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This paper reports the development of an approach to integrate the appropriate modeling techniques for estimating the effect of
project quality management (PQM) on construction performance. This modeling approach features a causal structure that depicts
the interaction among the PQM factors affecting quality performance in a given construction operation. In addition, it makes use
of fuzzy sets and fuzzy logic in order to incorporate the subjectivity and uncertainty implicit in the performance assessment of these
PQM factors to discrete-event simulation models. The outcome is a simulation approach that allows experimenting with different
performance levels of the PQM practices implemented in a construction project and obtaining the corresponding productivity
estimates of the construction operations.These estimates are intended to facilitate the decision making regarding the improvement
of a PQM system implemented in a construction project. A case study is used to demonstrate the usefulness of the proposed
simulation approach for evaluating diverse performance improvement alternatives for a PQM system.

1. Introduction

Discrete-event simulation has been proven to be an effec-
tive technique to deal with the uncertainty involved in
the planning of construction projects [1]; project planning
processes, such as scheduling [1–4], cost estimating [5, 6], risk
management [7], safetymanagement [8, 9], lean construction
analysis [10–13], constructability review [14], construction
logistics analysis [15–17], contractor selection [18], and pro-
ductivity estimation [19–21], among other efforts, have been
addressed using this technique. Moreover, several simulation
models have been proposed to estimate and improve the
productivity of construction operations such as pile construc-
tion [19, 22], steel fabrication [21, 23], drainage maintenance
[10], pavement construction [24, 25], pipe fabrication [13,
14], pipeline construction [26], bridge construction [27,
28], concrete production [29], high-rise structural work
[30], construction of concrete structures [31], and tunnel
construction [32–34], among several others. Although all

these models have included the effect of a number of factors
affecting the productivity of these construction operations—
such as weather conditions, labor experience, contractor
experience, equipment condition, site conditions, and several
others—they have had limited consideration of, or even
overlooked, the effect of quality performance. The reason
for this may be that quality performance greatly depends
on the performance of organizations’ management [35–37]
and the complexity of management processes should get
involved in the construction of simulationmodels attempting
to incorporate such effect [38]. If that is the case, it is
necessary to highlight the role of quality management at
the project level on attaining quality in construction oper-
ations [36]. Therefore, project quality management (PQM)
practices deserve special attention when assessing quality
performance in construction projects and should be con-
sidered in simulation models with the capacity to analyze
the effect of quality performance on construction operations.
Nevertheless, since discrete-event simulation is a quantitative
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data-intensive technique, such simulation models would
require developing productivity models that include the
effect of PQM practices. Productivity models use historical
data to analyze the factors influencing the productivity of
construction operations and to estimate the effect of such
factors on the productivity ([39], as quoted by [21]). In
this case, there is a challenge: objective data regarding the
effect of PQM on construction productivity, which can be
used for productivity modeling purposes, are usually very
limited or nonexistent in construction organizations [40].
For instance, when productivity measures are available, they
can only be used to compute the contractor’s average past
performance, which serves only as a broad guideline for
estimating purposes [21]. A significant amount of uncertainty
gets involved and makes it difficult to assess the relationship
between the PQM performance and construction productiv-
ity. In addition, the subjectivity of the variables involved in the
evaluation of such relationship represents another difficulty.
For example, project managers find the assessment of the
quality performance easier using qualitative terms such as
poor, average, or good. Furthermore, the decisionmakersmay
not have any mathematical tools available to evaluate the
combined effect of the PQM initiatives on the performance
goals of construction operations.This argument draws atten-
tion to the need for a system that supports decision making
with knowledge-based assessments rather than with explicit
information.Therefore, this paper reports the development of
a simulation modeling approach to integrate the appropriate
techniques for estimating the effect of PQM on construction
performance. This approach should facilitate the evaluation
of the PQM practices implemented in construction projects
and support the decisionmaking regarding the improvement
of construction quality performance.

2. Modeling the Effect of PQM on Productivity

The effect of quality on productivity has been empiri-
cally verified in service [41], manufacturing [42], and even
construction processes [43]. Actually, since long time ago,
Deming’s philosophy emphasized the significance of quality
on the performance of processes and especially on the
productivity: as quality improves, productivity increases due
to a reduced amount of rework, fewer mistakes, fewer delays,
and better use of project requirements ([44], as quoted by
[41, 45]). Since the endeavor reported in this paper focuses
on the construction operational level, Deming’s thinking
gives meaning to the convention of using, for the purposes
of this modeling approach, interruptions, low productivity
periods, and reworks (i.e., disruptions) for measuring quality
performance and representing the effect of PQM on the
productivity of construction activities. This is also consistent
with the results oriented approach to quality performance
that prevails in construction, in which quality is expected
to be perceived in construction operations and outputs; for
instance, an increase in productivity is expected when quality
performance improvements are accomplished [46].

Moreover, though several authors have empirically deter-
mined the significance of the effect of quality management
practices on quality performance [47–51], other ones have

reasoned on the indirect path through which such effect is
accomplished [43, 46, 52, 53]. The approach reported in this
paper follows the reasoningmechanismproposed byBattikha
[53] to identify and analyze the root causes of nonconformi-
ties. In this case, parting from the information usually found
in quality management information systems, it is acknowl-
edged that disruptions occurring during the execution of
construction activities are caused by nonconformities in
the management system implemented for attaining quality
performance in construction projects. Based on previous
research work [36, 46, 54, 55], it is also accepted that the pre-
vention of nonconformance events during the execution of
construction projects relies on the performance of PQMprac-
tices. Therefore, Figure 1 depicts the indirect path through
which PQM practices influence productivity in construction
activities. This path assumes that, depending on the per-
formance of PQM practices, nonconformance events may
occur during the execution of the project, which eventually
may cause disruptions that will affect productivity in con-
struction activities. Following Battikha’s [53] approach to
simplify the identification of patterns indicating the occur-
rence of nonconformance during project execution, this
modeling approach also classifies nonconformance according
to the process requirements with which they are related;
for instance, as illustrated in Figure 1, delayed deliveries and
inaccurate and out-of-specification deliveries are nonconfor-
mance events related to material supply.

The following sections further clarify the factors and
variables involved in this model.

2.1. Disruptions Affecting Productivity. For the purposes of
this work, “disruption” is any incident that impedes a given
construction activity and which, consequently, results in a
negative impact on the productivity. According to the model
illustrated in Figure 1, disruptions are caused by nonconfor-
mance events that occur during project execution. It is impor-
tant to remark that only disruptions due to nonconformance
events the project management is able to control or prevent
should be accounted; for instance, disruptions due to the
weather conditions should not be considered in this case.

The proposed approach intends to evaluate the conse-
quences of disruptions in terms of the achievement of the
planned productivity by means of quantifying the delays
attributed to any of the following types of disruptions:

(i) interruptions, including the incidents in which an
activity is temporarily discontinued due to noncon-
formities related either to the delays and inaccuracies
associated with the supply of project requirements
(i.e., labor, material, equipment, and information) or
to unforeseen work conditions,

(ii) low-productivity periods, taking into account the
times in whichwork progress is slower than in regular
workdays; this could be due to the nonconformities
concerning delays in the supply of project require-
ments, unforeseen work conditions, and/or poor per-
formance of labor,
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Figure 1: The effect of PQM practices on the productivity of construction activities.

