

  sustainability-10-04466




sustainability-10-04466







Sustainability 2018, 10(12), 4466; doi:10.3390/su10124466




Article



Evaluating the Impact of Defect Risks in Residential Buildings at the Occupancy Phase



Sanghoon Lee 1, Sanghyo Lee 2 and Jaejun Kim 1,*





1



Department of Architectural Engineering, Hanynag University, 222, Wangsipri-ro, Sungdong-gu, Seoul 04763, Korea






2



Division of Architecture and Civil Engineering, Kangwon National University, 346, Jungang-ro, Samcheok-si, Gangwon-do 25913, Korea









*



Correspondence: jjkim@hanyang.ac.kr; Tel.: +82-2-2220-0307







Received: 2 October 2018 / Accepted: 24 November 2018 / Published: 28 November 2018



Abstract

:

This study investigated defect risks in residential buildings using the Loss Distribution Approach (LDA), a method of identifying and quantifying operational risks in economic terms. Analysis was performed on 7554 defects in 48 residential buildings where defect disputes occurred between 2008 and 2017. Defects were classified into eight types: affected functionality, broken items, corrosion, detachment, incorrect installation, missing task, surface appearance, and water problems. Work types were classified into seven groups: reinforced concrete (RC), masonry, finish, mechanical, electrical, and plumbing (MEP), door and windows, furniture, and miscellaneous. Using a risk matrix from these categories, the frequency distribution and severity distribution for each matrix cell was used to calculate loss distributions; these were combined to find the total loss distribution. The defect risks centered on RC and MEP. For RC, broken items and water leaks due to cracks or damage represented the most severe defects. For MEP, severe defects occurred owing to malfunctions in products and installation problems. Loss distributions can be used to create scenarios and corresponding response plans; thus, when a defect dispute occurs, the cost can be assessed. Furthermore, residential buildings’ loss distributions for each cell can be used to evaluate the types of work where defects occur and to verify relevant subcontractor’s abilities.
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1. Introduction


An environmental policy for the building industry would aim to maintain a high quality of the built environment while optimizing the use of resources [1]. Especially, it is important to manage defects for maintaining a building’s performance [2,3,4]. In this respect, the management of building defects is a worthy aim that can make a significant contribution to sustainability [5].



A defect is defined as “a failing or shortcoming in the function, performance, statutory or user requirements of a building, and might manifest itself within the structure, fabric, services, or other facilities of the affected building” [6]. Defects come to light in the post-handover stage, with the most common being incomplete tile grouting and incorrect fixtures and fittings in toilets. In addition, failure to apply second coats of paint to walls is deemed a problematic issue. Typical surface/appearance defects include floor or wall unevenness, stains, mess, small cracks, and marks, mainly caused by a lack of protection [7,8].



Various countries have made efforts to resolve defects in residential buildings [2,8,9,10,11] however, even though various methods have been found for preemptively discovering and removing various defects in the design and construction phases, there continue to be circumstances where many come to light after handover to the consumer [12].



Even though customer dissatisfaction increases when defects occur in the post-handover stage, contractors are relatively apathetic in their responses to defects [2]. Different interpretations and perceptions of defects by customers and contractors often lead to conflict after a dwelling is handed over [13].



Defects in residential buildings arise from poor design decisions, workmanship, material quality, and lack of protection [7,12]. Ultimately, defects represent risks of the occupancy phase, which are caused by human error and work processes. To resolve the risks caused by such defects, previous studies have focused on finding problem points based on the examination of present conditions and then developing a basic framework for managing defects. However, there is a relative lack of studies that have presented systematic models for effectively managing defects. Studies on risk management are performed more actively in the field of economics than in the field of construction. In economics, risk is classified into market risk, credit risk, operational risk, etc. Operational risks are those that arise from human error and operational practices [14]. From this perspective, the various problems caused by the defects discussed above can be considered operational risk. According to the Basel Committee on Banking Supervision, the Loss Distribution Approach (LDA) is the most sophisticated technique for estimating operational risk [15]. This study aimed to analyze the importance of defect risk in residential buildings and to find methods for effectively managing defect risk by using the LDA, a method for identifying and quantifying operational risks.




2. Literature Review


Defects in residential buildings are not only directly linked to residents’ quality of life; they can also be linked to disputes with contractors. The various defects which occur in the post-handover stage are connected to all kinds of wasted resources and economic losses as additional investments are made. Residents are harmed temporally, materially, and psychologically, and businesses suffer not only monetary losses but also reduced credit ratings. As such, studies are being performed in various countries to recognize and resolve the problem of various defect risks in residential buildings.



