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Abstract: Over the last decade, Saudi Arabia has experienced significant economic increases as evidenced by the 30% growth in its
gross domestic product; furthermore, the construction industry has increased 10% in the same time period.}? Due to this
significant growth, the construction industry is encountering issues related to construction quality resulting in significant waste
and associated environmental impacts. In this research, we applied our previously developed framework that integrates three
different methods—Lean, Green, and Six-sigma — to a residential construction complex in Saudi Arabia. Our aim of this case
study was to explore the application of the framework in practice to glean quantitative results and further validate the framework.
In the case study, we used the developed framework to identify a significant issue related to quality and delays — final completion
of 53 residential units was delayed because of failed exterior buildings surfaces. We then used the framework to define the causes
behind the defects via a field investigation of the 53 units. Of the defect, construction execution was responsible for 43% of the
defect, 31% untrained workers, 19% unfavorable construction weather condition, with 7% accounting for other issues. A
procedure was developed in concert with the construction manager and overall developer reducing the amount of rework and waste
causes revealed by the field examination and the framework. Although two steps were added to the original construction process to
overcome waste causes, still save a lot of resources and reduces environmental impact. In summary, we found that the Lean,
Green, Six-sigma framework increased productivity, quality, and reduced waste.

Keywords: Saudi Arabia Construction Industry; Construction Processes Improvement; Value Stream Mapping; Life Cycle
Assessment; Six-Sigma

I. INTRODUCTION example, the demand for cement reached about 36.7 million
tons, one third of US cement consumption in 2008[1, 6].

Due to high construction activity, and low-quality
issues, the Saudi construction industry is faced with the
dual issue of waste management and use of natural
resources. Even though a significant portion of the
municipal waste stream in Saudi Arabia is from
construction, the government exercises minimal effort.
Furthermore, Saudi construction companies have an
unclear understanding of the problem. From an
examination of various sources including waste
management facilities, municipalities, and construction
companies, there is a lack of data and information
regarding quantities, composition, and sources of
construction waste in Saudi Arabia[7-10].

To address this problem, we applied our framework that
integrates three different methods—Lean, Green, and Six-
sigma—in a systematic approach, with the goal of reducing
waste and therefore the associated environmental impacts
of the construction process[11]. Our aim was to illustrate
via a residential development project in Saudi Arabia that
all three methods in concert have the potential to minimize
impacts generated by construction activities while
improving quality.

The construction industry has a major impact on
economic growth. In developing countries such as Saudi
Arabia, the construction sector is essential to short- and
long-term economic growth. In 2010 the construction
industry accounted for 11% of Saudi Arabia’s Gross
Domestic Product (GDP) at $300 billion[1]. Saudi
Arabia’s GDP growth was the highest the country has
experienced in the last several years[2]. Many projects in
various sectors have been constructed with more projects
in the planning phase. Some current construction projects
include 36,800km of new roads, new airports, and
additional berths in ports[3]. Unfortunately, the rise in
construction activity has also lead to a host of
construction issues - shortages of equipment, trained
workers, and materials; sub-prime scheduling of activities
during significantly higher temperature; and rejection of
defective products and processes.

For many countries, environmental protection and
sustainable development are integral aspects to long-term
strategic planning, legislation, and executive orders. While a
host of environmental issues exists, some of the most pressing
ones include, non-renewable energy usage, climate change,
waste generation, water quality and quantity, and available
natural resources, all of which are exacerbated by increasing
global population[4]. The construction industry is a primary
consumer for natural resources[5]. In Saudi Arabia, for A. Method Background
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This research integrates three methods: Lean to reduce
waste, green to assess the environmental impact, and Six-
Sigma to improve quality.

Lean’s main purpose is to eliminate all forms of
waste[12]. Waste is usually defined as any step or action in
the process that does not provide value to the customer[13].
There are seven different types of waste, including moving
products, materials, or equipment; overproduction, waiting;
defects; inventory; motion; and extra processing[14]. Lean
has several tools to help identify waste, for example, Value
Stream Mapping (VSM). VSM is a visual tool that
graphically organizes all elements of a process such as, a
description of the job procedure, parties involved in the
process to deliver the job, time of the process in progress
and the time of the process on hold, and inventories such as
materials, equipment, and workers that the process
consumes[15, 16].

