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Precast concrete beams for bridges are among the widely used applications of off-
site construction with various standardized profiles and lengths being long used in
different national contexts. The purpose of this paper is to highlight the important
role of standardization in construction and promote the use of prefabrication in the
design and construction of highway concrete bridges in countries with low construction
industrialization. In this context, this research proposes a set of 45 standard precast
extended — | beams, suitable for use in the majority of the common motorway bridge
configurations. The selection of the proposed set of standard beams has emerged from
data of 109 bridges (2,284 beams in total) constructed along the Egnatia Motorway
and two of its perpendicular axes in Greece. Specifically, a database including the
dimensions of the precast beams as built [length, depth, upper flange width (UFW),
lower flange width (LFW), and web width (WW)], was first created. Following careful
data review, 36 different combinations of depth, UFW and LFW and 64 different
lengths were detected. This, as well as further data analysis, demonstrated that in
the project of Egnatia Motorway no attempt was made to globally standardize the
beam configurations; as a result the efficiency benefits typifying standardization were not
captured. Therefore, the dataset’s variables were subject to thorough statistical analysis,
including multi-linear regression and correlation analysis, with the aim to determine a set
of standard beam configurations. The resulting set of 45 beams represents 15 different
lengths, coupled with three alternative depths each, in compliance to the regulatory
requirements for the bridge’s effective width. Furthermore, this paper makes specific
suggestions for a more effective procurement strategy which will be incorporating award
criteria in favor of the use of off-site construction as well as the development of official
guidelines enforcing the use of standard design elements. The important role of suitable
contracts as well as the provision of training to the main stakeholders involved, are
also highlighted. This proposal can help Greece, as well as other countries with non-
well-established relevant standards, launch an effective strategy aimed at harnessing
standardization’s efficiency benefits in bridge construction.

Keywords: bridge, beam, constructability, DfMA, off-site construction, precast concrete, prefabrication,
standardization
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INTRODUCTION

The construction industry is continually looking for better
methods to enhance the value of its infrastructure projects. This
requires good design and construction techniques, which provide
good value through economy, speed and ease of construction.
Although there is no generic production system able to provide
maximum value in every occasion, production systems based on
prefabrication of components off-site, steadily become more and
more competitive and popular (Bjornfot, 2008; CBDG - Concrete
Bridge Development Group, 2015). The industrialization of
construction has several benefits including higher productivity,
waste reduction, time and cost savings, automation, enhanced
safety, improved quality and sustainability gains (Gerth et al,
2013; Laing O’Rourke, 2013; RIBA, 2013; Banks et al., 2018).

More bridges are built worldwide using concrete than any
other material, because it is widely available, durable and able
to provide a high quality and elegant natural appearance.
The use of precast concrete components also represents a
growing technology with several additional benefits including the
achievement of extremely high tolerances at the preparation and
positioning of the formwork and the reinforcement, as well as
simplified casting, transporting and erection (CBDG - Concrete
Bridge Development Group, 2015).

This research aims to promote the use of prefabrication
in the design and construction of highway concrete bridges
in countries with non-well-established relevant standards, by
highlighting the efficiency potential of standardization and by
proposing a set of standard precast extended - I beams, suitable
for use in the majority of the common motorway bridge
configurations. The proposed set of standard beams emerges
from data of 109 bridges (2,284 beams in total) constructed
along the Egnatia Motorway and two of its perpendicular axes
in Greece. Relevant procurement policy recommendations for
the development of an efficient regulatory framework aimed
at promoting standardization in public works sector are also
provided. This research is particularly important for Greece as
a series of motorway projects with total length of 350 km are
currently underway. However, as the proposed standard designs
have emerged from designs implemented in a great variety of
landscapes, their applicability is not restricted in Greece. For
instance, they could be very useful to other Balkan countries in
light of the current plans for expansion of the trans-European
Network in the area.

LITERATURE REVIEW

This section concerns oft-site construction and emphasizes on
precast concrete with the aim to highlight practices favoring
standardization in design, procurement and construction of
concrete operations. Section “Off-Site Construction and DfMA
as Standardization Pillars in Construction” briefly discusses
off-site construction and explains how the standardization
emerging from such a design approach is inextricably linked
to DfMA and buildability and their benefits. Section “The
Advantages of Standardization in Concrete Operations”

presents standardization benefits in the context of concrete
operations and Section “International Experience in Concrete
Bridge Beams Standardization” focuses specifically on precast
concrete bridge beams and the standardization attempts made
worldwide to date. Section “International Practices Promoting
Standardization in Public Works” completes the section by
reviewing regulatory practices applied worldwide with the aim to
promote standardization in public works.

Off-Site Construction and DfMA as
Standardization Pillars in Construction

Off-site construction is defined as the manufacture and
preassembly of building components, elements, or modules
before installation into their final locations (Goodier and Gibb,
2007). Alternative terms to describe the same approach include
prefabrication, non-traditional building and industrialized
building. The degree of oft-site work to be undertaken results in
four different levels as follows:

e Component and subassembly: Components are
manufactured off-site and then brought together
onsite, such as columns, floor slabs and beams

(e.g., precast concrete).

e Non-volumetric preassembly: Two-dimensional panelized
structures, designed and manufactured in wall and ceiling
panels off-site are joined together onsite.

e Volumetric preassembly: Elements of buildings (e.g., plant-
rooms or bathroom pods) manufactured in a factory are
sub-assembled oft-site.

e Modular building: Whole segments of the buildings
(modules)  manufactured three-dimensionally  and
assembled off-site are fitted together onsite.

Extensive presentation of case studies and applications from
each category can be found in Gibb (1999). The biggest
advantages of off-site compared with traditional construction
are thought to be the decreased construction time on site,
increased quality and elimination of defects (Goodier and Gibb,
2007). A systematic presentation of the literature’s perceptions on
benefits and drawbacks associated with the use of prefabrication
in construction has also been given in Goodier et al. (2019).
However, according to Lu et al. (2018), although prefabrication
has great potential to overweigh conventional construction
methods in many aspects, it is not a cure-all solution that
automatically promises benefits; it needs due consideration of
the wider environment forces, i.e., political, economical, social,
and technological factors like, e.g., policies, standards, guidelines,
labor, social attitude, resources and site logistics. Furthermore,
the early incorporation of off-site production into the design and
the supply chain is very important to allow for the realization
of potential benefits (Pan et al., 2012), especially in cases of
volumetric and modular design (Pan et al., 2008).

