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Abstract: Evaluating the impact of defects in buildings and ranking the most impactful ones enables
construction companies to better choose which paths to take in light of continuous improvement
activities to support more sustainable decisions regarding the design and operation of buildings. As
a result, the risks of the different choices are more clearly identified while assessing all tangible and
intangible aspects of residential building defects in a structured way. Although recent studies on
managing construction defects in residential buildings have focused on monetary losses associated
with maintenance activities based on the defect’s frequency and severity, these studies do not
take into account the levels of customer satisfaction. To address this gap, this paper proposes a
novel evaluation method of the impact of defects to support decision-making in managing defect
occurrences in residential buildings. The goal is to rank the defects’ impact based on a combination of
some critical aspects: frequency of occurrence, financial considerations on repairing such defects, the
impact that these defects have on customer satisfaction, and the cost and complexity of preventing
and minimizing these defect occurrences through continuous improvement activities. The method
consists of a structured set of steps that use data from technical assistance departments and customer
satisfaction surveys, where information about the users’ level of satisfaction and the occurrence of
defects is available. In this paper, data obtained from a construction company were used to test and
validate the proposed method. The method also examines the challenges and barriers associated with
the technique and points out that difficulties in acquiring reliable data are a bottleneck for making
conscious and sustainable decisions to address construciton defects. Moreover, the case study results
highlight essential capabilities needed by companies to correctly assess the impact of defects, such as
correctly logging data in a structured database and having skilled personnel to verify defects users
might have complained about. The paper ends by proposing a set of guidelines to use the method
and stressing that structured methods for decision-making are crucial to analyze construction defects
in a structured way while also incorporating the user’s perspective. The proposed method is expected
to improve sustainable managerial decisions where economic, environmental, social, and technical
risks can be accounted for to enhance the quality of projects from the customer’s perspective. Such
analysis can help optimize and prioritize the use of resources and minimize the economic impact of
activities on the construction company.

Keywords: construction; sustainable decision-making; risk assessment; decision support systems;
management; continuous improvement activities; rework; defects; non-conformances
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1. Introduction

An industry is a dynamic agent that must adapt to changes. Changes in the environ-
ment, in the way of working, and in the demands and offers of products generated and
consumed by the industry and the society at large can happen due to several factors. It is
indispensable to continuously advise and analyze various productive aspects in order to
keep the industry optimized, with a reasonable allocation of resources, and adapted to the
context in which it operates [1]. With that in mind, continuous improvement actions con-
tribute to making industries and societies more sustainable. Changes in people’s lifestyles,
technologies, and economic scenarios result in changes that affect clients’ preferences for
design solutions, requiring constant adaptation by companies [2].

The quality of a construction project is undoubtedly related to how the building
conforms to specifications and how reliably the building functions [3]. In this sense,
defect occurrences in buildings are strongly related to the quality of a construction project.
Evaluating the impact of defects in buildings and ranking the most impactful ones enable
construction companies to choose which paths to take within continuous improvement
activities, where more sustainable decisions regarding design and operations can be made.

Although recent studies on managing construction defects in residential buildings
have focused on financial losses associated with maintenance activities based on the de-
fect’s frequency and severity [4–6], these studies do not take into account the levels of
customer satisfaction with these projects [7]. In this sense, conformity and reliability are
not the only aspects of a project’s quality since the customer evaluation of the building is
essential to capture the project’s value. Therefore, by not considering customer require-
ments and satisfaction, aspects of how residents conduct their daily activities [5] and
how an organization services customer’s requests [8] are not assessed. The capture and
incorporation of customer requirements in residential projects is a long process that starts
even before the project’s conceptual design phase; hence the perceived quality of the built
environment results from a combination of aspects such as the design, products used,
construction methods, quality of the workforce, post-occupancy customer service and their
management, among others [9].

Understanding how the incidence of defects affects client satisfaction in residen-
tial projects supports continuous improvement processes from conception to the use
phase [7–9]. This understanding can support a decision-making process that considers
customer’s needs alongside financial metrics related to organizations’ financial health.
Defects result in reworking activities, which are likely understated in terms of the costs and
impacts they cause [10]. Moreover, a high level of customer satisfaction with a building
project exemplifies one factor that leads customers to be loyal to a specific company [11],
thus representing an important performance metric to evaluate a project. Therefore, under-
standing the relationship between defects and customer satisfaction is an essential concern
for the construction industry as their connection impacts an organization’s business and
their ability to have satisfied and returning customers. Accordingly, given this gap, defect
occurrences must have their global impact on the construction company assessed, includ-
ing features from the financial and technical spheres and from the customer’s perspective.
Such analysis enables optimization and prioritization of resources and the minimization of
economic impact to the construction company, consequently supporting the tenets of more
sustainable and environmentally conscious development over the long run.

This study presents a method to support decision-making on the management of
occurrences of defects in residential buildings. More specifically, we analyze defects that
occurred after the handover of the project. The proposed evaluation and ranking method
consists of a structured set of steps to organize and evaluate available data. Many aspects
of several defect occurrences and their mitigation are taken into account. These aspects
encompass the frequency of defects, financial features on repairing such defects, the impact
that defects have on customer satisfaction, and the cost and complexity of preventing and
minimizing defect occurrences through continuous improvement activities.
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Therefore, the proposed method uses data from technical assistance departments and
customer satisfaction surveys, where information about the users’ level of satisfaction
and the occurrence of defects are available. These aspects are then analyzed through
the Choosing by Advantages (CBA) method to support the decision-making process to
prioritize which defects are the most important to be addressed by continuous improvement
activities. A case study, where data are obtained from a construction company, is deployed
to test and validate the method. An implication of this case study is that challenges and
barriers associated with the method could be noticed. Moreover, the results point out
important capabilities needed by companies to correctly assess the impact of defects, such
as correctly logging data and having skilled personnel to verify defects users might have
complained about.