While a host of definitions exist for ‘greening,’ the
definition used in this work is that greening minimizes
the environmental impact of a product, process or service.
A method for quantifying greening efforts is Life Cycle
Assessment (LCA). LCA is a tool used to calculate that
environmental impacts of a product, process or service
through its entire life cycle, starting from extraction of the
material and energy used in the production process, to
acquisition, to product use, and finally to disposal. LCA is
a four-step procedure including goal and scope definitions,
life-cycle inventory (LCI) analysis, life-cycle impact
assessment (LCIA) and interpretation[17]. LCA is a
valuable approach, which helps in decision making and
creating opportunities for improvements within processes.

Six-sigma is a methodology that focuses on customer
(internal or external) needs, data, statistical analysis,
continuing improvement, and reinventing business. Sigma
refers to the amount of inconsistency or variance occurring
in the process, and Six-sigma equates in statistics to 3.4
defects per millions opportunities. The Six-sigma method
has many benefits, including identifying and eliminating
sources of variation, extending success, setting
performance goals for all parties, enhancing value to
customers, and executing strategic change[18]. DMAIC is
a Six-Sigma approach involving five steps: Define,
Measure, Analyze, Improve, Control. A number of tools
and methods can be used in each of the five step[19].

In this paper, two Six-sigma tools are used - Pareto
chart and Process improvement - selected due to their
ability to analyze and improve processes. These tools are
used to identify the sources of waste and variations in
processes. Process improvement main purpose is to
change current processes to see the effect on process
outputs. The tool, Process improvement is commonly
used in the improvement phase step of DMAIC as an aid
in selecting the most effective solutions. In the building
industry, there are three major steps to apply Process
improvement tool: (1) define an objective, (2) define the
variables that will be controlled, and (3) choose the
design that is compatible with the objective (Kolarik
1995).%° Vilfredo Pareto, an economist who lived in Italy
during the nineteenth-century developed a theory based
on his observation calls (80-20). Pareto noticed that 80%
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of the country wealth was controlled by 20% of the
population. Later this concept was applied to causes of
quality failures by Dr. Juran. They stated that 20% of the
causes account accounts for 80% of the failures. In
general the Pareto can help identifying the most important
effects and causes and stratify the available data so
process improvement efforts can be prioritized[20].

B. Literature Review

The nature of the construction industry is complex.
Construction projects need to be expertly managed to not
only consider budgets and schedules, but also quality and
environmental impacts[21, 22]. Lean, Green, and Six-
Sigma are different methods that have been often used
independently to address quality, waste, and
environmental impacts in construction.  Previous studies
have addressed improving the quality of construction
processes and strategies for the reduction of construction
waste[23-26]. For example, Serpell and Alarcun[27]
created a framework for improving construction
processes through a set of structured activities and tools
to help increase quality. Wang[28] in 2008 created an
automated quality management system that helps gather,
filter, manage, monitor and share quality data between
different crews involved during construction. This system
was able to enhance information flow, saving cost,
increasing speed and improving quality. Arditi and
Gunaydin[29] addressed the importance of process
quality to construction companies. One way to improve
process quality is through Total Quality Management
(TQM), which has shown great benefits when applied in
manufacturing industries. The successful implementation
of TQM in the -construction industry requires a
commitment to quality from both management and
workers. In addition the implementation of technological
advances in design and construction, full knowledge of
assembly process amongst workers have been identified
as factors influencing total industry productivity (TIP) for
construction[30]. The impact of effective pre-construction
planning on the reduction of waste was highlighted in a
survey of high rise construction projects in Hong Kong
which showed that execution of work orders with
incomplete contract documentation can result in the loss
of quality in several areas such as frequent variation in
design, inaccurate material orders, as well as delivery
scheduling difficulties[31].