The design of prefabricated components or integrated
modules generally requires more attention to make these
components appropriate for off-site manufacturing and on-site
assembly (Lu et al., 2020). In this context, the common thread
among the different off-site options is that they incorporate
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a design approach based on the principles of Design for
Manufacture and Assembly (DfMA) (UK Parliament, 2018),
which is both a design philosophy and a methodology focusing
on the ease of manufacture and the efficiency of assembly.
DfMA is a well-established approach in sectors such as the
automotive and consumer-products industries that are driven by
the need to produce large numbers of consistently high-quality
products very efliciently (Laing O'Rourke, 2013). Adopting
a DIMA approach among others means harnessing design
rationalization and standardization. Design rationalization is
defined as “the minimization of the number of materials,
sizes, components or sub-assemblies,” whereas standardization
is “a design philosophy requiring the designed product to be
produced from those materials, components and sub-assemblies
remaining after design rationalization has taken place” (Moore,
1996). Standardization also stands for the use of components,
methods or processes enabling regularity and predictability
(Gibb, 2001) and specifically relates to the replacement of several
components by a single one that can perform all their functions
(Perera et al., 1999). Bjornfot (2008) analysis also advocates that
value generation is generally facilitated when seen through a
standardization lens which allows the engineer to better manage
the customer values by developing a design easy to understand
and eliminating variation and complexity.

The similarities between off-site construction/prefabrication
and manufacturing have pushed DfMA to the fore of the
industry’s cross-sectoral learning and innovation agenda (Tan
et al., 2020). DIMA considers how aspects of the design can
be designed in a manner that minimizes works on site and, in
particular, in a way that avoids ‘construction’ (RIBA, 2013). In
this context, in the design phase, each component should be
checked using the following set of questions: Can the part be
combined with another part? Can the function be performed
in another way? Can the part be standardized? (Kim et al,
2016). Gibb and Isack (2001) confirm that standardization
remains an important part of construction best practice with
standardized construction components being associated to lower
costs, stable quality and positive learning effects due to process
repeatability. Similarly, Edum-Fotwe et al. (2004) note that
standardization and the stability it entails are essential for
any performance improvement measures to become embedded
in operational processes in construction. Gao et al. (2020)
holistically examined the construction perspective to the DFMA
approach and provided a thorough literature review. A DFMA
- inspired approach for construction has also been proposed by
Gerth et al. (2013); their ‘Design for Construction’ (DfC) design
evaluation model is based on the number, size, and positioning
of components and parts that need to be processed, assembled
and handled onsite.

Although the concept of DIMA has only recently become a
popular topic in construction, the concept of ‘assemblability’ has
long been considered in the sector through the counterpart
concept of buildability (Gao et al., 2020). Buildability
refers to ‘how the design process can accomplish simple
construction’ (Rwamamara et al, 2010) and promotes the
design rationalization and standardization principles as means
to achieve site efficiency, predictability, and better value for

money in construction (CIRIA, 1999). The literature further
confirms the close relation between design standardization and
buildability. For instance, as part of buildability oriented reviews,
O’Connor et al. (1987) and Alshawi and Underwood (1996)
discussed the negative effect of the variability of element sizes
on the complexity of the construction process. Similarly, Fischer
and Tatum (1997) identified dimensions and details of elements,
e.g., width, length, depth, and type as critical design variables,
important for the buildability of structures. Furthermore, in an
effort to measure the buildability of designs, the Construction
Industry Development Board of Singapore (1995) established the
“Buildable Score” of the design, taking into consideration the
level of simplicity, standardization, and the extent of the single
integrated elements, i.e., combining related components into a
single element. Similarly, Martinez et al. (2015), identified the
lack of standardized concrete elements in housing construction
as a major buildability issue resulting in additional work and
inefficiency. Finally, Tegos and Aretoulis (2018), determined
buildability as the most important of seven compliance criteria
for the design of concrete bridges and included it in the decision
support system for the selection of bridge type.

The Advantages of Standardization in

Concrete Operations

In the current competitive construction sector, the main
challenge for the builder is the escalating costs of labor
and materials while the public demands timely delivery of
products with improved quality and durability at affordable
prices (Tan et al., 2014). Given that the benefits of offsite
construction, i.e., improved quality, lower inventory costs,
shorter lead times, less materials waste as well as lower carbon
emissions (Gibb and Isack, 2001; Pasquire and Gibb, 2002;
Kim et al., 2016; UK Government, 2018b; UK Parliament,
2018), are well known in the industry, standardized precast
concrete products are used widely in buildings and infrastructure
projects. The manufacturing process encompasses raw material
mixing, product casting in molds (or on long casting beds),
product curing (using heat and/or steam), storage, product
transport and, finally, assembly at a construction site. Typical
products include precast blocks, pavers, lintels, tunnel linings,
culverts and other structural elements such as slabs and
beams (Elhag et al., 2008). A detailed study of the use of
innovative technologies in precast industry has been presented by
Pan and Pan (2019).

The benefits of standardization offered by precast concrete
elements have been well documented in the literature with
Oberlender and Peurifoy (2011) noting that design repetition,
dimensional standards, and dimensional consistency are critical
for the economy of construction. Jarkas (2010) attempted to
quantify the impact of the lack of standardization on the
construction cost of a precast slab; they concluded that holding
the edge-form surface area constant while the ratio of the total
number of angles around the perimeter to the total length
of the perimeter increases by one unit, the formwork labor
productivity decreases on average by 1.33 m2/mh. Similarly,
Rwamamara et al. (2010) concluded that the standardization of
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one component of bridge foundation would entail approximately
50 percent lower labor costs for reinforcing the foundations.
Burkhart et al. (1987) also support that the design repetition
in concrete projects can improve labor output by 40 percent;
this entails a significant cost reduction given that labor alone
accounts for up to 30 percent of concrete structural frame
costs. In this context, as the construction industry is typified
by small profit margins, achieving economies of scale is
of vital importance. Therefore, standardization of geometry
and detail of building components is a crucial factor in
this direction, with enormous significance for the success
of a project in the construction sector (Tan et al, 2014;
Martinez et al., 2015).

The formwork, i.e., the structure that keeps the concrete
in place until it gains sufficient strength to support itself, has
also been noted as offering opportunities for standardization
and industrialization (Shapira, 1999). According to Burkhart
et al. (1987), in order for the designer to make formwork more
constructible, they should repeat the dimensions of structural
members such as beams or columns. This helps workers learn
the job fast, increasing output and decreasing labor costs.
Also, they should base the design on readily available standard
form sizes to avoid the cost of making custom forms. Finally,
they should avoid irregularities in the shape of concrete as
these decrease productivity and increase cost. In other words,
standardization of dimensions, rationalization of design schemes
and repetition of element sizes throughout the project are
essential to ensure efficient and cost-effective utilization of
formwork materials.

Furthermore, since formwork involves a high initial cost,
it should be carefully handled and reused as many times as
possible (Huang et al, 2004; Jarkas, 2010). As per Martinez
et al’s (2015) experience, when the different dimensions
of concrete elements impede the reutilization of formwork
panels, their adaptation demands a significant amount of
time and resources. Dikmen and Sonmez (2011) further note
that standardization enables the most accurate productivity
estimation possible which is of crucial importance from the
contractor’s point of view: an erroneous estimate of the
productivities at the tender stage may cause the loss of a bid or
on the contrary, may cause getting awarded a contract that will
end up with a loss.