(iii) reworks, denoting the cases in which nonconforming
work needs to be redone in order to meet the project
specifications or requirements.

The computing of the total delay in a given construction
activity, which eventually will affect the productivity of the
project, should include the following variables:

(1) the duration of each delay due to the occurrence of
any given disruption,

(2) the number of disruptions occurring during the
execution of the activity.

The assessment of both variables is explained later in this
paper.

2.2. Nonconformance Events Causing Disruptions. As dis-
cussed above, nonconformance events are regarded as con-
sequences of the defective performance of PQM practices;
thus they include incidents that the project managers should
be able to control. They also represent the intermediate
drivers that propagate the effect of the PQM practices onto
the performance outcomes of construction operations (e.g.,
productivity).

The nature of nonconformance events that could occur
during the execution of a project is usually very diverse,
making it difficult to evaluate every type of them. Therefore,
it makes sense to group them into categories representing
the nature of a given number of nonconformance events. As
said before, the proposed model has adopted Battikha’s [53]
approach to integrate different types of nonconformance into

categories depicting requirements to accomplish activities in
a given project. For instance, as illustrated in Figure 1, some
of these requirements include material supply, equipment,
design information, and supervision.Therefore, it is assumed
that the performance of such requirements plays a major role
in estimating the effect of nonconformance events on the
number of disruptions and delays.

2.3. Project Quality Management Practices Causing Noncon-
formance Events. The PQM practices include, for the pur-
poses of this research, all project management initiatives that
construction organizations implement to achieve quality-
related objectives in construction projects. The proposed
model assumes that the performance of the PQM practices
is the root cause of disruptions affecting productivity during
construction. For instance, Figure 1 shows that the supplier
qualification practice may cause nonconformance events
such as delayed deliveries and inaccurate deliveries. A num-
ber of construction PQM practices have been documented
by different authors [46–48, 54, 56–58]. Figure 1 includes
PQM practices that the Construction Industry Institute has
proposed to assure that quality is delivered to the customers
in construction projects [57]; they depict the most frequently
referred types of prevention and appraisal activities in the
literature [46].

The performance of PQM practices, which is the variable
under evaluation in this model, depends on the maturity of
the efforts applied in the implementation of such practices.
In this case, the performance assessment of PQM practices
involved two different measures as follows.
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(1) Subjective assessments based on a scale that includes
five linguistic terms: there are no formal approach,
reactive approach, stable formal system approach, con-
tinual improvement approach, and best-in-class per-
formance. This approach adopted the self-assessment
tool the ISO 9004:2000 standard proposes for assess-
ing quality management processes. The interested
reader should consult the ISO 9004:2000 standard for
further details on this scale.

(2) Objective assessments based on the calculation of a
quality index that uses a crisp value scale within the 0
to 100% range.Thequality index of a given PQMprac-
tice can be estimated with a self-assessment approach
adopted from the model proposed by Kumar and
Wolf [59] that includes a series of questions related
to the level of implementation of the analyzed PQM
practice. Each of these questions should be pondered
with one of five possible rankings associated with a
score (i.e., 0: not at all, 1: inadequate, 2: adequate, 3:
good, and 4: superior) by project managers in order to
obtain the sum of the scores and compute the corre-
sponding quality index with the relation displayed as

Quality Index =

Total Rating Score
Maximum Score

× 100. (1)

The reason to use both assessments is to reduce the effect that
the ambiguity of the assessments of managers participating
as developers or users of the proposed system could have on
the outcomes. More objective assessments attained with the
computing of quality indexeswouldmake it possible to obtain
more accurate performance estimates (i.e., productivity) of
construction operations.

3. Simulation Modeling Approach

The objective of this research was the development of a
simulation modeling approach to assess the effect of PQM
on the performance of construction operations, especially
on the productivity. This endeavor implemented discrete-
event and stochastic simulation in order to obtain objective
productivity estimates that may facilitate the assessment of
such effect. Discrete-event simulation, in which the state
of the system changes discretely only at occurred events,
has been the preferred approach to construction simulation
because of its simplicity [26]. On the other hand, stochastic
simulation, inwhich the state of the system changes randomly
over the time based on probabilistic functions, has been
regarded as especially suitable for modeling the uncertainty
involved in the variable behavior of construction operations
[60]. In order to facilitate the implementation of these
simulation techniques, the aforementioned effect is evaluated
in terms of the attainment of productivity goals in a given
construction operation. This approach reduces the problem
to the estimate of the probability mass functions that embody
the uncertainty associated with the occurrence of disruptions
that may delay the activities involved in such operation and
which eventually affect the productivity.Themodeling of this
uncertainty considers two variables:

(1) the number of disruptions occurring in each of the
activities in the operation,

(2) the duration of the delays caused by each of these
disruptions.

It is necessary to determine the statistical parameters describ-
ing the probability mass functions of both variables for each
of the activities that the analyzed operation includes. Such
parameters are meant to be the inputs to the construction
simulation model formulated to analyze the operation. By
this way, the effect of the PQM practices can be incorporated
to the estimating of the productivity outputs obtained with
this simulation model, since PQM practices are considered
the root causes of disruptions, as explained before. Neverthe-
less, the data limitation may make the estimate of these sta-
tistical parameters unfeasible by means of probability-based
input modeling techniques. Such techniques are thought to
be unsuitable for modeling the previously described uncer-
tainty because the existing data sets are usually insufficient
for deciding on the corresponding probability distributions.
Instead, the use of knowledge-based assessments elicited
from experienced personnel represents a more suitable
approach to model this uncertainty.

The implementation of the proposed modeling approach
requires the development of a computer-based system that
includes the following three subsystems.

(1) A fuzzy expert system (FES) is to determine the
quality levels of the project requirements, that is, the
categories into which the nonconformance events are
grouped. On the other hand, as seen in Figure 2, the
corresponding performance levels of the PQM prac-
tices, that may be implemented in the organization or
not, should be the inputs to this subsystem.

(2) A fuzzy logic-based analytical approach (FLBAA) is
to compute the statistical parameters (i.e., the mean
and standard deviation) of both variables: the number
of disruptions occurring in a given activity included
in the operation and the durations of the delays
caused by each of these disruptions. These statistical
parameters should be obtained for every activity
included in the construction operation under analy-
sis. As seen in Figure 2, the quality levels of the project
requirements obtained with the FES are meant to be
the inputs to this subsystem.

(3) The simulation projectmodel of the specific operation
is to be assessed, with which productivity estimates
will be obtained. The abovementioned statistical
parameters are needed as inputs to this simulation
model.