With respect to the use of Lean strategies to identify
waste and construction, Garrett and Lee[32] analyzed the
submittal and review processes of a typical construction
project and concluded that incomplete or deficient
documentation raised problems during construction;
through the application of Lean tools to reducing non-value
added activities, measureable reductions in both process
and lead times were obtainable. Lapinski, Horman et al[33]
examined Toyota’s successful implementation of Lean
methodologies to minimize costs in construction,
specifically how lean can reduce the high initial expense of
green buildings by eliminating process waste. At specific
process level, Pasqualini and Zawislak[34] applied Value
Stream Mapping (VSM) to masonry construction to
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highlight all associated waste sources including extra
inventories and delays; however, they did not identify the
causes of proposed solutions. Another study by Yu, Tweed
et al[35] found that poorly managed production flows
result in significant construction waste, and then used VSM
to analyze and restructure the system to minimize waste.

With respect to Greening, Life Cycle Assessment has
been wused in previous studies to quantify the
environmental impacts of construction. A life-cycle study
developed by Bilec, Ries et al[36-37] found that the
construction phase, though not as significant as the use
phase, is important, highlighting the generation of
particulate matter (PM) emissions during construction.
Guggemos and Horvath[38] utilized LCA to examine
strategies for reducing environmental impact of on-site
construction activities, particularly minimizing and
reusing temporary materials during construction. They
also found that wusing well-maintained or new
construction equipment will improve the environmental
impact of the construction phase. Aimed at better
informing decision makers seeking to add environmental
quality and sustainable development to project goals, a
study by Sharrard, Matthews et al[39] developed an
input-output LCA  estimating the comprehensive
environmental effects of construction processes. Also, a
study by Li, Zhu et al[40] applied process LCA to work
breakdown structures to help decision makers have a
clearer understanding of the environmental impact of the
material and equipment brought to the project during the
construction phase.

With respect to quality of construction, Six-Sigma is a
quantitative methodology that establishes definitive
improvement goals to reduce process variability in
current construction operations. Six-Sigma was combined
with Lean in Han, Chae et al[41] study and shows a great
benefits. Six-Sigma evaluates the quality of the current
operation and quantify the goals of improvement for
targeted work flow so as to control the critical sources of
variability. Defects Per Million Opportunities (DPMO) is
the Six-Sigma process-performance metric applied by
Pheng and Hui[42] to internal finishing process for a
residential construction project. The low process
performance—2 sigma—encouraged the contractor to
supervise its ongoing building projects more closely,
better ensuring that the level of workmanship for the
internal finishes complies with overall quality standards.
A model which helped enhance interactions between
project teams, reduced project delays and provide a
structured process-improvement strategy, DMAIC, was
used by Stewart and Spencer[43] to improve the
productivity of beam construction process for a railway
station. Moreover DMAIC provides a solid procedure for
gathering of information, and enabling process quality
improvement. Despite a fairly robust body of literature
in these three distinct methods, there is a gap in the
research combining Lean, Green, and Six-Sigma into one
framework to comprehensive improve the construction
processes impacts generated by construction activities
while improving quality.
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I1l. METHOD

The overall framework was based on Six-sigma’s,
Define, Measure, Analyze, Improve, Control, (DMAIC).
Previously discussed in . To briefly summarize, Steps la
and 1b, Define and Measure, after selecting a
construction process for evaluation, concurrently apply
both Lean (VSM) and Green (LCA) to determine if waste
is generated in the process and then to quantify the
environmental impacts of the waste. Steps 2a and 2b,
Analyze and Improve, If the process generates waste, then
one or more appropriate Six-sigma tools is selected and
applied to eliminate or reduce waste. Essentially, the
framework contains Six-sigma tools nested within Step 2.
For example, in this research Pareto Chart and Process
improvement were the selected Six-sigma tools, however
any Six-sigma tool(s) could be executed for use in Step 2
based on the case needs. Step 3, Control, Re-evaluate
using Lean (VSM) and Green (LCA) to determine the
extent of waste reduction. Each step is illustrated below
in the illustrative case study.

A. Case Study

A case study was applied to improve the construction
processes for a residential complex in Madinat Yanbu Al-
Sinaiyah (MYAS), Saudi Arabia and to illustrate the
functionality of the framework. MYAS is one of two
industrial cites established in Saudi Arabia to support the
oil industry. MYAS is the western destination of oil and
gas pipelines that start from the production area in the
east of the Kingdom and is considered the largest port for
exporting oil to the red sea. MYAS is an attractive
business destination to many major oil investors from
inside and outside the country. Therefore, construction in
this area is a high priority on the Royal Commission for
Industrial Yanbu’s (RCIY) agenda with aim to provide
services required by residents such as, housing, industrial,
health, education, recreational and public services.