Additionally, as Oberlender and Peurifoy (2011) have
noted, the advantages of using standard formwork includes
not only a higher number of reuses, and thus a reduced
overall costs of equipment, but also many more: simpler
installation that can be performed even by low-skilled
workers, reduced erection time, improved safety for the
labor force, better quality concrete surfaces which reduces
further finishing work, automation of formwork operations
and improved productivity. Along the same lines Tan et al.
(2014) highlight the adverse consequences occurring in absence
of standardization in concrete operations, i.e., unnecessary
expense of additional manpower in customized design and
detailing, quick deterioration of the mold leading to shortened
production life cycle, increased unit cost, increased storage space
requirements and logistic problems.

International Experience in Concrete

Bridge Beams Standardization

Standard precast, pre-tensioned concrete beams have been used
for years in many countries, and in various shapes and depths.
Standard beams are usually between 1.5 and 3 m deep and
are typically used for spans between 25 and 45 m. The precast
beam sizes in these ranges are of manageable size in precasting,
transporting, handling and installing operations with readily
available machineries (Tan et al., 2014). Some transportation
restrictions may apply with beam lengths beyond 30 m, but beams
up to 40 m can generally be accommodated on the road network
(CBDG - Concrete Bridge Development Group, 2015). In general,
the most economical span /depth ratio is about 20, although they
are still viable at a ratio as low as 16.67 (Benaim, 2008).

The literature presents a variety of precast bridge beam
standardization attempts in different national contexts
(New Zealand, Australia, United Kingdom, North America) with
differing section shapes and lengths (Gray et al., 2003; CBDG -
Concrete Bridge Development Group, 2015; McMullen and Li,
2015). For instance, in New Zealand, a range of precast concrete
bridge beams were developed and adopted by the Ministry of
Works as industry standards in the mid 1970’s. These standard
designs included single, double and triple hollow sections,
I beams and U beams for spans between 6 and 32 m. They
were widely used for 20 years leading to time savings and cost
efficiency resulting from the use of standard molds (Gray et al.,
2003). Furthermore, The Colorado Department of Transport
(CDOT) also developed 56 standardized bridge I beams with
length between 9.45 and 59.74 m and depth between 120 and
175 cm while keeping 3 standard upper flange widths (300,
220, and 142 cm) (McMullen and Li, 2015). Additionally, the
American FHWA Standard Plans for Motorway Bridges also
provide a choice between 3 standard I beam shapes and two
extended-I beam Standard sections with standard dimensions.
These sections are applicable to spans from 16 to 36 m while
the provision for structural span to depth ratios to be taken
as 18.18 for simple spans and 20 for continuous spans defines
the possible span lengths. It is to be noted that according to
these standards, designers are expected to consult the Office
of Structural Engineering prior to designing a structure with
a non-standard shape (Duan et al., 1999). A summary of the
variety of shapes, range of length and depth and their names,
as originally defined, are shown in Tables 1, 2. Wider shape
groups have also been introduced by the authors to facilitate
the categorization of the designs. For example the shapes ‘Bulb
T Beam’ and ‘Decked BT Girder’ have been grouped under the
category ‘Extended-I beams’ to denote that the width of the
upper flange is greater than the width of the lower flange.

International Practices Promoting

Standardization in Public Works

Procurement is a critical phase of every construction project
which represents the set of strategic decisions made to acquire
capital assets and services to meet specified project goals
(Tawiah and Russell, 2008) and has enormous impact on the
economic prosperity of a region especially in times of recession
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TABLE 1 | Standard beam shapes in different countries (all dimensions in m).

Country Shape Original shape name Indicative figure Spanrange Depthrange LFWrange UFW range References
category
North America  Solid slabs Solid planks, Deck Slabs 0-17 0.25-0.33 1.20-4.60 1.20-4.50 Gray et al., 2003;
:‘ McMullen and Li,
h . 2015
New Zealand, Voided beams Single, double, triple hollow 0-20 0.24-0.66 0.50-1.20 0.50-1.22  Duan et al., 1999;
Australia, North  or slabs core beam, voided planks, Gray et al., 2003
America double, triple hollow core -
planks _
New Zealand/ Box section Rect. hollow core beam, 0-45 0.42-1.90 0.60-1.20 0.60-1.20  Duan et al., 1999;
Australia/ closed flange Super T Gray et al., 2003
North America beam, Voided box beams,
Single cell box beam, U |
Girders hvf;
North America  Extended-I Bulb T — Beam, Decked BT 10-60 1.20-1.83 0.64-0.71 1.06-3.00 Duan et al., 1999;
beam Girder Gray et al., 2003;

=

L

McMullen and Li,
2015

TABLE 2 | Standard beam shapes in different countries (all dimensions in m).

Country Shape Original shape name Indicative figure Spanrange Depthrange LFWrange UFW Range References
category
New Zealand, | beam | girder 7 0-50 0.46-2.10 0.20-1.00 0.20-1.00  Duan et al., 1999; Gray
Australia, North et al., 2003
America
United Kingdom Inverted T TY beam, Inverted T — 0-40 0.35-2.00 0.50-0.77 Gray et al., 2003
beam beam, Y beam, SY /
beam. M beam 5
New Zealand, U beam U beam, Close flange 0-35 0.75-1.80 0.50-0.90 Gray et al., 2003
Australia, Super T beam, Super T
United Kingdom and the Tee-Roff beam
North America  Inverted U Inverted U Section - 15-30 1.35 1.65 Gray et al., 2003
beam -
North America  Ribbed Double Tee, Triple Tee, 0-37 0.65-1.05 1.20-1.83  Gray et al., 2003;
Decked Next Girder —

McMullen and Li, 2015

(Antoniou et al., 2016b). Procurement can also potentially play
a critical role in the adoption of off-site manufacturing
technologies at the subsequent implementation stage. Especially
in the context of public works and infrastructure, governments,
as the largest single clients of the sector, are well in the position
to actively promote and facilitate off-site construction uptake
through relevant national procurement rules (UK Government,
2018b). Lu et al. (2018) are also of the opinion that the
governments tend to stipulate a high level of prefabrication as
part of their ambitious construction plans and highlight this
practice as similar to a prefabrication “race.” Pan and Goodier
(2012) further note that government-funded social housing has
traditionally been the main driver for off-site technologies.