Mill et al. (2009) discussed the nature of the most important defects and investigated the impact of contractor type and building type in Australia [2]. Forcada et al. (2013b) examined the nature of defects at the post-handover stage by identifying their type, elemental characteristics, and the subcontract trade in which they arose for seven major residential developments constructed in Spain [8]. Chong et al. (2006) identified the most important design strategies and failure causes that could help prevent latent defects from poor design decisions in Singapore. Their research showed that it is possible to create a simple and flexible decision framework that designers can rely on for design evaluation and to eliminate latent defects [9]. Rotimi et al. (2015) investigated a list of common defects and provided insight into the extent of defects experienced by new homeowners at handover in New Zealand [10]. Hopkin et al. (2016) aimed to better understand how housing associations (HAs), in practice, learn from past defects to reduce the prevalence of defects in future new homes in the UK [11].



For some time, studies have continuously been published on the subject of identifying defect risk and analyzing the problem from a variety of perspectives. Ilozor et al. (2004) determined the interconnections between key house defects to establish whether there is a pattern or sequence in their occurrence. They investigated that the most economically prudent house faults, paying the greatest attention to faming and roofing [3]. Forcada et al. (2012) analyzed the defects that remain in the post-handover stage, which usually lasts 12 months and includes the defects liability period, and identified the factors that influence the appearance of these defects, determining whether a significant difference exists in the quality of the two main residential building types built by developers (flats and detached houses) [4]. Forcada et al. (2013a) classified defects according to their source and origin using a total of 2351 post-handover defects derived from four Spanish builders. They revealed that the most common defects identified by customers at post-handover were derived from bad workmanship and were related to construction errors and omissions [7]. Chong et al. (2005) looked into the differences among defects that occurred during construction and then 2 to 6 years after initial occupancy and found that the defects during these periods were very different [12]. Georgiou (2010) sought to verify and validate a building defect classification system that had been previously developed [16]. Macarulla et al. (2013) developed a defect classification system for the Spanish housing sector that covered the period from construction until the operational stage [17]. Pan et al. (2015) examined the profile of building defects in number, type, location, and severity and investigated their influencing factors, including building type, floor area, number of bedrooms, build method, and performance standard [18]. Forcada et al. (2016) examined the nature of defects that remain at handover and compared it with those defects identified by customers when they first occupy the dwelling [19]. Solar et al. (2016) investigated the most relevant and frequent construction defects in ceramic cladding in housing projects from pre-delivery to final building use [20]. Most of these studies simply examined the frequency of defects or defect costs in order to assess their importance. Uncertainty exists because defect frequency and cost appear in a variety of forms, but these studies were limited in terms of creating systems to comprehensively quantify this uncertainty.



In addition, others have investigated the uncertainty of defect occurrence and are seeking effective methods for managing defect risk. Aljassmi et al. (2016) provided practical defect management suggestions that were determined based on the frequency, magnitude, and pathogenicity criteria, providing means for construction managers to prioritize system improvements that would produce the highest quality outcomes [21]. Bortolini et al. (2018) devised an objective and standardized building inspection system to evaluate the technical performance of existing buildings [22]. Lee (2018) presented a decision-making process for optimizing the selection of building facade materials to minimize potential defects and the life-cycle cost (LCC) of building maintenance [23]. These studies have set severity as a major criterion in defining the defect uncertainty. However, since most of these documents utilize a questionnaire or a 5-point Likert scale, they have limitations in terms of error according to subjective judgment.



In this study, we used the LDA methodology to overcome such limitations. The LDA is used to construct a detailed risk matrix, measure the frequency and depth of each cell in the matrix based on actual data, and quantify the loss scales probabilistically, thereby providing a detailed analysis of operational risks like defects, and allowing one to analyze the importance of defect risk in residential buildings.




3. Research Methodology


LDA is mainly used in the risk management and insurance industries to assess expected losses from accidents. It is the most often discussed method in scientific studies on operational risk management. For businesses such as insurance companies and banks, LDA uses statistical analysis methods based on data from actual accidents. As such, it has more descriptive power and logicality than other operational risk assessment methods [24]. Figure 1 shows a comparison of the LDA in the field of economics, and the method used in this study.



First, a risk matrix is constructed; in the financial sector, operational risk is classified into 8 business lines and 7 event types for a 7 × 8 risk matrix. This matrix structure can be set up in a flexible way according to the operational risks’ detailed measurement standards and factors. In this study, the risk matrix was set up based on 8 defect types and 7 work types, and the frequency and severity data of each cell were found in order to perform the analysis. In the particular case of severity, it was necessary to perform revisions based on residential buildings’ scales, so it was defined as the ratio of total area to defect cost. Next, the frequency distribution and severity distribution of each cell in the risk matrix were set. For the frequency distribution, the most typical form of discrete distribution, the Poisson distribution, was applied [25]. Severity distribution is a continuous distribution, and so models with tail distributions were used (i.e., log-normal distribution, Weibull distribution, gamma distribution, and Pareto distribution). In this study, fitness verification was performed on each distribution to set the severity distribution of each cell.



