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ABSTRACT

In lean theories as in quality management, the notion of continuous improvement is
strong. Experience from an earlier production cycle should be fed into the next cycle.
The framework of lean production offers a structure for experience feedback to take
place. The industrialised house builders would benefit more from experience feedback
than traditional construction firms would, since the degree of repetitiveness of their
work is higher. The degree of prefabrication in industrialised housing ranges from
manufacturing open walls and floors up to producing entire volume modules with
complete interior cladding. The higher the degree of prefabrication, the stronger is the
clash between construction and manufacturing, since the traditional construction
process does not cater for the need for early design decisions that are rigid throughout
the building process. This paper aims at exploring the production process at three
industrialised housing companies seeking feedback opportunities and implications.
An explorative research method is used where interviews with the participating
companies show that initiatives and opportunities exist, but not in a consistent way.
The transformation of information and knowledge into useful design input could be
seen as a bottleneck in production process.
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There is a category of construction

INTRODUCTION companies that have met the
The construction industry is based on contradiction between construction and
craftsmanship and the construction manufacturing; ~ the industrialised
hero is someone who quietly handles house builders, in this paper defined as
every appearing situation with a those who produce hoqses in a cl_osed
sufficiently good result. If quality factory environment with one evident
work in manufacturing relies on, e.g., process owner and a clear product goal
repetition, standardisation, and follow- of repetition in housing design and
up, then construction is about production ~where there is mostly
uniqueness responsiveness to assembly at the building site. Lessing
problems, and flexibility in solutions. et al. (2005) suggested eight
Therefore. the clash between the characteristic areas that constitute the
construction culture and the thought of concept of industrialised housing
quality management is large. namely: (1) planning and control of the
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processes, (2) developed technical
systems, (3) off site manufacturing of
building parts, (4) long term relations
between participants, (5) supply chain
management  integrated in  the
construction process, (6) customer
focus, (7) use of information and
communication  technology (ICT)
systematic performance measuring,
and (8) re-use of experience. In this
paper the term traditional construction
is understood as a construction project
with low fulfilment of these eight
characteristics. Thus, it is the authors’
notion that industrialised housing
companies have made an effort to
distance themselves from the three
interrelated peculiarities that

distinguish construction from
manufacturing, namely (1) site
construction, 2 one-of-a-kind
production, and (3) temporary

organization (Vrijhoef and Koskela
2005). Industrialised house builders
can be inspired by lean production
theories within the company itself, but
the construction site still functions
according to traditional construction
logic.

An extensive governmental
evaluation (SOU 2000:115) of the
Swedish construction industry states
that knowledge in construction is
fragmented, resulting in an inability to
transfer knowledge from one project to
another, and a similar investigation
was conducted in England (Egan
1998). Yet  another  Swedish
government report (Sigfrid 2007)
calculates mistakes to have an
extensive impact on the production
price, the cost for correcting defects
after moving in could be up to as much
as 95 million euros. Defect
examination in construction is not
uncommon, e.g. Josephson and
Hammarlund (1999) and llozor et al.

(2004). Industrialised house builders in
Sweden have chosen to address this
problem through prefabrication in a
controlled factory environment. One
challenge, and opportunity, to
becoming more industrialised is to
change the company culture towards a
process oriented production and work
with feedback and reuse of experience
(Lessing 2006).

This paper presents a case study of
the construction process at three
industrialised house builders, with a
focus on practical feedback initiatives.
The three companies use a timber
volume element prefabrication method
and cater to the Swedish market. This
study does not comprise industrialised
single family housing i.e.
manufactured housing. The hypothesis
to view houses as products instead of
projects is based on the authors’
understanding and view of how
industrialised housing can benefit from
lean and quality management theories.

THEORY
LEAN PRODUCTION

The basic idea of lean production is to
reduce unnecessary operations, waste,
with simple methods to promote
increased flow targeted at creating
customer value (Womack and Jones,
2003). Instead of producing to stock,
the concept of pulling, i.e,
manufacturing when the need arises,
creates a flow through the production
system. Value is created by the flow,
both  for internal and external
customers. Value streams through the
process, both within the process itself
but also from supply chains. Perfection
is the basic lean thinking principle
meaning continually striving towards
producing precisely what the customer
wants and delivering the product when
expected while eliminating waste
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(ibid.). Perfection is a way not the
means, through identification of a
future improved state that will always
be advanced when reached (Rother and
Shook 2003).