The two first subsystems are heuristic applications that
facilitate the incorporation of knowledge-based assessments
into the estimation of the statistical parameters required to
run the simulation model of the construction operation. The
integration of knowledge-based systems and simulation anal-
ysis has been studied since some decades ago [61–63], while
the development of software engineering hasmade it easier to
integrate these two modeling techniques so they can benefit
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Figure 2: Simulation-based fuzzy logic approach to assessing the effect of PQM practices on the productivity of construction operations.

each other. Such integrated approach has been successfully
applied in different contexts: steel fabrication operations
[64], chemical processes [65], service and manufacturing
industries [9, 66], and emergency management systems [67].
Moreover, this approach has also been proven to be effective
to solve construction problems, including applications to
analyze construction operations [68–70], quantify the effect
of accidents on construction operations [9], estimate accident
risks on construction sites [8], estimate durations of con-
struction activities [71], and estimate construction costs [5],
among others. However, no evidences were found on the use
of this approach to estimate the effect of quality management
practices on the performance of construction operations.

The following sections provide details of each of the
abovementioned subsystems but since the proposed model-
ing approach makes intensive use of fuzzy logic and fuzzy
sets, a short introduction on such theory is first provided.

4. Fuzzy Logic and Fuzzy Sets

Fuzzy techniques have been widely used for solving a great
diversity of construction problems [72]. Fuzzy logic uses
fuzzy sets in order to facilitate the process of common sense
reasoning with vague propositions dealing with linguistic

variables, whose values are words or sentences expressed
in natural or artificial languages [73]. For instance, the
assessment of the number of nonconformities in a given
construction activitymay implement linguistic values such as
very small, small, medium, large, or very large. Fuzzy sets use
membership functions to represent the relationship between
a range of possible values and a linguistic term. The degree
with which each of these values is related to the linguistic
term is defined within the interval zero (no membership) to
one (full membership). By this way, it is possible to evaluate
the “degree of truth” of propositions such as “𝑥 number of
nonconformities is large.” For instance, Figure 3 shows that
the degree of membership of three nonconformities to the
fuzzy set large is zero, while the degree of membership of
five is one. In general, a fuzzy set 𝐴 representing the degree
of truth with which any element 𝑥 (e.g., a given number of
nonconformities) belongs to a set 𝐴 (e.g., a linguistic value)
can be depicted by𝑚 discrete values 𝜇

𝐴
(𝑥) as seen in

𝐴 = [𝑥
1
| 𝜇
𝐴
(𝑥
1
) , 𝑥
2
| 𝜇
𝐴
(𝑥
2
) ,

𝑥
3
| 𝜇
𝐴
(𝑥
3
) , . . . , 𝑥

𝑚
| 𝜇
𝐴
(𝑥
𝑚
)] ,

(2)

where 𝜇
𝐴
(𝑥) is the degree of membership [73]. For exam-

ple, the fuzzy set medium in Figure 3 can be expressed as
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𝐴 = (0 | 0.0, 1 | 0.0, 2 | 0.33, 3 | 0.66, 4 | 1.0, 5 | 0.5, 6 |

0.0, 7 | 0.0). Moreover, fuzzy numbers are simpler presenta-
tions of fuzzy sets that fulfill the properties of normality and
convexity, which facilitate the fuzzy logic operations on fuzzy
sets [73]. Triangular and trapezoidal membership functions,
such as those shown in Figure 3, are common shapes for fuzzy
numbers because little information is required to build them.

5. Fuzzy Expert System to Determine
the Quality Level of Project Requirements

The purpose of the FES is to estimate, in fuzzy terms (i.e.,
very low, low, average, high, or very high), the quality levels
of the project requirements (e.g., material supply, labor,
and supervision). It is important to highlight that these
estimates should be obtained at the project level and not at
the operation level; that is, it is not necessary to obtain an
estimate of the quality levels of requirements for every activity
involved in the assessment. These estimates are needed as
inputs to the FLBAA and, as proposed in this model (see
Figure 2), they depend on the performance of the PQM
practices that should be implemented to meet project quality.
The model includes an intermediate variable, that is, the
expected number of nonconformance events, whichmediates
the relationship between the project requirements and the
PQM practices. The intention of such intermediate variable
is to reduce the subjectivity of the assessments required for
the estimating of the quality levels of project requirements.
For example, the nonconformance events associated with the
quality level of “material supply” may include “not in time
deliveries,” “inaccurate deliveries,” and “out of specification
deliveries,” while the “supplier qualification” and the “Expe-
diting” practices could prevent the occurrence of “not in time
deliveries.” Therefore, it is critical to identify the relationship
between the PQMpractices, the nonconformance events, and
the project requirements that will be involved in the analysis.
In this case, such identification can be done with root-cause
analyses of the nonconformance events reported during past
projects. First, the project requirements associated with the
nonconformance events affecting a specific operation should
be identified. Next, a Pareto analysis can be used to select the
requirements with the highest frequency of nonconformance
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Figure 4: Membership functions representing the linguistic terms
used to assess the performance level of the PQM practices.

events; this would permit reducing the factors to be analyzed
for the operation. Further, Pareto analyses can be carried out
to select the most frequent types of nonconformance events
associated with each of the previously selected requirements.
Furthermore, a follow-up root-cause analysis will permit
the identification of the PQM practices that should be
implemented for avoiding the occurrence of the previously
selected types of nonconformance events.

As seen in Figure 2, the variables integrated in the FES
depict the cause variablesin the proposed model and should
be modeled as follows.

(1) The performance levels of the PQM practices should
be represented as input interfaces and can be
expressed as either an estimated quality index (see (1))
or a linguistic term.Thefive linguistic terms proposed
to assess this variable include no formal approach,
reactive approach, stable and formal approach, con-
tinual improvement approach, and best-in-class per-
formance. Therefore, the input interfaces should be
built accordingly in order to use crisp values or
fuzzy values as inputs to the system. Input interfaces
that use crisp inputs require the representation of
performance levels as membership functions, such as
those shown in Figure 4.

(2) The number of a given type of nonconformance event
should be represented as an intermediate variable,
which attains values during the inference process that
are not needed as outputs of the model; their only
function is passing information from one rule block
to another. This information is conveyed during the
inference process in the form of fuzzy (i.e., linguistic)
values, which means that they do not need to be
represented as membership functions. The linguistic
terms used for assessing this variable are very low, low,
average, high, and very high.

(3) The quality levels of the project requirements should
be modeled as output interfaces. Since the outputs
to be obtained from the FES are required as fuzzy
values, the inference process does not include the
defuzzification of the fuzzy output. The linguistic
terms used for assessing this variable are very poor,
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poor, average, good, and very good. Although the
membership functions of these linguistic values are
not required in the FES inference process, they should
still be generated as they will be required by the
inference process in the FLBAA. Figure 5 is a sample
of these membership functions.

Moreover, the inference process for determining the
quality levels of project requirements requires two different
sets of rule blocks that represent the following.

(a) The effect of the performance levels of the PQM
practices on the number of a given type of nonconfor-
mance event: for example, this includes rules like “IF
the performance level of Personnel Qualification &
Training is Reactive Approach AND the performance
level of Safety Management is Stable Formal THEN
the Number of Accidents is High.”

(b) The effect of the number of nonconformance events
on the quality level of the corresponding project
requirements: this includes rules like “IF the number
of Accidents isHighAND the number of Unexpected
Work Conditions is Low THEN the quality level of
Work Conditions is Poor.”