To accomplish the study’s goal, this introduction section is unfolded into a discussion
about defects in residential buildings, where a more comprehensive discussion on the
literature regarding the assessment of the impact of construction defects is presented. Then,
the paper follows by showing the set of structured steps used to organize the data and the
CBA tool used for supporting the decision-making process on ranking the impacts. Finally,
the method is developed and its use in a case study illustrates its applicability.

2. Defects in Residential Buildings

This section introduces the literature on defects, including the definition of defects
adopted in this study, alongside how defects are measured and their impact in terms of risk,
cost, and customer satisfaction. It concludes with the identification of the gap addressed in
this study.

2.1. Definition, Incidence, and Relationship with Managerial Indicators

One way to objectively measure the quality of buildings is by measuring the occurrence
of defects in the final product [12,13] and investigating how their occurrence impacts
customer satisfaction [14]. This study adopted the definision of a defect as “a shortcoming
or falling short in the performance of a building element” [15], and categorizes defects into
three categories: (1) technical, when the functional performance of a structure or element is
decreased due to material or workmanship problems; (2) aesthetic, when there is a problem
with the appearance of an element, but its functioning is not affected; and (3) functional,
when elements in the residential unit do not function as planned. All defects have some
impact on buildings; however, it is worth noting that technical defects might affect the
health and safety of the users and are usually related to lack of compliance to regulations,
whereas functional and aesthetic defects might have psychological impacts but do not
compromise the health and safety of the users.

In general, three main categories of studies about defects in buildings have been
identified. The first category uses data about defects to evaluate the risks and financial
impact of these defects, e.g., [5,6], whereas the second one uses customer input to evaluate
their satisfaction with the building, based on post-occupancy analysis, e.g., [9,14,16]. A
third category focuses on identifying the causes of construction defects and measuring
the incidence of rework associated with such defects [10,17], related costs of rework [18],
and more recently on conceptualizing rework based on error and violation and associated
consequences for quality, safety, and the environment [19,20]. However, a gap still exists
in the literature combining the triad: reliable data about defects in buildings, impact of
defects in customer satisfaction, and associated costs.

Recent studies on construction defects in residential buildings have focused on finan-
cial losses associated with maintenance activities to repair defects based on the frequency
and severity of defects and the risks related to the occurrence of the defects [4–6]. While
very comprehensive in their analyses, these studies did not take into consideration the
levels of customer satisfaction and focused mainly on the risks associated with the defects
analyzed mostly in a quantitative fashion. In contrast, another recent study proposed a
holistic approach, based on organizational learning, to manage and address construction
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defects by involving multiple stakeholders in an organization and considering a broader
array of data during the decision-making process, including building-related data, priority
of repair, and customer satisfaction surveys [21]. The action research approach used by [21]
also promoted the participation of multiple stakeholders in the process, which also sup-
ported organizational learning to reduce defect occurrence. A similar but not empirically
tested approach was proposed by [10] to focus on detecting rework and learning from the
process to address rework occurrence in buildings.

Additional studies have shown that the production process, product handover, and
post-occupancy customer services have a significant impact on how customers perceive
and evaluate the quality of a building project [7,8,14,22]. The occurrence of defects after
the product handover and poor customer service can greatly impact customer satisfaction.
In fact, the authors of [7] state that the worse impacts might result from the occurrence of
multiple defects in a customer’s unit, the recurrence of the same defect, the bad handling
of communications between customer satisfaction services and the customer after a claim
is filed [8], and the occurrence of defects that jeopardize the functioning of the residential
unit [5]. Accordingly, managerial processes addressing construction defects and their
mitigation could benefit from considering how customers perceive the defects and how
they impact customer satisfaction.

2.2. Defects as Perceived by Customers and Their Impact on Customer Satisfaction

Customers are usually the first to report defects in their units. However, data about
defects directly reported by users or building/facilities managers are usually not reliable for
collecting defect-related data. Although several studies have used only customer-reported
data to identify defects in buildings [13,14,23,24], users usually forget or do not have the
technical skills to fully characterize the defects they experience in their units [7]. Thus, data
reporting inconsistencies can jeopardize analyses to characterize the occurrence of defects
and misguide managerial action to prevent and address the causes of defects. This problem
can be addressed if data are cross-checked between customer satisfaction surveys (CSSs)
and data logged by skilled personnel in technical assistance departments (TADs). The CSS
data enable the analysis of the impact of defects on customer satisfaction as reported by
the customer, and data from TADs enable the comparison and validation of the defects
claimed by the users. The TADs usually keep data with details about technical inspections
conducted by skilled personnel to identify the defects claimed by the customers. Data
housed in TADs also support the documentation of the company’s standard of care at the
time and location where the project was built, as direct audits by qualified personnel tend
to be more reliable [25].

The incidence, associated risk, cost of a defect, and related rework activities are metrics
commonly used to prioritize improvement activities [4,17,18]. Companies might choose to
mitigate defects that have a higher number of occurrences or risky profiles and consider
them as the most critical defects to be addressed. However, while valid, these choices do
not consider the impact that different defects have on customer satisfaction [7], on how
residents can conduct their daily activities [5], and how an organization services customer’s
requests [8].

Therefore, a combination of the number of occurrences of a particular defect, potential
financial impacts resulting from repairing the defects, customer satisfaction levels, and
the customer’s ability to use the building are factors that can be taken into consideration.
Given the combination of inputs necessary to evaluate which defects should be prioritized
considering customer input and satisfaction, related costs, and incidence of defects, the
Choosing by Advantages (CBA) method is discussed next as an alternative to organizing
decision-making on continuous improvement activities.

3. Choosing by Advantages

Decision-making processes have the objective to support reliable decision-making
among several possible alternatives. It should help decision makers to reach a consensus
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and understand the factors considered during the process and focus on outcomes. Among
several tools to support these processes are Multi-Criteria Decision-Making (MCDM)
tools, which support decision-making between alternatives, using possibly conflicting
criteria. Choosing by Advantages (CBA) was the method chosen, among other alternatives
considered, to support the decision-making process to prioritize which defects are the
most important ones to be addressed by continuous improvement activities. CBA uses
a visual routine, which is simple to use and does not require sophisticated mathematical
and computational knowledge [26], which might not be readily available to a construction
company’s collaborators with different skill levels.