Next, a Monte-Carlo simulation is performed on the frequency distribution and severity distribution to set the loss distribution of each cell. When LDA is used in the financial sector, the loss for each cell is estimated and the VaR(Value at Risk) of operational risk, which is called the Op VaR, for each cell is calculated at a 99.9% confidence level. The 99.9% confidence level is specified in the Basel Accords and can be used flexibly; that is, it can be set flexibly according to the target of the LDA analysis. The confidence level of the entire distribution can be set between 0 and 100%, and the degree of risk can be checked. In this study, rather than use a 99.9% confidence level, the loss distribution of each cell was found to understand the defect risk of each cell in the risk matrix. Finally, the loss distributions of each cell were combined to find the total loss distribution.




4. Analysis


4.1. Setting the Defect Risk Matrix


In order to use LDA in analyzing defect risk, the frequency and severity distributions of each cell must be set. As such, data for each cell must be procured. If each cell is made to be overly detailed, it is difficult to procure the cell’s data. Taking this into account, we used the existing literature as a basis and classified eight types of defect (affected functionality, broken item, corrosion, detachment, incorrect installation, missing task, surface appearance, and water problem (Table 1), and seven types of work (reinforced concrete (RC), masonry, finish, mechanical, electrical, and plumbing (MEP), door and windows, furniture, and miscellaneous, as specified by the Korea Land and Housing Corporation). The risk matrix was set (Table 2) and the analysis was performed.




4.2. Data Collection


Table 3 shows 7554 defect cases in 48 residential buildings completed between 1999 and 2012 that were analyzed in this study. The data were distributed in each cell of the above risk matrix. All the buildings we examined were apartments, which is the representative type of residence in Korea. A defect dispute occurred for each case, and inspection of defects was officially conducted. Thus, the difference between the time of completion and the time of inspection is actually the defect period, which varies from 4 to 12 years. Further, since the defect cost may vary depending on the size in each case, the defect cost was analyzed after being corrected with respect to the total area.



As shown in Table 4, an examination of the defect frequency by defect type showed that broken items (30.88%) were the most frequent defect type. In addition, it showed that missing tasks (13.97%), incorrect installation (13.20%), water problems (12.47%), and affected functionality (12.21%) occurred frequently. An examination of the defect cost by defect type showed that broken items (36.82%) also incurred the largest defect costs. In addition, incorrect installation (30.23%) and missing tasks (19.41%) also incurred high costs. Finally, when the defect cost was revised by area, broken items (33.34%) incurred the greatest defect cost. In addition, incorrect installation (21.36%) and missing tasks (19.24%) also incurred relatively high costs.



The defect frequency by work type (Table 5) showed that RC (33.98%) and finish (32.98%) contain the most frequent defects, while RC (42.56%) and finish (41.42%) incurred the largest defect costs. When the defect cost was revised by area, RC (41.37%) and finish (40.71%) incurred the greatest defect cost.



Table 6 and Table 7 summarize the defect frequency and cost depending on the defect and work types. Because the components of a building typically age over time, in the literature, time is considered as a factor affecting building performance [27,28,29,30]. However, Table 6 and Table 7 do not show a distinct relationship between defects and aging. This is because design, workmanship, lack of protection, materials, user, and various other causes of defects exist; this does not mean that there is no relationship between aging and defects.




4.3. Estimating Loss Distribution by Cell


In this study, the severity and frequency distributions of each cell were found based on the data categorized in each cell of the risk matrix. First, each cell’s severity distribution was set as the distribution with the highest fitness from among the continuous distributions for each cell (e.g., the lognormal, Weibull, beta, or Pareto distribution). In addition, each cell’s frequency distribution was set as the Poisson distribution, which is generally the most used discrete distribution [25]. The frequency distribution mean values of each cell are shown in Table 8; the severity distribution mean values of each cell are shown in Table 9; the loss distributions of each cell that was found through the cell’s severity and frequency distributions are shown in Table 10.