Such an example of a national government striving to
aggregate and stabilize demand for off-site construction by
putting its own projects at the forefront, is the United Kingdom
government. The use of off-site construction methods is not
new to the United Kingdom, as in various historic occasions
they have been massively used to address various needs (e.g.,
emergency housing after WWII) and ameliorate the construction

industry’s poor performance (Nadim and Goulding, 2009; Taylor,
2010). Currently, off-site construction lies at the core of an
ongoing governmental initiative called ‘Construction Sector
Deal; aiming to transform the productivity of the sector
through the promotion of standardization. In this context, since
November 2017 there is a “presumption in favor” of off-site
construction across suitable capital programs, where it represents
best value for money. The presumption in favor binds five
Governmental Departments (the Department for Transport, the
Department of Health and Social Care, the Department for
Education, the Ministry of Justice and the Ministry of Defence)
to include at least one off-site manufacture-based option at the
development stage of their projects (UK Government, 2018b).
Furthermore, the UK Government is also actively promoting
standardization and buildability through the adoption of a
‘Platform Approach to DfMA which minimizes the need
to design bespoke components for different types of assets.
Specifically, this proposal suggests that the design, procurement
and construction of built assets for the above five departments
use a defined set of standardized and interoperable components.
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This approach will enable digitally designed components to
be used whenever possible, not only across different types of
built assets, but also across different sectors. For example, a
single component could be used as part of a school, hospital,
prison building or station. The Department for Transport and
associated delivery bodies (e.g., Transport for London, Highways
England) are also expected to use this approach and they have
also been encouraged to look to the roll out of automated
design for components that are unique to transport infrastructure
(UK Government, 2018b). The UK Government also strongly
recognizes that designers, contractors and suppliers must all
have early involvement in a project for off-site manufacture
to be successful. This requires a change in business models
in the sector and amongst clients, both private and public
sector, as well as far greater collaboration (UK Parliament,
2018). Furthermore, the Government acknowledges the need to
establish and promote standards for components manufactured
off-site and the associated manufacturing techniques as this will
strengthen customer confidence in the quality, safety and future
performance of the assets produced (UK Government, 2018a).
The above is completely in line with Mao et al’s (2015) and
Lu et al’s (2018) view that political factors like governmental
regulations and incentives are among the strongest enablers or
barriers to prefabrication adoption in a certain context.

Besides the United Kingdom, Singapore is also a country
where DfMA has been officially recognized by the Government
as a means to help contractors change the way they build and
to sustain productivity improvements. As per Gao et al. (2018),
the adoption of DfMA was mandated in 2014 as one of the
conditions for developments on Government land sites. As a
result, the Building and Construction Authority has to give notice
of upcoming projects requiring higher levels of prefabrication so
as give construction firms ample time and runway to plan ahead
on how best to deploy resources. Furthermore, as a regulatory
body, the Singapore government has activated a DM A-relevant
legislative framework which introduces the Minimum Buildable
Design Score (B-score) and the Minimum Constructability Score
(C-score), which both seek to encourage the adaptation of off-
site and efficient techniques during the construction phase.
Furthermore, Singapore has witnessed encouraging results in
promoting prefabrication through financial incentives (such as
interest-free financing) (Park et al, 2011). Lu et al. (2018)
confirm that a policy foreseeing financial incentives if a project
has achieved certain requirements in using prefabrication can
effectively encourage its adoption.

Main Points From the Literature Review

The previously presented literature review clearly demonstrates
the important role of prefabrication or off-site construction
toward the improvement of construction operation’s efficiency
through standardization, DfMA and increased buildability.
Design repetition, dimensional standards and dimensional
consistency are critical for the economy of construction as well
as for the achievement of stable quality and higher productivity.
In this context, concrete operations can particularly benefit
from the implementation of manufacturing practices to produce
standardized elements such as blocks, pavers, lintels, tunnel

linings, culverts and other structural elements such as slabs
and beams (precast concrete). Standard precast, pre-tensioned
concrete beams have also been used for years in the construction
of bridges in many countries, and in various shapes and depths.
The adoption of prefabrication in public works and infrastructure
can actively be promoted by governments, as they are in
the position to impose relevant national procurement rules as
well as create demand for prefabricated components through
appropriate infrastructure planning. Examples of countries where
relevant official initiatives to facilitate offsite construction have
been undertaken, is the United Kingdom and Singapore.

METHODOLOGY

The current paper constitutes a case of “applied” research or
“action research,” i.e., research which involves the researcher
suggesting solutions to particular problems (Fellows and Liu,
2008) and is distinguishable in terms of its purpose, which is
primarily the improvement of a practice of some kind (Robson
and McCartan, 2016). Action research is more common in fields
such as business and management and can involve the collection
of both quantitative and qualitative data for the formulation of
the diagnosis of a problem and in the emergence of a solution
(Bryman, 2012).

Liu (1997) notes that action research is a process different from
a hypothetical-deductive type of research; it is highly context
dependent and so, is neither standardized nor permanent, as it is
reliant on the project and the knowledge of the persons involved.
Furthermore, in action research, the researchers collaborate
with practitioners and other stakeholders with the aim to
produce knowledge and enact change (O’Leary, 2004). Given
the rapidly changing nature of organizational settings and the
continuing pressure on organizational members to improve their
performance, it is likely that action research has a considerable
contribution to make in the management of change (Jupp, 2006).

According to Koshy (2005), the unique features of action
research can be described by the following keywords: better
understanding, improvement, reform, problem-solving, step-
by-step process and modification. Furthermore, Jupp (2006)
highlights the fact that its outcomes are not necessarily ‘findings’
in the conventional sense of theoretical progress, but in terms
of new practices, changed behavior patterns or improvements in
organizational processes.

A widely adopted version of action research views it as a
spiral, or cyclical, process which starts with defining the enquiry
and describing the situation and continues with collecting and
analyzing data. Data analysis enables the researcher to identify
discrepancies between the desired and the actual state, and form
the basis for the introduction of changes that will tackle the gap.
The circular process gets completed with the implementation
and evaluation of the change and final decision on future action
(Robson and McCartan, 2016).

The current research aims to introduce an efficient
standardization proposal for precast concrete bridge beams.
The project of Egnatia Motorway which is the longest recently
constructed motorway in Greece (around 1,000 km including
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perpendicular connecting axes), was selected for the collection
of data. Gaining the required access to the designs of the
project was greatly facilitated by the fact that one of the authors
has 22-year professional experience, 14 of which as a Project
Manager, within ‘Egnatia Odos S.A., the public owned client
organization responsible for the design, construction operation
and maintenance of the Egnatia Motorway. Therefore their
network included suitable contacts which were properly utilized.
The critical role of personal contacts in effective research conduct
has also been noted by Taylor et al. (2016). This data collection
approach is alternative to interviewing, or asking someone to fill
in a questionnaire for the purposes of the research, and belongs
to a group of methods known variously as unobtrusive measures
or indirect observation (Robson and McCartan, 2016).