The use of CBA to address construction management problems has gained attention
within the community studying and applying Lean Construction practices, including
decision-making in the design phase [27,28], project team selection [29], public procurement
process [30], analysis of protection devices in bridges [31], and contractor selection [32].
The literature reviewed on CBA builds on previous work to gather and organize data about
a problem, which are then used to select the alternative with the best overall advantages
during the CBA process.

CBA is based on principles that state that conscious decision-making methods must
be anchored in relevant facts and should ponder decisions on the importance of the
prospective differences between the various alternatives. Decisions in the CBA routine
are grounded on the importance of advantages of each of the alternatives rather than
advantages and disadvantages of each, avoiding double counts [26], since the advantage
of one alternative is generally the disadvantage of another. For example, one alternative
could be considered simple, an advantage, and another complex, a disadvantage. Thus,
only the advantages of each one are emphasized.

The CBA routine is briefly explained in the research method section using a step-by-
step description for its use. It is later applied to the case in point to describe the process to
prioritize defects for continuous improvement activities.

4. Research Method

This section presents the proposed method, which comprises an algorithm, a sequence
of well-determined steps. At first, the algorithm assesses the impact of the defects on the
customer satisfaction; secondly, it considers the financial impact of the repair of the defects
and their number of occurrences and, finally, the CBA routine is applied in order to rank and
define which defects will be the focus of mitigation and continuous improvement activities.

The data used in this study were collected in partnership with a medium-sized
construction company from the State of São Paulo, Brazil (Company A). Company A is one
of the largest developers and builders of residential buildings and house condominiums in
the Ribeirão Preto area and was established in 1981. The company is ISO 9001-certified since
2009, which requires the use of standardized routines to manage the quality as part of its
processes, including but not limited to the quality of the products and services it provides.
Design Science Research (DSR) [33] was the approach used to develop the study, in which
the gained knowledge is used to develop valid and reliable solutions to solve problems,
create, change, or improve existing solutions; and to generate new knowledge, insights,
and theoretical explanations. Therefore, this work developed and adapted instruments
to collect and organize data and proposed a method (artifact) to address the problem of
assessing and ranking the impact of construction defects [34].

4.1. Phase 1—Data Pre-Processing and the Impact of the Defect Occurrences in
Customer Satisfaction

Data linking customer satisfaction and potential defects in residential units are re-
quired at this first step. These data are usually obtained by cross-checking customer
satisfaction surveys and data from TADs. A customer satisfaction survey (CSS) should
ideally ask customers specific questions about defect occurrences and the impacts these
defects had on their satisfaction. Table 1 illustrates the CSS used by Company A.
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Table 1. Questions from the CSS.

Question Transcription

Question 1—Did you have any defects in your unit, yes or no?
Question 2 (only asked if answer to Question 1 is yes)—What were the defects observed?
Question 3 (only asked if answer to Question 1 is yes)—Were the defects fixed under the warranty period, yes or no?
Question 4—How did the occurrence/non-occurrence of defects impact your overall satisfaction with the project: positively,
neutrally, or negatively?

Answers to questions from Company A’s CSS (Table 1) alongside data from their TAD
database were then used to compute the impact of defects on customer satisfaction. Three
different projects were evaluated, namely Projects 1 (96 units), 2 (84 units), and 3 (88 units),
all representing multi-story residential buildings in similar neighborhoods (with similar
levels of finishes and construction methods used). According to Company A’s criteria
for post-occupancy analysis, at least 25% of the number of the units in each project were
sampled to answer the CSS. The time frame between the delivery of the units and the CSSs
was at least six months, which is considered long enough to allow some defects to manifest
and to be noticed by users. Latent defects, those that take longer to manifest and be noticed,
might not be captured in this process, and that is a limitation of this method.

Company A’s TAD logs into their database the defects claimed by customers only
after conducting a visit to the unit and inspecting the reported defect. This improves
the reliability of the data collected, which is performed by trained personnel instead of
solely relying on client reports. The logged data are used to check if the defects reported
are covered under the project’s warranty policy so that the company can fix them free of
charge for the customer. Divergences between defects reported by customers and data
documented in the TAD database were double-checked in order to assure the integrity and
reliability of the data.

Additionally, it is worth noting that multiple defects in the same unit, recurrent defects,
or failure of the TAD to contact the customer to solve the problem have been found to cause
a negative impact on customers. Accordingly, this impact is not necessarily caused by the
type of defect that the unit has presented, so these cases should be removed from the analy-
sis [7]. Once the TAD and CSS data were pre-processed and cross-checked for reliability,
and these types of cases were removed from the database, the next step is determining the
impact of the defect on customer satisfaction. Therefore, the number of times each defect
was reported in the TAD database for a particular residential unit was accounted with an
evaluation label of positive, neutral, or negative impact on their satisfaction.

4.2. Phase 2—Financial Impact of the Occurrence of Defects

After analyzing the impact of defects on customer satisfaction, the next step is to verify
the financial impacts of the defects reported. By the financial impact, one must understand
the costs of repairing such defects; therefore, the total financial impact of a particular
defect can be defined based on its repair cost multiplied by the number of occurrences of
such defects. The following criteria are suggested to select which defects are taken into
consideration for the financial analysis considering the heterogeneity of the possible defects
identified in a residential unit:

• All defects that negatively impacted customer satisfaction should have their financial
impact assessed.