Experienced project managers involved in the organi-
zation and the kind of project for which the analysis is
being conducted, such as general supervisors and program
managers, could provide the knowledge-based assessments
required to produce the abovementioned membership func-
tions and inference rules. The introduction to the inference
process that is inherent to any FES can be found in G.
Bojadziev and M. Bojadziev [73].

Moreover, the FES built with the above-explained
approach should be validated. This should be done in order
to further reduce the effect that the ambiguity of the assess-
ments, provided by managers participating as developers of
the proposed system, could have on the outcomes.

6. Fuzzy Logic-Based Analysis to
Determine the Statistical Parameters of
Activity Disruptions

The purpose of the FLBAA is determining, for each of the
construction activities in the analyzed operation, the statis-
tical parameters (i.e., the mean and standard deviation) of
two variables: the number of disruptions occurring in a given
activity included in the operation and the durations of the
delays caused by each of these disruptions. These variables
are associated with the disruptions occurring during the
execution of the construction activities. Linguistic terms such
as very low, low, average, high, and very high are used for
assessing these two variables.

It is important to highlight that these estimates should
be obtained at the operation level, which means that it is
necessary to estimate the statistical parameters for every
activity involved in the operation under assessment.

The proposed approach analyzes the combined effect
of the quality levels of the project requirements on the
performance (i.e., productivity in this case) of a given activity,
for example, the combined effect of the good quality level of
labor, the average quality level of supervision, and the poor
quality level of material supply, on the productivity of the
excavation activity.

The formulation of the FLBAA is based on the methodol-
ogy proposed by Ayyub and Haldar [74], whose efficacy was
proven in the solving of different construction problems such
as the scheduling of projects [74], the assessment of safety
in construction operations [75], the selection of construction
strategies [76], the estimation of accident risk in construction
projects [8], the analysis of delays in construction operations
[77], and the quantification of the effects of accidents on
construction operations [9].

This methodology permits obtaining the normally dis-
tributed probability mass function of the occurrence of a
given event, based on the subjective assessments of the state
of the factors affecting the event. In the proposed model,
the project requirements depict such factors. By this way, the
estimate of the required statistical parameters can be based
on the assessment of the effect of the quality levels of project
requirements on the performance of the activities involved in
the analyzed operation.

The FLBAA brings into play the following variables:
(i) 𝑄: the quality levels of the project requirements

involved in the operation under analysis,
(ii) 𝐹: the frequency of occurrence of the quality levels of

the project requirements,
(iii) 𝐶: the level of adverse consequences due to the effect

of the quality levels (𝑄) on the activity under analysis,
(iv) 𝑁: the number of disruptions counted during the

performance of the activity,
(v) 𝐷: the duration of the delay due to the occurrence of

disruptions in the activity.
As shown in Figure 2, 𝐹, 𝐶, 𝑁, and 𝐷 represent the effect
variables, as they depend on the performance of the con-
struction project requirements and the PQM practices.
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Table 1: Linguistic terms used for assessing the variables involved in the FLBAA.

Variable Linguistic terms
𝑄 Very poor Poor Average Good Very good
𝐹 Very unusual Unusual Often Usual Very usual
𝐶 Very mild Mild Medium Severe Very severe
𝑁 Very small Small Medium Large Very large
𝐷 Very small Small Medium Large Very large
Note.𝑄: quality level of the project requirements, 𝐹: frequency of occurrence, 𝐶: adverse consequences,𝑁: number of disruptions, and𝐷: duration of delays.

Table 2: Sample of inference rules for analyzing the effect of work conditions on the excavation activity.

𝑄 𝐹 𝐶 𝑁 𝐷

Very poor Unusual Very severe Very large Large
Poor Often Severe Large Large
Average Often Medium Medium Medium
Good Often Mild Small Small
Very good Unusual Very mild Small Small
Note.𝑄: quality level of the project requirements, 𝐹: frequency of occurrence, 𝐶: adverse consequences,𝑁: number of disruptions, and𝐷: duration of delays.

The purpose of the FLBAA is to deliver the mean value and
the standard deviation of both the number of disruptions
counted during the performance of the activity (𝑁) and the
duration of the delay due to the occurrence of disruptions
in the activity (𝐷), for each of the activities involved in the
operation under analysis. This involves the implementation
of the following procedures.

(1)Generate themembership functions of the abovemen-
tioned variables and the inference rules that will regulate
the inference process.The development of these membership
functions and inference rules should be specific to each of
the activities within the analyzed operation and based on
knowledge-based assessments provided by informed person-
nel directly participating in the undertaking of the activities,
such as supervisors and laborers. Table 1 contains the lin-
guistic terms commonly used in construction for assessing
the effect variables. Every one of these terms should be
represented as a membership function. For example, Figure 5
shows a sample of the membership functions representing
the linguistic values of the quality levels (𝑄). In this case,
psychometric scaleswith values ranging fromzero to tenwere
thought to be appropriate domains for constructing themem-
bership functions of𝑄, 𝐹, and𝐶, while natural numbers were
more appropriate for the membership functions representing
the linguistic values of𝑁 (see, e.g., Figure 3) and𝐷.

Moreover, Table 2 contains a sample of the rules that
describe the effect of the different states (i.e., the quality
levels) of the “work conditions” on the performance of the
excavation activity. It is necessary to determine how fre-
quently each of these states occurs during the performance of
the activity, as well as the magnitude of the consequences on
the activity due to such states. For example, the frequency of
occurrence of the very poor quality level of “work conditions”
in the excavation activity is unusual and the consequences on
this activity are believed to be very severe, which eventually
may generate a very large number of disruptions and large
duration of delays in the activity. Table 2 also includes

the corresponding linguistic values for 𝐹, 𝐶, 𝑁, and 𝐷 when
𝑄 is poor, average, good, and very good.

(2) Compute, given a combination of quality levels (𝑄) in
the operation being analyzed, the following.

(a) Compute the membership functions resulting from
the fuzzy relations that combine the membership
functions of the corresponding 𝑄 and 𝐶 values of
every one of the project requirements in the opera-
tion, as seen in

𝜇
𝑄×
∙

𝐶
(𝑥
𝑖
, 𝑦
𝑗
) = min [𝜇

𝑄
(𝑥
𝑖
) , 𝜇
𝐶
(𝑦
𝑗
)] , (3)

where 𝑥
𝑖
and 𝑦
𝑗
are values within psychometric scales

from zero to ten used for assessing 𝑄 and 𝐶, respec-
tively, while 𝜇

𝑄
(𝑥
𝑖
) and 𝜇

𝐶
(𝑦
𝑗
) are the respective

degrees of membership.
(b) Compute the membership function 𝑇

1
representing

the total effect of the 𝑄 values on the performance of
an activity, which results from the fuzzy union (∪) of
all the 𝑛 sets of Cartesian relations obtained with (3),
as seen in

𝑇
1
=

𝑛

⋃

𝑖 = 1

[𝜇
𝑄×
∙

𝐶
(𝑥
𝑖
, 𝑦
𝑗
)] , (4)

where 𝑛 is the number of project requirements
involved in the operation under analysis.