In 1992, one of the first parallels
were drawn between manufacturing
industry and construction  when
(Koskela 1992) defined the principles
that laid the foundation to what is
known as lean construction. In lack of
an industrial manufacturing process
Koskela (1992) issued the TFV
framework, referring to
transformation, flow, and value, with a
base in production and operations
management. The introduction of
transformation as an element in lean
theory reflects the construction
industry’s idea of an object being
gradually enhanced by craftsmen not
necessarily organised in a flowing
manner.  Production has to be
performed using transformation of
inputs into outputs where materials,
and information, flow through value
and non-value adding activities with
value for the customer as the end goal.

Bjornfot (2006) argues, from an
industrialised construction perspective,
that lean production management is
restrained by the project-oriented
construction  process, and thus
obstructing perfection. Bertelsen and
Sacks (2007) is making a historical
survey, arguing for a new
understanding of construction and
proposes construction projects to be
linked in a complex network,
constituting a web of flow. The
development of industrialised
construction is an ongoing process, in
close relation to the development of
Lean Construction. Ho6k (2008) states
that industrialised culture changes
focus from organizational- and project
learning, towards  building in

knowledge into the process instead of
in the people, and hence facilitate
knowledge feedback in a consistent
way. The importance of a cultural
change and a top-down strategy
combined with bottom-up tools of lean
manufacturing is also supported by
Liker and Lamb (2002). A key element
in the pursuit of perfection is learning
and feedback (Liker 2004).

ENGINEERING KNOWLEDGE AND
KNOWLEDGE BASED ENGINEERING

There are several initiatives in the area
of knowledge management (KM)
through information technologies, e.g.,
KM systems using blogs and wikis for
capturing best practice and enabling
information pull (Ahn et al. 2007,
Egbu and Botterill 2002, Shelbourn et
al. 2006). This is understood as
answering the question: What is the
design rationale and what are the
requirements for how the building
system and its basic technical solutions
should be chosen in order to meet
performance requirements? Improved
design decisions are bound to product
knowledge, thus the capture of
information for later use in the design
process is vital for fulfilling
requirements. Knowledge  based
engineering (KBE) is a manufacturing
industry life cycle approach to
knowledge management (Egbu and
Botterill 2002, Stokes and MOKA
Consortium  2001). The KBE
methods/approach is initiated in order
to enhance the effectiveness and
efficiency of engineering design,
normally by creating design support
tools in a CAD environment. The
product knowledge, i.e., configuration
and engineering  knowledge, s
formalised into design rules available
in the CAD environment. The KBE
design process is denoted a product
model and the actual information is
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referred to as a knowledge base
(LaCourse 1995). Information such as
geometry, material  type  and
performance as well as process
information can be stored. The KBE
knowledge base, is what could be
defined as an active design procedure
manual, with the ability to improve
through feedback from production,
tests, and quality audits (LaCourse
1995). The KBE product model, unlike
an engineering team, never forgets; it
computes numerous design models in a
short time and thus reaches buildable
designs with fewer resources. In
construction, a theoretical framework
for learning through project feedback
was presented by Kérnd and Junnonen
(2005). They state that learning takes
place on four different levels, (1)

organisational, (2) individual, (3)
construction and (4) relationship
learning, and they conclude that
learning is a key ingredient with

successful companies in terms of value
creation.

ISO STANDARDS AND QUALITY WORK

The Quality management system is the
part of an organisations management
system that is focused on achievement

of results, in relation to quality
objectives, to satisfy needs,
expectations and requirements of

interested parties, as appropriate (1SO

9000:2000). It is defined as (ISO
9000:2000 3.2.3) “the management
system to direct and control an
organisation with regard to quality.”
Product quality is defined as (ISO
9000:2000 3.1.1) “degree to which a
set of inherent characteristics fulfils
requirements.” Thus the
characteristics and the requirements
chosen are what makes the product and
the management system is only a
framework. The most widely used
standard for implementing such a
quality management system is the ISO
9000 series. This set of standards is
implemented mostly because of
customer requirements and the ISO
certificate is the most desired outcome
(Poksinska 2006). It is clear that the
outcome of the implementation reflects
the reason for applying and the most
decisive  means  for  successful
outcome, when implementing 1SO
9000, is a will to manage the company
regarding quality (Gustafsson et al.