Data collection started with the authors gaining access to the
database including information for all the 919 concrete bridges
designed and constructed along the Egnatia Motorway and two
of its vertical axes (also 4-lane bi-directional motorways). All the
bridges were built between 1998 and 2015 according to the same
design specifications, i.e., the German codes DIN 4227, DIN 1045,
DIN 1055, DIN 1072, DIN 4014, the Greek Reinforced Concrete
Code (2000) and Earthquake Design Code (2000), as well as
Eurocode 8. Since the research focus was on standardization,
the authors decided to isolate the data concerning 109 concrete
bridges with precast beams. The separate dataset which was
formulated included information for the total bridge length, the
bridge width, the number of spans, the number of beams per
span, shape, length, and depth of the beams, the design office
responsible for the design and the contractor responsible for
the construction. The information from this dataset helped the
authors to locate the final design documents for each of the 109
bridges and create a new database including information for the
shape and dimensions of the respective precast beams, as built.
A total of 2,980 precast beams of varying lengths, depths and
cross-sectional shapes was identified and statistically processed.
Given that 77% of the beams (2,284 beams) were of the Extended-
I beam cross-section (other categories observed were I beams, T
beams and Inverted T beams), the analysis and standardization
proposal was restricted to this shape.

Next, a thorough statistical analysis was undertaken by the
authors to establish the lack of standardization in design, and
highlight the need for the development of an effective regulatory
framework, including standardized elements. In this context,
the next step included the selection of a set of Extended -
I beams as proposed standardized elements. These emerged
following careful review of the dataset’s descriptive statistics and
application of multi-linear regression and correlation analysis
between the major beam cross-sectional dimensions (depth,
upper flange lower flange and web width). This set of standard
beams is able to accommodate the majority of motorway bridge
configurations and is applicable not only in highway projects
in Greece but also in the wider Balkan area where the trans-
European Network is currently planned to expand. This step
fulfills the primary purpose of action research which is the
identification of discrepancies between the desired and the actual
state and introduction of changes which will result in the
improvement of a practice.
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FIGURE 1 | Dimensional ranges of the dataset’s beams (all measurements
inm).

DATA ANALYSIS

Assessment of Standardization Level in

the Dataset

Upon analysis, it was found that the precast Extended-I beam
lengths of the dataset include 64 different beam lengths ranging
from 13.05 to 44.30 m, while the depth of the beams take 18
different values ranging from 1.10 to 2.8 m. Regarding upper
flange width (UFW), lower flange width (LFW), and web width
(WW), the dataset includes 15 different UFW values ranging
from 0.90 to 2.0 m, 10 different LFW values ranging from 0.50
to 1.00 m and finally 6 different WW values ranging from 0.20 to
0.60 m (Figure 1). From the frequency analysis it was also found
that the most common UFW values are 1.40 and 1.50 m (48%
of the beams), the most common LFW values are 0.75 and 0.80
(57.7%) and the most common WW is 0.25 m (69.9%).

Additionally, following careful review of the 2,284 beams,
70 alternative configurations were identified resulting from 36
different combinations of depth, UFW and LFW and 64 different
lengths. Figure 2 shows the various lengths encountered for each
of the 36 alternative Extended - I sections while Figure 3 shows
for each of the 36 sections the total number of beams constructed.
The different shades of black and gray correspond to the different
lengths. For instance, section number 30 is the most popular one
with a total of 295 beams constructed in 10 groups of different
lengths and varying quantities.

It can be observed from Figure 2 that the vast majority of
the beam configurations (59 out of 70 or 84.2%) correspond to
lengths greater than 27 m (shaded zone), while it is also evident
that most of the sections (23 out of 36 or 64%) are associated with
one specific length only. There are however 8 sections which can
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FIGURE 2 | Beam lengths per section.
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be found in beams of two different lengths, another 2 sections
(number 18 and number 22) which can be found in beams of
four different lengths, section number 29, which is found in
beams of six different lengths, section number 36, which is found

in beams of seven different lengths and finally section number
30, which is associated with 10 different lengths. A closer look
at the alternative lengths associated with each of the sections
(Figure 2) reveals that in many cases (e.g., sections number 5, 18,
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FIGURE 4 | Typical precast beam bridge cross section arrangement.
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22,29, 30, 32, 36) the difference in lengths is less than one meter,
occasionally much less than this.

Further data analysis reveals that Section 22 is found in two
groups of beams designed by the same consultant, one with
40 and one with 180 beams, which have a length difference
of 15 cm only. Similarly, section number 30 is associated with
one group of 20 beams and a second group of 60 beams which
only differ by 26 cm. The same section is also used in two
groups of 45 and 40 slightly longer beams that have a length
difference of 0.7 m only. Similarly, in section number 29, 84
beams were designed at a length of 35.50 m and at the same
time another 38 were also designed at three additional very
similar lengths (34.30, 35.00, 35.84 m). Very similar is also the
case of section number 36 where in the interval between 42 and
44.3 m, 5 different beam lengths have been selected by the same
design consultant.

Figure 3 also shows that 13 out of 36 sections (36%) have
been used in less than 20 beams of differing lengths in total,
while the majority of the more frequently used sections present
very high length variability, which results in many subgroups
of much fewer identical beams (same section and same length).
For instance, section 30 is found in 295 beams in total, but
since there are 10 different lengths involved, the biggest subgroup
counts no more than 60 beams while the smallest counts just 12.
Among the 70 different configurations encountered, the largest
group of identical beams is a group of 180 beams (section
number 22, length 34.00 m) which is less than 8% of the 2,284
beams of the dataset.

As a result of the above, it can be safely concluded that in the
project of Egnatia Motorway no attempt was made to standardize
the beams’ configurations so as to facilitate their construction on
a project level. Furthermore, similar conclusion can be drawn
after taking into account how the precast bridges were tendered
for construction in 31 different contracts; it is worth noting
that 20 of the contracts required the construction of at least
2 different configurations with 5 of them encompassing more
than 4. There is no doubt that had proper design guidelines
toward standardization been implemented, the aforementioned
variation would have been drastically reduced and much higher
efficiency levels could have been achieved in both design
and construction.

Rationale for the Determination of

Standardized Precast Beams

This section presents the rationale for the determination of
a set of different standard beams which along with other
policy recommendations, detailed in Section 5, constitute this
research’s contribution toward the promotion of standardization
in concrete bridge construction.

Typical Arrangements in Precast Concrete Bridge
Construction

The standard practice implemented by Greek contractors is
the construction of the bridge deck in two phases. Phase 1
encompasses the construction in factory conditions of the precast
beams and the application of pretensioning. The constant width
panels, which connect the beams and are used as permanent
formwork for the in situ casting of the deck slab, are also
constructed in the factory in phase 1. In phase 2, the precast
beams and panels are placed in position using crawlers or cranes,
the deck reinforcement is laid, and then, the slab above the beams,
as well as the continuity slab and the cross beams are cast in situ.
Figure 4 shows a typical precast beam bridge cross section and
Figure 5 shows the arrangement for the continuity slab at the pier
head in the longitudinal direction.

