmitie to each of the 50 causes
listed in Table 3.1.

An example of a typical question is provided below in FigBr®e and the entire
survey can be found in Appendix A. This example pertairtbe materials and components
category. There were five causes of variation, digie the left side of the figure, for the
respondents to consider. The respondents indicated how hwurs of variation they
experienced and how many people were impacted during akypek for each of the five
causes. The first two columns pertained to startingg tvariation and the second two

columns pertained to task duration variation.
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* 1. This section pertains to MATERIALS & COMPONENTS. How many weekly
hours (actual hours) of variation (time spent waiting or delayed) do you
experience due to them and how many how many people does this
generally affect?

) - : Task duration Task duration -
Start time variation - Start time - number of I
. variation - actual number of people
actual hours delayed people impacted .
hours delayed impacted

Material to be moved

to where you need it

Material to arrive from
distributor or supplier

Trying to get

consumables

Due to an error in
material size

Diue to an error in

I

material type

Figure 3.1: Survey Question Pertaining to Individual Caus®&aoétion

3.1.4 Variation Survey Data Calibration

Careful attention was given to several potential pmoblreas regarding errors
associated with surveys. To mitigate measurement eduesto language barriers, the
survey was translated to Spanish as many people in thewditst industry speak Spanish
as their primary language. A pilot study was conducteld avilocal construction company
to reduce potential measurement errors due to weaknesshe wording of questions
and/or the lack of requisite instruction for respondémtanswer the questions. The survey
was distributed to the general contractor’'s project mamathree foremen (electrical,
mechanical, and roofing trades), and 10 laborers (&#emtrical, four mechanical, and three
roofing). Each person was asked to read the directimthsheen complete the survey, which

took approximately 25 minutes. The purpose was to determihe rfespondents were able
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to complete the survey without any external guidance tarsee if there were any causes of
variation they felt were missing.

The members of the pilot study felt an example oftis@artime and task duration
variation should be added to the instructions to bettglagxeach of them. They also felt
“socializing” was a cause of variation that should Heeal to the survey. Both of these
items were addressed prior to the distribution of theesunBoth the online version and the
paper version utilized the same format to minimizersrdue to the mode of data collection.
The survey was distributed throughout the United Statesnitomize problems with

coverage areas.

3.1.5 Variation Survey Distribution

The survey was distributed with the assistance of 22 U8yACorps of Engineer
district offices, located throughout United States (Figdu®). These districts oversee all
construction performed for the Corps of Engineers, thag Hre in contact with a large
number of construction contractors. These are civitiantractors performing public work
under a government contract. Thirty-six district oficeere contacted in the summer of
2009 and 22 agreed to assist with distributing the surveyetodbintractors. Additionally, a
local construction consulting company distributed the sutedieir client base throughout
the United States.

Overall, approximately 260 companies received the survey. TjEcpmanager(s),
foremen, and workers from the companies had the omienlunteer to take the survey. It

is unknown how many project managers, foremen, and dabavere given the option to
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take the survey. The project managers, foremen, aodelsbwere chosen as the intended
audience because their feedback was required to addresgesearch objectives.
Respondents had the option of taking the survey online tiahgl. About five weeks (23

July — 30 August 2009) were allotted for the survey to be loliged, taken, and returned.
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Figure 3.2: Locations of US Army Corps of Engineer Dossr

3.1.6 Variation Survey Analysis Technigues

Factor analysis was used to help identify the underlfactprs correlated with the
individual causes of variation. Additionally, a concemp was developed based on the
factor analysis results. The concept map was bas#étearumber of trades involved with a
project and can be use to prioritize planning efforts togehkely causes of variation from

occurring.
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3.2 Case Studies

The case studies were conducted to further validate theystgsults and to gather
guantitative data pertaining to actual construction projett® initial intent was to perform
a single study involving two companies that performed esdgnthe same type of work,
with the primary difference being that one used leahthe other used traditional principles
when it came to developing their weekly work plans. Asoaiate of a local construction
consulting company assisted with identifying potential @tatés for the case study. Both
of the companies perform masonry restoration workie Of them adopted the use of the
LPS® during the summer of 2009 and is using lean principledl iaspects of their
business, while the other is not. Both companies wetiallypicontacted by the consulting
associate and both expressed a desire to participdte gtudy. A proposal, which outlined
the purpose, objectives, and type of data that would Ibected, was developed and sent to
each company. An example of the proposal can be fouAdpendix B.

Due to concerns about relying on one case study and the desgrovide more
breadth to the research, two other case studies weyeingisrporated into the research
design. The LCI has several chapters located througheudnited States. One purpose of
the chapters is to provide local lean support to owneehjtacts and designers, engineers,
contractors, and suppliers. The establishment of theli@as Chapter of LCl helped
identify two other local companies to participate in thse study. One of the companies
was a general contractor and the other was a mechaubabntractor. There was a
separate study associated with each of the companiethe Assearch progressed, these two

companies became the primary providers of quantitative datee of the original masonry
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restoration companies never provided any datagfhes was not an integral part of the
research. Despite this, a description of the mdnstudy is included in this chapter and a
discussion of what occurred is included in Chapteend 5. Figure 3.3 depicts how the
companies provide greater diversity in terms of #wupling of trade and project
complexity. It is not the intent to imply that noasy restoration is not difficult; however,
the masonry restoration projects were less comfilax the other two projects in this

research.
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Figure 3.3: Coupling of Trade Involvement and Rebfgomplexity for Case Studies

The following sections will explain each of thedlrcase studies in further detail, to

include the associated research objectives, arvieverof the case study design, and the

data collection plan.
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3.3 Case Study 1 (General Contractor)

3.3.1 Research Objectives addressed by Case Study 1

Objective 3:Determine the causes of variation with the greatekt af impacting project
performance.

Objective 4:Develop the organizational social network of traded #wsts among a
construction project.

Objective 5:Analyze the social network to identify the key tradéhw the network.
Objective 6:1dentify the organizational structure of contractorsrades associated with the
variation posing the greatest risk to project performance.

Objective 7:Develop a decision support system to target trades inffart & reduce

variation.

3.3.2 Case Study 1 Overview and Design

A general contractor (GC) overseeing 43 subcontractas,raferred to as trades,
involved with the construction of a single level, $50 miili 150,000 square foot data center
was the primary participant of this case study. A G&hwmultiple subcontractors was
chosen for the study because the research is parfoaihsed on the social network that
exists among the various trades. The project entaigetuld-out of an existing warehouse
building into a data center and white-space computer labhe scope included the
construction of a new steel structure within the buildingw mechanical and electrical

systems, raised access floor computer labs with @edcsupport spaces, and a general
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office component. Construction ran from FebruaryufgtoSeptember 2010 and the project
was studied from the beginning of March through complediothhe end of September. The
first three weeks of the project were not includedhm $tudy due to the limited scope and
number of trades involved during that period. The GC h&ldekly subcontractor meeting

in which the foreman from each trade working on the sitended. The focus of the
meeting was to identify and resolve conflicts (i.e. enthran one trade working in the same
area at the same time) by using a work breakdown strucfithiey also discussed material
procurement for timely support of construction activitigsdditionally, daily huddles were

conducted to review the key tasks to be completed fodalge Table 3.2 summarizes both

planning meetings.

Table 3.2.GC Planning Meetings for Case Study 1

Weekly Meeting Daily Huddle
Project manager, superintendent, foreman Project manager,
Meeting | from each trade working on the project superintendent, foreman

Attendees from each trade working on
the project
Meeting | 1-2 hours 15-30 minutes
Duration
Basic 1) Reviewed previous weeks’ work and | Reviewed daily tasks
Agenda recorded: * Addressany
* Whether or not each task was concerns/questions
completed

* Reason for variation

2) Conducted 3 week look-ahead using
master schedule

3) Developed weekly work plan for
upcoming week in conjunction with the 3
week look-ahead:
» Identified/resolved WBS conflicts
» Focused on material procurement top

support construction activities
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3.3.3 Case Study 1 Data Collection Plan

A total of 28 weeks’ worth of data was collected for gmeject. The information
collected included the planned and actual starting timedaration for each task on the
work plan, as well as reasons for variation. Varmatas tracked in terms of starting time
and task duration. The starting time variation is itne difference between the planned and
actual task starting time and the duration variationhe time difference between the

planned and actual task duration.

3.3.4 Case Study 1 Analysis Technigues

Several analytical techniques were used in this case.stiillst, a risk assessment
matrix was used to determine the causes of variationpthedd the greatest risk to project
performance. Social network analysis was performed usiek® to identify the social
networks of trades. Both degree and eigenvector basealdgranalysis was performed to
ID the key trades within the social networks. Lastlg #malytical hierarchy process was

used to support decision making when multiple criterisevilerolved with the decision.
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3.4 Case Study 2 (Mechanical Subcontractor)

3.4.1 Research Objectives addressed by Case Study 2

Objective 3:Determine the causes of variation that pose the egeaisk of impacting
project performance, in terms of productivity and cost.
Objective 8:Compare performance in terms of productivity and coshgavor two similar

projects, in which the LPS® was used on one, but nobttiner.

3.4.2 Case Study 2 Overview and Design

A mechanical contractor specializing in plumbing, heatimgntilation, and air
conditioning participated in this case study. The mechhpmntractor was chosen for the
study as mechanical related tasks are very common withiconstruction industry. The
company was also chosen because they were interestiEdermining if using the LPS®
would be effective, in terms of reducing variation andreasing productivity. For this
research, a reference to the company’s traditiormirhg system refers to not using the
LPS®. The company compared the performance of two sepbhuateimilar projects for the
case study (Table 3.3).

The LPS® project was labeled as a renovation, but éhevation involved only
modifying a portion of an existing building. Most of thenk involved adding on a new
structure adjacent to the existing one. There is alddference between the number of
cooling units as the LPS® project had 28, while the non-LP3®gronly had 14. The
work involved in the study was self-performed by the maida contractor using labor

crews with similar experience and skill levels; howevbkere could still have been some

49



differences due to learning curve issues. The projéststead the same project manager

and superintendent for the first eight weeks of the stddye intent was to keep constant as

many aspects as possible, so the differences in perfmencould be attributed to the

differences in the planning processes of the projects.cdsts, durations, and scopes of the

primary mechanical aspects of the two projects are showable 3.3. A general contractor

and other trades were also working on both of these qgtspjdowever, they did not

participate in this study. The focus of this study washemrmechanical contractor.

Table 3.3: Case Study 2 Project Costs, Durations, and Scopes

LPS Project

Non-LPS Project

Project cost

$5.2 M

$2.9 M

Duration

16 months (Dec '09 — Mar '11)

12 months (Oct '09 — Sep

Description and ke

aspects of overa

y Renovation of existing building New building
128 cooling units 14 cooling units
'3 chillers 2 chillers

mechanical scope

2 cooling towers

2 cooling towers

2 rooftop AC units

2 rooftop AC units

3.4.3 Case Study 2 Data Collection Plan

10)

A total of 16 weeks’ worth of data was collected forhrepmject. Since the projects

were managed differently, in terms of planning, the datkeatedd was slightly different.

Table 3.4 outlines the participants and agenda for timnjplg meetings of each project.
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Table 3.4: Case Study 2 Project Planning Meetings

LPS Project Non-LPS Project
Work Plan| Project manager, superintendent, foreman Project reanag
Meeting superintendent, foreman
Attendees
Meeting Weekly Biweekly
frequency
Meeting | 45 minutes — 1 hour 30 — 45 minutes
duration
Basic Reviewed previous work — recorded: Reviewed previous work
A » Whether or not each task was (didn’t record any
genda ) : . .
completed information, simply adjusted
« Quantity of variation upcoming schedule
« Reason for variation accordingly)
Conducted 3 week look-ahead Conducted 3 week look-
ahead
Developed weekly work plan for Developed weekly work plan
upcoming week in conjunction with the Bby considering what needeg
week look-ahead: to be done based on mastel
* |dentified/addressed constraints schedule and whatever didn't
« Considered previous/anticipated caus@et completed the following
of variation week

The project manager, superintendent, and foreman werdvaavavith the planning
meetings for both projects. The project that used P8®& met weekly, where the non-
LPS® project met bi-weekly. Aside from the frequenty primary difference was in how
the weekly work plans were developed. The LPS® projed theeLPS® method (Ballard,
2000) as the basis for their weekly meetings. Theywadethe previous weeks’ work plan
and identified whether or not each task was completéey @lso recorded the quantity and
reason for any variation (i.e. the difference betwedat was planned and what actually

happened) of each task on the weekly work plan. For eraniglOO labor hours were
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planned for a task and there were actually 120 labor h@eanrst ®n that task during the
week, the quantity of variation would be 20 labor hours.

Both projects used a look-ahead process, but they weresiombar in name. Look-
aheads are typically used to give early warning of tashkasduled to be started or completed
in the look-ahead period. The team from the LPS® prajewctiucted a 3 week look-ahead
to consider activities on the master schedule and thasevere not previously completed as
candidates for inclusion on the upcoming weekly work plafike LPS® project team in
this research viewed constraints as potential causeariation and used the “few trades”
side of Figure 2 and previous experiences of the planning teateritify constraints. The
LPS® project team also used the risk assessment matdgtérmine which constraints, or
causes of variation, were the most critical to remoke non-LPS® project also conducted
a 3 week look-ahead; however, they did not track any irdtom pertaining to variation,
nor did they perform a constraint analysis. They Singgljusted the upcoming schedule

during the 3 week look-ahead to include any tasks that wepexdbusly completed.

3.4.4 Case Study 2 Analysis Technigues

As with the first case study, a risk assessment wasrpstl to identify and
prioritize variation for reduction. This study also usdukaefit / cost analysis to determine
whether it was desirable to use the LPS® system to redarg&tion and improve labor

productivity.

52



3.5 Case Study 3 (Masonry Restoration Companies)

This case study was intended to examine differenceseimproject performance of
two companies executing similar projects while using differglanning philosophies;
however, one of the companies did not provide any dataimegato their project.
Therefore, the results of this study are limited bg thformation and observations |

obtained during a single site visit to that company’s praitet

3.5.1 Research Objectives addressed by Case Study 3

Objective 3:Determine the causes of variation that pose the egeaisk of impacting
project performance, in terms of productivity and cost.
Objective 8:Compare performance in terms of productivity and coshgavior two similar

projects, in which the LPS™ was used on one, but naittie.

3.5.2 Case Study 3 Overview and Design

This study was intended to follow along the same liagCase Study 2, except
instead of one company internally comparing two sinplaijects; the performance of two
separate companies performing similar projects were goirgetoompared. These two
companies were initially identified by the local constttconsulting company that
assisted with distribution of the variation survey. tBot the companies performed masonry
restoration work. One of the companies (referred #9IR%), used the LPS® and the other,
referred to as MR2, did not. MR1 consists of approxinga4@l employees and performs

masonry restoration work throughout the eastern portidgheoUnited States and has been
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using the LPS®, as well as other Lean Construction pgex;tisince the summer of 2009.
MR2 also specializes in masonry restoration work arsdap@roximately 40 branch offices
located throughout the United States. Each branch ist ébe size of MR1; therefore, the
work from one MR2 branch was going to be used in the stasky.

Since MR1 is a smaller company and does fewer projectsgdiine course of a year,
the scope of the projects for the study was based uponisMigRheduled projects. After
MR1 identified a project for the study, MR2 used it asselae to identify a project similar
in scope. The masonry restoration projects for both RLMR2 were in urban areas in
the eastern/northeastern part of the United Statks.piioject for MR1 involved the exterior
of an 11 story apartment complex that remained in usbébtenants. The project for MR2
involved a 16 story office building that also remained in digeng construction activities.
The specific details for the MR2 project were not providemlyever, the branch manager
from MR2 said their project was similar to that MR1’s jpob, for which the scope,

duration, cost, and description of tasks are outlinéichlrie 3.5.

Table 3.5: Scope, Duration, Cost and Tasks for MR1’s Rrojec

Scope: Repoint brick - 2400 linear feet General Steps involved with work
Brick replacement - 600 units Set up swing
Brick patching - 1700 units Construct ground protection
Wash exterior elevations Wash building
Waterproof exterior elevations Inspect
Demo

Cut old pointing
Prep patches (cut/remove bad portion of brick)
Duration: 12 weeks (April - June 2010) Remove entire brick(s)
Remove any caulk to be replaced
Repair
Replace brick(s)
Cost: $145k Patch brick(s)
Repoint
Masonry wash
Replace caulk
Waterproof

54



3.5.3 Case Study 3 Data Collection Plan

The data collection plan was intended to capture fourgpyiraspects related to each
project. Figure 3.4 is a template that was provided to eaeipany to assist with the data
collection. The first aspect had to do with who waslved with developing the weekly
work plan and how long they spent doing it. The remaintitveotemplate pertained to the
project’s weekly performance. The tasks were to liedjsalong with their planned and
actual starting times and durations. Columns were atdoded to indicate whether or not
the task was completed, the amount of variation adsociaith the task, as well as the
reason for the variation if it occurred. The bottportion of the template tracked the

weekly PPC and labor productivity.

Weekly Case Study Tracker (NCSU & Company Name):

Work Week: to of 2010
Project:
Planning: Attendees ($ rate/hr) Date:
for weekly PM Supplier Duration:
work plan Foreman Owner Cost:
below GC A/E
Sub Sub
Sub Sub
Weekly performance (as result of planning effort above):
Weekly work plan Starting Time Task Duration
Completed Hours of | * Reason Hours of | * Reason
Date: Task: Y/N Planned | Actual |Variation| Code [Planned|Actual|Variation| Code

Percent Planned Compete (PPC): Number tasks completed from weekly work plan: Weekly Productivity

Number tasks on weekly work plan: (Output / Labor hours of input):

PPC =(Number complete / Number planned) x 100 =

Figure 3.4: Data Collection Template for MR1 and MR2
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3.5.4 Case Study 3 Analysis Technigues

The analysis techniques that were planned for use in thesstady were consistent
with the other two case studies. A risk assessmenixmweds going to be used to identify
which causes of variation posed the greatest impact tprthect based on frequency and
severity. The hypothesis was that although the plannirtg easild be higher for the LPS®
project, the associated productivity and PPC would be highérthe variation would be
lower. The AHP would have used planning costs, productivl®y¢,Pand variation as the
criteria. The performance of the projects was goingetaused to score each in terms of

those criteria.
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CHAPTER 4

4.0 RESEARCH EXECUTION/RESULTS

4.1 Variation Survey

4.1.1 Variation Survey Results

A total of 124 useable responses were obtained. Therel@8nmesponses that were
not used in the analysis because they were either inetenpt they contained extreme
outliers. Only the first one to three questions werenaned in case of the incomplete
surveys. If a respondent claimed the weekly averagdyheariation was 25-30 hours in
almost every category, while the average of the attsponses was in the area of 1-2 hours,
the former were considered extreme outliers. Projeahagers made up 64% of the
responses, followed by laborers with 20% and foremen1#i#h. The remaining 2% of the
respondents did not identify their position. Contracteosking for the US Army Corps of
Engineers accounted for 80% of the responses, while tee 2080 were from clients of the
local construction consulting company.

Subcontractors and general contractors respectively prog#dand 32% of the
responses, with the remaining 6% unspecified. Twentypengent of the respondents were
associated with four or more trades (electrical, meicl concrete, steel, etc.). Twenty six
percent were associated with concrete, 19% with pipingluonbing, 11% with earthwork,
and 8% with mechanical and HVAC. The remaining 7% was aplong electrical, steel,
roofing, drywall, or unspecified tradedrigure 4.1 Figure 4.2 and Figure 4.3graphically

depict the demographics of the survey respondents.
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Figure 4.1: Company Types for Variation Survey

Figure 4.2: Position Distribution for Variation Survey
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Mechanical /
HVAC
8%

Electrical
3%

Roofing / Drywa
2%

Figure 4.3: Trade Distribution for Variation Survey

4.1.2 Variation Survey Analysis

In order to determine the most prevalent factors causargrgf time variation, the
50 causes were rank ordered three times (once by edioh thiree duty positions — laborer,
foreman, and project manager) based upon the amount (heweek) of variation they
caused. These rankings were then consolidated, capthangp five causes (i.e. the top
10%) according to each duty position, to identify the topraleauses of variation. The
category (i.e. which one of the eight from Table 3d)aiso listed to illustrate which
category the cause of variation is associated wiiible 4.1 contains the top eight causes of
starting time variation. Table 4.1 was limited to tbe eight causes since those eight

captured the top 10% (i.e. the top 5) causes for the progeagers, foremen, and laborers.
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Although ordered slightly different, the top three causeshe view of laborers,
foremen, and project managers was the same. It sheufbted that the first and third
cause are essentially the same; the question pertamingriaround time was included in
two areas of the survey. It should also be notedttmatround times for getting questions
answered may be related to when the question is askedough the scope of the survey
did not address this, it is likely a function of thedésne provided to engineering.