Prior to applying the framework, onsite inspection was
conducted - a total of two months June to August 2012.
During the on-site inspection and collection phases, the
framework was introduced and explained to the both the
construction project manager and the RCIY project
manager. On-site inestgation of all study units for
completed to identify major issues of project delay and
rejection.

FIGURE I
PHOTOS HIGHLIGHTING EXTERIOR QUALITY ISSUES
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The framework was then applied to help analyze and
improve the root causes behind the appearance of
painting blistering on buildings surfaces, shown in Fig.
1. 53 residential units totaling 498, 664 sf were
investigated in this case study. The exterior painting
construction process evaluated in this case study
consisted of three simple steps: (1) applying cement
plaster, (2) applying primer sealer, and (3) applying
paint.

IV. RESULTS AND DISCUSSION

To explain the implementation of the framework, we
view each step in the process as important part of the
results:

A. Step la, Value Stream Map

For Step 1a, a Value Stream Map (VSM) was
developed in order to identify, for each step of the
exterior painting processes where waste occurred (see Fig.
2). The VSM was organized into four major elements: (A)
project management, (B) the exterior painting
construction process, (C) supplier, and (D) customer. The
VSM systematically illustrates the relationships between
the actors, data flow, and logistics. As illustrated in the
VSM, the painting construction process consisted of three
steps, with the duration of 53-55 days. Lead/total time
was a combination of Non- Value Added Time (NVA/T)
or the time the process was on hold; and Value-Added
Time (VA/T), the time the process was in progress. The
NVA/T was 4 to 6 business days while the VA/T was 49
business days; furthermore the VSM explains the
resources the process consumed including labor hours,
materials and equipment. Finally, the VSM shows that

units were rejected due to the appearance of painting
blistering on the building surfaces.

B. Step 1b, Greening

For Step 1b, Greening, LCA was used to evaluate the
environmental impacts of the exterior painting
construction process. The LCA system boundary for the
exterior painting construction process includes raw
materials extraction and manufacturing; transportation of
equipment, materials, and workers to and from the site;
and equipment usage on site. LCA was used to quantify
the original process, and subsequently, the
modified/improved process to understand the reduction in
the environmental impacts. The Tool for the Reduction
and Assessment of Chemical and Other Environmental
Impacts (TRACI 2 V3.01) was used to perform the life
cycle impact assessment [44]. The life cycle inventory
data used is shown in Table 1.

The comparative LCA results of the exterior paint
process for nine environmental impact categories are
shown in Fig. 3 for three process phases: Materials,
Equipment manufacturing and combustion, and
Transportation. Of the general environmental impacts,
materials exhibited the highest share of impacts in all of
the categories except for Ozone depletion, where
equipment manufacturing and combustion was the
highest. Both Equipment manufacturing and combustion
and transportation was second in four categories. For
instance Equipment manufacturing and combustion came
second in terms of Acidification, Carcinogenic,
Noncarcinogenic and Ecotoxicity, while transportation
was the second highest in global warming, respiratory,
eutrophication, and smog.
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TABLE|

LIFE CYCLE INVENTORY, DATA SOURCES AND REMARKS FOR EXTERIOR PAINTING PROCESS

Original Process consists of: 1) applying cement plaster, 2) applying primer sealer, and 3) applying paint.
Modified Process consists of: 1) pre-plastering, 2) applying cement plaster, 3) cleaning surfaces, 4) applying primer sealer, and 5) applying paint.