Length of Proposed Standard Beams

In order to define a reasonable multitude of standardized lengths
for the Extended -I beams, the 2,284 beams of the dataset were
reviewed. Given that 85% of all the beam lengths were found
within the range between 22 and 43 m, it was decided that the
standard elements would represent this range, at intervals of
1.5 m, i.e., 15 alternative lengths. The decision to standardize at
1.5 m intervals is a result of the observation that in most bridge
designs available, the pier head width used for the placement
of beams in the longitudinal direction is around 3.9 m. Also, a
typical distance from the edge of the pier to the bearing is 0.25 m,
a minimum bearing diameter is 0.50 m, a typical distance from
the bearing to the edge of the beam is 0.20 m and the minimum
space between consecutive beams required on either side of the
pier’s center line for inspection purposes is 0.35 m. This means
that assuming a slightly larger pier head width of 4.10 m, a space
of 2.05-0.25-0.50-0.20-0.35 = 0.75 m remains available on each
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FIGURE 5 | Typical arrangement for the continuity slab at the pier head
(adapted from Greek Ministry guidelines).
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FIGURE 6 | Schematic representation of typical consecutive beams
positioning (dimensions in m).

side of the pier’s center (Figure 6). As a result, the minimum
length of each beam is up to 1.5 m shorter than the pier center -
to —pier center distance. For the beams of the first/last span of the
bridge, the position of the abutments can be adjusted accordingly
if required, by relocating them by 0.75 m outward.

Depth of Proposed Standard Beams

According to the Greek motorway bridge design guidelines
(Greek Ministry of the Environment, Planning and Public Works,
2002), enforced in 2002, the precast beam span to depth ratios
should be between 15 and 25. Given that a significant number
of the bridges included in the database were designed prior to
2002, there were 9 beam configurations which did not conform
to the aforementioned restriction and thus were removed from
the dataset to be used in the multilinear regression analysis
that follows. The beams corresponding to the remaining 61
configurations were used to carry out two-way correlations
between the beam features with the calculation of the correlation
coeflicient (Table 3).

The results indicate that a statistically significant positive
correlation exists between the depth and the length of the beam
(P = 0.810), as a result of the fact that longer length adds
significantly to the beam’s dead load and therefore to the required
depth. Similarly, statistically significant is the correlation found
between the beam’s depth and effective width (P = 0.656) with
the latter being defined as the ratio of the bridge width to the
multitude of beams in this dimension. This correlation also
makes sense from a structural point of view, as the effective width
defines the beam spacing and thus the number of beams in the
bridge section; bigger spacing results in less beams with bigger
depth so that the load imposed on each beam can be sustained.
In addition, a smaller yet significant positive correlation was
also found between the beam’s depth and the LFW (P = 0.588).
However, it can also be observed that LFW is highly correlated
with L (P = 0.612) and therefore it may not qualify as an
independent variable.

Initially, a multiple linear regression analysis was carried out
with the aim to estimate the depth, D (dependent variable) as a
function of the beam length (L), the effective width (Wg) and
the LFW (independent variables). The results (Table 4) showed
that for L and W.g;, the Beta coefficient value was higher enough
compared to the standard error, as specified in Field (2013), but
this was not the case for the LFW as 0.1 < 0.287. Thus, LFW
was removed from the analysis and a new regression analysis
between D, L, and W was carried out (Table 5). This resulting
linear model (equation 1) has a very good fit with R* = 0.792
denoting that both L and W.g make a significant contribution to
the calculation of D.

D = (—0.303) 4+ 0.047L + 0.248Wg (1)

Next, three alternative values, equal to 2, 2.5, and 3, were
chosen for the variable of Wg. This resulted from the fact
that the frequency analysis of the dataset reveals that 31.1% of
the beams have an effective width of less than 2, 24.6% are
between 2 and 2.5 and another 29.5% is between 2.5 and 3. Given
the above and making use of equation 1 for the 15 different
beam lengths (L) previously specified between 22 and 43 m, 45
(3 x 15) corresponding beam depths (D) were calculated and
then rounded up to the nearest 0.05 m.

UFW and LFW of Proposed Standard Beams

The UFW and LFW values selected for the 45 standard beams
are 1.40 and 0.75 m respectively, which are the most frequent
respective dimensions encountered in the dataset. The selection
of these values was decided after the apparent correlation between
L and LFW was further checked and the resulting regression
equation produced a low R? = 0.364. Therefore, it was concluded
that the flange configuration does not seem to have any statistical
correlation with other dimensions.

WW of Proposed Standard Beams

According to the Greek motorway bridge design guidelines
(Greek Ministry of the Environment, Planning and Public Works,
2002), the WW should be no less than 0.30 m for beam
depths < 1.0 m and no less than 0.5 m for depths > 4.0 m.
In between beam depths also have web thickness limits which
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TABLE 3 | Correlations between the dataset’s dimensional variables.

L (m) D (m) UFW (m) LFW (m) WW (m) Wesr (m)
L (m) Pearson correlation 1 0.810 —0.139 0.612 0.057 0.391
Sig. (two-tailed) 0.000 0.284 0.000 0.661 0.002
D (m) Pearson correlation 0.810 —-0.071 0.588 —0.149 0.656
Sig. (two-tailed) 0.000 0.586 0.000 0.253 0.000
UFW (m) Pearson correlation —0.139 —0.071 1 0.212 0.115 0.008
Sig. (two-tailed) 0.284 0.586 0.100 0.376 0.953
LFW (m) Pearson correlation 0.612 0.588 0.212 1 0.144 0.316
Sig. (two-tailed) 0.000 0.000 0.100 0.268 0.013
WW (m) Pearson correlation 0.057 —0.149 0.115 0.144 1 —0.305
Sig. (two-tailed) 0.661 0.253 0.376 0.268 0.017
Effective Width (m) Pearson correlation 0.391 0.656 0.008 0.316 —0.305 1
Sig. (two-tailed) 0.002 0.000 0.953 0.013 0.017

TABLE 4 | Regression coefficients for three independent variables.

Model Unstandardized Standardized t Sig.
coefficients coefficients
B Standard error Beta
1 (Constant) —0.433 0.183 —2.367  0.021
L (m) 0.043 0.006 0.596 7.647  0.000
Wegr (M) 0.242 0.040 0.391 6.022  0.000
LFW (m) 0.382 0.287 0.100 1.328  0.189

TABLE 5 | Regression coefficients for two independent variables.

Model Unstandardized Standardized
coefficients coefficients
B Standard Error Beta t Sig.
2 (Constant) —0.303 0.156 —1.948 0.056
L (m) 0.047 0.005 0.654 10.050 0.000
Weg (M) 0.248 0.040 0.400 6.157  0.000

can be calculated by linear interpolation. The WW value
can be reduced by 0.05 m for beams produced in factory
conditions. Therefore, the WW was calculated for the 45
alternative depth values according to the above guidelines,
assuming factory conditions, and then it was rounded up to
the nearest 0.02 m.