The top three causes are generally consistent withquevesearch. Borcherding
and Garner (1981) found “rework” to be one of the top tlfmetors affecting productivity.
Kimpland (2009) found “slow responses to questions” to be ont@eotop two external
factors that impacted productivity. Dai et al. (2009) foundrerin drawings and the
associated slow response time to questions to be amongpghtree items impacting
productivity.

The remaining results indicate there are differennethe perceptions between the
laborers and the foremen and project managers, parlicdbr causes No. 7 (people
arriving late/leaving early) and No. 8 (needing guidance atruntion from their
supervisor). The laborers state cause No. 7 (peoplergriate and/or leaving early) is the
5" highest cause of starting time variation; however, fdtemen and project managers
don’t have the same perception as foremen rank that ddifseverall and the project
managers rank it f6 The laborers state cause No. 8 (needing guidancstoudtion from
their supervisor) is the™highest cause of starting time variation. The foreamh project
managers perspective is different as they rank this ddlfsand 28 respectively. There is

not a significant difference between the perceptidnhe foremen and project managers
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with regard to starting time duration as all of their fyge causes are ranked within the

overall top six causes.

Table 4.1: Top Eight Causes of Starting Time Variation

Laborer Foremen Project Manager
Responses Responses Responses
No. Cause Category| Hrs/Wk ‘ Rank | Hrs/Wk ‘ Rank Hrs/Wk ‘ Ran
Turnaround time fron 7
1 | engineers when there o oo/l 104 2 1.65 2 2.97 1
is a question with a Mamt/Info
drawing 9
Completion of 1
o |Previouswork (ie. | pooooiisie 144 1 1.62 3 2.64 2
work before you isn't Work
done yet)
Wait to get answers 1 7
3 | questionsyou have | o ocn/ 100 3 1.79 1 1.95 3
about the design or Mamt/Info
drawing 9
Obtaining required 1
4 | permits for the work | Prerequisitg 0.50 7 1.29 5 1.35 5
to begin Work
Quality of documents 1
5 | (errors in design Prerequisite 0.54 6 1.00 9 1.48 4
and/or drawings) Work
Rework being 1
g |requredduetothe | o o o0isitd 044 9 1.29 4 1.31 6
quality of previous Work
work
People arriving lat
and/or leaving early 3
7 | due to illness, injury, Labor 0.58 5 0.97 11 0.93 16
family or personal Force
reason, etc.
Need guidance or 7
8 | instruction from Supervsn/| 0.70 4 0.97 10 0.90 20
supervisor Mgmt/Info

A similar approach was used with examining the variatibtask duration. The
nine most prevalent causes are shown in Table 4.2. Theneiree causes in Table 4.2,

versus only eight in Table 4.1, because it took nine satgseapture the top 10% of the
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causes of task duration variation for the project masa@@remen, and laborers. There was
more discrepancy in perspectives when examining gkedaration variation than there was
with the starting time variation. The laborersetiatas they did with starting time variation,
that needing guidance from their supervisor (cause Nan@)people arriving late and/or
leaving early (cause No. 8) are tHeahd %' highest causes of task duration variation. Once
again, the foremen and project managers did not haveathe perception as foremen
ranked those two causes™and 18 respectively. Project managers’ perspectives differed
by an even greater amount as they ranked those two @fifsesd 19' respectively. There

is another difference in perception to illustrate wlwemsidering overall cause No. 6 -
rework. Rework was in the top five causes for bothftihemen and project managers, but
is ranked 15 in the view of the laborers. The only indicationao$ignificant difference in
perspective between the foremen and the project manegersh respect to the overall
cause No. 7 - worker/crew skill level. The project mamagank this as the™most
important cause affecting task duration variation. Himilers have it a§h9(still in their

top ten), but foremen rank this as theil’ tause.
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Table 4.2: Top Nine Causes of Task Duration Variation

Laborer Foremen Project Manager
Responses Responses Responses
No. Cause Category| Hrs/Wk  Rank | Hrs/Wk Rank| Hrs/Wk  Ranh
Wait to get answers to 7
1 | questions you have about Supervsn/| 0.74 1 1.68 1 1.96 1
the design or drawing Mgmt/Info
Turnaround time from 7
2 | engineers when there isja Supervsn/ | 0.54 2 1.24 3 1.93 2
guestion with a drawing | Mgmt/Info
Completion of previous 1
3 | work (i.e. work before Prerequisitey 0.40 7 1.29 2 1.81 3
you isn't done yet) Work
T . . 3
4 | Sccializing (talkingwith | ) opo | 954 3 1.15 8 1.42 6
fellow workers)
Force
Weather impacts 8
5 (excessive heat, cold, Weather/ 0.50 6 1.18 5 1.23 11
wind, rain, etc.) External
Rework being required 1
6 | due to the quality of Prerequisitey 0.24 15 1.24 4 1.49 5
previous work Work
Worker/crew lack of 3
7 | Skilsiexperienceto | ) o 0.32 9 076 17 1.58 4
perform the task(s) being
Force
asked of them
People arriving late 3
g | andlorleaving earlydue | ono | 052 5 | 076 15| 093 19
to iliness, injury, family
Force
or personal reason, etc.
Need guidance or 7
9 | instruction from Supervsn/| 0.52 4 0.88 12 0.81 26
supervisor Mgmt/Info

Unlike previous research, this research also examinedvdralbmagnitude of the
variation in terms of hours per week. The resulticatéd there was a perception of a larger
amount of variation with an increase in management lev&bnsider the first cause of
variation listed in Table 4.2. The perception of varmatiocreases from 0.74 Hrs/wk for

laborers, to 1.68 Hrs/wk for foremen, to 1.96 Hrs/wk forjgmb managers. A possible
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explanation is that the span of responsibility increaseyou move from laborer to foremen
to project manager, therefore the perceived amount odtiariincreases. Laborers are
typically only concerned with the specific task theg aorking on, while a foreman may

have several tasks he is responsible for; thus, then&oreperceives a greater amount of
variation due to the increased span of responsibiligoacern.

The overall magnitude of variation was also examinedtli@r prevalent causes
identified in Table 4.1and Table 4.2 to determine how muehtgpical 40-hour work week
is impacted by variation. The weekly hours of variatiwere summed for the laborers,
foremen, and project managers in terms of both sgattine and task duration variation.
For example, the sum of the top eight causes ofirggatime variation from a laborers
perspective is 1.04 + 1.44 + ... + 0.70 = 6.2 Hrs/wk. The sameotheths used for the
foremen and project managers. The starting time akddtastion variation were assumed
to be independent in the survey, therefore they are addether to get the total weekly
variation for each of the respondent categories. Vamage of their responses indicates an
average of 19.3 hours of variation exist per week as showiable 4.3. Assuming a 40
hour work week, a total variation of 19.3 hours implies thathedule is only about 52%
accurate. This is consistent with results reported bkafBia(2000) pertaining to PPC, who
found the average weekly PPC was 54% in over 450 week#wbproject data.

One obvious observation of the survey data is that Ihgtlsize and complexity of
projects increase as one moves up the duty position. As sere is a need to find
plausible managerial organizations to reduce the conpleta factorize the causes of

variations, or at least keep them from growing proportipnath the project size.
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Table 4.3: Total Average Weekly Variation

Variation Category L aborer Foremen Project
Manager
Starting Time Variatio 6.2 10.€ 13.5
Task Duration Variatic 4. 10.z 13.2
Total Variatior 10.5 20.¢ 26.7
Average Variation (hrs/w| 19.3

Research Obijective: ddentify underlying factors that correlate the individeauses of

variation in terms of starting time and duration.

The initial analysis performed identified the top individoalises of variation based
on the magnitude of the cause and the combined input ofelet) foremen, and project
managers. One of the aspects of the constructioregsachich makes it complicated is the
multitude of activities that are interconnected. Tleme often numerous prerequisite tasks
that must be completed prior to a new task starting: eample, before concrete can be
placed, the formwork must be erected and the reinforcenesds to be placed, tied, and
inspected. The variation of one of these tasks dactahe other tasks. There is likely to
be considerable multicollinearity among the causes oiat@n. Multicollinearity is a
condition wherein one or more of the independent vasatd® be approximated by a linear
combination of the other independent variables (Trost, 2003).

Factor analysis is a statistical technique that can ée tasidentify a relatively small
number of factors to represent relationships among maeryetated variables (Paul, 1994).
This is one goal of factor analysis - to representthariance structure of multivariate data

by a few underlying but unobservable factors. Since theegmois lengthy, a simple flow
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chart with the key steps pertaining to factor analysi®idsve in Figure 4.4. Figure 4.4 is
used to illustrate the overall process; however, thpssare only discussed in limited detail
through the remainder of this section. Detailed calmrasteps of factor analysis can be

found in Pett et al. (2003).

Interpret and

Rotate th
Correlation  —>| of Correlalion —> Faclors (Principal —> otate the
name Factors

Create Assess adequacy [xtract the Initial
Factors
Matrix Matrix Components)

Figure 4.4: Flow chart of Factor Analysis Steps

The Kaiser-Meyer-Olkin (KMO) measure of sampling wasdusedetermine whether or not
the data sample was acceptable for factor analysigaseKél974) recommends a KMO
value greater than 0.50. The KMO for the correlatiotrisnéor this research data was 0.60,
which suggests it is acceptable to perform factor analysis

Once it has been determined the data set is adequdte, daalysis is essentially a
two-step process. SAS was used to perform the factdysas for this research. First, the
elements are resolved into their principal componéstsp 3 in Figure 4.4). This is
accomplished by transforming the data into orthogonal b@sausing the eigenvectors of
the matrices of the original variables. Each princgmhponent is a linear transformation
of original variables. Because the linear componentodh®gonal, no independence or
multicollinearity exists in the transformed data (Trastl Oberlender 2003; Field 2005).

Once the principal components are determined, a factdiormia performed (step 4
in Figure 4.4). Factor rotation involves rotating the princgeamponents about the axis of

original variables. The factor rotation preserves thehomgwnality of the principal
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components, but a new transformation matrix is formatth each rotation. A method

known as maximum variance (varimax) was used in thisareBe This method maximizes

factor loading onto each factor, resulting in morerptetable groupings of factors (Field
2005). A factor loading is the correlation between ghesumed factor and the observed
variable. A separate rotated factor loading matrix wasted for both the starting time
variation and the task duration variation (Table 4.4 arileT4 5 respectively).

Nine factors accounted for 74% of the overall variantehe starting time
variation data. Initially, a factor loading threshold0.40 was used; however, the threshold
was lowered to 0.30 for factors eight and nine. This aasibjective decision by the
researcher based on the nature of the causes and hpwethained to the other causes
within the factor. There were two causes (lack of utwton on the work method and low
morale) that had factor loadings of 0.339 and 0.305 resplgctorefactor eight. Since both
of these causes could be associated with labor foesegement (i.e. the name selected for
factor eight), the threshold was lowered to 0.30. f&otor nine, the threshold was lowered
to 0.30 because there was only one cause (availabiliyooane or forklift) with a factor
loading greater than 0.40. Lowering the threshold to 0.3bleshahree other causes to be

included with factor nine. A description of the nine facisnsrovided below.

Factor 1: Senior Management Coordinatiohe individual causes that loaded this factor
were the jobsite being overcrowded, over commitmest {iaving more work scheduled
during the week than is feasible to accomplish), weatteordinating the work space and

sequence of different trades, communication betweenwimeroand project manager, and
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the impacts of changes in the scope of work. With dee@ion of weather, all of these

causes are generally associated with senior management.

Table 4.4: Rotated Factor Loading Matrix for Starting TWaeiation

Factor 1 Factor 2 Factor 3 Factor4 Factor 5 Factor 6 Factor 7 Factor 8 Factor9
Senior Mgmt Material Prerequisites & Crew Supervisor Skills & Standards& = Labor Force =~ Equipment
Variable Coordination M Constructability Management Tools & PPE  Ci ication Complexity M Coordi
Overcrowded 0.758 0.021 0.123 0.129 -0.066 0.251 0.085 -0.066 0.099
Overcommitment 0.752 0.278 0.016 0.103 0.074 0.131 0.046 0.009 0.177
Weather 0.716 -0.037 0.238 0.004 -0.048 -0.067 -0.023 0.066 -0.043
TradeCoord 0.711 -0.013 0.101 0.319 -0.024 0.187 0.009 0.067 0.149
OwnerPMCommo 0.640 0.488 0.052 0.009 -0.097 0.236 -0.012 0.030 -0.081
ChangeScope 0.612 0.535 0.097 0.058 -0.044 0.253 0.022 -0.108 0.202
MatlArriveSupply 0.129 0.935 -0.022 -0.018 0.079 0.023 -0.044 -0.049 0.034
WaitForAns 0.278 0.869 -0.085 0.030 0.003 -0.023 -0.028 0.070 -0.015
WorkSequence -0.002 0.748 0.421 -0.077 0.060 0.077 0.018 -0.084 -0.023
Rework 0.211 0.023 0.753 -0.056 -0.031 0.058 -0.037 -0.022 0.071
Inspection 0.294 0.023 0.733 0.017 0.031 -0.141 0.148 -0.032 -0.058
LowRepitition 0.075 0.084 0.667 0.278 -0.089 0.247 0.338 -0.144 -0.081
PrevWkQual 0.102 0.052 0.645 0.238 -0.075 0.088 -0.074 0.213 -0.103
CompPrevWk 0.026 0.027 0.621 0.123 0.052 0.001 -0.189 0.413 -0.107
Constructability 0.510 0.083 0.594 0.191 -0.009 -0.122 0.143 0.111 0.053
CrewSize 0.087 0.052 0.014 0.671 0.305 0.058 0.115 0.095 0.256
PersTurnover 0.200 0.058 0.152 0.639 0.158 -0.044 0.078 0.184 0.144
LearningCurve 0.123 0.032 0.196 0.599 0.439 0.083 0.167 0.315 0.023
HandTools 0.035 0.128 0.008 0.091 0.890 0.100 0.016 0.072 0.051
PPE 0.071 0.075 -0.046 0.137 0.806 -0.029 0.004 0.132 0.005
PowerTools -0.057 0.008 0.075 0.319 0.639 0.109 0.113 -0.035 0.079
LackFMSkill 0.166 -0.026 0.032 0.149 -0.063 0.796 -0.141 0.166 -0.006
Sitelayout 0.166 -0.080 0.066 -0.056 0.031 0.581 0.190 0.103 0.350
ForemanWorkerCommo 0.055 -0.042 0.017 0.026 0.064 0.494 0.096 0.031 0.111
FMAvailability 0.144 0.112 -0.051 0.508 -0.062 0.484 -0.119 0.027 -0.194
PMForemanCommo 0.117 -0.015 0.202 0.102 0.084 0.474 0.054 -0.231 -0.032
StrictSpecs -0.001 -0.015 0.025 0.094 -0.046 0.099 0.819 0.059 0.138
QualityControl 0.165 0.080 -0.067 0.001 0.215 0.018 0.754 0.081 -0.056
WorkComplexity 0.031 0.109 0.080 0.563 -0.049 -0.022 0.462 0.092 0.040
WorkerExp 0.043 0.127 0.019 0.266 0.257 0.256 0.133 0.516 0.104
Socializing 0.111 -0.026 0.160 0.110 0.124 0.081 0.222 0.510 0.038
PeopleLateEarly 0.007 0.108 0.108 0.114 0.130 -0.048 -0.004 0.464 0.173
LackinstrWkMethod -0.037 0.007 0.546 -0.038 -0.006 0.145 -0.056 0.339 0.002
LowMorale -0.027 0.407 0.033 0.337 0.337 0.087 0.096 0.305 -0.123
CraneForklift 0.025 0.034 -0.082 0.102 0.095 0.012 0.020 0.126 0.554
FMCommoSkills 0.118 0.022 0.060 0.157 -0.041 0.221 -0.073 -0.094 0.361
GettingMoved -0.038 0.029 0.063 0.147 0.114 0.321 0.313 0.051 0.348
LackGuidSuperv 0.272 -0.089 -0.128 -0.092 0.342 0.111 -0.032 0.147 0.333
Cumulative Variance 0.2302 0.3438 0.4339 0.5137 0.5694 0.622 0.6679 0.7043 0.7379

Factor 2: Material ManagementMaterial management is essential because wheniaiater

do not arrive from a supplier, people need to wait and thik seqjuence can be affected.
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Factor 3: Prerequisites and Constructability:This factor contained several causes of
variation pertaining to prerequisites, such as reworkingaior an inspection, the quality of
the previous work, and the completion of previous work.

Factor 4: Crew ManagementThe crew size, personnel turnover, and the learningecane
all associated with crew management.

Factor 5: Tools and PPE:The name for this factor is fairly self explanatorivailability
and serviceability of hand tools, PPE, and power toatapsrtant.

Factor 6: Supervisor Skills and CommunicatioRour of the five causes in this factor deal
directly with supervisor skills and communication. Foea skills, their availability, and
their communication (with both the worker and the prbjeanager) are all included in this
factor.

Factor 7: Standards and Complexity:Strict specifications, quality control, and work
complexity are the three causes that loaded this fadtdren either the specifications are
strict or complexity is high, it makes sense there \ikikly be a greater quality control
requirement.

Factor 8: Labor Force ManagementiWorker experience, socializing, people arriving late
and/or leaving early, lacking instruction on the work mettaod| morale are all associated
with the management of the labor force.

Factor 9: Equipment Coordination:This factor was named after the availability of the
crane or forklift because it was the only cause thdtédfactor loading of greater than 0.40.

The other items (foreman communication skills, gettimagved before a task is completed,
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and lacking guidance or supervision) were included asdreeyelated to each other and still

had a relatively high loading (all > 0.30).

Table 4.5: Rotated Factor Loading Matrix for Task Duratianiation

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Factor 8 Factor9
Prerequisites &  Labor Force  Supervisor Skills&  Personnel Standards & Tools & Material Weather and Trade Equipment
Variable Constructability ~ Capabilities Ci icati Quality Control  Consumabls Ci

Constructability 0.866 -0.137 -0.135 -0.170 0.179 0.012 0.062 -0.149 0.075
LowRepitition 0.858 -0.224 -0.076 0.056 -0.071 -0.026 -0.068 0.042 -0.141
Rework 0.849 -0.336 -0.004 -0.032 0.088 0.063 0.000 0.104 -0.005
PrevWkQual 0.845 -0.365 -0.135 0.064 -0.048 0.109 0.069 0.069 0.035
ChangeScope 0.827 -0.028 0.067 -0.265 -0.328 -0.122 0.040 -0.028 -0.071
Inspection 0.824 -0.390 -0.233 -0.055 -0.003 0.064 0.026 0.028 -0.176
ObtainPermit 0.820 -0.453 -0.238 -0.092 -0.009 0.101 0.055 -0.064 -0.009
LackinstrWkMethod 0.756 -0.120 -0.120 0.353 -0.009 0.008 -0.086 0.095 0.172
DesignDrawError 0.730 -0.209 -0.060 -0.032 0.272 -0.137 -0.170 -0.129 0.010
WorkSequence 0.715 0.017 -0.201 -0.028 0.039 -0.164 -0.246 -0.012 -0.334
GettingMoved 0.263 0.620 -0.197 -0.301 -0.023 -0.024 0.023 -0.100 -0.163
WorkComplexity 0.346 0.564 0.203 -0.086 0.266 -0.154 -0.226 0.172 0.086
CrewSize 0.269 0.562 -0.257 0.313 -0.388 -0.152 -0.203 -0.019 0.116
WorkerExp 0.253 0.561 -0.159 0.496 -0.136 0.088 -0.073 0.054 -0.096
PPE 0.145 0.531 -0.292 -0.492 0.034 0.202 -0.117 -0.083 0.021
LearningCurve 0.231 0.518 -0.158 0.665 -0.087 -0.003 0.016 -0.017 -0.019
LackFMSkill 0.187 0.184 0.602 0.096 -0.209 0.069 0.159 -0.186 -0.051
FMAvailability 0.223 0.223 0.567 0.048 -0.207 0.122 0.230 -0.247 -0.011
FMCommosSkills 0.289 0.341 0.529 -0.090 -0.026 -0.119 0.135 -0.007 0.084
ForemanWorkerCommo 0.151 0.093 0.465 0.134 -0.088 0.311 -0.364 -0.108 -0.073
PeoplelateEarly 0.101 0.370 -0.071 0.299 0.298 -0.056 0.327 -0.054 -0.265
PersTurnover 0.690 0.144 -0.332 0.291 0.062 -0.016 0.029 -0.123 0.128
Socializing 0.061 0.254 0.042 0.253 0.340 0.194 -0.007 0.077 0.015
Absenteeism 0.164 0.488 -0.287 0.201 -0.072 -0.034 0.239 0.171 -0.246
StrictSpecs 0.229 0.467 0.023 -0.249 0.542 -0.121 -0.093 -0.034 0.103
QuesAnsTime 0.564 -0.270 0.058 0.084 0.415 -0.146 -0.056 -0.067 0.043
QualityControl 0.254 0.249 0.379 0.026 0.317 -0.261 -0.300 0.193 -0.042
Consumables 0.017 0.048 0.108 0.077 0.040 0.487 -0.170 0.232 0.090
HandTools 0.114 0.353 -0.119 -0.269 -0.091 0.424 -0.143 0.046 -0.020
LackGuidSuperv 0.018 0.215 0.204 -0.015 0.093 0.422 0.051 -0.063 -0.012
CompPrevWk 0.775 -0.348 -0.137 -0.028 0.049 0.311 0.107 0.124 -0.036
PowerTools 0.113 0.493 -0.232 -0.414 0.047 0.306 -0.119 0.052 0.006
MatlArriveSupply 0.485 0.119 0.134 -0.218 0.133 0.149 0.345 0.019 0.057
WaitForAnsw 0.390 -0.093 0.267 0.119 0.244 -0.025 0.261 -0.193 -0.014
MatITypeError 0.142 0.179 0.250 0.105 0.192 0.023 0.232 0.349 0.036
Weather 0.555 -0.260 0.002 0.147 -0.098 0.059 -0.043 0.181
TradeCoord 0.599 0.338 0.043 -0.267 -0.376 -0.347 0.159 0.156
HeavyEquip 0.520 0.246 -0.180 0.199 -0.036 0.094 0.208 -0.177 0.418
PersLift 0.080 0.481 -0.417 0.090 -0.156 0.089 -0.105 -0.146 0.298
Ci lative Variance 0.286 0.434 0.525 0.592 0.646 0.691 0.731 0.762 0.792

The nine factors identified accounted for 79% of the diveasiance of the task

duration variation data. As with the starting timeiataon, an initial factor loading
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threshold of 0.40 was used; however, the threshold wasetkbased on the nature of the
causes and how they pertained to each other within estbrf There were only four
individual causes that provided significant loading to Fadtéor example. Since all four
were related to one another and their loadings weagiwely high compared to the loading
of the other causes, these four causes were choseprésent the “personnel management”
factor.