(c) Compute the membership functions resulting from
the fuzzy relations combining the corresponding 𝐹

and 𝑁 values of each of the project requirements
involved in the operation, as seen in

𝜇
𝐹×
∙

𝑁
(𝑓
𝑗
, 𝑟
𝑘
) = min [𝜇

𝐹
(𝑓
𝑗
) , 𝜇
𝑁
(𝑟
𝑘
)] , (5)

where 𝑓
𝑗
are values within a psychometric scales

from zero to ten used for assessing 𝐹 and 𝑟
𝑘
are
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natural numbers used for appraising 𝑁 (i.e., 𝑟
𝑘

=

1, 2, 3, . . . , 𝑛), while 𝜇
𝐹
(𝑓
𝑗
) and 𝜇

𝑁
(𝑟
𝑘
) are the respec-

tive degrees of membership.
(d) The membership function 𝑇

2
representing the total

effect of the 𝐹 values on the number of nonconfor-
mities results from the fuzzy union (∪) of the 𝑛 sets of
Cartesian relations obtained with

𝑇
2
=

𝑛

⋃

𝑖 = 1

[𝜇
𝐹×
∙

𝑁
(𝑓
𝑗
, 𝑟
𝑘
)] , (6)

where 𝑛 is the total number of project requirements
involved in the operation.

(e) The total effect of 𝐶 on 𝑁 in a given activity can be
expressed with

𝑅
𝑁

= (𝐶
1
× 𝑁
1
) ∪ (𝐶

2
× 𝑁
2
) ⋅ ⋅ ⋅ ∪ (𝐶

𝑛
× 𝑁
𝑛
) , (7)

where𝐶
𝑛
×𝑁
𝑛
are fuzzy relations based on fuzzy con-

dition expressions represented by statements assess-
ing the relation between each possible 𝐶 value and a
corresponding expected 𝑁 value. For example, if 𝐶

1

is severe, then𝑁
1
is large; if 𝐶

2
is medium, then𝑁

2
is

average, and so on. Such relations can be determined
with experts’ assessments of the performance of the
given construction operation.

(f) Themembership function𝑀 resulting from the fuzzy
composition relation between 𝑇

1
and 𝑅

𝑁
can be

calculated as seen in
𝑀 = 𝜇

𝑇
1
∘𝑅
𝑁

(𝑥
𝑖
, 𝑟
𝑘
)

= max
𝑦
𝑗

{min [𝜇
𝑇
1

(𝑥
𝑖
, 𝑦
𝑗
) , 𝜇
𝑅
𝑁

(𝑦
𝑗
, 𝑟
𝑘
)]} ,

(8)

where 𝜇
𝑇
1
∘𝑅
𝑁

(𝑥
𝑖
, 𝑟
𝑘
) is the membership function of

the fuzzy composition relation between 𝑇
1
and 𝑅

𝑁
,

𝜇
𝑇
1

(𝑥
𝑖
, 𝑦
𝑗
) is the membership function obtained with

(4), and 𝜇
𝑅
𝑁

(𝑦
𝑗
, 𝑟
𝑘
) is the membership function

resulting from the fuzzy relation obtained with (7).
(g) The membership function of the fuzzy joint effect of

𝑄 and 𝐹 on the expected𝑁 can be developed as seen
in

𝜇
𝑀,𝑇
2

(𝑥
𝑖
, 𝑦
𝑗
) (𝑟
𝑘
) = min [𝜇

𝑀
(𝑥
𝑖
, 𝑟
𝑘
) , 𝜇
𝑇
2

(𝑓
𝑗
, 𝑟
𝑘
)] , (9)

where 𝜇
𝑀
(𝑥
𝑖
, 𝑟
𝑘
) is the membership function of the

effect of the quality levels of project requirements
(𝑄) on the expected number of disruptions (𝑁),
which was obtained with (8), while 𝜇

𝑇
2

(𝑓
𝑗
, 𝑟
𝑘
) is

the membership function of the effect of 𝐹 on the
expected 𝑁 in the activity, obtained with (6). This
fuzzy joint relationship will produce 𝑚 number of
matrices, each of which corresponds to an element 𝑟

𝑘

in the subset of possible values of 𝑁. Moreover, the
values of 𝑁 may vary according to the uniqueness of
the project and activity being analyzed. For example,
Figure 3 shows that, for a given project, the subset
of values 𝑟

𝑘
ranges from zero to seven in the pipe

installation activity.

(3) Calculate the probability of occurrence of each ele-
ment 𝑟

𝑘
within the subset of possible values of𝑁. In order to

calculate this figure, Oliveros and Fayek [77] deduced from
Ayyub and Haldar [74] the following:

𝑃 (𝑁 = 𝑟
𝑘
) =

𝜇
𝑆
𝑁

(𝑟
𝑘
)

∑

𝑚

𝑘= 1
𝜇
𝑆
𝑁

(𝑟
𝑘
)

, (10)

where 𝑁 is the expected number of disruptions, 𝑃(𝑁 = 𝑟
𝑘
)

is the probability of occurrence of𝑁 being element 𝑟
𝑘
, 𝜇
𝑆
(𝑟
𝑘
)

is the membership value of each element 𝑟
𝑘
in the subset 𝑆

𝑁

comprising the possible values of 𝑁, and 𝑚 is the number of
elements in the subset 𝑆

𝑁
. Further details for determining the

membership value of 𝑟
𝑘
can be found in Ayyub and Eldukair

[75].
Subsequently, the mean value of the number of disrup-

tions (𝑁) and the corresponding standard deviation (𝜎
𝑁
) can

be, respectively, calculated with

𝑁 =

𝑚

∑

𝑘 = 1

(𝑟
𝑘
) × 𝑃 (𝑁 = 𝑟

𝑘
)

𝜎
𝑁

= √[

𝑚

∑

𝑘 = 1

(𝑟
𝑘
)

2
× 𝑃 (𝑁 = 𝑟

𝑘
)] − (𝑁)

2

.

(11)

This procedure should be carried out to compute the
mean and standard deviation of 𝑁 in each of the activities
in the project. Moreover, it should also be used to estimate
the statistics of𝐷 in such activities.

7. Knowledge Elicitation and Representation

This research adopted the procedures proposed by Fayek
and Sun [78] to generate the membership functions of the
variables involved in the case study model. This procedure
included the following steps.

(1) The linguistic terms commonly used by managers to
assess the performance level of the variables involved
in the model were determined, as seen in Table 3.
Meetings with quality managers in the organization
used for the sample application permitted a signifi-
cant amount of discussion that gave relevant advice
regarding the assessment of the variables.

(2) The domains or universes of discourse and their
respective ranges of values were determined for each
of the aforementioned variables, as seen in Table 3.
In order to establish a general numerical guideline
for the assessment of the variables, it was assumed
that the extreme value of no formal approach, very
poor, very mild, and very unusual was zero. On the
other hand, it was assumed that the extreme value
for best-in-class performance is 100% for assessing the
performance level for PQM practices and very good,
very severe, and very usual are ten for assessing the
quality level of project requirements (𝑄), the adverse
consequences (𝐶), and the frequency of occurrence
(𝐹), respectively.
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Table 3: Linguistic terms and domains for the assessment of variables in the model.