• Defects with a high number of occurrences should also have their financial impact
examined. Among the total number of defects, we sorted and selected those with
the highest number of occurrences until we reached one-third of the total number of
defects. For example, within a total of 1000 defect manifestations, we selected those
with the highest number of occurrences until 333 manifestations were reviewed and
included in the dataset used in the analyses.
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A limitation of the method is that only costs that are related to a particular defect are
considered, whereas costs related to equipment, tools, and facilities, which are difficult to
assign to any given defect, were chosen not to be taken into consideration. The rationale
behind this choice is that it is challenging and subjective to assign fractions of these costs to
the different repairs, given that tools, equipment, and facilities are usually shared among
the different defect repairs. Companies that have the means to allocate these costs to
specific defects proportionally can choose to include them in the analysis.

Regarding the cost of the workforce, the time taken for professionals to undertake the
repair of each defect is analyzed, and the hourly cost of such professionals is considered.
The hourly cost of manpower is calculated by dividing the company’s monthly expenses,
including direct salary, benefits, taxes, and other costs recorded in the Human Resources
Department database. For a more comprehensive cost estimation, the time it took for the
repair to be completed and the total time that the employee was available for the repair
must be accounted for. For example, consider a repair scheduled for the morning of a given
day. The time credited to this repair should begin when the repair team is transferred to
the residential unit and includes the waiting time until access to the unit is granted, the
effective time the team uses to finish the repair, and the time spent for an eventual cleaning
of the unit. If the employee has more than one repair to undertake in the same project, from
the moment the first repair is completed, time is then credited to the next repair.

To assess the cost of third-party workers carrying out repairs on behalf of the builder/
developer, the cost charged by the third-party company was taken into consideration,
including materials if they are included in the invoice. In this last case, both costs are
accounted for the global workforce cost.

Regarding material, costs were raised by tracking repairs. For example, the number of
siphons and the amount of paint used in a given repair were evaluated. The prices of these
materials were reviewed from the invoices associated with these repairs.

4.3. Phase 3—Decision-Making Support System

Finally, after assessing the impact of the defects on customer satisfaction, the number
of occurrences of each defect, and their financial impact, these factors should be considered
together with other essential management practices in order to rank the most important
defects that must be mitigated via continuous improvement activities. Additional factors to
be considered might include, for example, the complexity, time, and financial investments
needed to minimize defects, or the opportunity to take action on a specific project during
the analysis.

To support the decision—making process, the CBA method uses the following defini-
tions for the different elements used in the analyses made [26]:

• Alternatives are the object of decision-making. In the proposed method, alternatives
are the defects that improvement activities should prioritize, and one or a combination
of alternatives should be chosen.

• Factors are elements, parts, or components of a decision. They contain essential data
for decision-making. Factors related to the occurrence of defects should be linked to the
impacts they cause and their complexity, among others. Good factors are considered
those that help to differentiate between alternatives. Consequently, factors that are
met in the same way by all alternatives will not be able to assist decision-making, as
they do not assist in differentiating the alternatives.

• Attribute is a characteristic, quality, or consequence of an alternative. In general,
attributes can be understood as the possible value or possible category of a given
factor. For example, for the factor “financial impact”, possible attributes would be
“low”, “medium”, or “high”, or even numerical values.

• Criteria represent standards, rules, guidelines, or tests on which decision makers
base their judgment. A criterion may be essential, that is, alternatives must satisfy
the criterion, or they will be eliminated from the analysis. A criterion may also be
desirable, i.e., each of the alternatives can satisfy the criterion to some extent.
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• Advantage is the benefit and/or improvement of attributes of an alternative against
the attributes of another alternative.

The deployment of the CBA is carried out in seven steps briefly described below. The
product of the CBA tool is a table and a graph, as depicted in Figure 1. This is a generic
figure showing an example of a table resulting from the CBA deployment. The CBA table,
as shown in Figure 1, which supports the development of graphic plotting importance
versus the cost of alternatives, is used in the decision-making process [35–37].

Figure 1. Generic CBA table example and a cost vs. advantages chart for the generic example.

1. Identify the alternatives that will be evaluated, shown in the CBA table as columns.
2. Define the factors to evaluate the alternatives, shown as rows.
3. Define the essential and desirable criteria for each factor, illustrated in the rows below

each factor.
4. Describe the attributes of each alternative, which are the values assigned for each

alternative given a specific factor. The values can be numerical or categorical.
5. Determine the advantages of each alternative, which is a numerical or categorical

value that appears in the Table as an “Adv.:” and is calculated based on the less
desired attribute of each factor. This illustrates the advantages of an alternative in
comparison to the others. For example, for Factor 1, if Alterative 3 scores 100 and the
less desired attribute scores 10 (from Alternative 2), then the Adv is 90 (100 − 10).

6. For each factor, identify and circle the most important advantage. In case of a tie,
both advantages must be circled. Among all circled advantages, choose the most
important one, which will be the paramount advantage. Decide the importance of
each advantage, starting with the paramount advantage that has the importance of
100. The importance is given by a subjective heuristic and should model the values of
the company.

7. Evaluate the cost of each alternative and the sum of the importance of advantages
(IofAs) to make a decision. These costs are also given by a subjective heuristic.

In summary, the proposed method comprises an algorithm composed of a sequence of
well-determined steps (Figure 2): at first, the algorithm assesses the impact of the defects on
customer satisfaction; secondly, it selects and evaluates the financial impact of the defects,
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and finally, it applies the CBA routine in order to define which defects will be a focus
for mitigation.

Figure 2. Structured steps (algorithm) of the proposed method.

Please see Suhr [37] for more details on the deployment of the CBA tool.

4.4. Phase 4—Validation of the Proposed Method

The proposed method was validated using projects provided by Company A, with the
support of its technical staff, who participated in an exercise to use the method. The staff
was trained on the CBA routine and the steps in the algorithm of the proposed method.
During the deployment meeting, when the method was introduced to the group; the first
author acted as a facilitator and was present in order to help clarify any questions the group
might have but in no way interfered in their decisions. After the meeting, results were
generated, and the facilitator presented the results to the group to validate the method.
Feedback provided by the staff was shared with the facilitator for further adjustment of
the method.