Although they are in a different order, the overatitéas are very similar to the
ones identified when analyzing the starting time vamati Therefore, only the first three

factors are discussed in detail.

Factor 1: Prerequisites and Constructabilityf his factor is similar to Factor 3 from the ST
variation analysis, but it contains some additional cawsseh as obtaining a permit and
errors with the design or drawing.

Factor 2: Labor Force Capabilities:This is similar to Factor 8 (Labor Force Management
in the ST variation analysis, but this factor is labéigapabilities” due to the causes of job
complexity, worker experience, and having a learning curve.

Factor 3: Supervisor Skills and CommunicatioAll four of the causes in this factor relate

directly with the foreman’s skill, availability, armbmmunication abilities.

4.1.3 Variation Survey Validation

Separate interviews were conducted with a foreman fromagonry company and a

project manager from a concrete company about the sesuibe survey. Both had over 20
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years of experience in the construction industry and mekthew the results of the survey.
They were asked what their top three causes of wamiatiere. One responded with
equipment availability, weather, and personnel (availakalitgf training). The other replied
with completion of previous work (“the trade before s®'tidone when they are supposed
to be”), weather, and availability of trained crafesm Both of their responses are consistent
with the top causes identified in this research, which go@gide a level of validation. To
further validate the results, the case studies werelumted to gather empirical data

pertaining to variation of construction related tasks.

4.1.4 Variation Survey Discussion and Conclusions

Previous research focused on variation of task startmgstiand duration has not
been conducted. This study identified the top individual caakgariation, which account
for approximately 19 hours of variation per week. This ntagdei of variation suggests a
weekly schedule reliability of about 52%, which is cetesit with previous research
(Ballard, 2000). The top individual causes of variation wloeking at both starting time
and task duration were: turnaround time from engineersviiere is a question with a
drawing, completion of previous work, obtaining required pes,ntite quality of documents
(errors in design and/or drawings), rework, socializpgpple arriving late and/or leaving
early, weather impacts, lack of crew skills/experiermag needing guidance/instruction
from supervisor.

Factor analysis was performed on the 50 individual canfsesriation and identified

nine factors that account for approximately 75% of the maeian the data. These nine
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factors were associated with: Senior Management CoowinaMaterial Management,
Prerequisites and Constructability, Crew Management,sTaa PPE, Supervisor Skills and
Communication, Standards and Complexity, Labor Force leEmant, and Equipment
Coordination.

Many of the issues identified in this research arecissa with schedule reliability
and an inability to ensure laborers have the necegsaly, equipment, and guidance in
order to do their work. One goal of planning is to reduce taiogy and develop a reliable
schedule that enables work to be conducted on the plaasieditring the time which it is
scheduled. Figure 4.5 provides a conceptual illustration ef‘thigeted” work. Variation
can cause the work to become off target in termth@fplanned task or the schedule. For
example, variation can cause work to be conducted oskatttat was not scheduled for a
number of potential reasons (prerequisite work wasn't dtheze is a question with the
design or drawing, materials are not available, etcikewise, variation could cause work
to become behind or ahead of the planned schedule. Thasgmaldevelop a planning
system that results in the target on the far righFigure 4.5: Conceptual “Target” for
Scheduled or Planned Work — an accurate and precise schedul@ch there is little
variation from the planned task or the planned schedule.

The use of the planning strategy outlined in Figure 4.6 &swatrof this research
should assist in creating a more reliable schedule aheceeor eliminate many causes of
variation. The factors identified during factor anaystoupled with the top individual
causes of variation, should be used when planning the yeekik. The researcher

recommend the use of the LPS® while using the facterstiiied in Figure 4.6 as the initial
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basis for planning. The LPS® includes a 6 week-labead process in which constraints on
successful task execution are identified and remhowe else the task is not available to be

included on weekly work plans.

Planned task

Rework task that was Prevented from working
previously completed on planned task
X
Ahead of
/r--\\ schedule X
Schedule
&y Behind
schedule
X
Conceptual target Accurate, but Precise, but Accurate and
of weekly work not precise not accurate precise

Figure 4.5: Conceptual “Target” for Scheduled arfdled Work

The primary focus of the planning sessions shoealtabbored to the number of trades
involved with the project. For projects with a dhmaumber of trades (where inter-trade
coordination is not as large of an issue), the mptamn session should focus on the labor
force, equipment coordination and management, @eods PPE, and material management.
It is recommended the labor force factor be thenary focus based on the factor analysis
results and because three of the top individuateswof variation deal with the labor force.
For projects involving multiple trades, the plamistrategy should be expanded to
encompass all of the factors identified during feator analysis. The results of this research
indicate the primary factors to focus on duringnpliag are labor force, senior management

coordination, supervisor skills and communicationgw management, and prerequisites and
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constructability. The heavier shaded lines in Fegd.6 indicate the primary factors

associated with the planning effort for projecttdhwew and multiple trades.

Few trades Multiple trades
‘ /
Senior Mgmt Supervisor skills & Crew Prerequisites &
Coord communication Mgmt Constructability
Equipment Tools & Material Weather & Trade Standards & QC
Coord/Mgmt PPE Mgmt coordination

Figure 4.6: Concept Map for Recommended Facto@otasider when Developing Weekly
Work Plans Based on the Number of Trades Involvitd tlie Project
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4.2 Case Study 1

4.2.1 Case Study 1 Results

This study involved a general contractor responsible fersgmchronization of 43
different trades constructing a $50M data center. ThesG@rk breakdown structure
identified 1183 tasks performed by the various trades workindh@wlata center. If there
was either starting time and/or task duration variatisoe@ated with a task, an attempt was
made to capture the reason. Figure 4.7 shows the 13 diffexeses of variation and the

number of times they occurred over the 28 week period.
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Figure 4.7: Pareto Chart of Variation Reasons
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4.2.2 Case Study 1 Analysis

Objective 3: Determine the causes of variation thase the greatest risk of impacting
project performance.

The frequency alone does not provide enough infaomaabout which causes of
variation are posing the greatest risk to the ptojeln order to determine risk, both
frequency and severity are required; therefore,isk assessment matrix was used to
illustrate the variation data (Figure 4.8). Eadwp in the figure represents one cause of
variation. The horizontal axis is the normalizeeljiency. Each frequency of each cause of
variation was normalized by the total number ofiatésn occurrences. In other words, the
horizontal axis represents the percent of variati@t is accounted for by each cause. The

vertical axis is the mean magnitude (in days) tesufrom each cause of variation.

10.0
Change in priority ® Starting Time

90 e g
m Task Duration

20 ¢

7.0 ¢ ®
Material Delivery

b0

- o Overcommitment ® Prerequisite Work
0 e
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{Wvag of VAR / Occurance) - Days
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Overcommitment
30 e ne -

Design Incomplete

I~
[=!
n

Severity

1.a |

0.0 o
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 C.20 1.00
Normalized frequency (% of total reported instances of variation by type [5T or DUR])

Figure 4.8: Starting Time and Task Duration Vaoaton Risk Assessment Matrix
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Overcommitment by a subcontractor, incomplete prerequsdrk, and a lack of
materials, shown in Figure 4.8, were the three dominatingesaof variation that comprise
the risk frontier to project performance. Overcommittreecounted for almost all of the
instances of task duration variation and was arguably thategterisk to schedule
compliance. When one trade over commits (i.e. pla@Ecomplish more than they actually
do), it often affects the sequential trade(s) behind thieos causing them to experience
starting time variation due to the prerequisite work s not completed.

Two additional causes of variation to highlight werquests for information and
problems associated with the design being incomplete. rdsults are fairly consistent with
the survey results, specifically the concept map in FiguBebased on the factor analysis of
the top causes of variation identified in the variatgurvey. Since multiple trades were
involved with this case study project, Figure 4.6 is modifeedhighlight the results of this
case study (Figure 4.9).

Overcommitment occurs when a foreman over estimetest his crew(s) will
accomplish and is a combination of supervisor skills aert ananagement in Figure 4.9.
The other causes of variation determined in this resdargose the greatest risk are also
depicted in Figure 4.9.

Information is to reduce uncertainty. Galbraith (197 #puhiiced the concept of the
“uncertainty gap”, between the information required tddba technical system and the
information available in the project organization to do s@ia et al. (2009) also found
waiting for answers to questions about the design, regaodimplexity or unpredictability,

to be one of the top factors affecting productivity basethein survey of craft workers.
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Prerequisite
work

Senior
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Mgmt Coord communication | Mgmt Constructability |
Priority ~——_
2nd Equipment Tools & Material Weather & Trade Standards & QC
Priority | coord/Mgmt PPE Mgmt coordination

Material
delivery

Figure 4.9: Concept Map for Factors Causing Variation Basdtie Number of Trades
Involved (Modified Version of Figure 4.6)

Objective 4) Identify the organizational social network of tradestiegi among a
construction project.

Objective 5) Analyze the social network to identify the key tradbs the network.

In order for a project manager to effectively target variation for reduction, it is
important to understand the social network of tradeseiats in a project. The project was
divided into 14 separate project area and since the protesmtifying the social networks
iS repetitive, the steps are only shown for the frsta (i.e. “Site Work”). The initial step
was to create a matrix that illustrated which tragkesked during each of the 28 weeks.
This matrix is denoted [W] for weekly work matrix. TH&] for the “Site Work” area is

shown in Figure 4.10. The trades are listed along thédeitl side and the weeks are listed
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across the top. A “1” indicates the trade worked inréspective area during that week and
a “0” indicates the trade did not work. Consider tinst two trades in Figure 4.10 as an
example. Trade “N” worked in all weeks, except for 3, 6,264,and 28. Trade “DD” only

worked in weeks 27 and 28.

Contractor  Wk1 Wk2 Wk3 Wk4 Wk5 Wk6 Wk7 Wk8 Wk9 Wk10 Wk1l Wk12 Wk13 Wk14 Wk15 Wk16 Wk17 Wk18 Wk19 Wk20 Wk21 Wk22 Wk23 Wk24 Wk25 Wk26 Wk27 Wk28|
N 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0
DD
\

s2s~NnTIox

cc

MM

Oo0oo0oo0oO0OO0OO0OORKLOOROOOOO
OCo0oo0oO0OO0OO0OO0OOREKLOOROOORO
OCoOrOOOOOOOOOROOORO
OC0OO0OO0ODO0OO0OO0OO0OO0OOORORORO
Oo0oo0oo0O0OO0OO0OOOOOOROOOERO
Oo0oo0o0OO0OO0OO0OOOOOOROOOERO
Oo0oo0o0OO0OO0OO0OOOOOOROOORO
Oo0oo0o0OO0OO0OO0OOOOOOROOOERO
Ooo0oo0oo0oo0oO0OO0OO0OOORrROOOOOO
Oo0oo0oo0oo0oo0O0OO0OOOOOROOOOO
Oo0oo0OO0ODO0ODO0OO0OOOOORREROOORO
Oo0oo0oo0oo0oO0OO0OO0OOOOROROORO
PP OOOrROOOOOROROORO
Or OOOrROOOOOOOROORO
Ooo0oo0ooOrOOOOOOOROORO
OCorOORRRLROOROOOOORO
OCOrOOORRLROOOOOOOLRERO
POOOOOOOODOOOOOOORO
Oo0oo0oo0oo0oo0oO0OO0OOOOOROOOOO
Oo0oo0oo0oo0oo0oO0OO0OOOOOROOOOO
OO0 0000000000000 OoOo OO
Oo0oo0ooOoOrOOOOOOOROOOOO
OoorOOOOOOOOOOOOOO
OoorOOOOOOOOOOOOOO
OoorOOOOOOOOOOOOOO
OoorOOOOOOOOOR OOOO
Oo0oo0oO0OO0ODO0OO0OOOOOOOEROOO
Oo0oo0oo0oo0oo0oO0OO0OOOOOOR OOOR

Z2-mo

Figure 4.10: Weekly Work Matrix for the “Site Work” Area

An adjacency matrix was created by multiplying [W] by franspose [W and
replacing the diagonal with zeros (Figure 4.11). Mathemiftjcan adjacency matrix is a
means of representing which vertices of a graph areetj@o which other vertices. In this
research, [A] indicates how many times each trade wlovkth the others and is the basis
for the social network. Consider trade “N” in thesfirow of [A]. Trade “N” worked with
“DD” one time, with “V” 13 times, with “K” and “B” onetime each, etc. Zeros are placed
along the diagonal because trades are not considereakawtio themselves.

The adjacency matrices in this research are unddedte other words, the order of
the pairings of trades is irrelevant. The [W] indesawhich trades are physically working in
the same area, not whether the tasks they are peanfprane related in a sequential or

simultaneous manner. The adjacency matrix is alsortric; therefore, it has a complete

80



set of real eigenvalues and an orthogonal eigenvecta (@2@s 2010, Ghosh et al. 2010).

These characteristics will be more important whentredity is discussed later in this

section.
N DD Vv K B HH YA W | AA P 1l (0] CC| KK |MM]| G E L M
N 0 1 13 1 1 5 11 4 1 2 2 2 2 4 1 2 2 2 2
DD 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0
Y 13 0 0 1 1 4 8 3 1 1 1 2 2 4 0 0 3 2 2
K 1 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0
B 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
HH 5 2 4 0 0 0 0 2 0 0 0 0 0 3 0 1 0 2 1
YA 11 0 8 0 1 0 0 1 0 2 2 0 0 0 1 0 1 0 0
W 4 0 3 0 0 2 1 0 0 0 0 0 0 1 0 0 0 1 1
AA 1 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 1 0 0
P 2 0 1 0 0 0 2 0 0 0 2 0 0 0 0 0 0 0 0
1 2 0 1 0 0 0 2 0 0 2 0 0 0 0 0 0 0 0 0
(0] 2 0 2 1 0 0 0 0 1 0 0 0 2 1 0 0 2 0 0
CC 2 0 2 1 0 0 0 0 1 0 0 2 0 1 0 0 2 0 0
KK 4 0 4 0 0 3 0 1 1 0 0 1 1 0 0 0 1 2 1
MM 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
G 2 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
E 2 0 3 1 0 0 1 0 1 0 0 2 2 1 0 0 0 0 0
L 2 0 2 0 0 2 0 1 0 0 0 0 0 2 0 0 0 0 1
M 2 0 2 0 0 1 0 1 0 0 0 0 0 1 0 0 0 1 0

Figure 4.11: Adjacency Matrix for “Site Work” Area

Pajek®, a social network analysis software, was usedetie the social networks in
this research. The steps for creating a Pajek® inpuaifdefully outlined in Part | of De
Nooy et al. (2005), but a partial listing of the “Site Woikput file is shown below in
Figure 4.12. Each of the vertices (19 of them in thee"Sitork” area) are labeled and
provided three dimensional coordinates, which are usedtialliniocate the vertices. The
second portion of the input files described the edges lioeships) between the vertices.
For example, the first three edges listed in Figure 4 di2ates that the first trade (N in this
example) is linked to trades 2, 3, and 4 (i.e. trades Dn¥,K) by strengths of 1, 13, and

1 respectively. Notice that this is the start offtrs line of the [A] (Figure 4.11).
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*Vertices 1

1"N" 0.7842 0.6742 0.5(
2 "DD" 0.2643 0.2643 0.5C
3"V 0.3724 0.80. 0.500(
--- vertices ~16 omitted to save spe
17 "E" 0.7842 0.3258 0.5(
18 "L" 0.4738 0.1677 0.5(
19 "M" 0.2158 0.3258 0.5(
*Edge:

121

131

141

--- likewise for the remainder of [,

Figure 4.12: Partial listing of Pajek® Input File for “Siteo¥i” Area

The adjacency matrix provides the majority of the inpué diaat enables Pajek® to
create the graphical depiction of the social network (Figui&). Graphically, a trade is
represented as a vertex. Two vertices (or tradesddjacent if they are two end-vertices of
an edge (or a connection) and two edges are adjacdmyifshare a common end-vertex.
The numbers next to the lines are line values and reprdse strength of the relationship
(De Nooy 2005).

The diagram itself starts to provide some insight ihneokey members of the social
network. The trades with more ties to others aresngentrally located and the stronger the
tie (i.e. the more often trades work together); thesaridheir vertices are to one another.
Trades with less ties and/or weaker ties, tend to dmdd more around the periphery of the
network. Topologically, trade N is located at thatee of the network because N is the only
trade that has ties to each of the other 18 trades. Upoal comparison of trade N with
trades HH, KK, V, Z, one can start to visualize"atir of centrality with the latter four

trades. They are less connected to the entire nettharktrade N; however, they are still
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important as they may be critical links between memio¢gherwise not connected. For
example, trades DD and M do not have a direct tie,Hayt &re both connected to trade HH;
thus trade HH could be a critical link between trades D@ M. The second objective uses

more than simple visual techniques to identify the key tradtbén the network.

Qim

.%!l}}?%\v‘zgfw.

. 2 8 p o>

NN T v
1 /\
) =N
Figure 4.13: Social Network for “Site Work” Area
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Exploring a network structure by calculation is much neecise and precise than
visual inspection (De Nooy et al. 2005). Centrality is & keeasure that reflects the
distribution of relationships through the network. In ahhigcentralized network, a small
percentage of the members will have a high percentagdadibnships with other members

in the network (Chinowski et al. 2010)One of the most used centrality measures is the
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“degree centrality,” which is a fundamental quantity déscg the topology of scale-free
networks. Degree centrality can be interpreted as asune of immediate influence, as
opposed to long-term effect in the network (Estrada and iRoeir-Veldzquez, 2005).
Degree centrality was used in the previously identifiedstruction related SNA [Thorpe
and Meade (2001), Chinowski et al. (2008 and 2010), and Di Marco (2@i&efore, it
was included with this research as well.

Eigenvector centrality is better interpreted as aeredeéd degree centrality which is
proportional to the sum of the centralities of the nawdghbors (Estrada and Rodriguez-
Veldzquez, 2005). In other words, eigenvector centrality tahkies consideration the
centrality of the other trades to which one is conmectdo other instances could be found
in which eigenvector centrality analysis was used to ifjetite key members in a social
network for construction related research, therefhie method was examined for potential

utility.