Variables Domain Domain range Linguistic terms for assessment of variables

Performance level of
PQM practices Quality index 0–100% No formal

approach
Reactive
approach

Stable-
formal
system

Continual
improvement
emphasized

Best-in-class
performance

Number of
nonconformance events Fuzzy NA Very low Low Average High Very high

Quality level of the
project requirements (𝑄) Fuzzy NA Very poor Poor Average Good Very good

Frequency level of
occurrence of the quality
level (𝐹)

Psychometric 0–10 Very
unusual Unusual Often Usual Very usual

Adverse consequence
resulting of the quality
level (𝐶)

Psychometric 0–10 Very mild Mild Medium Severe Very severe

Number of disruptions
in a given construction
activity (𝑁)

Number of disruptions 0–+∞ Very small Small Medium Large Very large

Duration of delays due
to disruptions (𝐷) Duration of delay (hours) 0–+∞ Very small Small Medium Large Very large

Table 4: Sample question to assign numerical values to linguistic terms assessing the performance level of PQM practices.

Questions Answers
(1) For the performance level of the supplier qualification practice
(a) From zero to what value would you consider as no formal approach? From zero To
(b) What range of values as reactive approach? From To
(c) What range of values as stable formal system? From To
(d) What range of values as continual improvement? From To
(e) From what value to 100 as best-in-class performance? From To 100%
(f) Other level (specify please) From To

(3) A questionnaire was developed in order to conduct
the elicitation of the knowledge-based assessments
needed for the development of the membership func-
tions. By this way, the interviewees were asked to
assign the appropriate numerical values for each of
the linguistic variables in Table 3. For example, a sam-
ple question formulated to determine the numerical
values for the linguistic terms assessing the perfor-
mance levels of the PQM practices is illustrated in
Table 4, while a sample question assessing the quality
level of construction resources is shown in Table 5.
The questionnaire was applied during a meeting with
eight project managers of the construction organiza-
tion that participated in the sample application.

(4) The assessments of all respondents were accumulated
for the development of the membership functions
of the variables. The development of membership
functions was based on the frequency with which
each value, within the respective domain, was favored
by the interviewees participating in the survey. A
preliminary membership value 𝜇(𝑥

𝑖
) was determined

by the average degree of belief that the respondents
had regarding the belonging of a value or range of
values to each the linguistic terms used to evaluate

Table 5: Sample question to assign numerical values to linguistic
terms assessing the quality level of project requirements.

Questions Answers
(1) For the quality level of material supply
(a) From zero to what value would you
consider it as very poor? From zero To

(b) For poor? From To
(c) For average? From To
(d) For good? From To
(e) From what value to 10 for very good? From To ten

the respective variables. This approach is illustrated
in Table 6, which shows the ranges of values within
the proposed subjective scale (from 0 to 100%) that
each of the eight interviewees believed should cor-
respond to the linguistic term “no formal approach”
for the performance level of PQM practices. The
opinions favoring each value were summed and the
result was standardized by dividing them by the
total number of interviewees in order to obtain the
preliminary membership function for the linguistic
term, which can be expressed in its 𝑥

𝑖
| 𝜇(𝑥
𝑖
) form as
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Table 6: Example of the calculations for the development of membership functions.

Opinions for
no formal approach

Elements within the subjective scale (in %)
0 10 20 30 40 50 60 70 80 90 100%

Interviewee A x x x
Interviewee B x x x
Interviewee C x x x x
Interviewee D x x
Interviewee E x x x x
Interviewee F x x x
Interviewee G x x
Interviewee H x x x x
Sum of opinions 8 8 6 3 0 0 0 0 0 0 0
Standardized frequency 1.0 1.0 0.75 0.38 0.00 0.00 0.0 0.0 0.0 0.0 0.0

Table 7: Sample of membership functions for the performance level of PQM practices.

Linguistic terms Fuzzy membership functions
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% Shape

No formal approach 1.00 1.00 0.67 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Trap.
Reactive approach 0.00 0.00 0.50 1.00 1.00 0.67 0.33 0.00 0.00 0.00 0.00 Trap.
Stable formal system 0.00 0.00 0.00 0.00 0.33 0.67 1.00 0.67 0.33 0.00 0.00 Triang.
Continual improvement 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 1.00 0.50 0.00 Triang.
Best-in-class performance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 1.00 1.00 Trap.

[0% | 1.0, 10% | 1.0, 20% | 0.67, 30% | 0.33, 40% |

0.00]. Likewise, all the opinions expressed for the
other variables were developed into preliminary fuzzy
membership functions.

(5) The preliminary membership functions obtained
with the previous procedure were adjusted in order to
obtain triangular or trapezoidal shaped membership
functions. Triangular and trapezoidal membership
functions were preferred in this case, because of the
clarity they can provide to the analysis. The rules
proposed by Fayek and Sun [78] for generating the tri-
angular and trapezoidal membership functions were
used in this case. Figure 4 illustrates the membership
functions developed to represent the performance
level of the PQM practices, while Table 7 includes the
numerical version of such membership functions.

Likewise, all the preliminary membership functions
obtained with the raw data were adjusted and developed into
triangular or trapezoidal shapes. This should be done for all
variables listed in Table 3. It is important to highlight that
the membership functions of the first three variables in this
table should be generated based on the assessment of the
conditions at the project level, while, for the membership
function of the last four other variables, the operation level
should be considered (i.e., it is necessary to generate different
membership functions for each construction activity).

8. Simulation Model for Sample Application

The sample application of the proposed system analyzes the
effect of the PQM practices implemented in the construction

of a section of a new sanitary sewer system that includes the
installation of 1320 feet (402.3 meters) of 24-inch concrete
pipe pieces with a standard length of 3.0 meters.This entailed
the undertaking of the open-cut construction operation that
included the activities listed in Table 8. Since the advance
rates of the activities have been assumed to be triangularly
distributed, they were defined with the most optimistic, most
pessimistic, and most likely estimates whose computation
was based on the expertise of on-site managers.

In order to simplify this sample application, the anal-
ysis only included the cause variables listed in Figure 2.
A Pareto analysis of the historical data available in the
organization permitted identifying the three most critical
project requirements affecting the performance of open-cut
construction operations, namely, the material supplying, the
work conditions, and the design information. Besides, root-
cause analyses allowed the identification of the corresponding
associated nonconformities and PQM practices. It should be
noted that the identification of the PQM practices brought
into play the prevention and appraisal activities included in
the Quality Performance Management System proposed by
the Construction Industry Institute (CII), cited in Ledbetter
[79], and the key principles and recommended practices
articulated by the CII and the Business Roundtable’s Con-
struction Industry Cost Effectiveness project [80].

The implementation of the FES used Fuzzytech, a soft-
ware development tool for fuzzy logic analysis, in order to
facilitate the inferring of the quality levels of the project
requirements (𝑄). This implementation assumed the input
variables (i.e., the performance levels of the PQM practices)
asmutually independent, as well as the intermediate variables
(i.e., the number of nonconformance events). Therefore,
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Table 8: Durations and project requirements of the activities.