Rejected Process consists of: 1) applying cement plaster, 2) applying primer sealer, 3) applying paint, 4) Removing old paint, 5) applying primer sealer,6)

applying paint.
Construction Related Activity
' Miles Traveled Remarks Data References
Transportation Original | Modified | Rejected Sources
Process Process Process
Included in analysis: fuel consumption, direct airborne | Ecoinvent
Operation, lorry emissions of gaseous substances, particulate matter, heavy | system (SCLCI
16-32t, 25 25 50 metals. Particulate emissions comprise exhaust and on-road | process 1997)
EURO/RER S emissions. Heavy metal emissions to soil and water caused by [45, 46]
tire abrasion are included.
. Included in analysis: fuel consumption, direct airborne | Ecoinvent
Operation, . .
passenger car, emissions o_f gaseous .sqbstances, p_artlculate matter, heavy | system (SCLCI
dicsel flect 261 261 522 metals. Particulate emissions comprise exhaust and on-road | process 1997)
> emissions. Heavy metal emissions to soil and water caused by [45, 46]
average 2010/CH S . . :
tire abrasion are included
Fuel usage (Gallons)
Equipment Original | Modified | Rejected
Process Process Process
Concrete Mixer, Data for cradle-to-gate resource requirements and emissions | Franklin (Sylvatica
Gasoline 37 50 55 for the combustion of 1000 gallons of diesel fuel in industrial | USA 98 20% 4) [47]
equipment 8.4 HP equipment. Average USA technology, late 1990's.
Air Compressor, Data for cradle-to-gate resource requirements and emissions | Franklin (Sylvatica
Gasoline 20 20 40 for the combustion of 1000 gallons of gasoline in industrial | USA 98 2036 4) [47]
equipment 2 HP equipment. Average USA technology, late 1990's.
Material usage
Materials Original | Modified | Rejected
Process Process Process
Transport of raw materials and production of paint. Packaging | Ecoinvent | Project
Paint ETH S 128 1bs 128 1bs 256 lbs is not included. system estimates
process
Manufacturing processes to produce cement mortar (raw | Ecoinvent | Project
materials provision, raw materials mixing, packaging, and | system estimates
storage), transport to plant, and infrastructure. No | process
Cement mortar, at 4 ton 5 ton wa requirements for administration are included. No additional
plant/CH S buildings and land-use have been taken into account. It is
assumed that the mixing process takes place in an existing
building of the sand/cement industry or on the construction
site.
Manufacturing processes to produce base plaster (raw | Ecoinvent
materials provision, raw materials mixing, packaging, and | system
storage), transport to plant, and infrastructure. No | processes
Base plaster, at requirements for administration are included. No additional (SCLCT
: 1,800 1bs | 1,8001bs | 2,592 lbs L L . 1997)
plant/ CH S buildings and land-use have been taken into account. It is [45, 46]
assumed that the mixing process takes place in an existing ’
building of the sand/cement industry or on the construction
site.
o For a closer analysis of the overall LCA results, cement

LIFE CYCLE ENVIRONMENTAL IMPACTS FOR THE ORIGINAL EXTERIOR
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manufacturing is a significant contributor to environmental
impact from materials while paint came second as is shown
in Fig 4.

C. Step 2, Analyze and Improve

For Step 2, Analyze and Improve, the Six-sigma process
improvement method was implemented using a Pareto chart
to analyze and identify the most commonly occurring causes
that led to blistering. Then, Process improvement was used
to improve and create an alternative process that could
minimize the variables’ occurrence. In order to identify the
variables causing blistering, an evaluation of 53 residential
units was accomplished. Out of these 53 units, only 10 units
exhibited minimal blistering while the remaining 42 units
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had extensive blistering. A data sheet and site observations
were used to collect data for the Pareto chart, see
supplementary data. Identifying major causes for blistering
was time intensive task. The units were carefully examined
with the contractor project manager and the RCIY project
manager. Different parties were asked for their feedback
regarding the low quality of the painting including,
superintendents, project engineers, foremen, and workers.
After finalized data collected from the site, four major
factors of blistering were observed from the site: inadequate
application (43%), untrained workers (31%), unfavorable
weather conditions (19%), and others (7%), see Fig 5.
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PARETO CHART WITH FACTORS THAT GENERATE WASTE ACCORDING TO THE
FIELD INVESTIGATION OF 53 UNITS FOR THE EXTERIOR PAINTING PROCESS