The associated relative degree of centrality is catedl by dividing the individual
degree of centrality by the number of other individualghie network (Di Marco et al.
2010). Consider trade G (located on the far left) in“8ie Work” social network (Figure
4.13 and Figure 4.13) as an example. The individual degreads G is two, since G has
ties to two other trades (HH and N). There are a titab trades in the network, so there
are 18 (i.e. n-1) other trades in which trade G could hagetd. The relative degree of
centrality for trade G is then 2/18 or 0.11 (note the veluew G under Site Work in Table
4.6). A high centrality value indicates the trade haseaigr number of ties to other members of the

network. Consider the centrality values of the five highédhrades (B, DD, K, N, and V) ihable
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4.6. These five trades are the only ones with a frequeriy and all of their centrality
values are relatively high compared to most of the dthees; thus they are more central to
the social network. Table 4.6 also enables one to congpateality values for each of the
14 project areas. For example, trade N (centralityeval 1.00) is much more central to the

“Site Work” area than trade K (centrality value = 0.28).

The Laplacian matrix was used to generate the eigersvahgkeigenvectors for each
of the 14 areas of the project. Among all eigenvaluéseofaplacian matrix of a graph, the
most studied is the"? as it represents the algebraic connectivity of a g(&gts 2010).
Hagen and Kahng (1992) also stated tMee®yenvector is an effective tool to partition or
cluster groups of data within a network. To create #q@dcian matrix, one begins with the
adjacency matrix [A] (see Figure 4.11). The rows of §¢ summed and placed on the
diagonal of the degree matrix, denoted by [D]. The degraeixmis a diagonal matrix of
vertex degrees (i.e. the sum of each row of [A]). Thgree matrix represents the sum of
the total connections for each trade and an examplthéofSite Work” area is shown in

Figure 4.14.
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Table 4.6: Summary of Degree Centrality Analysis

z
o N 5 2o -t__v
£ £ 8 8 £ % %5 % o= 03 ¢ 2 31 & 3
5 £ 5 =5 @© &£ 2 2 B 2 < & £ = 3 o
Trade | 3 © 2 2 5 5 & & w & E E E E s g
Code |8 ¥ ® ®8 & ® 8 8 & 8 % 2 2 2 & z
A 0.54 0.38 0.68 0.63 064 0.89 0.50 0.75 8 0.63
AA 0.33 0.18 0.46 0.38 0.27 0.80 0.25 7 0.38
B |07 | 054 06/077 (05 079 0550806 075/ 10 | 061
BB 0.82 0.58 0.64 3 0.68
C 0.67 0.25 2 0.46
CcC 0.39 1 0.39
D 0.00 0.41 0.37 0.50 0.75 5 0.41
| DD |01 064 077 03108 09 067 074 036 044 100 0875| 12 | 064
E 0.44 1 0.44
EE 0.42 1 0.42
F 0.59 0.11 2 0.35
FF 0.18 0.21 0.50 3 0.30
G 0.11 1 0.11
GG 0.23 1 0.23
H 0.55 0.42 0.22 3 0.39
HH 0.44 0.18 0.25 0.38 0.46 0.27 1.00 0.50 0.05 9 0.39
| 0.67 1 0.67
I} 0.22 1 0.22
J 0.45 0.23 0.26 0.56 0.50 0.25 6 0.38
JJ 0.28 1 0.28
| K |028 064 025 062 015 082 083 060 008 068 100 094 075 | 13 | 059
KK 0.56 0.08 2 0.32
L 0.33 1 0.33
LL 0.73 1 0.73
M 0.33 1 0.33
MM 0.11 0.14 0.05 0.55 0.125 5 0.19
| N [100 045 000 100 054 082 083 100 033 084 082 083 025 075| 14 068
NN 0.37 0.36 0.61 3 0.45
(0] 0.39 0.69 0.46 0.64 0.70 0.68 0.82 0.78 8 0.64
00 0.45 0.38 0.08 3 0.31
P 0.22 0.31 0.62 0.33 4 0.37
PP 0.54 0.08 0.67 0.25 4 0.38
Q 0.55 0.06 2 0.30
QQ 0 0.00
R 0.36 0.30 0.58 047 055 0.72 0.75 7 0.53
S 0.00 1 0.00
T 0.61 1 0.61
V] 0.23 0.62 0.55 0.60 0.25 0.58 0.50 0.38 0.75 9 0.49
v |08 073 077 008 082 067 09 092 079 091 08 050 | 12 073
w 0.39 0.82 0.36 0.37 4 0.48
X 0.18 0.11 2 0.14
Y 0.55 0.68 0.25 0.47 4 0.49
Z 0.44 0.00 0.92 0.46 1.00 0.80 0.33 0.27 8 0.53
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Figure 4.14: Degree Matrix for “Site Work” Area

The Laplacian matrix, denoted by [L], is created by sdbing [A] from [D] (i.e. [L]

It is easy to see that [L] is a poseisemidefinite symmetric matrix and its

[D] - [A].

rows sum to zero; therefore, [L] is singular (Das, 201ID)e Laplacian matrix for the “Site

Work” area is shown in Figure 4.15.
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Figure 4.15: Laplacian Matrix for “Site Work” Area

MatLab and was used to determine the eigenvalues and eitsvdar the
Laplacian matrice of each of the 14 areas. Thegerthe 2 eigenvectors for each of the
14 areas are summarized in Table 4.7. The larger absolués & the terms identify those
trades that are more dominant in the eigenvector. &letesms were close to zero and a
plot (not included due to space limitations) was createtetermine the threshold ofG:10
for terms to include in the eigenvector analysis. A é@ighreshold could have been used;
however, the intent was to make the analysis more@isnh@ rather than exclusive. The
terms in Table 4.7 that met the threshold d.20 are shown in bold and their frequency
(i.e. number of project areas the theshold was met3 plotted against the assciated

magnitude of centrality for each trade in Figure 4.16.
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Table 4.7: Summary of‘?Eigenvector Terms for Each Project Area

o~ s o)
5 3 0§ ¢ = 2 El R .
£ ¢ 0§ 0§ 0§ 0§ % %z £ 3 § 8 5
o = = = Q@ = s s 7] i £ £ £ £
Trade 2 v A A = = & & o i £ £ £ £
Code 3 & = = = = 8 8 a a p p p 2
A -0.004 -0.016 0.025 -0.007 0.045 -0.042 0.045 -0.184
AA -0.005 0.005 -0.249 0.008 0.020 -0.161 -0.013
B -0.004 -0.035 -0.001 0.176 -0.033 -0.091 -0.049 -0.238 0.567 -0.184
BB -0.838 -0.025 0.001
C -0.013  0.055
CcC -0.012
D 0.000 0.007 0.004 -0.030 -0.184
DD -0.012 -0.731 -0.163 -0.004 0.238 -0.537 0.615 0.020 0.013 -0.018 -0.661 -0.103
E -0.001
EE 0.005
F -0.022 -0.007
FF -0.004 0.006 -0.004
G -0.026
GG 0.006
H 0.000 0.135 0.002
HH -0.045 -0.008 0.707 -0.015 -0.014 -0.016 -0.054 -0.019 -0.006
| -0.058
Il -0.015
J -0.006 0.006 0.000 0.001 0.053 0.432
J) 0.011
K -0.006 -0.019 0.707 -0.188 0.002 0.064 0.168 -0.072 -0.050 0.347 0.284 0.190 -0.420
KK -0.026 -0.005
L -0.010
LL 0.647
M -0.011
MM -0.011 -0.015 0.012 -0.001 -0.462 0.775
N 0.861 -0.054 0.000 0.213 -0.533 0.437 0.168 0.071 0.123 -0.763 0.512 -0.024 0.055 -0.184
NN -0.002 0.013 -0.052
(0] -0.012 -0.347 0.047 0.003 -0.030 -0.033 0.034
(e]0] -0.006 -0.017 0.002
P -0.015 -0.003 0.805 -0.881
PP -0.026  0.000 0.285 0.011
Q 0.000 0.006
ole]
R 0.005 0.011 -0.762 0.007 -0.001 -0.036 -0.184
S 0.000
T -0.024
U 0.004 -0.047 0.011 0.024 -0.063 0.008 -0.033 0.087 -0.184
\ -0.484 -0.019 0.841 0.001 -0.111 0.285 0.817 0.031 0.535 -0.805 0.825 0.218
W -0.031 0.208 0.006 -0.007
X -0.006 0.012
Y -0.018 0.009 -0.024 -0.011
Z -0.134 0.000 -0.012 -0.250 0.028 -0.071 -0.002 -0.047

Figure 4.16 expresses the eigenvector analysis results itarst@ims to a risk
assessment matrix. The trades that were frequentvied with the project areas coupled

with larger absolute centrality magnitudes (i.e. furthesm the origin) can be considered
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key members of network. Although more trades could be dered to be the “key” ones,
four clearly stood apart from the others. They weadds: N (mechanical), V (electrical), K

(drywall) and DD (painting).
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0.80 S
5 ® HH
[ )
S 060 L -
>
S DD
2 040 ol e .
i eB oK N
° o PP
'é‘ 0.20 oW
6 ®H
S
&=
v 0.00
£
3
[ A,D,&U 7
Iy ’ ’
5 020 $BaAA
3 0 oK
S -0.40
> e DD
oMM \"
% °R Y
o
g -0.60
I
-0.80 o+ BB
ep
-1.00
0 1 2 3 4 5 6 7
Frequency of Trades having 2nd Eigenvector Terms either >0.1 or <-0.1

Figure 4.16: Results of2Eigenvector Analysis to Identify Key Trades

The results between the degree and eigenvector centaadityfairly consistent.
Figure 4.17 illustrates the degree centrality results imgeof frequency and magnitude.
The four key trades identified in the eigenvector cemyralitalysis are circled for reference

and are also the top four trades identified in the deggeality analysis.

Although the eigenvector centrality analysis is momeeticonsuming, it has merit

because it considers the centrality of the other traden determining the centrality of
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individual trades. Take trade “P” for example, which wdrkefour of the 14 project areas.
The degree centrality values were 0.22, 0.31, 0.62, and 0.33gbée4.§. When plotted in

Figure 4.17trade “P” doesn’t stand out. When the eigenvector analgsigts are examined, trade
“P” has values of -0.015, -0.003, 0.805, and -0.8Bable 4.7. The last two terms are quite

significant and this becomes apparent when plottedrigure 4.16 By using degree and
eigenvector centrality analysis, one can identify thasae that are considered to be key, based on
the common results of both methods and also identify somestthat may be key only in a couple

areas of the project.

Figure 4.17 was also separated by the two diagonal lines shtkenfour trades (V,
N, DD, and K) to the upper most right of the figure eomsidered the®ltier and central
most trades of the overall project. Th¥ fler consists of seven trades between the two
diagonal lines, which are O, A, B, R, Z, U, and HHthAlgh these trades are not as central
as the 1 tier trades, they are still imporant as they argcafilinks between several of the

remaining trades.
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Figure 4.17: Key Trade Summary for All 14 Projéceas

Objective 6: Identify the organizational structure of contractors /ésdssociated with the
variation posing the greatest risk to project performance.
Objective 7. Develop a decision support system to target trades irffen ® reduce

variation.

In addition to identifying the primary causes of variatitins important for project
managers to understand the origin of the causes and H®wrades are related to one
another. These two research objective examine whites$ are associated with the top
causes of variation and how those trades are relateactoother as well as the other trades

of this project. The risk assessment matrix (Figurei4.d¥ed to illustrate which trades are
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associated with the top three causes of variation prsliadentified in this case study.
More specifically, which trades are associated with:

» Starting time variation due to prerequisite work not beingpleted,

» Starting time variation due to materials not being deldvevben planned, and

» Task duration variation due to an over commitment by thigective trade.
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Figure 4.18: Trades Associated with the Top Three Causéariition

The horizontal axis of Figure 4.18 represents the percetimef each trade was
associated with the frequency of variation occurencesthe vertical axis represents the

percent of variation magnitude a trade is associated witbnsider trade V and the data

93



point that has the largest severity in Figure 4.18. Thistpgiassociated with the starting
time variation due to material delivery for trade V. fEhevere 21 instances in which
material delivery impacted the starting time of a tasknduthe entire project. Trade V
accounted for four (i.e. 19%) of those instances. mgef magnitude, there were 124 total
days of starting time varation associated with matetelivery during the entire project.
Trade V accounted for 38 (i.e. 31%) of those days.

While Figure 4.18 illustrates the trades that are assakciatth the greatest risk in
terms of frequency and severity of variation, managerd teeinderstand how the trades
are related to each other. For example, how critigait that the steel contractor is
associated with the greatest frequency and severitgstif duration variation due to over
commitement? The final analysis related to this casgy was to combine the variation and
social network analysis to develop a decision suppott¢ sy cused on reducing variation.

A centrality and variation score was calculated ftetrade by using the respective
frequency-severity plots (Figure 4.17 and Figure 4.18). Thbeescwere determined by
calculating a normalized distance from the origin Both the centrality and the variation.
The results were plotted and initially separated intar fquadrants (Figure 4.19). The
respective trades are also listed for the correspondidg etters of the seven trades with
the highest priority for reducing variation. Trades ia tipper right hand quadrant of Figure
4.19 are those recommended to be the highest priority pgojact management team to
reduce variation as they both have high uncertainty Yegiation) and high centrality

relative to the other trades in the project.
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There were no trades that fell in the lower right gaatand the trades in lower left
guadrant have relatively low variation and low certyali While these trades are still
important to the overall project, they are not likedyrequire the same level of attention
from the project management team. There were setradds in the upper left quadrant,
therefore that quadrant was divided a second time andréides (DD, K, A, R, and HH)
were identified. Of those five trades, DD has reldyiveigh variation and centrality,
therefore is the third overall priority for the projennagement team. The remaining four
trades (K, A, R, and HH) should be considered to posatdhe same level of risk for the
project management team. While trade K has lower ti@miait has a higher level of
centrality. On the other hand, trade HH has a highexl lof variation, but it is tied to few

other trades.
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Figure 4.19: Variation vs Centrality Summary for All Trade
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In cases like this, when there is a trade-off betwlegguency and severity, multi-
criteria decision making (MCDM) methods can be appliedthisiresearch AHP was used
to further prioritize these four trades. The data mis there is a tradeoff between
centrality and variation for trades K, A, R, and HHHRAIs used to support a decision as to
how these four trades should be prioritized in an efforieduce variation. There are four
steps associated with the AHP. Each of the stepstheed the information from this case

study.

Step 1) Determine selection criteria weights.

In this step, the relative importance of each of the felection criteria (variation
frequency, variation severity, centrality frequencyd aentrality severity) is established.
The weights were determined by me while performing a paraanparison between each
of the criteria individually. A project manager could éalso been consulted to determine
these priorities; however, since the method of perfognthe AHP is the critical aspect of
this portion of the research, | conducted the pairwisepesison. For example, the relative
importance of variation frequency is compared to vanmtseverity, then to centrality
frequency, and finally to centrality severity). Thative importance, using a scale of 1-9
to indicate which criterion is favored over the othe&gs determined by using the Saaty

Rating Scale (Table 4.8).
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Table 4.8: The Saaty Rating Scale

Intensity Definition Explanation
of
importance

1 Equal importance | Two factors contribute equally to the objective

3 Somewhat more Experience and judgement slightly favour one over
important the other.

5 Much more Experience and judgement strongly favour one over
important the other.

7 Very much more Experience and judgement very strongly favour one
important over the other. Its importance is demonstrated in

practice.

9 Absolutely more The evidence favouring one over the other is of the

important. highest possible validity.
2.4.6.8 Intermediate When compromise is needed

values

Figure 4.20 illustrates the criteria weights for the feelection criteria. In this case,
variation frequency was deemed to be between equallyriemgoand somewhat more
important than variation severity; hence, the pairwgsere of 2 in the top row where
variation frequency and severity intersect. The weightsdetermined by normalizing the
pairwise comparison matrix by the sum of each coluifime rows of the normalized matrix
were then averaged to determine the weights for eatliedbur criteria. The weights are
highlighted in the lower right portion of Figure 4.20. eThveights are the relative

importance for each of the criteria, with respect te another.

weight is more important relative to a criterion wattower weight.

Criterion with a higher

97



Owner/Mgr Priorities VAR Freq VAR Sever Central Freq Central Sever
VAR Freq 1.00 2.00 6.00 4.00
VAR Sever 0.50 1.00 4.00 3.00
Central Freq 0.17 0.25 1.00 0.33
Central Sever 0.25 0.33 3.00 1.00
Sum columns 1.92 3.58 14.00 8.33

Normalize matrix (divide each entry by sum of associated column)

Owner/Mgr Priorities VAR Freq VAR Sever Central Freq Central Sever
VAR Freq 0.52 0.56 0.43 0.48
VAR Sever 0.26 0.28 0.29 0.36
Central Freq 0.09 0.07 0.07 0.04
Central Sever 0.13 0.09 0.21 0.12

Avg (wt)
0.50
0.30
0.07
0.14

Figure 4.20: Criteria Weights

Step 2) Determine score for each of the alternatives.

In this step, the four trades (K, A, R, and HH) are caegb#o each other in each of

the four categories. Saaty’'s rating scale is revisigtitsl to pertain more specifically to

this case study, as shown in Table 4.9 below. The revisel® svas based on my

estimations of relative importance and could be aefusb meet the specifics of other

research as well.

Table 4.9: Revised Saaty Scale

Pairwise
score Comparison

1 Equal
2
3 Slightly favored
4
5 Strongly favored
6
7 Very strongly favored
8
9 Absolutely favored

Definition (using ratio of normalized values)

No statistical difference using ANOVA
1.01to 1.16

1.17 to 1.33 (one is about 25% higher than the other)

1.34t0 1.43

1.44to 1.56 (one is about 50% higher than the other)

1.57to 1.66

1.67 to 1.83 (one is about 75% higher than the other)

1.83to 1.99
>2 (one is more than 2x higher than the other)
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The ratio of the normalized values was used to determimeh score to use from
the revised Saaty Scale. The normalized values for @fabe four categories were:
* Variation Frequency: Average percent of time a trads associated with the top
three causes of variation based on the number of tasksle performed.
» Variation Severity: Average magnitude associated with tibp three causes of
variation due to the trade in question.
» Centrality Frequency: Percent of the 14 areas in winehrade worked.

» Centrality Severity: Average degree centrality scoregHe trade.

Consider the comparison of trades K and A in termsagétion frequency (top line in upper
left portion of Figure 4.21). The respective variaticggtrencies for trades K and A were
0.045 and 0.043. This indicates trade K is slightly more astsacwith the top three causes
of variation than trade A. The revised Saaty Scaleised to determine a pairwise
comparison score by using the ratio of the two (i.e. 0.08830= 1.05). In this case, 1.05
corresponds to score of 2 (i.e. between equal and sormewdr@ important). Pairwise

comparisons were performed in a similar manner forehemder of Figure 4.21.
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Determine Scoring - Individual matrices
Pairwise Comparison Normalized Matrices
VAR Freq K A R HH VARFreq K A R HH Avg (score)
K 1.00 2.00 0.20 0.11 K 0.06 0.11 0.05 0.07 0.07
0.50 1.00 0.17 0.11 A 0.03 0.06 0.04 0.07 0.05
R 5.00 6.00 1.00 0.33 R 0.32 0.33 0.23 0.21 0.27
HH 9.00 9.00 3.00 1.00 HH 0.58 0.50 0.69 0.64 0.60
15.50 18.00 4.37 1.56
VAR Sever K A R HH VAR Sever K A R HH Avg (score)
K 1.00 2.00 0.20 0.14 K 0.07 0.13 0.06 0.08 0.08
A 0.50 1.00 0.17 0.14 A 0.04 0.06 0.05 0.08 0.06
R 5.00 6.00 1.00 0.50 R 0.37 0.38 0.30 0.28 0.33
HH 7.00 7.00 2.00 1.00 HH 0.52 0.44 0.59 0.56 0.53
13.50 16.00 3.37 1.79
Central Freq K A R HH Central Freq K A R HH Avg (score)
K 1.00 6.00 8.00 5.00 K 0.67 0.57 0.57 0.75 0.64
A 0.17 1.00 2.00 0.33 A 0.11 0.10 0.14 0.05 0.10
R 0.13 0.50 1.00 0.33 R 0.08 0.05 0.07 0.05 0.06
HH 0.20 3.00 3.00 1.00 HH 0.13 0.29 0.21 0.15 0.20
1.49 10.50 14.00 6.67
Central Sever K A R HH Central Sever K A R HH Avg (score)
K 1.00 0.50 2.00 5.00 K 0.27 0.25 0.32 0.31 0.29
A 2.00 1.00 3.00 6.00 A 0.54 0.50 0.48 0.38 0.47
R 0.50 0.33 1.00 4.00 R 0.14 0.17 0.16 0.25 0.18
HH 0.20 0.17 0.25 1.00 HH 0.05 0.08 0.04 0.06 0.06
3.70 2.00 6.25 16.00

Figure 4.21: Scoring Results for Case Study

As with the criteria weights, the individual scoringtnes are normalized by the sums of
the applicable columns. The rows of the normalizedrioest are then averaged to

determine the trade’s “score” in terms of each offtle categories.