2001). Lean theory offers a
management foundation for
implementing continuous

improvement initiatives expanding the
governing construction logic domain,
without life cycle considerations, into
a Lean service life domain, see figure

Product
specification

Manufacturing
assembly

Product on
the market

Feedback

i
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|
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Figure 1: Theoretical model of a life cycle product approach to industrialised housing.
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A key difference between
manufactured products and housing is
the view of product quality being
decisive of service life and of
maintenance costs required to attain
intended service life. The general
concept service life (ISO 15686-1,
3.1.1) is defined as “the time after
installation during which a building or
its parts meets or exceeds the
performance requirements.” Service
life planning through the ISO standard
portfolio (ISO 15686) is suggested to
contribute to enhanced building
quality, strengthened collaboration
between actors, and minimised life
cycle costs (SIS HB 2005). Emphasis
on Service Life Planning (SLP) as an
effort to ensure building performance
was initiated when the Construction
Product Directive (CPD) was issued in
1988 (The Construction Products
Directive 1988). Sjostrom et al. (2002)
states that SLP was identified as a
guiding concept regarding durability of
buildings, that should be of help in
implementing CPD. Estimating service
life should be done through feedback
of actual performance measurement.
Service life planning could be

considered a complementary
framework for life cycle approach,
also supported by KBE, offering a
quality ~ approach to product
enhancement in construction.

METHOD

The multiple case study involves three
companies utilizing  industrialised
prefabrication production. The
companies are medium-sized, counting
approximately 100-150 employees,
with around 20% of their staff working
in design and administration, and the
remaining staff engaged in production.
All three companies use timber for the
load-bearing structure and have chosen
to manufacture modular  houses
(volume elements) inside a factory,
reducing the building site to final
assembly. With the modular technique
buildings can be up to five stories
high. The prefabricated timber
volumes consist of four load-bearing
walls enclosing the volume. The size
of the volume elements is limited to an
outer width of 4.15 meters, an outer
length of 13.00 meters and an internal
height of the volume element up to
2.60 meters as illustrated in figure 2.

Element Volume !n_teri_or
assembly assembly finishing

— Storing = Transport = Erection =——>

Finished
building

Figure 2: Industrialised VVolume element prefabrication process.

Empirical findings are based on data
gathered through interviews,
observations and archival studies in
order to understand the industrialised
production process. Interviews were
conducted  with key persons

representing management (3
companies), factory production (3
companies) and assembly (site
managers of 5 assembly teams). Five
different field trips to building sites
were conducted. Semi-structured, in-
depth interviews were performed with
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the head of quality work at one
company, two site managers at one
company, the head of sales at two
companies and two production
managers at one company.

CASE STUDY

The organisation of production in the
studied companies is quite clear,
however not process-oriented in any
formal way. Building projects follow

predefined paths, which involve
multiple activities, see figure 3. The
figure also illustrates how

manufacturing- and construction logic
meets in the industrialised building
process. The process of producing a
house has a long start-up phase, where
communication with the client and
authorities dominate the activities to
eventually reach a product definition

the building according to customer
demands, they produce prefabricated
volumes in their factories, and they
assemble and finish them on the
construction site. Design,
manufacturing, and erection, takes
respectively 12+4+4 or a total of 20
weeks. Most activities remain in-
house, while some are performed by
external consultants. Building- and
guarantee inspections, see figure 3, are
both compulsory through contract, in
Sweden regulated and formalised,
through a non-profit-making
association of influential actors in the
construction industry, and presented in
two regulations; one is general
regulations for construction, ABO4,
and the other is specialised for design
build contracts, ABT94. Regulations
stipulate the guarantee limit to two

Interior design
and materials

Volume

for the building. The company often years for material and inventory.
runs everything in-house, using a

design-build contract, i.e., they design

o i i o
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Figure 3: Time frame for the typical building project with a simplified model of activities during design,
manufacturing and commissioning.

BRIEFING

Briefing consists of 4 weeks to allow
for early client contacts, 12 weeks
receiving a building permit, 8 weeks
for design for tender, and 12 weeks
tender negotiations and acceptance.
During this period both economical

and technical design issues are
addressed as well as architectural
aspects. The sales department consists
of 2 to 3 individuals of which one
person is assigned to support long-term
customers. Architectural work is done
both in-house and with customer-
selected external architects, both of
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which are skilled in the volume
element prefabrication system. After
sales, a start meeting is initiated where
sales, design, purchase, production and
assembly are represented. This is
where the object specific demands are
investigated; this is also when the
project leader is appointed.

All of the investigated companies
try to promote early customer choice
of standardised design solutions. Two
companies have assigned the work of
documenting such a  company
standard, i.e., technical platform. Early
design work is organised under the
sales department, and is supposed to be
supported by a skilled senior design
employee, but due to capacity
problems this designer is occupied
with design- and production.