5. Implementation of the Proposed Method

The proposed method was validated in an exercise with Company A, and the steps
are presented next.

5.1. Phase 1—Impact of the Occurrence of Defects on Customer Satisfaction

The first step of the process consists of identifying the impact of the occurrence
of defects on customer satisfaction. Accordingly, Figure 3 presents a snapshot of how
Part 3 of Company A’s CSS was cross-checked alongside the registered defects from the
TAD database. Defects documented consisted of aesthetics and functional problems in the
residential units. However, these defects still allowed the users to live in their respective
units, even when the repairs were underway. No technical defect was identified that would
prevent the use of the unit.

In some cases, during the data collection, the defects described by customers and the
actual defects logged by trained personnel in the TAD database did not match or were
inconsistent. To exemplify such confusion, customers might have described that no defects
were found in their units. In contrast, there were defects documented in the TAD database
for those same units, and vice versa. Moreover, most defects reported by customers were
descriptions of the “symptoms” or visual manifestations of a defect, not the defect itself.
These descriptions, for instance, would include mentions of “moisture on the floor” or
“problem on the door”, and would give clues about the real defects. Thus, TAD data
were checked by trained staff in order to document the defect properly and not to bias the
decision-making process.
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Figure 3. Crossed data from CSS, Part 3 and TAD database, Company A, Project 1.

Table 2 presents the number of times each defect reported is related to positive, neutral,
or negative impacts. It is important to note that the defects labeled as “Others” has no
negative impact on customer satisfaction. All aesthetic defects were classified under this
category and as discussed in previous sections and expected, Table 2 reveals that aesthetic
defects did not negatively impact customer satisfaction. From Table 2, it is possible to
determine which defects are related to the negative impact on customer satisfaction.
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Table 2. Impact of defect occurrences on customer satisfaction.

Defect
Impact on Customer Satisfaction

Negative Neutral Positive

Clogged drain 2 3 3
Drain without siphon 2 1 1

Clogged toilet 1 0 0
Bell does not work 1 3 1
Faucet finish loose 1 0 0
Low flow in faucet 1 0 0
Stain in the ceiling 1 1 1

Others 0 32 29

5.2. Phase 2—Financial Impact of the Occurrence of Defects

Four and a half years of data comprising the total number of occurrences of defects
were retrieved from Company A’s TAD database (February 2013 to October 2017) to assess
the costs of repair of each defect for residential buildings Projects 1, 2, and 3. It is important
to stress that the financial impact of the occurrences of a particular defect represents the
cost to repair such defects (workmanship and materials).

An assessment of the TAD database revealed that more than one-third of the defects
reported are clogged drains, failure in grout adhesion, cracks noticeable at a distance of
more than 1 m, and problems in sealing joints of metal fittings (siphons, hoses, valves, and
drains). These defects, and the defects that negatively impacted customer satisfaction, had
their financial impacts assessed.

Some defects are considered particular cases of larger groups of defects, according
to Company A’s warranty policy. For instance, in this categorization, the defect labeled
as “doorbell does not work” is a specific case of the broader group “bad performance of
materials and thermal insulation of electrical installations—sockets, switches and circuit
breakers”; likewise, “stain on the ceiling” is a particular case of the “blistering, peeling,
crumbling, color change or finish deterioration of paints/varnishes (internal/external)”.
Thus, the method (algorithm) uses the number of occurrences that belong to the group
the defect analyzed is part of. Notice that these defects will appear in the following tables
presented as part of the respective group of defects, as defined by Company A.

The labor costs associated with the repairs were obtained through Company A’s
Human Resources Department and existing regulations related to salaries and benefits as of
the year the data were obtained (2017). After gathering the number of defects occurrences
and the company’s total cost for each employee assigned to carry out the repairs, the
following steps involved calculating the hourly cost of each employee, considering 22 days
worked per month, 8 h/day, adding up to 176 of worked hours per month. The calculations
result from the following values (converted from Brazilian reais to US dollar values with
the rate from 1 May 2017): USD 7.58/h for bricklayers, USD 8.90/h for painters, and USD
10.49/h for engineering assistants (inspecting the defects).

The labor costs related to the technical inspection, initially performed by the TAD
after the customer reports a defect, were also assessed. The engineering staff performs
such inspections. There is usually a time interval between the moment the TAD initially
receives a call, performs the initial inspection of the reported problem, and performs the
repairs. This interval can be a few days, weeks, or even months when custom materials,
such as special doors, are needed. The time averaged among 10 different inspections was
used to represent the inspection time. The average time taken for one inspection within
10 different inspections was 0.93 h, with an average cost of USD 10.49 per inspection. The
only instances that do not include the cost of inspections are those related to clogged drain
defects since they are easy to identify and repair; hence no inspections were conducted for
this problem.

Finally, the materials used and their associated costs were included in the calculations
alongside the labor hours spent on each repair. An example is presented to illustrate the
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proposed method for the defect labeled “cracks noticeable at a distance greater than 1 m” in
Table 3. As shown in Table 4, the financial impact of each defect is obtained by multiplying
the average repair cost of each of the defects analyzed by the number of times the defect
occurred in the projects considered during the analysis.

Table 3. Example of the financial impact assessment for the defect “cracks noticeable at a distance greater than 1 m”.

Budget Item
Assessment

1 2 3

Date 21 November 2017 22–24 November 2017 24 November 2017
Inspection (USD 10.49/unit) 1 1 1

Bricklayer (USD 7.58/h) 0 9.58 h 0
Painter (USD 4.14/h) 13.17 h 21.42 h 1.66 h

Cardboard (USD 0.70/m) 10 m 0 0
Floor protection film (USD 0.17/m) 10 m 0 0

Paint (USD 4.99/L) 10 L 4 L 0.5 L
Sandpaper (USD 0.44/unit) 4 un. 1 un. 0

Finishing plaster (USD 0.74/kg) 2 kg 0 0
Crack repair plaster (USD 10.06/kg) 0.2 kg 0.2 kg 0

Tape (USD 2.36/unit) 1 1 0
Primer (USD 0.94/kg) 0 1 L 0
Sand (USD 22.01/m3) 0 0.05 m3 0

Cement (USD 0.11/kg) 0 25 kg 0
Total USD 183.39 USD 304.41 USD 27.81

Average cost USD 171.85

Table 4. The total financial impact of defects.