Step 3) Determine preferred alternative

In this example, the four trades (K, A, R, and HH) repne¢ the alternatives as to
which trade a project manger should focus on to reducéofhe€auses of variation. A
summary of the overall AHP model is shown in Figure 4.B2this case, trade HH (the
steel fabricator/erector), is the top priority. Tbeerall value for each alternative is

determined by summing the products of the weights and sfmoreach alternative (Eq. 2).

Overall Value =2{Wt)(Scorg) Eg. 2
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Example for trade K: Overall Value = (0.50)(0.07) + (0.3@&).+ (0.07)(0.64) +
(0.14)(0.29) = 0.145 = 14.5%

Owner/Megr Priorities VAR Freq VAR Sever Central Freq Central Sever AHP Results
VAR Freq 1.00 2.00 6.00 4.00
VAR Sever 0.50 1.00 4.00 3.00 K 14.5%
Central Freq 0.17 0.25 1.00 033 A 11.4%
Central Sever 0.25 0.33 3.00 1.00 R 26.4%
HH 47.7%
Sum columns 192 3.58 14.00 833

Normalize matrix (divide each entry by sum of associated column)

Owner/Mgr Priorities | VAR Freq VAR Sever Central Freq Central Sever Avg (wt)
VAR Freq 0.52 0.56 0.43 0.48 0.50 Amax= 4.115
VAR Sever 0.26 0.28 0.29 0.36 0.30 Cl= 0.038
Central Freq 0.09 0.07 0.07 0.04 0.07 CR= 0.043
Central Sever 0.13 0.09 0.21 0.12 0.14

Determine Scoring - Individual matrices

Pairwise Comparison Normalized Matrices
VAR Freq K A R HH VAR Freq K A R HH Avg (score)
K 1.00 2.00 0.20 0.11 K 0.06 0.11 0.05 0.07 0.07
0.50 1.00 0.17 0.11 A 0.03 0.06 0.04 0.07 0.05
R 5.00 6.00 1.00 0.33 R 0.32 0.33 0.23 0.21 0.27
HH 9.00 9.00 3.00 1.00 HH 0.58 0.50 0.69 0.64 0.60
15.50 18.00 4.37 1.56
VAR Sever K A R HH VAR Sever K A R HH Avg (score)
K 1.00 2.00 0.20 0.14 K 0.07 0.13 0.06 0.08 0.08
A 0.50 1.00 0.17 0.14 A 0.04 0.06 0.05 0.08 0.06
R 5.00 6.00 1.00 0.50 R 0.37 0.38 0.30 0.28 0.33
HH 7.00 7.00 2.00 1.00 HH 0.52 0.44 0.59 0.56 0.53
13.50 16.00 3.37 1.79
Central Freq K A R HH Central Freq K A R HH Avg (score)
K 1.00 6.00 8.00 5.00 K 0.67 0.57 0.57 0.75 0.64
A 0.17 1.00 2.00 0.33 A 0.11 0.10 0.14 0.05 0.10
R 0.13 0.50 1.00 0.33 R 0.08 0.05 0.07 0.05 0.06
HH 0.20 3.00 3.00 1.00 HH 0.13 0.29 0.21 0.15 0.20
1.49 10.50 14.00 6.67
Central Sever K A R HH Central Sever K A R HH Avg (score)
K 1.00 0.50 2.00 5.00 K 0.27 0.25 0.32 0.31 0.29
A 2.00 1.00 3.00 6.00 A 0.54 0.50 0.48 0.38 0.47
R 0.50 0.33 1.00 4.00 R 0.14 0.17 0.16 0.25 0.18
HH 0.20 0.17 0.25 1.00 HH 0.05 0.08 0.04 0.06 0.06
3.70 2.00 6.25 16.00

Figure 4.22: AHP Summary for Prioritizing Trades K, A, Rj &H to Variation Reduction

Step 4) Calculate consistency ratio (CR).
Inconsistency in pairwise comparisons may be as altred (1) inadequate
knowledge, (2) improper conceptualization of hierarchy, old& of statistically power

due to sample size. A CR is generated for each preditscale upon completion of
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carrying out the pairwise comparison. The CR is used termdae the consistency of the

judgments. The CR is defined as the consistency indea fearticular set of judgments

divided by the average random index. The CR measures bosistent the judgments

pertaining to the pairwise comparisons were. The ingetiat not force the consistency. For

example if B is favored over A by 2:1 and C is favoredrd® by 3:1, it is not required that

C be favored over A by 6:1. On the other hand, A woutdoraexpected to be favored over

C given the first two conditions. The CR will idegtiinconsistencies such as this in the

pairwise comparisons. An acceptable CR i8.%¥0 or 10% (Saaty, 1980). The steps for

calculating the CR along with an example using the casly sire shown below:

CR = CI/ RI| where: Eqg. 3
Cl = Consistency Index GAmax— n) / (n-1) where: Eq. 4
Amax= maximum eigenvalues ZColumn sums)(Row Weights) Eq.5

n = number of items (rows or columns) in the comparisaitrix

RI =randomly generated Cl and is determined from Table 4.10.

Table 4.10: RI Values for Calculating the CR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

RI

0 0O |058)] 09 |1.12]1.24]132]141|145]149]|151| 153|156 | 1.57| 1.59

The CR for the case study is calculated using the vaiuggure 4.22.

max= 1.92(0.50) + 3.58(0.30) + 14.00(0.07) +8.33(0.14) = 4.115
Cl=(4.115-4)/ (4 -1) =0.038

CR=CI/RI (fromTable 4.10=0.038 /0.9 =0.043 (<0.10 = acceptable)
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If the CR had been greater than 10%, the pairwise cosaueriwould have needed to be

relooked to ensure there was not a logical errorarcttmparisons.

4.2.3 Case Study 1 Discussion and Conclusions

Initially, the GC intended to use the Last Planner Syqler$) ® to manage their
weekly planning meetings (Ballard, 2000). The actual planningepsoencompassed some
of the framework of the LPS®, but not all of it. Foweiple, they reviewed the previous
weeks’ work and used a look-ahead process; however, thealmads were not conducted
as intended by the LPS®. One of the key purposes olbtileahead is to identify and
remove constraints, which are items that need to beleded and/or addressed prior to a
task being started (Ballard 1997). Once the constraints task have been removed, the
task is “made ready” and the commitment to accomplisitask is more reliable (Gonzéalez
et al. 2010). Look-aheads are an important aspect of tB®ldhd Alarcon et al. (2005)
found that PPC improved when companies included the useoak-aheads while
implementing the LPS®. The project manager involvedh whis case study stated they did
not work to identify and remove constraints to theeekthey had envisioned during their
look-aheads. The project manager plans to use thasreduhis study in a future project,
which uses many of the same trades and involves a sistitgre of work. He feels the
insight provided by the social network coupled with the vammg@nalysis, along with a
more thorough look-ahead process in their weekly LPS®tinggewill results in a more

efficiently executed project.
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The frequency — severity characteristic associated ngkhassessment matrices was
used to examine approximately 1200 tasks performed by 43 difteaeles and identify the
top three causes of variation. Material delivery andnawing prerequisite work completed
were the top two causes of starting time variation argicomittement was the top cause of
task duration variation. Pajek was used to identify a boetavork of trades for each of the
14 areas associated with the project in this study. E@ptorvand degree centrality analysis
identified the key trades within the networks. Lastly,remults of the variation analysis and
that of the social network analysis were combined tatifjeand prioritize the trades, in
terms of their associated relative variation and hewtral they were to the overall project.
The mechanical and electrical contractors were itledtas the top two trades overall. The
painting contractor was next in priority, followed bygaoup of four trades that were
considered to be relatively equal in priority. Those foades represented the drywall,
ceiling, flooring, and steel fabricator/erector conwast The Analytical Heierachy Process
was used as a decision support tool to prioritize thosetfades. The results of the AHP
analysis indicated the steel contractor should be theptmrity among those four trades,
followed by flooring, drywall, and then the ceiling comt@. The project manager
involved with the case study intends to use the resultsiostudy to reduce variation on an
upcoming project by focusing on these specific trades ansesanf variation during their

weekly LPS® meetings.
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4.3 Case Study 2

4.3.1 Case Study 2 Results

Recall, this case study involved a mechanical contractauérg and comparing
two similar projects. One of them used the LPS® systéad the other did not. Both
projects were studied from the start of June througlenkeof September in 2010. Initially,
the results of the variation survey served as a guiddetermine the focus areas for
anticipating the causes of variation. Since the stadysed on the mechanical contractor,
the concept map (Figure 4.6) suggested to focus primarily ehatior force, equipment
coordination and management, tools and personal proteafjugpneent, and material
management. As the study progressed, and the company stedgdg their own database
of causes of variation, they were able to adjust thening focus as they saw fit. Data was
collected from the beginning of June through the endepte&Snber 2010 for each project in

order to address each of the research objectives.

4.3.2 Case Study 2 Analysis

Objective 3: Determine the causes of variation that pose the gre@ksof impacting
project performance.
Two different plots were used to address this researeltiolg. First, a Pareto chart

depicting the frequency for different causes of varmmatn@s used (Figure 4.23).
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Figure 4.23: Pareto Chart of Causes of Variation

The Pareto chart alone doesn’'t adequately depict whichsafis@riation pose the

greatest risk as it only captures the frequency. Ris&ngposed of frequency and severity.

Recall from Figure 1.1, items that have a high frequendyhagh severity (i.e. fall in the

upper right corner of the matrix) pose the greatest fisgure 4.24 uses the risk assessment

matrix to illustrate the causes of variation over thevééks for the LPS® project.
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Figure 4.24: Causes of Variation for 16 Week LPS® Project

The two causes of variation that posed the greatedtorigie project performance in
terms of productivity for the mechanical contractor weret“ anticipating material
requirements” and “waiting for answers to questions abwei design.” It is important to
note that this would not be apparent when relying solelyhe Pareto chart, as these two
items ranked 12 and & respectively in terms of just their frequency. Althouitle
frequency was lower than two other causes (i.e. “dilfi@access to the work area” and
“getting moved before the task was complete”), the ridigweas greater. This shows were
there can be some subjectivity in the decision as tehwposes the greatest risk because

there is a trade-off between severity and frequeticghould also be noted that if all causes
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of variation that were deemed to be feasible for redactind/or elimination could be
targeted simultaneously, there would be no need for ss&ssment. However, this assumes
unlimited capacity for variation reduction and this may aletays be feasible. Therefore,
risk assessment is justifiable when there is limiteplacity for action and hence a need to
prioritize the use of that capacity.

The risk assessment matrix illustrates the magnitudaradtion, whether positive or
negative. ldeally, there is no variation and planned exetuted activity durations are
identical. It is relatively obvious that when the attharation is longer than the planned
duration, a delay occurs and those situations to avoidvekfer, when the actual duration is
shorter than the planned, this is an opportunity to possigioit. Regardless, it is essential
that the causes of variation are diagnosed in ordehdéon to be dealt with. Conducting a 5-
why analysis is a potential means to determine the reason for the occurrence of
variation. The 5-why analysis is part of the Toyotad@ction System (Ohno 1988) and
involves repeating why multiple times to help identify tfa¢ure of a problem as well as its
solution. The “Five Whys” comes from the observatioat an actionable cause is usually
identified by or before the fifth time “why” is askedhe people involved with this type of
analysis need to be capable of answering those questions.

In some instances, it may not be so much a mattamded capacity for problem
solving, as a matter of having an appropriate plan for probwing. Some learning will
take place at the level of the last planners themsgbkig., ‘remember to adjust capacity
assumptions for holidays and vacations.” Some learnifigakie place within the project,

but require multiple players to adjust their shared proeegs, allocating shared resources
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such as cranes and elevators. Some learning will requieda@tion with players outside
the project site; e.g., pull planning with designers to deaigrocess for work packaging
and delivery of design. Yet other problems may requirecyahanges at the corporate

level of the mechanical contractor or their suppliersustomers.

Objective 8: Compare performance in terms of productivity and costgsafor two similar
projects, in which the LPS® was used on one, but not the other.

The first step in analyzing this research objective twaketermine if using the LPS®
would reduce variation. In order to determine this, tha @aim the study was split in half
to see if there was a difference in variation as tlogept progressed. The magnitude and
reason for variation was tracked for each task on the&klwesork plan for the LPS®
project. The non-LPS® project did not track variatiohhe company used the 50 causes
identified by Wambeke et al. (2011) as the baseline for teasons of variation. Those 50
causes were typically associated with variation causingelay. The company added
additional reasons for variation as required, partitpfar variation in which less time was
spent on a task than was planned. Figure 4.25 and Figure 426atk the causes of
variation for the first and second halves of the LPS@jeat. Each dot in the matrices
represents a reason of variation. The horizontalisxtse frequency, or number of times, a
particular reason of variation occurred. The vertgoas is the mean magnitude normalized
by the number of occurrences for each reason. die& from these figures that project
managers, superintendents, and foremen are faced watbrous causes of variation. The

risk assessment matrix enables managers to priotiizee causes of variation based on
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their frequency and severity. There were five cauesration that will be discussed that
occurred during the first half of the study. There were instances in which material was
not available due to a lack of planning, which was consistéhtthe concept map (Figure
4.6). The lack of anticipating material requirementilted in an average variation of 34
labor hours each time it occurred. The next cause wdtian to highlight was the site
conditions. During excavation procedures, the companyriexped more rock than
anticipated and spent an additional 18 labor hours asith. r@e third cause of variation to
point out is “difficult access to the work area.” thdugh the severity was relatively low
(3.2 labor hours/occurrence), this was the item thatt fnequently caused a task to take

longer than planned.

Causes of Variation as Risk - 1st 8 weeks
40.0

° Lack of planning for

material requirements
30.0

20.0

o Site conditions
- Rock subgrade

10.0

Magnitude / Occurence (hours)

o ° Difficult access
.
. to work area ®
0.0 i H s A . . .
n 2 3 4 5 6 7 8 9

-10.0

Severity

® Absenteeism

e Holiday / Vacation

-20.0

Frequency (# Occurances)

Figure 4.25: Frequency and Severity of Variation for thelalf of the LPS® Project
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Causes of Variation as Risk - 2nd 8 weeks
40.0
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-20.0
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Figure 4.26: Frequency and Severity of Variation for {HeH2lf of the LPS® Project

There were two causes of negative variation (i.e. tiess was spent on a task than
was planned) to highlight. Only tasks that were comgletere included in Figure 4.25 and
Figure 4.26 where negative variation was concerned. Fonge, if 50 less labor hours
were spent on a task than were planned, but the tasketasompleted, that particular
instance of negative variation was not included in eitdfethose figures. Absenteeism
occurred three times with an associated variationigttyy less than -10 labor hours. This
indicates someone either didn't show up for work or daife sick and the crew worked
short-handed, but still completed the task. The othese of negative variation to highlight
revolved around the™of July holiday. Crews worked at a faster rate thammal in order

to get off early prior to the long weekend. Although theyked faster, they still completed
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their tasks to standard, thus those items were includedume 4.25. The “lack of planning
for material requirements” was consistent with theacept map in Figure 4.6, as were the
“absenteeism” and “holiday/vacation” as they both peethto the labor force. The project
manager, superintendent, and foreman used the risk asséssatax in conjunction with
their weekly Last Planner® meetings to identify and nitike which causes of variation
should be targeted for reduction. Their top concerntivadack of planning for materials,
followed by creating easier access to the work ardaerelwas no action taken to remedy
the unforeseen subsurface conditions as that portidheoproject had been completed by
this point.

The second half of the project is depicted in Figure 4R&e vertical axes of both
matrices were kept the same to illustrate there élaation in the normalized magnitude of
variation in the second half of the project. Thereen® more instances in which a lack of
planning for materials, which was the greatest concern dtinmdirst half of the project,
caused variation. Additionally, the difficult access daesite conditions was no longer a
cause of variation. It is not known whether this was to the evolving construction site or
whether it was due to actions taken by the employeRsere were three instances in which
the company had to wait on answers pertaining to the dekigoh of these cases resulted in
a variation of about 20 labor hours. This is consistetit Dia et al. (2009) as they found
this to be one of the top factors that affect productivithis cause falls under the “senior
management coordination” factor in the concept map (Figwie ahd demonstrates that
although this factor is more likely to be associated witcompany dealing with multiple

trades; it should not be ignored by a company working avitéw trades. The other point to
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illustrate is that this company used a 3 week look-ahadiger than the 6 week look-ahead
recommended by Ballard with the LPS® (Ballard, 2000). Inféionaabout when the
guestions pertaining to the design were posed was not captin@fore, it cannot
determined if the 3 week look-ahead was adequate or ibdlkeahead needed to be longer.
Labor Day weekend again caused a high frequency of varidtidrthe overall magnitude
was about zero, which indicated the foreman anticipatedholiday weekend and adjusted
the work load on the weekly work plan so there wasrarge variation. The other two
items indicate crews were completing tasks faster pfermed. There were 13 instances in
which a crew (or part of a crew) was moved to anotmk prior to completing with the task
they were currently working on was complete. This hadoaesponding normalized
magnitude of 2.0 labor hours and was the decision of tieentan based on progress made
by the crews. He chose to spend more labor hoursplbaned in order to begin work on
other tasks. The last item to highlight was the twetamses in which a task was completed
faster than planned, which resulted in a variation & lbor hours per occurrence.

Even though this was the company's first attempt at usendBRI&®, the foreman,
superintendent, and project manager felt the LPS® reduceatioarand improved the
reliability of the weekly work plan. This is importaas variation in completing planned
tasks can affect downstream trades as well as therpenrfe-in this case, the mechanical
contractor. Although other trades were not includechis $tudy, downstream trades are
still an important consideration. Impact on the penier may be small in terms of labor
hours lost, but the productivity impact on downstream tradag be larger, if they are

unable to perform a planned task because its predecessonavacompleted by the
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performer. There is also the potential impact on proggogress. If tasks are critical,
failure to complete them on time either extends thgept@r necessitates replanning to find
an alternative critical path or a means for accelagadiong the original critical path.

The project manager felt their use of the LPS® willtoare to improve as using it can

presumably prevent potential variation by:

focusing on the removal of constraints during the planning aamhpation.

following the rule to include on weekly and daily workndeaonly tasks that have had all
constraints removed beforehand that can be removecebafudt, and by careful
assessment of the probability that remaining constraititbe removed in time, plus
perhaps proactive steps taken to improve those probabilities.

* requiring specific attention to matching capacity to loadhabthere is sufficient
capacity to perform weekly work plan tasks.

* analyzing experienced variation to root causes and actitigpsa causes.

The company’s traditional planning system did not trackatian, but did track
productivity for the primary activities associated witle throject. These activities are
shown on the horizontal axis in Figure 4.27. The firsir factivities, since they are
abbreviated in Figure 4.27, are spelled out for clarificati®hey are piping and fitting for
under ground cast iron, above ground cast iron, steel, apdec There were three
activities (fixtures, commissioning, and shop) that hadoeein performed at the conclusion
of the study; therefore, they do not have a bar #socwith them in Figure 4.27. The

activities were still listed so readers would not befused as to why these common tasks

114



were not included. The vertical axis of Figure 4.27 ispgdormance index the company
uses to measure its productivity. It is the ratio ohedrto spent man-days for each activity.
Ideally, this index is greater than or equal to 1.0. If tdwgo is greater than 1.0, this
indicates that more man-days were earned (i.e. thpamyrwas paid for) than were spent,
on a particular activity. In all but one activity (iaing equipment), the LPS® project
outperformed the non-LPS® project. The reason fomeerdgroductivity with this activity
was not ascertained in the study. In terms of ovemliopmance, the LPS® project had
about a 35% higher productivity perfomance index (1.03) thanahd_.PS® project (0.76).
Given the low performance index of the non-LPS® ptojeccould be argued that it was
not representative of the company’s capability. Thepaom involved with the case study
has a solid reputation and history as a company that perfeary well. Based on
discussions with the president of the company and theegiropanager, they felt even
though the non-LPS® project's performance index was rlaiven desired, it was still
appropriate to compare the performance of the two pgeocause of the similarities in the
scopes of work.