PROPOSAL FOR THE PROMOTION OF
STANDARDIZATION IN ROAD BRIDGES
IN GREECE

Greece is an example of a country long using its public
resources less than optimally (Monastiriotis and Psycharis,
2014) as public work contracts often suffer from poor Value
for Money (EU Directive, 2014; European Court of Auditors,
2013, 2014a,b). At the same time, the Public Administration’s
staff lack the necessary knowledge and expertise required to
manage investments in infrastructure efficiently and effectively

(Marinelli et al., 2018). In this context, and additionally given
the profound adverse impact of the recent 10-year recession
on public investment, the adoption of off-site construction
and DfMA practices could greatly benefit the value for money
performance of the forthcoming public works in Greece. The
sector currently presents an ambitious pipeline of projects
including the Northern Motorway in Crete, the central Greece
Motorway E65, the extension of the western border motorway
‘Olympia Odos  (section from Patras to Pyrgos) and the
connection of Tonia Odos’ Motorway from Ioannina to Albania.
In addition, this proposal may also come in useful for other
motorway projects planned for the future such as the new
Thessaloniki Ring Road, as well as the much needed extensions
of ‘Attiki Odos’ in Athens. Furthermore, the introduction
of industrialization in the Greek construction sector would
provide the opportunity to geographically spread the benefits
of public investment in infrastructure, as the manufacturing
process can take place away from the construction site,
with more regions potentially benefiting from investment in
capital and in skills. However, for this sector transformation
to be successfully initiated, legal frameworks and procedures,
standards, regulations and policies are of critical importance
since these can determine the decisions of designers, contractors
and government officials through the entire offsite construction
process (Mao et al., 2015).

Proposed Set of Standard Precast Bridge

Beams and Implementation Example

The analysis of section “Rationale for the Determination of
Standardized Precast Beams” results in 45 different standard
beams as presented in Table 6. These are considered sufficient
to cover the vast majority of precast concrete motorway
bridges as they have emerged from the analysis of an
extensive bridge dataset, covering a variety of designs and
geological terrains.

The following easily applied process, resulting from the
analysis of Section “Rationale for the Determination of
Standardized Precast Beams,” is proposed for the selection of the
most appropriate standard beam design in a bridge with known
total length and width.
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TABLE 6 | Proposed Standardized Extended-| Beams for precast bridges.

Length (m) D (m) UFW (m) LFW (m) WW (m)

Effective Width (m)

2 2.5 3
22.00 1.25 1.35 1.50 1.40 0.75 0.30
23.50 1.30 1.40 1.55 1.40 0.75 0.30
25.00 1.35 1.45 1.60 1.40 0.75 0.30
26.50 1.40 1.50 1.65 1.40 0.75 0.30
28.00 1.45 1.55 1.70 1.40 0.75 0.30
29.50 1.50 1.60 1.75 1.40 0.75 0.30
31.00 1.55 1.65 1.80 1.40 0.75 0.32
32.50 1.60 1.70 1.80 1.40 0.75 0.32
34.00 1.60 1.75 1.85 1.40 0.75 0.32
35.50 1.65 1.80 1.90 1.40 0.75 0.32
37.00 1.70 1.85 1.95 1.40 0.75 0.32
38.50 1.75 1.90 2.00 1.40 0.75 0.32
40.00 1.80 1.95 2.05 1.40 0.75 0.32
41.50 1.85 2.00 2.10 1.40 0.75 0.34
43.00 1.90 2.05 2.15 1.40 0.75 0.34

Step 1: Define the distance from pier center to pier center,
d, and subtract 0.70 to calculate the maximum allowed
beam length (L = d-0.70) according to the minimum space
required between consecutive beams.

Step 2: Decide the number of beams per cross section so that
the Weg (Bridge deck width/number of beams) is between
2and 3

Step 3: Apply the values of L and Wg to equation 1 to
estimate the section’s depth D

Step 4: Choose the closest beam length and beam depth
from the standard beams table.

Step 5: Carry out structural verifications checks and
repeat if necessary.

For example, for a 4-span bridge with total length equal to
137.6 m and width equal to 12.7 m, the pier center to center
distance is d = 137.4/4 = 34.4 m. Therefore, the max beam
length equals to L = 34.4-0.7 = 33.7 m. The minimum beam
length which could be possibly selected and accommodated on
the standard pier head is L, = 33.7 - 1.5 =322 m.

For 6 beams per span, Weg = 12.7/6 = 2.12.

The initial depth D is calculated as —0.303 + 0.047*33.7 +
0.248%2.12 = 1.80 m.

After consulting Table 6, the closest beam length is
32.5m > Lmin. For the selected length of 32.5 m and Wg =2.12
the depth is recalculated by equation 1 and equals D = 1.75 m.
The value D = 1.80 m is the next available option in Table 6 and
represents a choice on the safe side. The remaining dimensions
are UFW = 1.40 m, LFW = 0.75 m and WW = 0.32 m.

Other Recommendations
Effective Procurement Strategy
A range of procurement pathways exists for any construction
project. However, procurement routes based on the involvement

of the contractor in design are the most appropriate ones
to achieve the required ease of assembly/buildability level.
Such systems are the design and build (DB), the management
contracting (MC), the construction management (CM), and
the Early Contactor Involvement (ECI) (Finnie et al., 2018),
i.e., the procurement system, typically referred to as a two-
stage procurement process, which allows the contractor to be
conditionally appointed before details of what is to be constructed
have been fully developed and priced (Marinelli and Antoniou,
2019). Among the abovementioned routes, only the DB can
be applied in the Greek public works sector as it is officially
part of the EU’s relevant legislation (EU Directive, 2014). Under
this approach, the owner selects and executes a single contract
with a single entity to design and construct the project. In
this case, the pre-qualification stage which takes place, could
be used as an opportunity for preselection criteria related to
off-site construction and collaborative culture attributes to be
used. A public project in Norway offers an example of a similar
approach, with lean competence being among the procurement
criteria; specifically the contractors were asked to describe
how they planned to manage the production progress and to
organize their logistics in line with lean construction principles
(Bygballe et al., 2018).

However, the DB approach also involves disadvantages
which may jeopardize the project’s value for money, e.g., low
competition, increased complexity and restricted use (Marinelli
and Antoniou, 2019). Therefore, clients will often use competitive
tendering up until the later stages of the design to drive capital
cost down (Robinson et al., 2012), i.e., they select the ‘traditional’
DBB procurement route. This more often than not is the
case with the Greek public works procurement and Egnatia
Motorway was no exception: the whole project, initially planned
to be constructed under 60 construction contracts according
to geographical criteria, was finally constructed via 236 such
contracts due to various unforeseen circumstances and numerous
design modifications. However, of these 236 contracts, 99% were
procured through a DBB route. Given the popularity of DBB
procurement route, it is suggested that the authorities take
a ‘procure for value’ (rather than lowest cost) approach, by
associating the project award criteria with social value benefits
like environmental and sustainability performance, reduction
of waste and health and safety, all of which are significantly
enhanced by the use of off-site manufacture. This will give
off-site construction solutions a significant lead, regardless the
procurement route.