The Process improvement method was then used in order
to improve the original process and to reduce the defect’s
causes revealed by the Pareto chart. The main objective of
the modified process was to eliminate or minimize the
occurrence of blistering. Therefore, all four factors were
considered at the time the modified process was created.
The modified process includes two additional steps: (1) pre-
plastering, (2) applying cement plaster, (3) cleaning
surfaces, (4) applying primer sealer, and (5) applying paint
with adequate wait time. The pre-plastering step involves
adding bonding materials to minimize humidity transfer to
surfaces. Humidity (under cause, unfavorable weather
conditions) was shown to be a major cause of the blistering.
The humidity resulted from the fact that more water was
added to concrete during construction because of the high
temperature to slow the curing process. The other new step

\ol.4, No.2 / Jun 2014

was cleaning the surface before applying the primer. Both
processes are obvious, yet neglected, solutions. Due to the
climate of the area, dust is a major issue, especially in the
summer season. The dust particles co-mingle with the paint,
contributing to blistering. Lastly, a recommendation of
increasing the waiting time from 2 to 4 days was
recommended before the last step of applying paint.

Fig. 6 shows the current VSM for modified process,
addressing the additional two steps and all other data related
to the exterior painting process. In collaboration with the
construction management team, the modified process was
successfully applied to two residential units. Both units
were carefully examined and both showed no signs of
blistering (see Fig 7).

D. Step 3, Control

Finally Step 3, Control, retrospectively evaluates the
achieved process performance as well as techniques and
strategies implemented in order to develop improved
procedures for better performance in the future. Step 3 is
essential to the framework: this step is responsible for
maintaining consistent successful performance and for
continuous improvement.

The modified process was able to deliver a consistent
construction process, and one designed to overcome
unfavorable weather conditions and changing labor force.
While the modified process did require more time and more
resources than the original process, the modified process
was the environmentally preferable option when compared
to original process plus rejected work. The rejected process
process’ environmental impact includes the original process
environmental impact plus the environmental impact
generated from repeating two steps: applying base plaster
and applying paint (see Table 2).

TABLE Il
LIFE CYCLE ENVIRONMENTAL IMPACTS AND TIME DURATION OF THE
ORIGINAL PAINTING PROCESS, MODIFIED PROCESS, AND REJECTED

PROCESS
Impact Cate . Original Modified Rejected Process
Unit Process -
gory Process (OP) (MP) (Including OP)
Glorg?r:g/v:« kg CO2 eq 1291 1510 1634
AC'?C']fr:CE’t' H+ moles eq 194 222 276
Cagglirg;)g- kg benzen eq 9 9.6 18
Non carcino | o to1uen eq 29409 30505 54266
ge-nics
Respirato-
ry effects kg PM2.5 eq 05 0.6 0.64
Elé;?gsl kg N eq 0.26 0.3 0.34
Ozone kg CFC-11 eq 0.001 0.001 0.002
depletion
Ecotoxicit-y kg 2,4-D eq 681 802 837
Smog kg NOx eq 2.7 3 4
Number of steps 3 5 5
Duration (Days) 53-55 67-71 72

17



Applying Lean, Green, and Six-Sigma Framework to Improve Exterior Construction Process in Saudi Arabia

|4
/] Project Management W
Suppliers : A ﬂﬂ ACCEPTANCE Customer
C eet Customer Reqts. D
[
ﬂ_ .
. o
> an =
Materl\aLspellvery 9
i
a
=
T
\Stlarige_ S
|—— el N - 1
| Pre-Plaster B : - - |
| pplying Cement Plaster Applying primer sealer Applying Paint(2 coats) I
2.5 mm thick ) (leveling materials) -
: ! Cleaning exterior : Modified
1 Worke 1 Hely i
| |\D/ 1 Worker + 1 Helper \OJ 1 worker + 1 Helper surface \OJ 1 Worker \QJ 1 Worker +1 Helper | Ex?er.mr
1| Materials used and Materials Used & Quantities 3 — Materials Quantities for | Painting
| S ——— | O 1 Warker Materials Quantities for | Prucess
| | Quantities for Pre-Plaster: for Cement Plaster: & Primer Sealer: Paint: | B
: D L i e E Cement + Sand + Water A €/T: 4 Hours A R Quantities: 128 lbs |
| | Quantities: 1ton WP | Quantities: 4 ton wip WP [ dpment Rol wiP | Equipment: Compressor, | Total Lead
: el Equipment: 1 Mixer TROEE texture gun : Time
| | c/mi00ars C/T: 28 DAYS C/T: 14 DAYS | 67-71Days
2-4 2-4 Upon
Days Days finish 2-4Days NVA/T 8-12
| 10 Days 28 Days | | 4 Hours 7 Days | | 14 Days I VA/T 59 Days
Key legend: Shipment
C/T = Cycle Time /N inventory — Arrow Process & Production| —] | Timeline
WIP= Work in Process Manual Electronic \eJ] Operator Control Segment
——p [nformation ¢’ Information
Customer/
) Box Score
-:’ Push Arrow E- Shipment Truck Data Table Supplier