The company estimated they spent about an additional $400&nining costs over
the 16 months for the LPS® project. These costs weret@l®@ving an extra project
manager coordinate and run the weekly LPS® meetingscesActo the specific total
planning costs for each project was not provided; therejosé,the estimated additional
costs due to implementing the LPS® were included. Thmated savings for the LPS®

project were approximately $52,000, thus resulting in a lenedist ratio of 13:1.
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Figure 4.27: Project Productivity Performance for LPS® andltdS® Projects

4.3.3 Case Study 2 Discusion and Conclusions:

This study also provided quantitative data that demonstratedusing the LPS®
reduced and/or eliminated variation for the mechanicalraotar involved with this case
study. The research also demonstrated again how a seksasent matrix can be used to
analyze and prioritize variation so it can be attackBuok risk assessment matrix is valuable
because it considers both frequency and severity anastigigd when there are limited
capabilities to simultaneously affect multiple causkegamiation. The Pareto chart analysis
demonstrated that the most frequent causes are notsalta@ynost critical ones. Using the

LPS® not only reduced variation during the execution ofLfR8® project, it resulted in a
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35% higher productivity performance and benefit / cost mabtib13:1 over the non-LPS®
project. Although the findings of this study are based aneahanical contractor, this
research can have a broader impact on the construostlastry as the methods described in
this study can be applied to other trades as well. ‘€smsarch provides an example of how
project and field managers can combine the use of the [E8@ risk assessment matrix in
their efforts to prioritize and reduce variation to imprgwmject performance. The
president of the company involved in this study was encouragethebyesults of this
research and is moving ahead to implement similar techniquesghout the remainder of

the company.
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4.4 Case Study 3 (Masonry Restoration Companies)

4.4.1 Case Study 3 Results

As discussed in Chapter 3, this case study did not take paplanned. One of the
companies (MR2) decided not to provide any data related toptogect. A site visit to
MR2’s project was conducted, therefore the observaisndhey relate to this research are
discussed.

The project manager and foreman for MR1's project megklyeto conduct a Last
Planner® meeting. During the first two or three mesatindpey included the facilities
manager from the apartment complex to ensure thek wian was acceptable and did not
interfere unnecessarily with the occupants of the mgld The LPS® meetings lasted
approximately 45 minutes to 1 hour and through the use of teéings, both the project
manager and foreman felt they effectively removed caimés to create a reliable schedule.
Figure 4.28 depicts the starting time and task duration vamjaéis well as the PPC for
MR1’s project. There were two days of starting timeiatan at the beginning of the
project because an air compressor did not work and ag@edted to be replaced. There was
one other instance of starting time variation. Irekvé, the construction manager from their
main office changed priorities and asked that the crewvicjate in companywide safety
training. There are four instances of task duration tranatwo are positive and two are
negative. In both instances, the crew completed th Waster than originally estimated;
therefore, scheduled tasks were altered (i.e. the drepgeformed demolition instead of
repair). Due to the low amount of variation, and fdet that there was no variation data

from MR2 to compare it to, it was not plotted in a @slsessment matrix format.
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10-Apr 17-Apr 24-Apr 1-May 8-May 15-May 22-May 29-May 5-Jun
Wk 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk 6 Wk 7 Wk 8 Wk 9
Starting Time
Variation 2 1
(days)
Reason Equipment FM f:hénge
maintenance priority
Duration
Variation -1 1 1 -1
(days)
Task complete | Repairinstead Demoinstead | Repairs
Reason R
early of demo of repair complete
PPC 71 | 83 | % I 93 | 90 | 100 [ 100 [ 100

Figure 4.28: Variation and PPC Data from MR1’s Project

The site visit of MR2’s project was conducted on ong @@ammunication with the
project manager was performed on several occasionslehtee and email. Although the
company did not provide any data, the project experienced igvofisant causes of
variation. First, MR2 did not synchronize their wolans with the owners/occupants of the
building. The project manager recalled at least fostamces when they were not allowed
to conduct the work they had planned for the day. Thestarices were due to meetings or
other activities the owner/occupants were conductingpioraon of the building near where
the crew from MR2 was working. The nature of the wrk. a suspended scaffold)
precluded the crew from just working on another face efaihilding. It takes the majority
of a day for the crew to move the rigging and scaffoldthgrefore, it was not practical to
do so before the face of building they were workingwas complete. The other major
cause of variation had to do with how the engineertecathe crews to perform the work
and based on the owner/occupant’s acceptable noise le@eiding out the old pointing
involves removing the mortar from between the bricks t@ecified depth (5/8” in this

case). This is typically done with a handheld rotaigding tool with a masonry cutting
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disk. The horizontal cuts are made first and thervéngcal cuts. There is a small piece of
mortar that cannot be cut with the rotary disk on tthe and bottom of the vertical cuts
without cutting into the brick directly above or belole vertical cut. Figure 4.29 depicts
where this piece of mortar is located. The right ad the diagram is looking at the end

view of the vertical cut between bricks A and C and atbegside face of brick B.

Cuttingdisk
Tl — )
| B |] T
‘ | C ‘ Small radius of mortar
J not removed by disk

Figure 4.29: Diagram of Vertical Cut for Removing Old Pomptin

MR2’s standard practice was to use a small handheld inbpalcthat works much like a

small jackhammer to chisel this piece of mortar oubwelver, the owner/occupant said the
impact tool created excessive and unacceptable noise leweisfore, the workers had to
chisel each of these pieces out by hand. The projecagea estimated this would have
added a minimum of two weeks to the overall scheduleghery the crews planned to work

overtime because the owner would not change the requiogett completion date.

4.4.2 Case Study 3 Analysis

Since data was not available from both companies, nlysssavas performed for

this case study.
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4.4.3 Case Study 3 Discussion and Conclusions

Although this case study did not provide an opportunity to coeniiee performance
of the two companies in a similar fashion as the twaepts were compared with the
previous case study, there are some key points of disous3ihe first has to do with the
coordination that took place between each of the companakshe owner/occupants of the
buildings. MR1 included the facilities manager in thel?® meetings to ensure MR1’s
work schedule and techniques were acceptable to the owngréots. It is not known if
MR1 adjusted any of their planned work based on the owserpant’s requests, but there
were no reported instances in which work was inteedipiue to an issue from the
owner/occupant. This is not the case with MR2, as haelyissues with both synchronizing
work schedules and with the work method. This illustrébesimportance of identifying
and removing potential constraints during a weekly planningingger at some point prior
to the work beginning.

The second point of discussion deals solely with MR1. cldmapany uses on time
delivery (OTD) as a metric to gauge the performance efctmpany. OTD is simply the
percentage of work that is completed by the time it plasned to be completed. The goal
is to achieve >100% OTD. An OTD < 100% indicates the work is/was behineddke.
MR1 was struggling with poor performance in the mid to 2@90s. In 2008, the
company’s average OTD was 62% and the company was clagaing out of business
according to the company’s president. Although they dittatk variation, he said it was
rampant in almost every project. In the spring of 2008, gresident of the company

decided to learn about and implement some Lean Coristiugtactices. He began by
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standardizing their warehouse and job trailers becaus®fiie largest causes of variation
was not having the proper tools or equipment or not beitg ta find them. They also
inventoried, organized, and labeled all of the various métehay use on a regular basis as
this was another cause of variation for them. Therothajor change they made as a
company was to implement the use of pull-planning sessiod Last Planner® meetings in
accordance with the LPS® (Ballard 2003). As a resulthesé¢ changes, the company’s
performance improved dramatically as can be seen in FHg86e The company’s average
OTD increased from 62 % in 2008 to just over 100% in 2009. Eact pokigure 4.30
represents the OTD from a separate project. Thesd#tsrabustrate the impacts proper

planning can have to identify and reduce variation and imguomject performance.
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Figure 4.30: MR1 OTD — Before and After Implementation BE® and Lean Construction
Practices
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CHAPTER 5

5.0 SUMMARY AND CONCLUSIONS

Identifying, prioritizing, and reducing the variation of constion related tasks doesn’t
typically happen by chance; rather it requires planningtakés the right people, talking
about the right things, at the right time. This researovides the frame work to do just

that and is summarized in the following sections.

5.1 Existing Gapsin the Body of Knowledge

Several researchers identified various items that iregaproductivity. While an
assumption could be made that many of these same itenld aiso be the same items to
cause variation, no research was specifically conduoteld tso. This was the first gap in
the body of knowledge pertaining to this research.

There are two overarching views pertaining to variationne ®@iew is that it is
feasible and important to first reduce variability to éxéent possible, and then buffer what
cannot yet be eliminated. The opposing view focusesuffaring first, rather than reducing
the causes of variation by some form of managemeittnagtior to buffering. Adherents
from both views would agree that variation is prevalarthe construction industry and if
provisions are not made to deal with it, variation dave detrimental impacts on
productivity. Despite the importance, little research besn performed to quantify the
amount of variation that occurs due to various diffeeanises. When combined with the
first gap in the body of knowledge, a need to identify guantify the most prevalent causes

of variation was discovered. This served as the imt@tivation for this research.
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As the research progressed, other gaps were discoveregllasSome researchers
grouped the items impacting productivity together using techniquesas factor analysis,
while others rank ordered them based on their frequencgairieence. No research was
performed to prioritize which causes posed the greaséstaiproject performance based on
their frequency and severity; thus another gap was idshtif If a project manager has
limited capabilities to simultaneously affect all oétbauses of variation, how should he/she
prioritize which ones they should focus on?

Understanding what the causes of variation are isgbdhie solution in the effort to
reduce the variation. It is also important to know whoausing the variation and/or who is
being impacted by it. This can be difficult as constactprojects often consist of a
complex series of interdependent tasks and trades thatojact manager works to
synchronize to the best of his/her ability. Plausibig arguably, there is an underlying
social network of trades that exists and recognizing it legp to understand how the
variation impacts the overall project. Research been conducted to identify the social
networks based on communication between members sfraction project management
teams; however, no research pertaining to the soctalonle of trades was identified in
academic research. The use of social networks, particals they are related to the various
trades of a project, was another gap in the body of laune.

Lastly, there has been no empirical research coedutitat quantifies the cost
savings based on improved productivity due to a focused planningteftarget and reduce

variation.

124



5.2 Review of Research Objectives

The gaps in the body of knowledge drove the rebeabgectives. Imagine the body
of knowledge pertaining to variation as a vastrptiinformation, with a hole in the surface
being the top of a funnel that represents the gafi®e body of knowledge pertaining to this
research (Figure 5.1). The top of the funnel ideriand is associated with a broader aspect
of the research. The deeper one goes into thesfutite more specific and directed the
research tends to become. The gaps in the bokiyasfledge are listed along the left side

of Figure 5.1, while the associated research obgsare listed along the right.

Research Objectives

1) Determine the most prevalent
individual causes of variation and how
workers, foremen, and project
managers view the causes differently.

2)  Identify underlying factors that

correlate the individual causes of

variation in terms of starting time and
duration.

Determine the causes of variation that

pose the greatest risk of impacting

project performance, in terms of
productivity and cost.

4) Identify the organizational social
network of trades that exists among a
construction project.

5) Analyze the social network to identify
the key trades within the network.

6) ldentify the organizational structure of
contractors / trades associated with the
variation posing the greatest risk to
project performance.

7) Develop a decision support system to
target trades in an effort to reduce
variation.

8) Compare performance in terms of
productivity and cost savings for two
similar projects, in which the LPS™
was used on one, but not the other.

Body of Knowledge Gaps
Causes and quantities of variation
that existing in a project

Means to prioritize the causes of
variation based on frequency and
severity
y 3)

Identifying a social network of
trades that exists within a
construction project

Feasibility and benefit/cost analysis
to determine if planning can reduce
variation

Figure 5.1: Summary of Gaps in the Body of Knowkedgd Research Objectives
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5.3 Research Summary

A summary of the research objectives, associatedadelbgy and conclusions/key

findings was created to highlight the major aspecthisfresearch (Table 5.1).

Table 5.1: Summary of Research Objectives, Methods, andl@mons

Research OBJs Research / Analysis Method

1) Determine the most prevalent
individual causes of variation and how
workers, foremen, and project
managers view the causes differently.

Created and distributed a survey to
collect data about most prevalent causes
of variation (124 useable responses).

Cross referenced repsonses of workers,
foremen, and project managers to
identify top causes of variation as well as
differences in perspectives.

Used factor analysis to identify underlying
factors that correlated the individual
causes of variation. Developed a
concept map based on factor analysis
results and the number of trades involved.

2) Identify underlying factors that
correlate the individual causes of
variation in terms of starting time and
duration.

3) Determine the causes of variation
that pose the greatest risk of
impacting project performance, in
terms of productivity and cost.

Case Study used to collect data - GC
with 43 trades construction $50M data
center over 28 week period

4) Develop the organizational social
network of trades that exists among a
construction project.

Used risk assessment matrix to
determine causes of variation posing
greatest risk to project performance.

5) Analyze the social network to

identify the key trades within the
network.

Pajek was used to identify social
networks of trades.

Conducted degree and eigenvector
6) ldentify the organizational structure  based centrality analysis to ID key trades.
of contractors / trades associated with
the variation posing the greatest risk

to project performance.

Combined variation and social
network/key trade analysis to develop
decision support system to target
variation for reduction. Used AHP to
support decision making when multiple

7) Develop a decision support system S i o
criteria involved with the decision.

to target trades in an effort to reduce
variation.

Case study involving a mechanical
contractor conducting two similar
projects. One project used Last Planner
System® along with a risk assessment
matrix to identify and prioritize variation
for reduction. The other project did not
use LPS®.

3) Determine the causes of variation
that pose the greatest risk of
impacting project performance, in
terms of productivity and cost.

8) Compare performance in terms of
productivity and cost savings for two
similar projects, in which the LPS®
was used on one, but not the other.

Used benefit cost ration and end of
project productivity results to compare
the two projects

Conclusions / Key Findings

Top 10 overall individual causes of variation:
Turnaround time / waiting to get answers when there is a question with a drawing
Completion of previous work (i.e. work before you isn't done yet)
Obtaining required permits for the work to begin
Socializing (talking with fellow workers)
Quality of documents (errors in design and/or drawings)
Rework being required due to the quality of previous work
Weather impacts (excessive heat, cold, wind, rain, etc.)
Worker/crew lack of skills/experience to perform the task(s) being asked of them
People arriving late and/or leaving early due to iliness, injury, personal reason, etc.
10. Need guidance or instruction from supervisor

©®NDOTAWN P

Fewtrades Multiple trades

Prerequisites &
Constructability

Equipment
Coord/Mgmt

Standards &QC

Mgmt coordination

| Weather &Trade

Top three causes of variation:

1) Material delivery issues

2) Prerequisite work not completed
3) Over commitment

14 social networks identified based on work break down struction of project.

Results of combining variation and SNA/centrality analysis to determine trades to focus on for
variation reduction by project manager:

- Mechanical and electrical subcontractors were identified as the top two trades overall

- Painting contractor was next in priority
- Group of four trades (drywall, ceiling, flooring, and steel fabricator/erector) were 3rd priority

Top two causes of variation that posed the greatest risk to the project performance in terms of
productivity:

1) Not anticipating material requirements

2) Waiting for answers to questions about the design

Variation in the LPS® project decreased between first 8 weeks and the 2nd 8 weeks.

Productivity was 35% higher for the LPS® project with a 13:1 savings benefit/planning cost ratio
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5.4 Conclusions

The intellectual merit associated with this reseaesults from the contributions to
the body of knowledge related to variation within camstion projects, as well as the
broader impact it has on the construction industry andrigey This research:

* identified and quantified the most prevalent causes ofatkan associated with
construction projects based on the perspectives of wsrkeremen, and project
managers.

* has shown the value of emerging analytical technadogwich have made it possible to
analyze a large-scale database, created from vastiplogations and trade networks,
where complex, fault-tolerant, and lean performanaestnbe achieved through the
cooperation and coordination of those involved.

» provided a means to prioritize which causes of variatimeg@ahe greatest risk to project
performance based on their frequency and severity;

» was the first of its kind with regard to using socialwek analysis to examine the
network of trades and identify those trades that weyenlembers of the network. Thus,
it will provide a deeper understanding of the relationdbgween project decision
factors and the social network of tradesmen, which adVance understanding in both
engineering and human factors.

 has provided a fundamental understanding of the interdepgnd@mong trade
networks, and provides insights into the capabilities landlations of the hierarchical

relationship in construction planning.
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* has a broad application, from distributed networks to langeration scheduling and
coordination (e.g., military logistics, global supply s where global-to-local optimal
planning (for cost, schedule, and productivity) and scalablettdarant control remain
significant challenges.

» will significantly advance our ability to provide decisisapport systems that can adapt,
self-organize, parameterize, and respond to the variostraction environments.

* has demonstrated how complex functional global objestiterough AHP, can be
translated into local plans of actions and interastim such a large-scale construction
project.

» provides empirical results quantifying the cost savings basathproved productivity
due to a focused planning effort to target and reduce variatiog tne LPS®.

» provides the framework and repeatable analytical methoddetdify, prioritize, and

reduce variation on a construction project.

The two companies involved with the research are both usengesults of the case
studies and this research to implement changes within ¢beipanies as they strive for
continuous improvement, which | feel is a testamentthe value of this research.
Personally, that is very rewarding as | had two pringogls when starting this research.
First, | wanted to make a contribution to the acaddraity of knowledge worthy of a PhD.
Second, | wanted the research to be useful for pnagtimlembers of the construction

industry.
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5.5 Recommended Future Research

While this research possessed both breadth and depth,atieeeelditional closely
related areas that warrant future research. Four saah are recommended below:

1. This research examined and found using the LPS® was gé#eatireducing variation
and improving craft productivity. The LPS® was designed to ingrboth craft
productivity and project progress; however, the latter m@sstudied as part of this
research. Therefore, one aspect of recommended futsearch is to perform case
studies to determine the impact of reducing variatiorohgsroject progress.

2. One of the case studies in this research involved argleoentractor with multiple
subcontractors and the other involved only a mechanicatamtot. As discussed, a
third case study was planned between separate two compdimnsswould have added
more breadth to this research, but one of the compdaigded to not participate after
initially agreeing to do so. It is recommended additi@aske studies, with various other
trades and/or with different companies, be conducted toefurtlidate or challenge the
results of this research.

3. This research exposed the use of social network asalystrades of a construction
project; however, more research can be done in th&s. aOne example would be to
divide the social network into groups based and then conduct facalysis on each
group to determine if the subgroups were associated widreht underlying factors.
This research might be of value in determining if défeé decision making strategies are
warranted for different subgroups of a social netwoAnother example would be to

incorporate the use of hierarchical clustering in additthe key trade identification
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and analysis. Lastly, K-L Divergence could be used imjuwwtion with the social
network analysis.

Proponents of Lean Construction feel is it feasiale important to first reduce
variation to the extent possible, and then buffer wlainot be eliminated. This
research demonstrated it is feasible to identify, pizet and reduce variation; however,
it did not determine “to what extent possible.” Futureeegch should examine
thresholds of variation reduction to determine whaglle¥ variation acceptable, or what

types of variation are simply inherent to the constoucprocess and should not be

targeted for reduction (i.e. how Lean is Lean enough?).

5.6 Scholarly Contributions

5.6.1 Journal Papers

There are four papers planned for publication injin@nal of Construction
Engineering and Managemelnased on this research. The papers are in diffensgislof

submission and acceptance, but are summarized belovbie 5.2:

Table 5.2: Journal paper titles and publication status

Paper Title Status
Causes of Variation in Construction Project Task
Starting Times and Duration
Using Last Planner® and a Risk Assessment MatrRevisions made based on

Accepted for publication

to Reduce Variation in Mechanical Related review comments — waiting
Construction Tasks for 2" review or acceptance
Using Pajek and Centrality Analysis to Identify a | Submitted and awaiting initial
Social Network of Construction Trades reviewer comments

A Case Study into Task Variation and the Social | Submitted and awaiting initial
Network of Construction Trades reviewer comments
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5.6.2 Conference Papers / Presentations

The initial versions of three of the planned journal pspesre also included with

various construction engineering related conferences hvane listed below.

ASCE Construction Institute’s 2010 Construction Researaigfess (May 2010) in
Banff, Alberta, Canada. A paper titled, “Causes of \temmin Construction Task
Starting Times and Duration,” was presented and publishethanconference
proceedings.

2011 CSCE Annual General and Construction Specialty Conter@noae 2011) in
Ottawa, Ontario, Canada. A paper titled, “Planning to Redvasation in
Mechanical Related Construction Tasks,” has been accdpteidclusion in the

conference.