The work types with the relatively largest losses due to defects include RC, finish, and MEP (Table 10). For RC work, defect losses were mainly caused by broken items and water problems, such as leaks due to cracks or damage. A comprehensive examination of the main defect phenomena in RC (Table 8 and Table 9) showed that these defects are typical examples of LSHF (low-severity high-frequency). Furthermore, when incorrect installation defects occur in RC work, their severity is relatively high. For finish work, defects mainly included broken items, detachment, incorrect installation, missing tasks, and surface appearance (Table 10). A comprehensive examination of these defects (Table 8 and Table 9) showed that these defects are typical examples of LSHF. For finish work, not only do a far wider variety of work types exist compared with RC, but the components and materials are used in a variety of ways; consequently, defects can occur more widely. In addition, RC work has an effect on structural stability, but finish work has a direct effect on the residential environment (i.e., defects can be observed by residents directly); as such, the defect frequency is very high.



MEP work has a strong effect on the characteristics of installation in the building interior. Pipes, electrics, and electronic products are installed in the building, and malfunctions in the products themselves or installation problems can occur. As such, the results showed that MEP work has relatively high losses owing to affected functionality and incorrect installation defects.




4.4. Estimating the Total Loss Distribution


Figure 2 shows the total loss distribution that is calculated by combining the loss distributions of each cell. Total loss distribution is the distribution of defect costs for a single project when faults occur. Here, defect risk is represented by the loss amount on the horizontal axis, and the vertical axis probability is the probability that this defect risk will occur. As shown in Figure 2, the shape of the distribution is log normal with a long tail toward the right. From the perspective of real-world risk management, this is considered a form for which management is required.



In most cases of normal risk analysis, mean values are used or the existing data is received as-is without any separate analysis. However, a variety of risk analysis methods that are based on probability and statistics theory have been presented, and operational risk analysis techniques such as LDA have been developed. By using these, it is possible to manage risk more effectively. Based on the distribution model, the mean value can be calculated as the expected loss when a project is performed internally within a company to handle risk through cash reserves. Abnormal mean values can be calculated as unexpected loss, and the risk can be handled through a variety of means such as insurance.



In this context, it is possible to handle basic defect risk by calculating the 15.70 $/m2 total loss distribution mean value as a ratio of losses due to defects and total area and multiply it by the project’s total area, as shown in Figure 2 and Table 11. In addition, it is possible to handle cases that deviate from the mean values based on the defect loss by a percentile (Table 11) and to identify related scenarios and corresponding response plans.





5. Discussion


In this study, the importance of defects based on defect type and work type was examined using LDA. This is directly related to occupancy and should be considered in quality management. Further, to overcome the limitations of the defect analysis based on defect frequency, as reported in the existing literature, a more detailed analysis was carried out using LDA, which is a probabilistic methodology in which the defect cost is used as a weight. LDA can be used to manage defects in two ways.



The first is to adjust for dispute resolution, as shown in Figure 3. In this study, the risk matrix is composed of two dimensions: work type and defect type. However, defects can be classified into various criteria such as components, spaces, origin, and sources. This means that the risk matrix can be composed of multiple dimensions, and the LDA can be expanded by applying data to the corresponding matrix. Moreover, it is possible to generate a total loss distribution by adjusting the total defect cost. In the total loss distribution, after the average value is set as the expected loss and as a reference point of the defective amount, it can be used to adjust the defect gap considered by the disputing parties. Furthermore, as the number of defects can be confirmed in terms of a percentile, it is possible to judge the number of defects and make a reasonable decision based on this judgment. In addition, depending on the type of each defect in the risk matrix, it is possible to break down the number of defects and define its reference point in a detailed defect classification system to facilitate detailed decision-making.



The second is to use the LDA as a post evaluation and feedback instrument, as shown in Figure 4. If the previously constructed loss distribution is represented as the cumulative probability distribution shown in Figure 4, one can confirm that the project has a relatively large number of defects when the real loss (RL) of the post-evaluation target project is to the right of the expected loss. As shown in the right side of Figure 4, LDA is used to construct a risk matrix for individual risks and defines a probability distribution for each matrix cell. Thus, the type and cause of a relatively high or low RL can be identified, feedback can be given to the sub-contract associated with that part, or evaluation data from the sub-contract can be used for future contract review.




6. Conclusions


Various defects in the maintenance phase weaken the performance of buildings. This adversely affects not only the quality of life of the customer and the reputation of the contractor, but also building’s sustainability. In other words, degradation of the various building components caused by defects, may eventually lead to wastes of resources and energy. Therefore, it is very important to manage the defects to ensure the sustainability of buildings.



This study aimed to find a method to perform detailed analysis of the effects of defect risk in residential buildings; we chose LDA, a method from the financial sector for identifying and quantifying operational risks, such as the occurrence of defects in the occupancy phase.