Development of Official Guidelines

The willingness of the precast industry to invest in, to design
and to construct the necessary infrastructure for manufacture of
standardized components relies on the push and enforcement
of the relevant authorities (Tan et al., 2014). In the absence of
official standardization requirements, manufacturers will hesitate
to invest in new molds and facilities for any new projects.
Therefore, the Greek authorities should develop guidelines
outlining standardized elements for all the individual structures
encountered in highway projects (e.g., for bridges, tunnels etc.)
and make their adoption mandatory in the tender documents, for
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all the relevant design procurement processes. Such an endeavor
will require extensive analysis of constructed projects data in
cooperation with the respective constructors, so as to enable the
tacit construction knowledge which resides in their minds in the
form of technical skills, intuitions and insights, to take a concrete
form and become widely available for use in future projects. This
will alleviate the consequences resulting from the DBB approach’s
main disadvantage, i.e., the fragmentation due to the separation
of design from construction.

Especially for highway projects of significant length, which
usually get tendered in separate smaller sections (geographical
units), designers can further be guided so as to design the similar
structures of the same unit using the same standardized section
if possible, so as to enable the constructor to use the same
formworks for all the structures of the section. For the case
of already existing designs, which have not been constructed
yet, it is suggested that the constructors be allowed to change
the designs for standardized sections as per the EU Directive’s
provisions described in Marinelli and Antoniou (2019). This
will enable them to potentially avoid the use of additional
bespoke equipment. At a later stage, a digital library of BIM
based data-rich files of the standard designs should also be
developed and made available to both the designers and the
contracting authorities, so as to further facilitate and promote the
implementation of the standardized elements.

It should be noted that the establishment of the mandatory
use of standard beams in the design of precast beam bridges
does not preclude their use in the DBB process. On the contrary,
as all Greek DBB contracts are based on bills of quantities and
official unit rates published by the relevant technical committee,
it will allow for a more accurate cost estimate based on specific
construction details and market costs that will be known to all in
advance, i.e., consultants, contractors and clients.

Suitable Selection of Contracts

According to Finnie et al. (2018) the optimal procurement
strategy to enhance off-site construction should enable not only
buildability, but also competitive lump sum pricing in the form
of a standard model. The latter can well be achieved by means
of the digital library approach previously suggested, as the
standardized elements can easily be used as the basis for the
preliminary cost estimates required for the use of lump sum
price contracts. Such standard forms of construction contract
provide familiarity and reliability through being well tried in
case law (Kirkham, 2007; Ashworth, 2012) while also presenting
high contribution potential to value for money achievement
(Antoniou and Aretoulis, 2018). Langford et al. (2003) also
confirm that the use of lump sum contracts in roadworks results
in significant reduction of the construction cost while requiring
less management by the client organization and delivering
more harmonious working relationships between the client
and the contractor.

Training Opportunities

Finally, it is of critical importance for any public authority
involved in the relevant procurement processes to offer
suitable training to its employees, especially at the stage

of the standardized elements database development. Training
workshops and seminars on the principles of DMA are necessary
to raise their awareness of the benefits that may be derived from
standardization and consequently reinforce their commitment.
It will also help the engineers to seek for appropriate data
from the construction firms and collaborate with them in an
efficient manner. Low and Gao (2011) note that such training
should be targeted not only at the government officials but
also at the industry, and this could be achieved by formally
introducing relevant manufacturing course in the curriculum of
tertiary institutions.

CONCLUSION

Prefabrication or off-site manufacture for construction is
strongly associated among others with higher productivity and
significant cost, time and quality gains, achieved as a result
of DIMA, improved constructability and standardization. In
this context, concrete operations can particularly benefit from
the implementation of manufacturing practices to produce
standardized elements such as blocks, pavers, culverts and
other structural elements such as slabs and beams. Among the
widely used applications of off-site construction in highways
is the design and construction of precast concrete beams
for bridges, in various profiles and lengths. This research
highlighted the efficiency improvement potential typifying the
use of standardized designs, making evident how off-site
construction including precast concrete applications would be
highly beneficial for the improvement of value for money in
construction. Furthermore, it investigated the standardization
practices in precast bridge beams worldwide and demonstrated
the lack of standardization in the design of concrete bridges in
Greece. This was evident following the collection and analysis of
data from 109 precast concrete bridges comprising 2,284 beams,
constructed along the Egnatia Motorway and its connecting
axes. The developed database, including information for the
dimensions of the respective precast beams (L, D, UFW, LEW,
and WW), as built, was further used for the implementation of
statistical analyses such as multi-linear regression and correlation
analysis. These analyses’ results, combined with regulatory
requirements, enabled the determination of 45 alternative beam
configurations which are proposed as standardized elements in
the construction of precast concrete bridges. The proposed set
of beams includes 15 different lengths in the range between
22 and 43 m and 3 alternative depths for each length, in
order to match the desirable effective width. An implementation
example detailing the steps which need to be applied for the
determination of the most appropriate standard beam design
in a bridge with known total length and width, has also
been included. Given, however, that the industrialization of
the construction sector in many countries, including Greece, is
very low, a more consistent and strategic approach is required
for the full efficiency potential of standardized designs to be
realized. This includes active governmental promotion of off-
site construction and creation of demand for such designs
through appropriate public tendering, as well as the simultaneous
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implementation of appropriate regulations and policies. These
mainly concern the selection of procurement routes involving
the contractor in the design stage as well as contract award
criteria favoring the use of off-site construction by emphasizing
on total value rather than on minimum cost. The development of
official guidelines enforcing the use of standard design elements
is also of critical importance. The contribution of suitable
project contracts and the need for provision of training to the
main stakeholders, are also highlighted. The proposed strategic
changes in design and procurement policies are particularly
relevant to the Greek public works sector, but other countries
with low construction industrialization levels could also benefit
from the recommendations provided in this research.

A limitation of the presented proposal lies in the fact that it
is based on bridge designs which follow older design standards.
Therefore, before applying the proposed standardized beams,
a structural check according to the design codes currently in
use, should take place. Another limitation of this proposal is
that its content has not yet been put in wider consultation
with the industry. It would be beneficial to obtain in the
future the opinions of Greek practitioners on the reasons
behind the lack of standardization in construction and the
existence of design or policy constraints that may impede the
effective implementation of prefabrication. The discussion of any
other difficulty resulting from the specifically proposed standard
beam set can also potentially lead to useful amendments. This
will also provide valuable insight into further policy changes
required to promote standardization and precast concrete
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