19" Annual Conference for the IGLC (July 2011) in Lima, PeFae abstract for a
paper titled, “A Case Study into Task Variation and thagbdiztwork of
Construction Trades,” has been accepted.
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APPENDIX A. VARIATION SURVEY

1. Survey Introduction

Thank you for taking the time to complete this survey. It should take you about 15-20 minutes to complebe.

The overall intent of thiz survey |5 to determine what causes the varistion In start times and duration of constructian
tasks. You ¢an think of "waristion” as the difference between what was planned and what actually happened. For
example, your 4 person crew planned to start hanging sheetrock at 8:00 &m, but were delayed for 60 minutes becsuse
you werne walting for & forkfft to move the sheetrock. In this cage the variation in the task start time would be 1 hour
and it would affect 4 people,

The sub-objectives (more specific than the owverall intent) of the survey are:

1) Determine and examine Bny differences of opinion)perception between how project managers, supervisors, snd
skilled craftspersons/laborers view the causesfimpects of varation in start times and durstion of construction tasks.

2) ldentify the most prevalent factors of varistion in terms of:
- What type/megnitude of veristion is slways present and 15 relatively constant.
- What type/magnitude of varistion happens on occasion ar Muctuates n magnitude.

Instructions are Included throughout the survey to clerify what is being ssked of you. Simply provide what you fesl |s the
best answer besed on your personkl experience sndfor apinion. Your respanses will remaln Bnonymous &S your name
I naot included in the Survey.

Please return the surveys to me by 30 AUG 09, Consalidate them by company Bnd mail them to the sddress below. If
you would like & copy of the survey results, simply contact me wa email.

Brad Wambeke

PhD Graduate Student

Mann Hall - Rogm 218

Departrment of Civil, Construction, and Environmentsl Engineering
Morth Camslina State Unlwersity

Raleigh, NC 27E95-T908

Bwwambek@ncsu. edu
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1. Please indicate what state you are currently working in.

s —

* 2. What best describes the type of company you work for?

{:’ S DL B {:} Gartrdl Conldschar

Other [pledas apeoiy)

* 3, What size would you estimate your company te be {including both
permanent and the average number of temporary employees)?

{:} Small (2% employees OF e8] |::} Mg - {25 « 150 employesd) t } Large [mooe than 150

Empleyees|

* 4, wWhat would you estimate the overall annual revenue of your company to
ba?

{:} & E100k {:} 55M . 515H {:} 51004 - §200H

I::} 1 00k = $50dK I::j' F15M - F2OM I::} » FIa0m

{:} F500K - F1M {:} S25M - SEEM {:} | don't know
$1M - 558 S50 - %1008

9] 9]

* 5, What would you estimate to be the average project size you typically
work on?

l::} = 5100k I::} £5M -« 10N {:} £ D0 - $I00M
C} 100k - $554k C} 1 5M = $F5M I:::I = S300M

{:} S50 -« f1M {::l' E25M - g500 C} | don't know
() sam - s5m () s50m - s100m

* 6. What would you estimate the distribution of your work to be? The total
should add up to 100%%.

e DEr

PULHIC ST
PTedld SOOI

B daev'e et

1]
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* 7. How would you describe your company's backlog (i.e. how much pending
work does your company have lined up)?

{:’l LAl DECKIDY - wark Dfesd up For e Siel 1-2 yadrd G LIS bo il DElkioed - hESt Chkh & it of futiiee

e el o
I:::} Mirddrale Backhny « wirk [indd ap Tor At & et

b3 1 e I don't kfsve Sbedeit the cOifpaey's beckiog

Orher ( please spaciy)

* g, Do you work under a union?

ﬂ::ll'::- I::}'ilu l::]-d-:ﬁull:
* g, Which bast describas your job position [ duty?

D s abesedy f Siilied Cralbagiess s

D Suparvissd ¢ Fofeman

|:| Suparintendant J Projece Mandgar

+ 10. Which trade or area of construction best describes your work?
[ ] #ieing ¢ mumbing []sten
- T T
[[]conerete

Orhir | pfedss Spaciy)

* 11, What is your experience level?

EfN i COTAEFUCCE Fede iy Ef wlur CurmEnl Dorfilnn

Vaars of sxpariance —1 —

[Foiand b8 nasres
number of yEars)

* 12. How many hour of overtime do you typically work in a week? Assume 40
hours is a standard week and anything over that is overtime.
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3. Owverall Category Comparison

The purpose of this pags i to compare eight different areas by rank ordering them based upon how
misch they contribute bo the varation of task start Hmes and Bask duration times. Recall, variztion is the
difference betwesr what was planned and what actuslly happensd. Conslder what you plan to da {in
terms of starting times and anticipated deration times) as the base fine, A couple examples are Shown
eelows to further expiain sariation of Saming tmed and duration.

START TIME VARIATION examigple: You plas bo 415t & tEdk ab 8:00 évéry day during the week, bul o
average you end ug sErting late one hour sach wesk {des to semething), In this case, the average
weekly variztion in @2tk =tart Bme woeld be 1 hoar,

TASE DURATION VARIATION example: The anticipated duration is how long you expecl & [ask o lake
and iz ofpen based upon the sohedle. Even If you $iart labe, the duration could st e the same (1.
you expect the tagk to take the same amount of Tme to complets, regardiess of when you actuslly start

ey, IF Tor 'E:l.ﬂl:'r'lpll!. wou @Eke an exlra I howrs par week o cormplale poar seheduled work (not ecayse
you started |ate, but because the work just teok langer than expected], the average weekly variation in
duration would be 3 hours.

The aight araas, 3bsng with & gencral description of each, are:

1) Fropaguic e Work: Partaine to eme thet muel be coomplebed before you can stan 8 @k

2) Detailled Design  Working Method: Havimg &n accurate and svallable design/drawing and & feasible
working method

3) Labsor Force: Having an available labor Torce tralned to perfarm the regueired tasks)

4) Tools/Equipment: Required tooks/equipment are available in sufficient quantities and conditions

5) Meteral and Components: Having the correct &nd necestary materials availabie when and whene you
need Ehem.

&) Work [ Jabsike Conditions: Heaving adeguate physical space avallabile lo perform your job

71 Management/Supervision/ Tnformation Flow: 13 there & aystem in place to develop the wark plan and
schied ube, provide Juidancs/instiuction, and B Bhawer Guettions when Wby afiss

B} Weather or External Condithons: [hems that cocwr wikch are outside the: contral of thode b your

COmpany.
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* 1. Please rank order the sight overall categories based upon how much wou
feel they contribute to thie variation of both the task stark times and task
duration times (i.e. one for each column below). For example, if you believe
the labor force causes thie greatest amouwunt of variation in task start times,
then you would rank labor force as #1 under the task start time column. If
you feel tools and equipment causes the greatest amount of variation for
the duration of a task, then it would be ranked # 1 under the task duration
column.

Mote - there should be a #1 - #8 in each column when you are finished with
the ranking.

variakion af Tesk Star Tiing wmalion of Tagk Dunstios
PrEIELiE mifk

Detailed desgn amd
working melhhd

[ ]

Tass BAd &4 bSMdnt
Pistarials ana

i pofEnlE

WErk 5 SeCEIER

[ g i ]

Susestlsann |
WA AgESENL
Enfosmaailon: Flow

WESLNEr OF § xEETRE
CoXIETE

IR
J DO

* 2. In your opinion, which do you feel is better?

Wait for all resources: W aiting to start working wntil all the required
resources [material, people, tools, equipment, etc.) are available, even
though this may delay getting started. You feel a possible delayed startis

justified by the efficiency gained when you have all the appropriate
resources.

"Make do” with what you have: Be flexible and start working as long as
there are encugh resources to get started. It is better to do some work
rather than none, and accept the fact the task duration may be extended if
you don't end up receiving all of the anticipated resources.

l{::' Wall bo st ol poiu Pave all ef the planned resburces

{:} HEks do” « DikQin woik sifhin yin Pdce BN FeSouries bh. STEr
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* 3, How often do you actually follow or experience the option you feel is best
(from the previous question)?

E::i Almast ey {>95% of the C} Abou Bl she tinne [S0%) I!:} Almast fever [<5% of tha time)

1wl
() Seldam (abdut J5% oF the tima)

{:} Usually (about 75% af thi Eime]

Fhe majoricy af ifee sureey from i8S poitt on desls with Lhe saristion ol @ SEArng tmes s ek dursiies DmMas
Specfcely, % siking haw many sctusl Fours (ol Gk Poaes]), it &% SVETRQE wilh, ol Gra delEpdd OF poud
apend waill ng on i VArDus LM lieeed along whe el hand side of sdveral Questions. Theds Juestions are braken
Fomil i Lhe elghl CElegories grevicusly mertased (Uue oris pou rank crdemed), bul the groltedurs i e Same Mo
sl QUEstan « Srmply eFimEte e YEIETON (Iha Sffardrncd Betwedr mhal wEd planmed &nd what happenss) iin tarma

of the task atart bme et bask duration. addmerally, vou will indicets how mesy people this impaces {mest Likely: st
ik, EiE A MBET (P YOUT CFw, OF De PoeTibET y0U Supervise]. TPsiee Bri seomrsle colursss for Dh SR8 1L LimE wariation,
the Auratinm varlELes, BvE iPe numBer el peophe impactsd,

T it Ei@mp e (ICHLrabes Pow Lo SELAFMInE thi variakion of e Urmes Snd dor BRIONR. 1IMEging youl Bvarage maak
consEted of wmgksling thirge Laaks.

TEsk 1 i3 scheduled D0 1AL o0 M ond &y B 8O0 S ard Lake §85 Rowrs 00 complete (sl &t So005m on Tussdey), You
EZEUMly dam't S Ll L0000RN &80 ERan Nnisr &2 7008 &N Totddsey [ursHan wid S0l 15 haurs !I L ERid ChiE TRE
SLEFt Uive wRrstion sould b 2 howr B0d e duralion variaLien weukd be Faio.

TEik 2 is schadulesd bo Start &t 57 00am o1 Wednesday Snd Lehe B Bours Lo campalews (Mniah &t 5008w an
WadmEsday' ), You Sctuklly s18e0 88 008, but il tekes pou ueEil SO00Em 1o complals i, In this cae, 1he 2a Hne
warkabon windd B ero arsd the Seration variadon wivld B2 1 Fehar,

TEsk 3 ia schedules Lo Starl ar Ss00am on Thuirsdsy &nid Lake 15 howr 1o camplela (Finish 82 5008 om Friday), Yeu
SCiuimlly sraal w1 0 00sm and don't Mmish ontdl 3:000m &8 Frday. 1m (N case, Ehe SLEFL Ume waTiEIon mould Be 1 hoo
and ChE durEes Variatkon would Be onE Moul Sece (e LERR artudlly took §F Felurs 2o comeiebe

Sa, If this Eampls represRnlel §n Eéirage wesk  [he Lolk vwitkly SLEFT OMa wirtaZion would be 3 hours and 15
SN VETELON would el 2 EoTs.

Mow, CONSEEF wour Dypetal wesk Bnd think BE-ou whal cBuled vBTIEDS N pouf SLEM UrsEy Sl durdihos HmEs AS poad
woi'k through the remEmnder of the Survew, e “reEloss™ for [P vEAEDON are DEted shong the Wt hemnt g8 of tha

guEsiens. Wien [hey dpply Lo you (& Chels thee resson vou E¥pErence van&Rion ), Simply B oul deat row. IF you dose
ke SEOUL Dhe of 1P ILama ar 7 0 dokent &pply RO poa, o CBN (s 1 blank & place & PEr0 N 1ME el piovid-ad.
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* 1. These items pertain to PREREQUISITE WORK. How many weekly hours
{actual hours) of variation (time spent waiting or delayed) do you
experience due to them and how many how many people does this
generally affect? Break down the variation betwesen the task start time and
the task duration. Recall, variation is the difference between what was
planned to happen and what actually happened. Base your responses on
how you, your crew, or those you supervise are impacted.

For example, a crew of 5 people are delayed an average of 3 hours per
week to start their tasks because they are waiting on a required permit. In
this case, there would be a variation in the task start time of 3 hours and it
would impact 5 people. The task duration would not be impacted.

LEEEs OufaLlGn 1 Ef= QuraLldan
S2arl e «alation SLRIL Uin& - fumba; af
TEIANIDN « BCTusl mumBet of pespie
mctusd hours del&dyad peapla mpaoted
aziars deisyed TTiF S .

abtalning requiied
pErmitE o Chie woek 20
Bagis

Coonplation af
PR Wik (e,

wiirk Before you 1SNl
otk w1}

MawDik bEing reguirsd
du# ha thie gusliey af
vt Wik

ot uialiy af
pigvious mork (Ehoagh
mal fo & Evel Ehal
Fibgulnes rasork )
oErubes & dilay

napetinns fov
P Eviidial § Coriprhrlad
Wil

10000
1 0000

2. Please indicate if there is another significant cause (with respect to
prerequisite work) that results in you having to wait or be delayed during
an average weeal.

Caizie ol warlatlos |

Hilifd pe maek |

sfected dsare mnd

St

wumber of pacple |

LU R tad
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5. Detailed design and working method

* 1, This section pertains to the DESIGH or WORKING METHOD. How miany

waakly haurs (actual hours) of variation (tima spant waiting or dalayed) do
yvou experience due to then and how many how many people does this

generally affect?

Tesk duraiio Tesk duration
SEATT e v ERAESEH SLETL bk - Audmber. ol Al e
vafTaLioa ~ BCrus! Aumibss of pesple
mruE hours delaped seopls Lnpached
Paais delayed Impscied

Deedl gn DOnstT LUCra BTy

Quality of doCumins
(R &S o des gn
ENDSOF OFdaviregs ]

Turmsdeaand tme Mo

&l nesrs when thare
1§ & bRl wikh &

B e

DO - el T

MeglEiramass

Qualiy antrel
M lElremass

Wi LRy

Whors SEgUENCE O

mathind 4 et midl

pl dratigd

L Sgiae ol
PR [iFRBESITY [D
develog efficieni

&Sl aim dus 1S LEis
eEsml Rl EHEAGADY

EnadagUAtE IScELFLOHI

1 Dm0
] D00 0

o Cetailad working
[l d e ]

2. Please indicate if thiere is another significant cause [with respect to thie
design or working method) that results in you having to wait or be delayed
during an average week,

Caiise of varistion |
HOurs i mask |
aMected {siavi and
duretion)

humber of pecple |
I parcLEd
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6. Labor Force

* 1. This section pertains to the LABOR FORCE. How many weekly hours

{actual hours) of wariation (time spent waiting or delayed) do you

experience due to them and how many how many people does this
generally affect?

2 TERN Quratian TERs QuUFaLion
Shiait Uitel vlRESOH SEETL. Lifd = iamb-ar of R N A L,
wENS0N - &ciual Prumbss of paople
actusl hours delsyed people impached
hoiirs delayped Imgaled

Sazcializl g [LaBkimg
weith Tellow morkers)

AEEETTDEE

Pestple Ervivimng labe
and/or beking aarly
dise £o |l imess, IRLLUFY,
famsilly &f garaanal
iU, B,

Lvm ROTRiE &h dfoi
|k &l rholiyatice

Gattisg evedd ba
another jubifiass
Il Ehe one pou
Wil Wl r o Defl Wik
pormplelbed andlor
bffing chiddiilid £
M

10 W
il

Tha Crem S1bE Baing
|G (|8
wrmEiEt [NAM ormal

hsw yeist CmpBEny of
SEiibEF IS Wl
bwpical i the imdosoe)
fsd & parvcilar ype of
LR

EraMicisn cies

AssoCabed with

it il LU OwEl

[l &, e empl oypess)

Expariance on Limilar

LEsks (& Lhefe ik 8

leaiming Curg
BEADCIALEI WEF fan
FEpEIl e EaSkE)

ke ree @ of

E=ils/REpEcieiicE EC
parfomm the 18Ekis)

Datimg kaked of tham

LanJulie DEifiHE
amang workers andfor
WO e <Rl 07

1001
1011
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* 2. What best describes the situation or the reason you [-or your workers)
get reassigned to perform a different task before the one you were
working on was completed?

I:l b, - Wl don'l gel ressshgred I:l if's dué o sehedule chsnges or projedt somlermnesm
D Hiwimg to juggle seweral jobs/iEaks &nd nol Baimg D Lach of coerdimsiien and!or plenning 1o syecheoniza
mhile ph compilebely finish one &l & Bme (shifting pricdities  gifeest irades

af oy ErDIEmibment )

D Armcthas trade |5 bekind s bedd of scheidule assa

il LNE FREESghiimEnl

Other (plesse spedfy)

* 3, Does your employer offer the ability to atkend specialized training (trade

or craft specific, communications, planning, etc.) cutside what you learn on
the job?

D TR D Mo D I dan't know

4. Have you received any specialized training [outside what you get on the
job) to enhance your ability to do your job?

G‘ Yl G M -[aRiE dudtiens 5-F)

5. What type of specialize training did you receive?

6. What is the estimated number of houwrs of training you received?

7. Who funded the training?

l::__::l Emp et G Self funded l::;' Grant o sehilsrshilp

Other (pleasme speafy)

8. Please indicate if there is another significant cause [with respect fo the
labor force) that results in you having to wait or be delayed during an
average week.

Cause of varistion |

Poufl i 'WEEk |

MTected {Start and

LTI LK ]

Humber of people [
Impactesd
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7. Tools / Equipment

* 1. This section pertains to TOOLS & EQUIPMENT. How many weekly hours
{actual hours) of variation (time spent waiting or delayed} do you
experience due to them and how many how many people does this

generally affect?
Saarl limee vaHason SLEM 1me - Humber ol DR CLEREN P Surption
villTation - Bctusl Bidmbser of pasple
acrugd hours delayed seople IMpacted

Nid=ii® DEEyEd LmigCted

— [C—1
| | |

Perscemal i

FOw el 20

Crame of fevilift

Hand 1obis

Ottiar MEEaEy
afguigrient [backnog,
lhader, dumg ok,
i)

PErSOikE profeciive

EfuipmEnL

il
Wil

* 2. What best describes the situation or the reason you {or your workers)
wait for a personnel lift?

D WA o wiE OOFT maill On & personmel iR D LIF N baiesl wied by BOMEDhE &5
|:| Lift i svalleble, bul 4. guabfed aperaless W Aol |:| Mainkenamia
EwEilable

|:| LFY End oy SLof A0 Evallable, bor B b die

DELMEE pOll PR RO FENE W BFOTILY

Diher (plesse speciy)

* 3, what best describes the situation or the reason you (or your workers)
whait to use power tools?

D MR - Wil et walk Bn power beods D They are mmpdaced or ot
D Mok gl Creww ke imibErs O ained gualifed o wse D CETTE T B S F LI
|:| Fomar [oals sre Ueing sed by samethe glee

Drcher [plesss spedfy)
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* 4, What best deccribes the situation or the reason you (or your worlcers)

wait for a crane or forklift?

D MG, - wa Gda"D WBIE 29 8 et Of Tow ki D CranfFL i haing cSed by someosns alta
|:| Crane¥L |3 svalladhe, bot & cuslfed operabsr & mol |:| Crangf1 mainlenance sLt v
Ev Eibhia

D Crane/FL 508 Spaidbhi bie Bwylsbia, Bul It 15 e
DE-LhukE il BHE MOl fENE W prigaficy

Dvher [plaese Speoiy)

* 5, What best describes the situation or the reason you [or ywour workers)
wait to use hand tools?
D M 8 - Wl O0n T mEN On Rilfd L0l D IPeiEy @Fd MVESIECED oF HHEE

D Hand ol & re Being used By Somedne ElGe D hiéy 85¢ broken

Diher [pleass spealy]

* 6, What best describes the situation or the reason you (or your workers)
wait due to PPE?

I:l Wih - Al warkers hawe PELERSER PRE I:l s 1A MiSsilEied OF bodl

I:l Mol avssogh PPE Tor &l workesrs - Dering used by I:l FFE |8 unserviceshls
S MBOHE i

Dcnikr [ piedse specify)

7. Please indicate if there is another sigmificant cause [with respect to

tools/ equipment) that results in you hawving to wait or be delayed during an
average waek,

Caige of wlriStham |

ROUIS P mEEK [
efecied (srare and
Aiif-BThE

Wumber of people |
i Eactsd
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8. Material and Components

¥ 1. This section pertains to MATERIALS & COMPONENTS. How many weekly
hours {actual hours) of variation (time spent waiting or delayed) do you
experience due to them and how many how many people does this
generally affect?