The defect risk was checked via the loss distribution of each cell, and the results showed that defect risk is concentrated on RC, finish, and MEP work. In the case of RC work, which has a close relationship with structural stability, broken items and water leaks due to cracks or damage were the most severe. In the case of finish work, the defect types were more various, and showed LSHF characteristics. Not only does the finish work have a direct effect on the residential environment, it is also directly observable by residents, and so the frequency of defects is very high. For MEP, where there is a relatively large amount of installation, it was found that severe defects occur owing to MEP product malfunctions or installation problems.



The total loss distribution was calculated by combining the loss distributions of each cell; it was used to quantify defect risk and to facilitate an efficient response. The total loss distribution’s mean value was 15.70 $/m2, calculated according to the loss amounts caused by the defects. Percentiles for amounts higher than this can be used to create various scenarios and develop corresponding response plans. Using this approach, when defect disputes occur, it will be possible to understand the level of the defect cost in a way that considers all of the parties involved in the dispute. In addition, it will be possible to use the residential buildings’ loss distribution for each cell to identify work types with relatively high or low defect risks in the occupancy phase. Problems related to these areas can be given as feedback to subcontractors, and evaluation data on subcontractors can be procured for use in later subcontract evaluations.



Generally, there are systems that protect customers from defects, but there are still disputes over defects in many residential buildings. Generally, contractors are responsible for various defects or omissions for a certain period of time, but customers’ complaints accumulate as the various building defects arising during occupancy are officially recognized, and these defects require time to be repaired. Defects found by customers during occupancy are mostly due to human error, material, and design rather than the construction method itself. Therefore, their occurrence can be minimized through quality control before handover. This also reduces the rework costs incurred during occupancy and maintains the reputation of contractors. However, contractors are constrained to examine potential flaws, as they must maintain a contracted construction period while controlling the various issues and uncertainties associated with the work of multiple subcontractors. In this regard, contractors need a strategy to manage defects efficiently. In addition, conflicts between customers and contractors often arise as a result of disagreements over defect costs, which is likely to lead to an extended dispute. As this will cause actual damage to both customers and contractors, it is necessary to establish a reasonable dispute settlement system. From this point of view, one would expect that the importance of each type of work and defect discussed here can contribute to an efficient quality control system and can be used as a basis for post-evaluation and dispute settlement.



If sufficient data can be procured, this study could be extended to create a more detailed risk matrix, and consequently a more robust loss distribution. In this study, the risk matrix was created from defect types and work types; however, in previous studies, analysis has also been performed on components and defect causes. If a risk matrix considered these and its loss distribution was calculated, a variety of response plans for defects could be found.
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Figure 1. Loss Distribution Approach (LDA) processes in the field of economics and in this study. VaR: Value at Risk. 
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Figure 2. Results of total loss distribution analysis. 
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Figure 3. Concept of dispute resolution using Loss Distribution Approach (LDA). 
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Figure 4. Concept of post-evaluation using LDA. 
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Table 1. Defect classification.
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Defect Classification

	
Researcher




	
Ilozor et al. [3]

	
Forcada et al. [7]

	
Forcada et al. [8]

	
Chong et al. [9]

	
Rotimi et al. [10]

	
Chong et al. [12]

	
Macarulla et al. [17]

	
Georgiou et al. [26]






	
Affected functionality

	

	
O

	
O

	

	
O

	

	
O

	




	
Broken

	
O

	
O

	
O

	
O

	
O

	
O

	
O

	
O




	
Corrosion

	

	

	

	

	
O

	

	
O

	




	
Detachment

	
O

	
O

	
O

	
O

	
O

	
O

	
O

	




	
Incorrect installation

	

	
O

	
O

	

	
O

	

	
O

	




	
Missing task

	

	
O

	
O

	

	

	

	
O

	




	
Surface appearance

	
O

	
O

	
O

	
O

	
O

	
O

	
O

	




	
Water problem

	
O

	
O

	
O

	
O

	
O

	
O

	
O

	
O
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Table 2. Risk matrix. RC: reinforced concrete; MEP: mechanical, electrical, and plumbing.
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Defect Classification

	
Work Types




	
RC

	
Masonry

	
Finish

	
MEP

	
Door and Windows

	
Furniture

	
Miscellaneous






	
Affected functionality

	
d(1,1)

	
d(1,2)

	
d(1,3)

	
d(1,4)

	
d(1,5)

	
d(1,6)

	
d(1,7)




	
Broken

	
d(2,1)

	
d(2,2)

	
d(2,3)

	
d(2,4)

	
d(2,5)

	
d(2,6)

	
d(2,7)




	
Corrosion

	
d(3,1)

	
d(3,2)

	
d(3,3)

	
d(3,4)

	
d(3,5)

	
d(3,6)

	
d(3,7)




	
Detachment

	
d(4,1)

	
d(4,2)

	
d(4,3)

	
d(4,4)

	
d(4,5)

	
d(4,6)

	
d(4,7)