THE DESIGN PROCESS

The same kind of standardisation
appears for these companies in the
design process, by defining standard
joints, standard stairwells, standard
wall and floor sections, etc. Since the
layout of the building affects the
manufacturing to a large extent,
strategic alliances with architects and
customers are sought to streamline the
design process. Drafting of the
building envelope is handled by the
companies themselves, while HVAC
drafting, structural design, electrical
drafting and life-cycle costing are
handled by external consultants to a
varying extent.

Common for the companies is that
building design and HVAC installation
is performed in two stages: first, the
building envelope is divided into
modules suitable for manufacturing;
second, the detailed design where the
elements building up each module are
drafted on manufacturing drawings.
Standard CAD  software  for
construction is used to produce

drawings printed on paper. A bill of
materials in Excel is produced as by
performing a quantity take-off directly
from drawings. Ordering of materials
is done manually, based on the bill of
materials. Communication is done
mainly via e-mail or phone. There is
no visualisation of design activity
progress. Quality control of drawings
are scheduled but not executed in order
to save time and not causing any
manufacturing delay.

THE MANUFACTURING PROCESS

Data from design is transferred in
printed format, and sometimes even re-
organised or re-drafted before being
directly applicable in manufacturing.
None of the studied companies have
automised their production plants, but
plans exist to do so. The factory seems
to work as a stand-alone production
unit and the drawings produced have a
strong resemblance to those used for
on-site construction. The capacity of
the production plants vary, on average
150 m2 of finished modules are
produced daily.

Rules and limitations regarding
volume assembly exist at different
levels in the organisation, but they are
not documented consistently. Many of
these rules have not been documented
at all and exist only in the minds of the
employees. The rules are therefore not
transparent  in  design,  creating
unnecessary rework between design
and manufacturing. Once the wall
elements are manufactured and
assembled to volumes, internal
cladding, painting, and decoration
starts. The workers use printed
drawings to keep track of work tasks
for each module.

Before storing finished volumes,
an inspection is done and deviations
are reported. All missing equipment or
undone work is listed; documentation
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is done in different software, including
Excel, Outlook, and company-
developed software. This
documentation is not used for any
other purpose than as a check list for
ordering material or assigning labour
to correcting defects, there is no
practice of follow-up after closing the
issue. Data and experience from
projects are kept in archives related to
a specific project, but they are not
related to the production process.
There is no clear process orientation or
process leader, which can disturb co-
operation between departments. The
ownership  of improvements in
activities or product development does
not have an appointed function. No
person is working fulltime on quality
issues or product development.

ASSEMBLY ON SITE

The modules are delivered to the
building site by truck and their
delivery time is set scheduled to
minimise site work. The work on site
is carried out by small, tight, groups of
both in-house teams and external
carpenter firms. These teams are
moving from building site to building
site, and have inherent knowledge
about the practical aspects of the
building platform. At the building site,
information flow is a problem. This is
addressed by meetings and short
education sessions but these do not
take place on a regular basis. A
common problem is the lack of
detailed standards for specific work
task; all teams have their own
solutions, when it comes to e.g.,
edging, carpet joints, and doors. All
companies rely on a few long term
relations with skilled workers. One
company has a newly formulated
imperative: when a new group is
accepted for assembly work at least
one skilled worker, appointed by the

company, is required to participate in
the erection of the first three buildings.

FEEDBACK INITIATIVES

Data is organised with building
projects as the base, which is natural
while the project is current, but
difficult when the project has become
an experience. Product development is
not a separate process within the
companies, but rather an activity that
arises in project after project.
Information ~ is  dependent  on
individuals, there is no central
management system that controls the
progress of the house production
process; therefore it is difficult for
individuals to keep track of the
progress. All of the investigated
companies have initiated meetings,
with staff from design, prefabrication
and assembly, at least once, where
discussions have been documented in
the intention of further feedback
analysis. One company has appointed
groups, representing assembly, for
contributing feedback and reporting on
new solutions. But no body is dealing
with the incoming information, from
these initiatives, and transforming it to
engineering knowledge and changing
the platform - the building system.
One company working with long term
commissioned assembly crews have
had some projects with zero defects at
delivery; this is somewhat of a record
in the construction industry, but there
is no investigation connected to this
achievement. External quality audits
are made on the finalised building at
delivery and after a guarantee period
of two years (in Sweden). There is no
existing link between these audits and
no model is established for traceability
of quality problems backwards in the
manufacturing process. The analysis of
the audits is absent. The action process
for correcting defects is fast and non-
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reflective about the characteristics of
the notification in the audits. Feedback
through quality audits among current
house stock is unfortunately absent.