Defect Average Repair Cost Number of Occurrences Financial Impact

Cracks noticeable at a distance greater than 1 m USD 171.85 105 USD 18,044
Problems in sealing joints of metal fittings

(siphons, hoses, valves, and drains) USD 56.79 81 USD 4599

Failure in grout adhesion USD 21.72 111 USD 2411
Low flow in faucet USD 12.99 78 USD 1013
Faucet finish loose USD 14.28 61 USD 871

Blistering, peeling, crumbling, color change or
finish deterioration of paints/varnishes

(internal/external)
USD 34.29 16 USD 548

Clogged drain USD 3.79 114 USD 431
Bad performance of materials and thermal

insulation of electrical installations—sockets,
switches and circuit breakers

USD 28.08 12 USD 337

Drain without siphon USD 6.81 41 USD 279
Clogged toilet USD 8.08 11 USD 88

The results presented in Table 4 reveal that the financial impact of repairing each
defect varies widely. The impact caused by the occurrence of cracks, estimated at USD
18,044, is more than 200 times greater than the impact caused by clogged toilets, USD
88.83. These numbers stress the importance of accounting for the financial impact of each
defect in order to prioritize improvement activities instead of just looking at the frequency
of defects.

5.3. Phase 3—Decision-Making Support System—CBA Routine Deployment

The validation of the proposed solution was executed by deploying the decision-
making support method in Company A, using the data previously discussed to determine
the impact of defects on customer satisfaction and the financial impact of the defect
occurrence. During a meeting at Company A’s headquarters, four employees participated
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in the validation process: the technical director, two project coordinators, and the budget
coordinator. They belonged to different departments of Company A, i.e., operations,
preconstruction, and the board of directors.

Initially, the results of the assessments regarding the occurrence of defects and their
impact on customer satisfaction, the financial impact of defects, and the algorithm depicted
in Figure 2 were presented to the staff. Participants were then instructed to use the number
of occurrences of defects, their impact on customer satisfaction, and their financial impact
as factors in the CBA routine.

5.3.1. Step 1—Selection of Alternatives

The group analyzed defects that had their financial impact assessed since they account
for at least one-third of the occurrences in the studied projects and resulted in negative
impacts on customer satisfaction. The group gave less importance to defects with lower
occurrence numbers and those that are easy to repair, favoring defects with a higher number
of occurrences. Thus, among the defects that had their financial impact assessed, they
discarded the defects “low tap flow” and “loose tap finishes” because they were considered
irrelevant; these defects are particular cases of a broader category that had a smaller number
of occurrences and are considered easy to be fixed. The defects “stain on the ceiling”, “bell
does not work”, “drain without siphon”, and “toilet clogged” were considered defects with
low numbers of occurrences and also easy to be repaired. In the end, the defects with the
highest number of occurrences were selected, regardless of their financial impact presented
(this might illustrate the bias of selecting defects that frequently occur, regardless of their
impact). The defects selected are listed and sorted in alphabetical order:

• Clogged drains;
• Cracks noticeable at a distance greater than 1 m;
• Failure in grout adhesions;
• Problems in sealing joints of metal fittings, siphons, hoses, valves, and drains.

During the validation process, participants tended to cite defects that occurred in large
numbers in projects delivered before those considered in this study, which had generated
high financial impacts on those projects. However, the defects mentioned had not occurred
with the same frequency in most recent projects. Changes made in the construction methods
used by Company A in the past years had reduced such defects, but that information was
not widely disseminated within the organization.

5.3.2. Step 2—Definition of Factors

In the second stage of the CBA process, the group defined the factors used to evaluate
the defect occurrences. Initially, the group had agreed to use the following factors: number
of occurrences of the defects, the impact of the defects on customer satisfaction, and
the financial impact of the defects. However, participants decided to include a factor
named “immediate intervention”, which would point to possible immediate intervention
in projects currently under construction. For example, if projects under construction were
not already covered with mortar, it would be possible to prioritize improvement actions to
mitigate cracks resulting from the construction method and materials used. At the end of
the discussion, participants reached a consensus that this factor would not help the group
differentiate among the alternatives during the analysis, given the different stages of the
projects under construction, so the group discarded the possibility of using it.

5.3.3. Step 3—Definition of Criteria for Each Factor

The group defined the following criteria to evaluate each one of the factors:

• The higher the number of occurrences, the more important the defect occurrence is.
• If the defect occurrence harms customer satisfaction, the more important the defect

occurrence is.
• The greater the financial impact, the more important the defect occurrence.
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5.3.4. Step 4—Description of the Attributes for Each Factor

In the fourth step, the group described the attributes of the factors. Participants were
reminded that categorical variables could be used, such as “very high”, “high”, “medium”,
and “low”. The impact of the occurrence of a given defect on customer satisfaction was
categorized as “with negative impact” or “without negative impact”. The group decided to
use the actual numerical values over categorical values for both the number of occurrences
and the financial impact of the defects.

5.3.5. Step 5—Definition of the Advantages of Each Factor

By using the CBA table, the group underlined the less important alternatives for
each factor, i.e., those that presented the least important attribute according to the criteria
of each factor. For example, consider a factor with the criterion “the bigger, the more
important”, the smallest attribute is defined as the least important. To illustrate this
rationale, consider a defect that has no negative impact on customer satisfaction. Such
a defect is less critical than a defect that has a negative impact. The second part of the
fifth step was then to determine the advantage of each alternative with respect to the least
important alternative for each factor, which is indicated in the CBA table with an underline.
For example, regarding the factor “number of occurrences”, the alternative “clogged drain”
has 114 occurrences, while the alternative with the fewest occurrences is “junction seal
problems metal fittings, siphons, flexible valves, and drains,” with 81 occurrences. The
advantage for the “clogged drain” alternative is defined by the difference between the
number of occurrences presented, i.e., 33.