TSk QuFENIOHR Thil Oduracian
SERL Dl W LA SEmry THTR - e ler ol
varalion « actual Fidmbes of pasple
s hours el Sped P lE impaoted
hewrs deleped Impacied

Matdrial 40 ba movai
L whav eyl nied if

—
e L —
] E—
1
1

Tiging Lo gat
o nscnaties

Oue L0 &F ainhi In
matarial sizg

T
1

2. What best describes the situation or the reason you {or your workers)
wrait for material to be moved?

11
JO0L

Due LD &F arhor In
mak&riEl Type

D Sra o il GOl Wlll O MabeTiEl D De ArdesEd D Fa s Conrdination Dian'y ke gdkfa (1 & mdoDhna

Endw yoU vieedad malerisl minved)
D LEck of @loipmant of qoaitfled Gparkbors 8 Mave

material D Mainlanancs

D Tod dhE Nol (e phoriey D Frysical distance helween msberial sbarage and mork
plats ChokES C&idyd

Duher [pdease speary]

* 3, What best describes the situation or the reason you [or your workers)
wait for materials to arrive?

D WA - il 'Y wEl B mabenials o Sivhve D Sehviduls chainge LeiSEs S Ls relulie materisl

L
|:| SLugpiir 18 DA SChediube

|:| Lack of coordinabion 1o syncheddite oor schiedule with

D e dre alpddd of schedule &nd Sopplisr needs Lo frsbarial deifpery

L =

Othir {peide Spedyy)
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* 4, What best describes the situation or the reason yvou [or your workers])
wait for consumables?

D S8 - e Jon't mait Mo consumaksles
D Lack sulficlent guanbities of consumables at pobsite
I:l LEch of plamning « Sdn'r Bilcipiis ey sould Be reguired

Ouher [please spacfy)

+ 5, What best describes the situation or the reason you (or your workers)

wait because of an error with material size?

I:l MA - el POAT WA due o mskerial size errrR I:l Chamge in ordwng’desdgs didn'y gei po fabricator im
Life

D Erred by MabricMnr o pErsan that performed fredous

il D Erron withi O riere il g

Dihikr [ pldiEa Spacify)

* 6, what best describes the situation or the reason you (or your workers)
wiait because of an error with material type?

|:| W0 - wa domt mill dul Do MATENEE Upod RiTOFS |:| Change in drawny/dessgn didn't ger eo fabvicasa s im
Uitk

D Ervor by fabricEor o person chak performed e sud

e I:l HTod Wil Orew gy SEsgh

Onher (pletse spadliy)

7. Please indicate if there is another significant cause (with respect to

material ) that results in you having to wait or be delayed during an average
waak,

Caduig o wilrl anisn |

Haufs g mEek |
ETected (N8 AR
durates)

Wumber af people |
| Mpac
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* 1., This section pertains to the WORK / JOB SITE. How many weekly hours
{actual hours) of variation (time spent waiting or delayed) do you
experience due to them and how many how many people does this
generally affect?

SR U vEAatSH SLEt fm - nesmbar o Task dumEnn Nk duration
wBHaElon = aCtusl ALm2El of pednle
acus hours del &yed ptople impacted
heiuirs delsped Impacbed

Oviscromds] wivk I | I | I I I:

ares § Jobsite
CONgESLan

Difficult Booess 1O wizdk : I I I I :

dred

Soe lEyoul - iIETancE : 1 | 1 | :

Biélmiai PktE1R
srurage and e
WmabkriEl 8 reguirea for
wink

+ 2. What best describes the situation or the reason yvou [or your workers )
are delayed due to jobsite congestion?
D Mid - e dlon'l mall dus kD jolsle congestion |:| {t's due ip schedule chenges or grejecl Cceleraiion
D 1E's s part of oomeiruction &nd 18 unavoldab e D Lack of ooerdisaineen amndfor planmng 1o syechronize
diffengst irdden

|:| AncEhar rade s helimdahasd of schadul s

other (plesse spedfy)

3. Please indicate if there is another significant cause (with respect to the
jobsite) that reswlts in you having to wait or be delayed during an average
weaak,

Caruse ol vl SLioe |

Huufs per mEgk |
Bfacted (st and
Clurees

Wumber of people |
I mpacted
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10. Management / Supervision / Information Flow

many people does this generally affect?

SEar Uil vRIESESH SLRIT UiME = Maimiber of
solual hours delayed peaple iMipactid

i ik duFation

waflakion « Ectual

hours delgyad

o el Eidvwrd [0

QuUESEONE yiu N
BOOUE TN O R Of
dirawing

For guidas: s of

instFUCRiGn Proes podr

EADE WL

Lok of Nald misaget

Lhoreiman
shiilijamomiedge

DT ims® Datwidn

diffetant rades

OwEr comminment due

b3 & CIght ‘mork
Schedule

Fareman &eailability

Change in the soope

ol woik

Fareman

DEmmMutEabon sdills

Coammimicathas

bElmEEdn
Diwveisy B &nd
Pl TR TG

T T bR

DElwEEr Diojiell

masager and Teremn

Coammiamicathas

IR

betwaer losermian &nd
Wk

* 1. This section pertains to MANAGEMENT / SUPERVISION [/ INFORMATION
FLOW. How many weekly hours (actual hours ) of variation (time spent
waiting or delayed) do you experience due to them and how many how

TEsR duraLian

Pl of pedpls

Imip&Cled

[N IRTIRIRIN
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* 2, Select the erganizational structure that best illustrates how information
or decisions made by the ovwmer get passed to you.

AE = Architect / Engineer, GC = General Contractor, Sub = Subcontractor
{:} Oavhts - you (L layar) I:j Oerels - AF <« BC = Suib « pou {4 layers)
':__:i'-' O < 8% o G « you €2 layers) G Craels « AF

l:-::} rwinis = AE « G « spdaa [ Lyard)

GC =« Syl - Syl o o {5 Leperd)

D [pleatd specify]

* 3, How often do you receive guidance or instruction from your supervisor?
Consider guidance or instruction on itemis such as: daily/weekly goals,

overall project status, the work method, or the schedule.

{:::‘ M i |: : AWagkly

":_} Abaul eimhly |:__:I' 23 timeed/ vl

:::} 3.3 tiemckfmanth (:.'" saily

Cihwier [piease apaafy)

+ 4, Does your supervisor (or you if you are a supervisor) typically listen to /

implamant recemmandations from the field an potential improvemants to
the work method or process being used?

Qe
l:-_:} LHilENE, DUl SEERNL Mbks &y Changsd

l::_::' Liabang vt mibkes Changes

5. Pleasa indicatea if thara is another significant cause (with respeact to

supervision, management, or information flow]) that results in yow having to
wait or be delayed during an average week.

Causse of waristion |
Hours per meak |
el Ecred (s8rn and

Dl FEiThGe )

Rumiber of peaple I
1 pl Chea
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11. Weather [/ External Conditions

* 1, This last section pertains to EXTERNAL FACTORS. How many weekly
hours {(actual hours) of variation (time spent waiting or delayed) do you

experience due to them and how many how many people doas this

generally affect?
SumTt ik wBMELGN - Stad Ume « nember of :'::I:"”:'j"al -'“;:I "':“:"p :
. w BT80N L MM ol pedpl
actudl hours deldped eeonle impached
eurs delaped imp scied

1 ] I I

{Exoedmive haal, oodid,
wind, fain, &)

2. Please indicate if there is another significant cause of variation due to
external conditions (things you and /or your managerf supervisor can't
control) that result in you having to wait or ba dalayad durFing an average
weak,

Cacisa ol wartation |

Hours i megk |
Efected (marn and
duratiom)

Wumber of people |
I pAChEt

3. If thera is anything alsa that you would like to add pertaining to variability

of task starting times and durations, please provide it hera:

=

ot |

PhbbedAbeRddbandibaiibas ddden THIE OORCLLUGES THE SUIWEY #éteddtiadibamidtdaidbbmidions

FREAE peda R gaul Hie B Hul. I pdad wdudd ke & fogy & The ieduild . plebs oHSIRTL e BT 1B AMAIL D008 BORIR,
plekse rallrm e complebed § uryay 0 me Al the sddaress beloaw by 30 Sug st 3000,

Sinceitly

drad Wambshe

s Gradudte Stud ent

Mann REll o« eom 218

Paparimies of Chl, Cordtnuetion, snd Emvindnmanial Ergisesivg
Movth Caisdirg Stats Ueva iy

Raleigh; 8O 378957008

LT T TSR T B ST

156



APPENDIX B. EXAMPLE CASE STUDY PROPOSAL

NC STATE LINIVERSITY

30 Ocoober 2008

BE: PROPOSAL FOF RESEARCH OF PLAMNNIMNG/COMPLETTION OF FIELD TASES

Tear

It was great i meet you and listen to your presentation ia Bouldsr at the LCT conference. Based
uporr iy Lo i dise pssiomn (ee wil I ao sweme woll yunn peolel il
infarest n supporime my research st Mok Carolms State University. Attached to this letier & a
proposal forthe objectives, scope ind woik plan ssociated with this effort.

Tama benterant colonsl inthe T7S Army ind am workinz on & PhTY prier 1o an assizmment as
onc ¢f the sonior facalry menrbers o the €l and Mechinicn]l Ensincering Diepartme s of West
Pomi. I amplannms to implement and teach a project management cowse once there. [am
Tesearching Tariatiod in task staring times and duration 25 both can divectly imoact propect
DETIOTMANCE

My experience in the militsry is that when a unit condacis after sction reviews and thea
maplements the resulis, ther perfommance mereases. I thok that can be said for most
orgarizations; the oaes thai are willing to ook criically &t themsebres and find oppormnitias ©
pzigm e de e v ol we e ogrst sisccessful. Based uwpon yom puesesiaion ol e LCT
CONETence, FOur company bas dops an exceptionsl job a: findimg ways o mprave. Ihope yoa
will ook a1 this case smudy 35 an opponmnIy to potentally idensfy another ate: to mpmove or, a8t
a minitnum . confirm that yon are sready handling variation very efficiently, [am imferested i
stdying two o four of your projects during the nax year.

Twould ke fo review this proposal over tie phone with you an m the pext week.

I will comract you exly nexx week 1028 up A me wien the three of n: can
dizcmss the mopesal

BastBazard:,

Rrad Warmbeks

Drad Wambeke

Ph.D Candifate

Morth Carplina State University
Email: banyambek incag edu
Phore: (210) 982-0428

r- Wm Tom 0 Srasal)
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NG STATE LINIVERSITY

% BACKGROUND AND OBJECTIVE:

Schedule-oriented varisfion In constmaction tasks 15 8 TOUWINe GOOWTENCE O0 COMSTECTION PIOJECs
and mopacts the overall performance of A contractor’s team yei the roof causes of this particulsr
wvariation are ehsive  Varstion can mmpact key performance indicavors (EPIS) such as
decressing field productviEy, DwTezsing direct and mdiect costs, snd reduce ustormer
satisfaction by delyving completion urnover schedules. This varation s so costly 1o conmaciors
becauss once a tatk delyy event ocours (i2., task not siarimg on fime or fask faking lonzer than
anficipared), there is nothing that can be done to recover the oppormunity cost of that lost ime.

There are rwo fundamsanal schools-of-thenzbt which differ m that ons 15 based on a mditional
approach of grcepting the varmtion but reducing the mnpacts of the variation to the project and
the other is focused on prevening and musimizing varstion akogether. The admional spproach
15 T0 maintain adsquate sized buffers and nse fexibility to deal with the variation. Awn sxample
of this iz o complste & sisnificant amoun: of work snd make it ready for quality mepecton, and
then re-diect the cew o non-planmed activities for the day The promreszive sirtegy of
prevention s fo eliminate or mumimize the variation m zdvance of the work execution through
comprehensive collsborative planning and'or preparation and appiving Lean primciples.

Thiz research mvelves imvestizating the factors that comfmibute o the varistion of the staring
tmes and duraiwa of value-azdded tazks associated with concwete restoraiion projects, Two
companies will be involved with this smdy:

- - 8 large, top-tier spechliy confraciing company based
that performs concrete (horizontal) restoration, masonry {verical)
restorafion and roofing sarvices, ses @ radinonal' flexible approach to crew
amd task scheduling across thelm 40 matiomwide branches.

= a smaller specialty conmmctor besed I
that perfonm:s mosily mzsonry (vermical) restorstion services. zenerally
uzes the collaborstive planning approach for addressing the lssme of varation and nes Lean
processes throaghow the frm from the admomistrative office to the Seld. In maoy ways.

The hypothesis of thiz research 1= that a collsborative spproach o planning and execunne vabs-
added tasks snd mon-valoe-added buor reguired tasks will resuk m a lower variation of tazk
startimg fimes and @tk durstmons. The objsctives of this research are as follows:

1} Identify the roof canses of the vanation for value-added tacks i temms of:
- Stamme tmevaristion: the difference between the planmed and scmal starting mme
- Duration varation: the difference betwesn the planned and acmal task doration
T} Identify the impact of variation on key performance indicators [FKPIs),
3} Suggest sirateges to reducs vanstlon (ie. swategiss o contol the root causes of varaton
and’‘or sirategies v identify the optimal capacity buffer level to sheld variation)
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s DELTVERADLE 3:
At the end of thizs smdy, a repomt contaiming the Ondimgs as wel as a descormpiion of the
investiontion will be mbemtted emd presented individwally o
The dara ard repon will sl be shered with
of their monthhy staff masting:. The Sndings will mchda tha followms:

11 The ientification of the valns-added ta:sks with the highest varation for each project.
1} A list of the highect impact reot carges of varizton in terms of starimg tme and domton.
3} A sngzasted stratezy to reduce the variation in the value-added tacks and or EPIs.

The fizsdings from this report will also be moorporatad into 3 PRI thesis snd are nfended to
coniribuie 1o the exisfing body of knowledze in the industry of Lean constmcdon. WMo individaal
identities or opinions will bz shared and the confidentialty of 2l parmes will be smmcly
mmintgimed.

% SCOPE OF STUDY:

The variation of several crews:, working independently or in sequence, fom zach compaoy will
be tracked while execitmg smular projects. 1he scope of ths smdy 1 1o evamate fwo o Dur
projecs fom each compamy.

In sddition to comparing the resnlis of each company with the other, the resui= of this smdy will
Lenmpl el @ osos ey e kieine Lo varibaen el s peeviously cosluocied by e peswsan ey
The survey was bazad on perceptions of workers, suparvisors and project managars rather than
Lhe eoyrim il dats e wll b seeaied duiog s stody.

% WWORK 5TCFS AND SCIICDULE:

Alhorgh this proposal does not contam specific dates, the anticipated imeframe for the planning
of this stady iz bererecn mow ond mid December 2000 witk the execation phosc of the smdy
beginnmgz arond fanmmry 2010, The planning steps are dezatled below:

Afier both have mdividually hzd ao
opporinity to read, ooderstand and spprove this proposal, both companies will submm a s81 of
requesied preliminary materak.

A oo teleconference barween the ressarcher and both firms will kick off the smdy. During the
telecozference. the scope of the smdy will be mviewec projects to be mcluded m the smady will
be selected, the specific tasks o be measured will be identified and the terms and proczdures o
b followed by the ressarcher ind the company daring the exemution of the smdy will be refimed.
It i= prefarred o mclnde discrate value-zdded mnd poszsibly nop-value-sdded bot requied. tashks
m the sudy. The ressgcher will raly heavily on company mput to det=rmine @1 appropriate
tevel of tasks 1o measure. Thers also cesds o be & common definition of the starfing tome. If
company X plins to stan the d2molition of a wall at 1 (Ham does the carmyme 8 ocker of tools
to the wall at 10 (lam consiriute a0 on-fIme Start or does the frst imie a 0ol 1 put to e wall
constimte the sarting ime? Either may be fine; the mporiant par is there needs o bea
consizenr defuirion. [nrerms of task tompleton it 1s proposed thar 3 185k i considerad o he
compleie when it meer the required specification{s). Chmce the task hes besn coonpleted the
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dumntion i simple to ciloalote. Bt is emticipoted thet this prelieinery plonming offort will reguaire
I-2 follow-up dismmssions.

To munare the exemiwn phaze, the researcher will schedule a 2-3 day visit wih each compamy m
ornder to:

« Condoct 2 face to Sice meeting with the compeny leadarship,

+ Inform the worker: and supervisor(s) about the study that s going to be camed out and the

data collection methods that il e nsed I 15 mpersnt for all mvoelved o undersiand the
purpose of the smdy & mot to “look over the wotkers' shoulders™ to find out if they are doing

something wrong The purpoese is o get 30 unbisted ook mto the variation of the tasks without
the crews changing their behavior dus o the sudy. It will be imporiznt to express this to the
workers so they do not modify their behavior baciuse they are being measared. Thying so woould
mvalidate the resals; thus resaltins im Little fo 30 benefi for the researcher or either of the
companies myvoived with the smdy.
= DProwide the crew supervisor / foreman with the tools requimed to zather and repori the data
requirad for the smdy. Due to the geographical lacanon of the ressarcher and the projects. ot 1=
bkaly the crew suparvsor | foramsnm will collact moct of the dats. The anticipatad dats for each
of the value-added tasks associsted with the jointly agresd upon projeci(s) are iensatvely:

o Date
Tazk {znncipatad to be based on 3 one week out schedula)
How the work 7lan is made (scheduling systema efc.)
List of prerequistes and readiness when a task is started {12 material, tools, squipment,
Lalvor force. atc)
Crew size
Scheduled starting time Actual starting tima Eeason if differant
Scheduled durarion Acmazl duration Feazon If diferens
Humber of laber hours spent on task
Any requests for mformation (FFIs) penented submitied
Flaoned / acmal productivity {defined in recms of: output tabor hoors)
s Tha lict of data 1o be collectad wrill ba discusied prior to thae firet visit sad will ba fnalized
durmg the first vise. The ftems above are representative of the type of information that will be
gatharad

000

T T Y o O

The researcher mav conduct mtermittent 1-2 day vizits depending on the durstion of the projects
1o obzarve the crews. Aoy visits will be coordinated with the company leadership.

A fimal visit by the researcher will be nsad to present the findng:/daliverables and discuss the
resulis of the sorvey with the company management. The overall zoal 1= to complete the
research and presany the Andings no kErer than Febmary 2010,

% STAFFING:

The person in charge of performing the smdy is Biad Wambeke. He is 3 hemenant colonel in the
TS Arymy sad i 3 second-vesr PhI. Candidate m the Comstouction Enginsering and
Manpagement Program (Deparment of Cnnl, Consouection, and Eovironmental Engivesring). at
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Horh Carolins Stzie Umiversdy. Ha holds a Master's Degree i Civil Engineaing and has
served I the UTS Anny for over 1§ wyears, to incode teaching for two vears 25 an assistant
profssor o the Civil and Mechamcnl Enpmecrinz Dieportment ot the United Stetes Miltary
Arajemy {Wast Pomt). His PhIb. advisors are Professors hm Lin and Stmon M. Hziang, both
faculty members of Morth Carpling State Umiversity

% BUDGET:
Thi: smdy will be Jerformed 2t no cost o Westen Constuction / Joseph Goazzp Company,
mchding fravel cozis

% METICAL:
The resezrcher is msured by the TS Army; therefore, thers 13 no requirernent for aoy medical

wssen iated Loverape

% LEGAL:

The resalts of this study will be used for scientific imvestization and peer-reviewed publication,
as part of the researcher’s PR D werk at WCSTU Mo mmdividual dentities or opiaions will be
shamred and the confidentiality of all parties will be mstained. All dara collected amalysis resals,
and findings of tha cmdy will ba chared wizh

for theor review &md release approval prior e the mesearcher publishing the findings

Lh

161



NG STATE UMNINERSITY

PRELIMINARY MATERTATS LIST:
1. Creanization chart for the company.
2. Listofprojpcts | schedule to be sxeoutad berwzen Tammary — Diecember 2010,
3. Exzamples of Eey ferformance Indicators (EPIs) for projects snd for the company.
4. Listofvalpe-addsd tasks rypically associated With company Drojects.

I, Frojact reporis fmom the past tac years if avallable. Preterred data 1achides tut not

lmmated
= Propect deSCOpOON, s{Op=, aud Cost
=  TWeakly project schedale
* How th: work pian was madz {schednling system etc.)
o List of prerequizites and readimess when a fzsk was started {ie. materials, tools.

eguipment, lator force, ec)

= Daily crew siza (planed ¢ acmal)

s Arheduisd stammg tma Arcmal srsrring trms Renonm if differant
= Schedued tosk duration  Actasl tadk dunrion Peoson if differont
-

Humbes of Inbor hows spent on cach task
Ay teyuesly b inlie puslioe (BFIS) peoezied ol ed
Flanmet | acrusl producriviny (deflnsd in temms of ourpurlabor ours)
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