	
Incorrect installation

	
d(5,1)

	
d(5,2)

	
d(5,3)

	
d(5,4)

	
d(5,5)

	
d(5,6)

	
d(5,7)




	
Missing task

	
d(6,1)

	
d(6,2)

	
d(6,3)

	
d(6,4)

	
d(6,5)

	
d(6,6)

	
d(6,7)




	
Surface appearance

	
d(7,1)

	
d(7,2)

	
d(7,3)

	
d(7,4)

	
d(7,5)

	
d(7,6)

	
d(7,7)




	
Water problem

	
d(8,1)

	
d(8,2)

	
d(8,3)

	
d(8,4)

	
d(8,5)

	
d(8,6)

	
d(8,7)
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Table 3. Overview of cases.






Table 3. Overview of cases.





	Case No.
	Year of Completion (year)
	Year of Inspection (year)
	Building Type
	The Number of Households (N)
	Gross Floor Area (m2)
	Defect Frequency (N)
	Defect Cost ($)





	1
	2012
	2016
	Apartment
	456
	93,485
	160
	1,163,267



	2
	2011
	2016
	Apartment
	823
	107,869
	179
	1,701,074



	3
	2011
	2017
	Apartment
	1767
	189,917
	198
	1,286,471



	4
	2010
	2016
	Apartment
	203
	32,607
	118
	273,457



	5
	2010
	2016
	Apartment
	237
	53,320
	163
	476,465



	6
	2010
	2016
	Apartment
	418
	77,427
	132
	716,022



	7
	2009
	2014
	Apartment
	574
	93,597
	222
	474,956



	8
	2009
	2015
	Apartment
	503
	150,685
	223
	636,352



	9
	2009
	2015
	Apartment
	328
	59,973
	223
	514,266



	10
	2009
	2013
	Apartment
	542
	79,515
	176
	920,731



	11
	2009
	2015
	Apartment
	453
	79,355
	126
	602,748



	12
	2009
	2015
	Apartment
	321
	51,295
	209
	258,199



	13
	2009
	2013
	Apartment
	445
	59,910
	213
	717,163



	14
	2008
	2014
	Apartment
	380
	105,528
	122
	426,368



	15
	2008
	2014
	Apartment
	669
	123,455
	207
	809,635



	16
	2008
	2016
	Apartment
	378
	60,211
	157
	468,173



	17
	2008
	2016
	Apartment
	379
	54,153
	265
	382,370



	18
	2008
	2015
	Apartment
	298
	65,217
	233
	317,196



	19
	2008
	2013
	Apartment
	265
	35,580
	80
	177,224



	20
	2008
	2015
	Apartment
	180
	29,092
	66
	365,472



	21
	2008
	2013
	Apartment
	295
	49,426
	247
	442,552



	22
	2008
	2013
	Apartment
	723
	120,935
	289
	1,050,158



	23
	2007
	2013
	Apartment
	412
	48,979
	145
	384,902



	24
	2007
	2013
	Apartment
	434
	69,274
	61
	339,620



	25
	2007
	2012
	Apartment
	421
	41,484
	184
	664,763



	26
	2007
	2013
	Apartment
	574
	72,848
	179
	1,667,795



	27
	2007
	2014
	Apartment
	337
	33,384
	67
	389,701



	28
	2007
	2016
	Apartment
	102
	12,911
	49
	52,135



	29
	2006
	2011
	Apartment
	738
	53,254
	197
	667,562



	30
	2006
	2011
	Apartment
	1072
	80,960
	93
	1,038,272



	31
	2006
	2014
	Apartment
	295
	38,910
	143
	360,689



	32
	2006
	2014
	Apartment
	1886
	222,461
	255
	1,776,203



	33
	2006
	2013
	Apartment
	1098
	172,255
	304
	1,398,905



	34
	2005
	2009
	Apartment
	1725
	104,388
	304
	2,110,556



	35
	2005
	2012
	Apartment
	134
	41,274
	70
	193,655



	36
	2005
	2010
	Apartment
	812
	75,660
	69
	420,302



	37
	2005
	2015
	Apartment
	852
	66,237
	108
	374,002



	38
	2004
	2014
	Apartment
	2104
	54,363
	157
	1,710,619



	39
	2004
	2016
	Apartment
	176
	13,884
	135
	176,913



	40
	2004
	2016
	Apartment
	498
	58,626
	195
	586,323



	41
	2003
	2009
	Apartment
	91
	15,185
	96
	267,488



	42
	2002
	2013
	Apartment
	390
	56,348
	186
	672,941



	43
	2002
	2012
	Apartment
	332
	32,887
	80
	202,713



	44
	2001
	2009
	Apartment
	664
	69,216
	81
	718,296



	45
	2001
	2009
	Apartment
	408
	31,608
	41
	405,082



	46
	1999