5.3.6. Step 6—Definition of the Importance of Each Advantage

In the sixth step, the group determined the importance of each of the advantage by
assigning a value for each of the alternatives. They started by circling items in the CBA
table to identify the greatest advantages for each of the factors and choosing the paramount
advantage, which was assigned the highest value (100). The group promptly agreed that the
paramount advantage would be the highest financial impact of USD 17,634 related to the
defect “cracks noticeable from a distance greater than 1 m”. When asked why that choice
was made, the group explained that the financial impact significantly differentiates the
alternatives as it is the product of the number of occurrences and the average cost of repair.
The group also explained that the impact on customer satisfaction was a more abstract factor.
This seems to indicate that the daily attention of the staff participating in the validation was
focused on the financial performance of the projects, and the company as a whole versus
on customer satisfaction. The group then proceeded to determine the importance of the
other circled advantages, which negatively impacted customer satisfaction and 33 more
occurrences. Comparing these advantages with the paramount advantage, the group
assigned 80 points to both. Note that the assignment of the importance value is subjective
and must be defined by consensus within the managerial team. Therefore, 80 was a value
defined by consensus and assigned by comparing the importance of the advantage being
discussed to the importance of the paramount advantage, which received a score of 100.
Then, participants continued the evaluation by assigning values to indicate the importance
of the other advantages.

5.3.7. Step 7—Assessment of the Total Cost of Each Alternative and the Sum of the
Importance of the Advantages

It is important to note that Step 7 comprises assessing the alternative cost; that is, the
cost of continuous improvement activities to mitigate the defect occurrence. This is different
from the financial impact factor of the defect occurrence. For example, the financial impact
of clogged drains accounts for the costs to unclog the drain, whereas the cost of choosing
clogged drain as the object to continuous improvement activities involves the costs of
changing design options, projects, and construction methodologies, among others.
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In the seventh step, the facilitator explained to the group the difficulty of determining
the total cost of continuous improvement activities of each alternative since this cost would
also include the cost of activities necessary to reduce the occurrence of each defect (i.e.,
cost of mitigating the defects), and this cost was not known. It was also explained to the
group that an option to assess such costs would be to estimate the mitigation cost of each
alternative, based on their knowledge of both the financial cost and the complexity of the
activities necessary to reduce the occurrence of the defects. The group could define this
cost/complexity through categorical variables such as low, medium, and high, which the
group adopted. The group was able to reach a consensus on the cost/complexity estimate
for each of the defects evaluated. Again, we must stress that the classification of the
complexity into low, medium, and high was reached through consensus by the managerial
team. Sometimes during the discussions, there was confusion between the cost/complexity
of activities to reduce the occurrence of defects with the cost/complexity to repair the
defect. If this is a factor to be considered, a clear differentiation between these types of costs
has to be established and understood by those using the method. For example, unclogging
toilets is a reasonably simple task; however, preventing it from clogging is quite complex as
it depends on user habits and the assurance that the final inspection of the unit is effective
as objects capable of clogging the vessel might not be found until the unit is delivered.

Finally, Figure 4 presents the resulting CBA table developed by the group, and Figure 5
shows the chart illustrating the sum of the importance of the advantages of each alternative
with respect to the cost/complexity of the alternatives.

Figure 4. Final CBA table for the case study.

Figure 5 reveals that the group defined “clogged drain” as the most important defect,
which should be the focus of the company’s continuous improvement activities. The
defect “clogged drain” presented the highest sum of the importance of the advantages,
tied with the defect “perceptible cracks at a distance greater than 1m”, but it has a lower
estimated cost/complexity for the mitigation activities, and it has a negative impact on the
customer satisfaction.
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Figure 5. The sum of the importance of the advantages of each alternative with respect to the cost/complexity.

6. Discussion

The case study was a validation exercise for the proposed method, where real data
were used. Overall, the group considered the proposed method appropriate for supporting
decision-making. The group also observed that the presence of the facilitator was essential
to helping perform the deployment of the method. They also agreed that determining
the repair costs of the defects is laborious, although adequate and that a method for
determining or estimating shared costs would be important to assign costs to repairs
properly. Regarding the determination of the financial impact of defects, the consensus
was that the method was effective and relatively simple to perform.

Although laborious, after having data acquired and logged correctly, updating such
repair costs becomes simple. It is important to highlight that the method should be
continuously applied and updated. Therefore, a comprehensive IT system to access this
data and update it automatically is of great value to the company.

The decision about which defect is most important is a tactical decision that should
be nurtured by an organization’s strategies at the time this method is used. This is a
basic premise that nurtures this kind of decision. Different aspects can be given different
weights. For example, if the administration of the company (board of directors) advises
its employees that the focus of their efforts as a group should be on cost reduction and
cost containment, then the financial impact of defects should take center stage during the
discussions. Alternatively, the board may define that one of the goals to be attained by the
group is to improve the company’s relationship with customers, seeking to increase their
satisfaction. Accordingly, the group should increase the weight of the impact of defects on
customer satisfaction. However, it is critical that all three essential aspects, i.e., financial
impact, customer satisfaction, and the number of occurrences, are assessed in order to
make sustainable decisions in managing defect occurrences, even if they are given different
priorities. The slight differences in weights are considered to steer decisions towards the
company’s strategies. If any of these aspects are excessively overlooked or totally ignored,
the company misses an opportunity to efficiently address and implement sustainable
decisions. In an ideal scenario, all aspects must be equally assessed. The contribution of
the proposed method when compared to previously published methods, as discussed in
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Section 2, is to fill in this knowledge gap through structuring the decision-making process
by combining all three crucial aspects previously defined.