Activity Project requirements Advance rate (min/m) Distance buffer (m)

Excavation 1 backhoe
1 survey crew 𝑇(2.9, 4.2, 6.1) 20

Detailing excavation 6 laborers
1 survey crew 𝑇(3.1, 4.0, 5.2) 40

Bedding

1 loader
2 types of vibratory

equipment
6 laborers

𝑇(1.9, 3.8, 4.7) 20

Pipe installation
1 loader

2 pipeman
1 laborer

𝑇(3.2, 4.5, 5.5) 20

Finishing of bedding

1 loader
2 types of vibratory

equipment
6 laborers

𝑇(2.5, 3.9, 5.2) 40

Backfilling
1 dozer

1 type of compaction
equipment

𝑇(2.7, 3.6, 4.8)

the PROD and the MIN operators were used to aggregate the
corresponding effect of the input and intermediate variables
on the intermediate and output (i.e., the quality levels of
project requirements) variables, respectively. Moreover, the
MAX operator was applied for aggregating the results of both
the intermediate and output variables. Further clarification
of the fuzzy operators used for aggregating the inputs and
outputs in the FES can be found in Tsoukalas and Uhrig
[81]. On the other hand, the procedure on which the FLBAA
is based was coded in MATLAB in order to facilitate the
computing of the statistical parameters of the two variables
associated with the disruptions: the number of disruptions
occurring in each of the activities in the operation and
the duration of the delays caused by each of these disrup-
tions. As explained before, the implementation of the FES
and the FLBAA required the participation of experienced
project managers and on-site employees, respectively, for the
construction of the corresponding membership functions
and inference rules. In addition, a discrete-event simulation
model of the open-cut construction process was built up
with Simphony. NET, a simulation platform developed by the
NSERC/Alberta Construction Industry Research Chair at the
University of Alberta.

8.1. Sensitivity Analysis. The initial part of this sample appli-
cation used the FES for analyzing the sensibility of the quality
levels of project requirements to the performance levels of the
PQM practices. The intention of this analysis is identifying
the PQM practices that should be favored for improvement,
given the significance of their effect on the quality levels.
The first treatment included setting at 0% the quality index
(see (1)) of every other of the PQM practices that affect a
given resource while setting at 100% the quality index of the
other PQMpractices.This implied that the lower the resulting
quality level is, the more significant the effect of the PQM
practice set at 0% on the corresponding project requirement
is. The second treatment was conducted in order to reinforce

the conclusions obtained with the first one. This time, the
quality index of one of the PQM practices was set at 100%,
while the other practices were set at 0%. In this case, the
higher the resulting quality level is, the more significant the
effect of the PQM practice set at 100% is. This also permitted
identifying the practices that would have the most significant
contribution towards the performance improvement of each
of the project requirements. Based on the findings obtained,
the significance of the effect of the PQM practices on the
quality levels of the project requirements was ranked as low,
medium, or high, as shown in Table 9. For example, this
suggests that the effect of the supplier qualification practice
on the quality level of material supply is high, while the effect
of the internal and external examinations and the expediting
practices is medium. A more efficient improvement process
of the PQM system should prioritize increasing the perfor-
mance of those PQM practices with the highest rankings of
significance.

8.2. Simulation Outputs. The three hypothetical scenarios in
Table 10 were formulated in order to illustrate the estimate of
the effect of improving the performance levels of the PQM
practices. This table contains four sections, each of which
describes one of the different types of data processed within
the computer-based system. The first section contains the
inputs (i.e., the performance levels of the PQM practices) to
the FES, which in this case have been formulated using fuzzy
values (i.e., linguistic terms). In order to facilitate the analysis
of the outputs, each of these fuzzy values features an equiva-
lent crisp value, which is the quantitative depiction (displayed
in parentheses) of the linguistic term used to assess the
performance level of a given PQM practice. Though they are
similar to the estimates of the quality indexes, the equivalent
crisp values should be obtained from the defuzzification of
the membership functions representing the linguistic terms
instead of the self-assessment approach explained before.
Such defuzzification can be based on the method proposed
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Table 9: Significance of the effect of the PQM practices on the project requirements.

Project requirements PQM practices Significance on project requirements

Material supply
Expediting Medium
Supplier qualification High
Internal and external examinations Medium

Design information

Change and communication Medium
Constructability review Medium
Internal and external examinations Medium
Expediting Low
Operability and value review Low
Personnel qualification and training High

Work conditions

Constructability review Low
Internal and external examinations Medium
Personnel qualification and training High
Risk management Low
Safety management High

by Mason and Kahn [82]. For example, as obtained from
the defuzzification of the membership functions in Figure 5,
Table 10 shows that the equivalent crisp value of no formal
approach is 21%, reactive approach is 38%, stable formal system
approach is 60%, continual improvement approach is 76%,
and best-in-class performance is 87%. On the other hand, the
second section contains the analyzed requirements’ quality
levels that were inferred with the sample FES, based on
the input settings of the different scenarios. These outputs
were fed to the FLBAA in order to compute, for each of
the analyzed activities, the statistical parameters shown in
the third section of the table. Finally, the fourth section
contains themean productivity estimates obtained as outputs
of the simulation project model formulated for analyzing the
sample operation. In this case, fifty simulation runs were
completed for computing the mean productivity estimate in
each one of the scenarios.

8.3. Output Analysis. The analysis of the outputs assumes
that, in order to improve the operation’s current performance,
it is necessary to increase the performance levels of the
PQM practices. Therefore, it is feasible to compute the total
increase of the performance levels, which results in the sum
of the variations between the equivalent crisp values that
depict the improved and the current performance levels.
For example, assume that scenario 1 in Table 10 features the
current states of the PQM practices; hence, the total increase
of the performance levels in scenario 2 is 132% given that the
equivalent crisp values increased by 22% (i.e., the variation
between 60% in scenario 2 and 38% in scenario 1) in six of the
PQM practices (i.e., 22% × 6). Moreover, the output analysis
also includes the computing of the productivity increase that
is expected from the increase of the performance levels of the
PQM practices. The productivity increase in a given scenario
is the ratio of the mean productivity estimates obtained in
that scenario to the mean productivity estimates obtained
in the corresponding previous scenario. For example, the
productivity increase in scenario 2 is 37.15% given that the
mean productivity estimates is 3.47m/hr in scenario 2 and
2.53m/hr in scenario 1.