	2009
	Apartment
	1179
	123,308
	128
	1,211,451



	47
	1999
	2011
	Apartment
	424
	50,149
	186
	460,671



	48
	1999
	2008
	Apartment
	480
	45,882
	33
	264,035
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Table 4. Defect frequency and cost of each defect type.
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	Category
	Defect Frequency (Number of Defects)
	Defect Frequency Rate (%)
	Defect Cost ($)
	Defect Cost Rate (%)
	Defect Cost/Area ($/m2)
	Defect Cost/Area Rate (%)





	Affected functionality
	19.21
	12.21
	41,918
	6.15
	0.67
	6.79



	Broken
	48.60
	30.88
	250,771
	36.82
	3.29
	33.34



	Corrosion
	3.79
	2.41
	6627
	0.97
	0.11
	1.09



	Detachment
	11.63
	7.39
	25,899
	3.80
	0.37
	3.75



	Incorrect installation
	20.77
	13.20
	144,649
	21.24
	2.11
	21.36



	Missing task
	21.98
	13.97
	132,203
	19.41
	1.90
	19.24



	Surface appearance
	11.77
	7.48
	23,221
	3.41
	0.39
	3.95



	Water problem
	19.63
	12.47
	55,874
	8.20
	1.03
	10.49



	Total
	157.38
	100.00
	681,163
	100.00
	9.86
	100.00
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Table 5. Defect frequency and cost of each work type.
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	Category
	Defect Frequency (Number of Defects)
	Defect Frequency Rate (%)
	Defect Cost ($)
	Defect Cost Rate (%)
	Defect Cost/Area ($/m2)
	Defect Cost/Area Rate (%)





	RC
	53.48
	33.98
	289,885
	42.56
	4.08
	41.37



	Masonry
	5.35
	3.40
	15,267
	2.24
	0.25
	2.50



	Finish
	51.90
	32.98
	282,146
	41.42
	4.01
	40.71



	MEP
	20.25
	12.87
	35,596
	5.23
	0.60
	6.13



	Door and windows
	8.67
	5.51
	19,688
	2.89
	0.33
	3.35



	Furniture
	6.54
	4.16
	19,313
	2.84
	0.26
	2.68



	Miscellaneous
	11.19
	7.11
	19,268
	2.83
	0.32
	3.26



	Total
	157.38
	100.00
	681,163
	100.00
	9.86
	100.00
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Table 6. Defect frequency and cost of each defect type over time.
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Category

	
Frequency & Cost

	
Time




	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
Affected functionality

	
Frequency (N)

	
3.375

	
3.313

	
5.875

	
1.938

	
2.750

	
0.188

	
0.646

	
0.417

	
0.708




	
Cost ($/m2)

	
0.094

	
0.160

	
0.132

	
0.034

	
0.059

	
0.018

	
0.060

	
0.042

	
0.070




	
Broken

	
Frequency (N)

	
5.750

	
9.938

	
12.604

	
5.083

	
5.542

	
0.854

	
4.813

	
1.313

	
2.708




	
Cost ($/m2)

	
0.528

	
0.519

	
0.776

	
0.222

	
0.271

	
0.132

	
0.685

	
0.083

	
0.071




	
Corrosion

	
Frequency (N)

	
0.583

	
0.771

	
1.354

	
0.396

	
0.208

	
-

	
0.104

	
0.083

	
0.292




	
Cost ($/m2)

	
0.012

	
0.014

	
0.019

	
0.004

	
0.002

	
-

	
0.046

	
0.011

	
0.000




	
Detachment

	
Frequency (N)

	
0.875

	
2.583

	
3.833

	
1.083

	
0.979

	
0.042

	
0.625

	
0.438

	
1.167




	
Cost ($/m2)

	
0.013

	
0.082

	
0.074

	
0.014

	
0.027

	
0.013

	
0.069

	
0.043

	
0.034




	
Incorrect installation

	
Frequency (N)

	
1.750

	
4.375

	
6.229

	
2.104

	
2.854

	
0.271

	
1.021

	
0.521

	
1.646




	
Cost ($/m2)

	
0.357

	
0.364

	
0.625

	
0.207

	
0.214

	
0.021

	
0.090

	
0.011

	
0.218




	
Missing task

	
Frequency (N)

	
1.667

	
4.917

	
6.833

	
1.938

	
3.250

	
-

	
1.125

	
0.521

	
1.729




	
Cost ($/m2)