Considering that this process involves subjective decisions based on the input of
participants and directives from an organization’s executive board, the CBA process results
will likely vary depending on those using the proposed method and the goals and strategies
set in place at the time. Regardless of these characteristics, those involved in the process,
when the proposed method is used, should reach a consensus and validate the results
obtained. All the steps of the method are eligible for being deployed when the construction
company assesses the correct data regarding a project. The resulting outcome of the
method when applied to other contexts, countries, and projects ought to be different
since different aspects and priorities will be taken into consideration considering company-
specific heuristics and subjective opinions from the managerial team. Therefore, the method
can be replicated in different organizations and be supported by data that capture the
appropriate input to achieve the company’s goals. In fact, as already pointed out, this
method should be applied continuously in order to translate the values of the company,
which should be dynamic, i.e., should change to address the needs of the company and
its clients, and the market. As mentioned by the group involved in the validation phase,
many variables, as well as foreseeable and unforeseeable risks, were considered as a part of
the managerial decision-making process. With this method, different values can be taken
into consideration, including environmental risks and sustainability goals concerning the
built environment.

We must again point out that latent defects, those that take longer to manifest and
be noticed, might not be assessed in this process since the time frame between the han-
dover and the CSS inspection is of a medium average. This can be a limitation of this
process; however, it could be adapted considering the companies’ requirements. For in-
stance, the company could commit to collecting data from its projects considering longer
time intervals.

The better the quality of the data logged and assessed by the company, the better the
outcome of the method. This would likely increase the method’s efficiency and would
overcome any limitations.

As a result, the deployment of the method in this case study has revealed that some
modernization is crucial to accomplish sustainable decision-making. Different technologies
can be used to improve this process, such as data analytics, cloud computing, and mobile
devices to support data collection and organization, and machine learning to support
processing of the data and long-term learning about the main causes of construction defects
and the risks associated with them. These technologies should facilitate data acquisition
and analysis in a seamless way. During the test case, data were found to be unorganized
and on different platforms. Moreover, during inspections, engineering staff did not have
cloud-connected devices to input data on the fly, making data collection more error-prone.
Therefore, we could identify some capabilities needed for construction companies to
properly assess risks related to construction defects and make sustainable decisions by
eliminating wasteful practices. This modernization is crucial for making the construction
industry more sustainable. The construction industry needs to prepare employees for
information-system development and data analysis.

7. Conclusions

The study’s primary goal was the development of a method to support decision-
making in the management of defect occurrences in residential buildings. Based on a
validation exercise, the authors conclude that the proposed method defines a process to
nurture conversations about priorities regarding continuous improvement activities to
address defects in residential buildings. The validation process used real data obtained
from projects built by a medium-sized company in Brazil and used by a group of the
company’s employees in charge of operations, preconstruction, and the board of directors.
The proposed method comprises an algorithm with a sequence of well-determined steps:
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at first, the algorithm assesses the impact of defects on customer satisfaction, secondly, it
assesses the financial impact of the defects and, finally, it applies the CBA routine to define
which defects should be prioritized for continuous improvement and mitigation initiatives.

During the study and use of the method developed, relevant implications for practice
and deployment of the method were identified, which establishes up a set of guidelines
and considerations:

1. Data collected from CSSs must be cross-checked with the TAD database to verify data
reliability since inconsistencies in such datasets are commonly found, as suggested by
the literature. After this cross-check with the TAD database, where post-occupancy
data are logged by skilled personnel, data become more reliable to assess the impact of
defect occurrences on customer satisfaction. These are data that support the definition
of alternatives and factors in the CBA process.

2. Companies need to structure their information and management systems to obtain a
data framework that enables the deployment of the method considering the incidence
of defects, their impact on customer satisfaction, and related costs. Skilled personnel
and new digitization and database information systems are crucial for better using
the method and making sustainable decisions that deliver value to the customer and
do not waste resources.

3. The financial impacts, i.e., the cost of repair of those defects that are most common to
occur and of those that negatively impact customer satisfaction, are assessed based
on quantitative data acquired from TAD field operations where labor and material
costs are documented. Shared costs are not considered since currently, there is no
simple way to allocate such costs to different types of defects. However, the more
data available on the costs of repairs, the more statistically reliable are the calculations
on the financial impact of these defects.

4. The CBA decision-making routine comprises a useful visual tool to assist individual
or group management decisions based on numerical or categorical variables. Con-
sidering the discussions participants had during the validation process, the authors
concluded that a consensus on which defect must be chosen as the most important
one is relatively easy to achieve if the sequence of steps is structured. Moreover, the
group indicated that the algorithm employed in the method greatly assists in the
decision-making process. Changes in the environment, way of working, and demands
and offers of products generated and consumed by the industry can happen due to
several factors and offer risks for sustainable managerial actions. Therefore, when
continuously applied, the method can improve sustainable managerial decisions
where economic, environmental, social, and technical risks can be accounted for to
improve the quality of projects from the company and customer perspective. Such
aspects can be incorporated into the CBA analysis routine as factors translating the
company’s values at the time.

5. Customer satisfaction is a complex variable and varies widely depending on sev-
eral factors, such as the region of the project, the building standard, the customer
profile, and the customer service provided by the company. Repair costs might as
well widely vary given the technique used by the construction company for the re-
pairs, the location of the project, and the repair team headquarters. However, the
method structures the risk analysis of different choices for improvement activities,
and therefore sustainable and aware decision-making arises more clearly within a
company’s context.

Future research could investigate management practices for defect occurrences in
commercial/industrial projects where poor decision-making could result in high costs
and harm a company’s image. Another suggestion is to use quality concepts, such as
those proposed by [38,39], regarding the categorization of customer satisfaction consid-
ering attractive, required, indifferent, and other attributes and how they influence the
resulting priorities.
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