DISCUSSION

The prefabrication of timber frame
volumes, as one form of industrialised
housing, has improved since well over
50 years in Sweden. Timber volume
element prefabrication, as a concept
for multi-storey construction is a novel
production form in Sweden since
1994. Recent prefabrication initiatives
gaining much attention on the Swedish
market, for its high degree of
completion are the two systems NCC
Komplett (concrete elements) and
Open House (steel frame volumes).
Recently they shut down their
factories, NCC (2007) and Open
House (2008). Both argue they
advanced too fast with too many
technical solutions. The timber volume
producing companies represents a
stable and competitive actor on the
market when it comes to simple,
repetitive houses as sheds, student
homes, etc. These companies are rather
small and do not invest in radical
changes. The industrialised house
builders would benefit more from
experience feedback than traditional
construction firms would, since the
degree of repetition of this work is
higher also in the sense that the
process owner takes responsibility for
the entire product. Thus of the five
hindrances for comparing houses and
cars, listed in the 1SO user guide for
service life planning (SIS HB 50,
2005), (1) Complexity, (2) Service life,
(3) Environment, (4) Product
uniformity and (5) Production
uniformity, only the first three are
applicable as products and production
is uniform in industrialised housing

production. Even if houses are not
cars, a comparison Gibb (2001) and
others have argued should be treated
with  caution, the industrialised
companies are closer to industrialised
production and thus have possible a
greater opportunity to take
responsibility of long term quality and
feedback. All three companies in the
case study are working with design-
build contracts, and long term relations
with  suppliers.  Individuals and
construction teams are organised
according to industrialised
construction conditions where relations
remain the same from project to
project. This implies that in the
perspective  of  learning, these
companies will gain advantage of
organisational and construction team
learning (K&rn& and Junnonen 2005)
due to less implications from
individual and relationship learning.

If a service life approach was
applied during briefing and design this
could facilitate the utilisation of
existing quality audits and inspections,
creating value from defect notations in
the inspection documents. As the
designers are pressed for time they
instead choose to rely on personal
experience rather than facts originating
from detailed examination of the
inspection protocols. The
transformation of information, into
product knowledge and then reuse,
could indeed be considered as a
bottleneck in production. In timber
element prefabrication companies,
KBE could serve as a model in order
to formalise solutions and to ensure the
capture of building system knowledge
in a systematic and sustainable way by
starting to find ICT solutions. KBE is
not utilised within timber volume
element prefabrication. This is in part
due to the small series of houses and
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partly due to the product and its
interfaces not  being  defined.
Furthermore a product development
process appears to be non existent with
the observed timber volume element
prefabrication companies. A clear
receiver for KBE efforts is therefore
lacking. The importance and difficulty
of capturing, structure, and
transforming information within the
company for sustainable use in a
continuous process is not given enough
resources. A product development
approach to construction recognises
the importance of feedback to satisfy
the customer (Ulrich and Eppinger
2004). This is adopted by the European
community through the CPD directives
and the service life planning standards
(Trinius and Sjostrom 2005).
Ironically, one obstruction towards
lifecycle approach seems to be
working with ISO quality management
systems. The system is being mistaken
for implementing a feedback system.
A quality management system,
according to ISO 9001, only offers a
framework for enhancing the level of
quality on both processes and products
and it should not be implemented in
fear of losing business or considered a
maximum achievement vs. quality
management (Dale 1999). This is a
common case in the SME business
(Gustafsson et al. 2001). The basic
thought is to actively prevent, change,
and improve rather than control and
repair (Bergman et al. 2003). Routines
within a quality system, as practised in
construction, is not used for feedback
unless defects or mistakes have an
economical implication with other
stakeholders (Persson 2006).

CONCLUSIONS

Industrialised housing companies have
the opportunity to apply a life cycle
approach to their products because:

e They own a significant part of
the construction process, i.e., the
processes of briefing, design,
fabrication, and construction.

e They are striving to achieve a
product standard and thus
gaining a repetitive effect.

o They utilise indoor production in
a controlled environment.

The transformation of information and
knowledge is a bottleneck in
production because;

e Data and experience from
projects are kept in archives
related to a specific project;
experience should rather be
stored in a database, where
improvement suggestions from
each project are linked to a
production process.

¢ Industrialised housing companies
utilise ~ experience on an
individual basis without
allocated resources.

FUTURE WORK

Feedback between the instances of
design, factory, building site and
commissioning through operation and
maintenance could be done using key
ratios and data rather than information
hidden in building inspections or in the
head of a construction worker. Further
investigations should explore
transformation of feedback initiatives
and traceability of defects through the
building production process.
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