	
0.097

	
0.395

	
0.633

	
0.305

	
0.200

	
-

	
0.078

	
0.031

	
0.159




	
Surface appearance

	
Frequency (N)

	
1.521

	
2.313

	
3.458

	
1.375

	
1.792

	
0.125

	
0.250

	
0.146

	
0.792




	
Cost ($/m2)

	
0.031

	
0.084

	
0.140

	
0.024

	
0.039

	
0.013

	
0.021

	
0.001

	
0.037




	
Water problem

	
Frequency (N)

	
2.250

	
4.292

	
5.688

	
1.500

	
2.250

	
0.229

	
1.271

	
0.438

	
1.708




	
Cost ($/m2)

	
0.039

	
0.266

	
0.157

	
0.063

	
0.340

	
0.008

	
0.058

	
0.028

	
0.075
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Table 7. Defect frequency and cost of each work type over time.
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Category

	
Frequency & Cost

	
Time




	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
RC

	
Frequency (N)

	
6.271

	
10.917

	
13.021

	
4.542

	
6.813

	
0.854

	
5.542

	
1.500

	
4.021




	
Cost ($/m2)

	
0.637

	
0.787

	
0.693

	
0.250

	
0.599

	
0.132

	
0.689

	
0.086

	
0.205




	
Masonry

	
Frequency (N)

	
0.500

	
1.292

	
1.313

	
0.542

	
0.750

	
0.042

	
0.458

	
0.188

	
0.271




	
Cost ($/m2)

	
0.024

	
0.057

	
0.100

	
0.012

	
0.013

	
0.003

	
0.018

	
0.009

	
0.010




	
Finish

	
Frequency (N)

	
5.333

	
10.750

	
16.500

	
6.125

	
6.188

	
0.354

	
2.083

	
1.229

	
3.333




	
Cost ($/m2)

	
0.379

	
0.762

	
1.328

	
0.470

	
0.370

	
0.046

	
0.242

	
0.085

	
0.331




	
MEP

	
Frequency (N)

	
2.438

	
4.375

	
6.250

	
1.708

	
2.542

	
0.250

	
0.813

	
0.521

	
1.354




	
Cost ($/m2)

	
0.035

	
0.089

	
0.164

	
0.071

	
0.081

	
0.016

	
0.077

	
0.033

	
0.038




	
Door and windows

	
Frequency (N)

	
1.021

	
1.458

	
3.333

	
0.875

	
0.958

	
0.042

	
0.229

	
0.125

	
0.625




	
Cost ($/m2)

	
0.020

	
0.056

	
0.112

	
0.041

	
0.016

	
0.001

	
0.007

	
0.020

	
0.057




	
Furniture

	
Frequency (N)

	
0.958

	
1.250

	
2.125

	
0.667

	
0.833

	
0.104

	
0.125

	
0.083

	
0.396




	
Cost ($/m2)

	
0.037

	
0.067

	
0.069

	
0.011

	
0.044

	
0.001

	
0.021

	
0.002

	
0.012




	
Miscellaneous

	
Frequency (N)

	
1.250

	
2.458

	
3.333

	
0.958

	
1.542

	
0.063

	
0.604

	
0.229

	
0.750




	
Cost ($/m2)

	
0.038

	
0.064

	
0.089

	
0.018

	
0.029

	
0.005

	
0.051

	
0.014

	
0.012
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Table 8. Frequency distribution mean values of each cell.






Table 8. Frequency distribution mean values of each cell.





	
Defect Classification

	
Work Types




	
RC

	
Masonry

	
Finish

	
MEP

	
Door and Windows

	
Furniture

	
Miscellaneous






	
Affected functionality

	
0.46

	
-

	
1.89

	
9.08 (7)

	
4.04 (10)

	
2.92

	
0.81




	
Broken

	
36.56 (1)

	
2.90

	
6.54 (8)

	
0.83

	
0.50

	
0.92

	
0.35




	
Corrosion

	
-

	
-

	
0.48

	
0.88

	
0.31

	
0.48

	
1.65




	
Detachment

	
0.85

	
-

	
9.84 (5)

	
-

	
-

	
0.33

	
0.60




	
Incorrect installation

	
1.73

	
0.63

	
10.14 (3)

	
3.25

	
1.79

	
0.81

	
2.42




	
Missing task

	
1.35

	
1.02

	
9.96 (4)

	
3.19

	
1.07

	
0.40

	
5.00 (9)




	
Surface appearance

	
0.60

	
0.42

	
9.70 (6)

	
-

	
-

	
0.69

	
0.35




	
Water problem

	
11.92 (2)

	
0.40

	
3.33

	
3.02

	
0.96

	
-

	
-








Note: ( ) indicates ranking; bold values indicate comparatively high frequency.
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