The purpose of computing the productivity increase and
the total increase of the performance levels is estimating
the relative productivity improvement achieved with the
input settings of a given scenario. The relative productivity
improvement is the ratio of the productivity increase to the
effort implemented in the improvement of the PQM system
(i.e., the total increase of the performance levels), and it serves
to benchmark the outputs obtained in two ormore alternative
scenarios. This way, the relative productivity improvement
may facilitate the recognition of the most efficient strategies
for improving a given PQM system. For example, suppose
that while the PMLs listed as input settings in scenario 1
correspond to the current state of the PQMpractices, the ones
in scenarios 3 and 4 depict potential targets for improving the
performance currently attained.Therefore, in order to decide
which of the two scenarios represents the best alternative, the
outputs obtained in scenarios 3 and 4 have been evaluated
with reference to those obtained in scenario 2. On one hand,
scenario 3 features a conventional strategy in which all the
PQMpractices have been set at the stable and formal approach
performance level. On the other hand, scenario 4 represents
a more conscious strategy in which the upgrading of the
practices with a high or medium significance on the quality
level of the project requirements (refer to Table 9) has been
prioritized. For example, while key PQM practices such as
personnel qualification and training and safety management
have been upgraded at the continual improvement approach
performance level, less relevant practices such as the oper-
ability and value review and the risk Mmanagement have
been kept at the reactive approach level. As seen in Table 10,
the input settings in scenario 3 have produced higher quality
levels of project requirements and, hence, better statistical
parameters than those obtained with the inputs in scenario
2. This finally resulted in scenario 3 featuring a higher mean
productivity estimate (i.e., 3.70m/hr) than that obtained in
scenario 2 (i.e., 3.47m/hr). Moreover, it should be noted that
the total increase of the performance levels in scenario 3 (i.e.,
120%) is lower than that in scenario 2 (i.e., 132%). Therefore,
the relative productivity improvement resulted significantly
higher in scenario 3 (i.e., 0.39 against 0.28 in scenario 2),
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Table 10: Settings of the scenarios and their corresponding simulation outputs.

Scenarios → 1 2 3
Input settings (Performance Levels of the PQM practices)

Expediting Stable (60%) Stable (60%) Stable (60%)
Supplier qualification Reactive (38%) Stable (60%) Stable (60%)

Int. and ext. examinations Reactive (38%) Stable (60%) Stable (60%)
Change and communications Reactive (38%) Stable (60%) Stable (60%)
Operability and value review Reactive (38%) Stable (60%) Reactive (38%)

Constructability review Reactive (38%) Stable (60%) Stable (60%)
Personnel qualification Stable (60%) Stable (60%) Continual (76%)

Risk management Reactive (38%) Stable (60%) Reactive (38%)
Safety management Stable (60%) Stable (60%) Continual (76%)

Quality levels of the project requirements (𝑄)
Material supply Poor Good Good

Design information Average Good Very good
Work conditions Good Very good Very good

Statistical parameters of the number of disruptions (𝑁)

Excavation 𝑁 2.47 1.93 1.42
𝜎
𝑁

1.11 0.81 1.07

Bedding 𝑁 2.22 1.45 0.95
𝜎
𝑁

1.11 0.50 0.78

Pipe installation 𝑁 2.72 1.94 1.44
𝜎
𝑁

1.35 0.80 1.06

Backfilling 𝑁 2.22 1.46 0.94
𝜎
𝑁

1.11 0.50 0.78
Statistical parameters of the duration of delays (𝐷)

Excavation 𝐷 168.84 45.57 21.43
𝜎
𝐷

85.58 46.00 28.75

Bedding 𝐷 251.19 176.10 161.68
𝜎
𝐷

114.00 84.99 87.56

Pipe installation 𝐷 164.90 51.89 41.63
𝜎
𝐷

85.95 48.65 47.27

Backfilling 𝐷 164.90 87.69 56.64
𝜎
𝐷

85.95 29.91 46.97
Outputs and output analysis

MPE (meter/hour) 2.53 3.47 3.70
Productivity increase — 37.15% 46.24%

TIPL — 132% 120%
RPI — 0.28 0.39

MPE: mean productivity estimates; TIPL: total increase of the performance levels; RPI: relative productivity improvement.

which means that it represents a more efficient alternative to
improve the PQM system.

9. Limitations of the Proposed
Approach and Future Work

It is important to mention that since the purpose is the
proposed modeling approach is assessing exclusively the
effect of the PQM factors on the performance of the con-
struction operations, this modeling approach excludes the
effect of other factors affecting the construction operations.
Only factors related to project quality management were
considered in this modeling approach and the obtained

estimates should not be considered accurate as to take
decisions regarding the scheduling of the project.They should
be used to support decision making concerning quality
performance improvement. However, future research could
focus on the incorporation of this approach to a more
comprehensive model that integrates the effect of a full list of
factors on the estimating of construction performance. This
would permit obtaining more accurate estimates that could
be used for project scheduling purposes.

The outcome of this study demonstrated the comprehen-
siveness of the proposed modeling approach to integrate the
factors associated with PQM; however, this can also lead to
further work in this research area. The outcomes derived
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in future could benefit practice, and future research work
should contemplate the inclusion of the costs associated with
the upgrading of each of the PQM practices in the analysis.
This would permit accomplishing an even more thoughtful
decision-making process on the improvement of construc-
tion quality performance. Additional future research could
focus on exploring that the input model defined by different
experts may vary significantly to yield different results and
the model by means of knowledge-based assessments for
statistical parameters needs to be verified by actual site data
in retrospective.

10. Summary and Conclusions

The outcome of the research reported in this paper includes
a unique methodology that integrates simulation modeling
techniques with knowledge-based systems in order to assess
the effect of project quality management on the performance
of construction operations. The intention is to support deci-
sion making concerning the improvement of PQM systems
and the increase of project performance.

The proposed simulation-based approach is based on the
analysis of the factors involved in the relationship between
the PQM practices and the performance of construction
activities: the performance levels of the PQM practices to
determine the quality levels of the project requirements, and
these quality levels will determine the amount of disruptions
that eventually will affect the productivity of construction
operations. Moreover, this approach provides simulation
estimates of productivity in which the effect of the perfor-
mance of PQM is incorporated. Incorporating this effect
in the productivity estimates entails computing, for each
of the activities involved in the operation, the parameters
that describe the statistical distributions of two variables:
the number of disruptions that may occur during the given
activity and the duration of the delays due to suchdisruptions.
These statistical parameters are the inputs to the simulation
model fromwhich the productivity estimates of the operation
will be obtained. In this case, the estimate of these statistical
parameters involves two fuzzy logic-based applications: a
FES for inferring the quality levels of the project require-
ments involved in the analyzed construction operation and
a FLBAA that uses the outputs of the FES for computing the
required statistical parameters. The use of fuzzy logic makes
possible the incorporation of knowledge-based assessments
into the estimate of the statistical parameters, which permits
overcoming the limited availability of information thatmakes
probability-based modeling techniques unsuitable for this
purpose.

A sample application illustrated the assessment of the
effect of a number of PQM practices on the productivity
of an open-cut construction operation and demonstrated
the predictive and explanatory capabilities of the proposed
modeling approach. This included demonstrating that its
capacity for exploring PQM improvement strategies can
provide information on the mechanisms, interactions, and
the most effective ways of achieving improved performance
of the construction operations. Therefore, this clarified the

usefulness of the obtained simulation productivity estimates
in the understanding of the effect of PQMon the construction
performance, as well as in the decision making concerned
with the improvement of quality performance. The availabil-
ity of this methodology also offers new approaches to the
study of quality, supports the exploration of fundamental
questions in construction project performance, and facilitates
the identification of improvement opportunities.
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