FIGURE VI
MODIFIED VALUE STREAM MAP (VSM) FOR THE EXTERIOR PAINTING PROCESS

To recap, this framework enabled us to apply the concept
of DMAIC to the construction phase to improve the process.
The sequence of steps starts with evaluating a chosen
process, identifying the waste generated during the process,
and measuring its impact. Then, through the use of Six-
sigma tools, we were able to identify possible reasons for
the generation of the waste, and find suitable solutions to
implement.  Finally, the success of these solutions is
monitored and revised business processes established to
maintain improved performance.

[

FIGURE VII
EXAMPLES OF THE MODIFIED PAINTING PROCESS OUTCOMES
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V. CONCLUSION

Saudi Arabia is experiencing a boom in the construction
industry, yet it is facing many challenges that could impact
the industry’s environmental performance. This paper
explains a previously developed framework that can be used
to identify and reduce waste during construction processes
by integrating three methods: Lean, Green, and Six-Sigma.
A case study of applying exterior painting construction
process in a residential complex in Saudi Arabia was
implemented to further illustrate and validate the framework.
A major defect, blistering, was identified. The associated
environmental impact of the painting construction process
was analyzed using TRACI impact categories. The
consumption of materials was the highest contributor to
most categories including Global Warming, Acidification,
Carcinogenic, Non Carcinogenic, Respiratory Effects,
Eutrophication, Ecotoxicity, and Smog. Potential causes of
waste were identified, then validated and ranked, using a
Pareto Chart. The root causes responsible for the blistering
occurring during the construction phase were identified as
“inadequate procedure” accounting for 43%, “untrained
workers” at 31%, “unfavorable weather conditions” at 19%,
and “others” at 7%. A modified process was developed to
eliminate potential causes by applying the Design of
Experiment method. The modified process was then
implemented on two residential units for validation. The
modified process was able to deliver units that are blistering
less.

In the future the Lean Green, Six-Sigma framework will
be developed to be part of the quality inspection for

KICEM Journal of Construction Engineering and Project Management
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To achieve that, the

framework should take less time and the efforts tool, yet
should deliver the desire results. Also the successful
attempts in this study will be introduced to several
organizations in Saudi Arabia to encourage industry to
consider other aspects during construction such as the
environmental impacts.
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SUPPLEMENTARY INFORMATION

SI- 1. Final check sheet shows four major causes for painting blistering found via field examination

PROJECT NAME: ROYAL COMMISSION PUBLIC HOUSING (PHASE 4)

LOCATION: INDUSTRIAL YANBU, SAUDI ARABIA

HAII AL-FAISAL HARRAH 1
NUMBER OF TOTAL UNITS: 53

Unit

Causes of Error (Blistering in Exterior Painting)

1- Workers
Preparation of Materials
Execution

Training

2- Method:
Current Process:
1- Plastering, 2-applying
primer sealer, 3- Applying
Paint

3- Weather Condition
s:
High Temperature, Hu
midity, and dust

4- Other
Structural (Cracks)
Plumbing
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3 11/33 X

3 12/33 x

3 13/33 x

4 15/33

4 17/33

4 1/34 X

4 2/34 X

4 3/34 x

4 4/34 X

4 5/34 x

4 6/34 x

4 7/34 X

4 8/34 x

5 9/34 X

5 10/34 X

5 11/34

5 12/34

No. Of Defects 13 | 18 3
Total Number of Defects 42
Total Number of Checks 11
Total Number of checks/Opportunities for defects 53
Defective Per Million Opportunities (DPMO) 792,453
Six-Sigma level 1 out of 6
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