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Abstract

Despite the fact that applying constructability concepts in building designs have led to savings es-
timated within a range of 1% to 14% of the capital cost, the construction industry still lacks an
advanced tool to assess and check for constructability implementations in designs. Therefore, the
objective of this research is to propose a quantitative assessment of building constructability,
which transforms the subjective assessment of constructability knowledge to a quantified value so
that it is easy to analyze and improve building design. The proposed methodology uses the ad-
vancement of object oriented Building Information Model (BIM) and 4D simulation model to serve
as a data repository models for the constructability assessment platform. Factors affecting con-
structability of building designs have been identified and relatively weighted using Analytical
Hierarchy Process (AHP) technique based on a questionnaire survey collected throughout the Ca-
nadian provinces. Evaluation criteria are also developed to assist the designer to evaluate the de-
sign proposals. The outcome shows that the proposed method provides the designer an accurate
and faster mode in evaluating project constructability by using the parametric features from BIM
and taking the advantage of spatial relationship between building components.
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1. Introduction
Construction is a dynamic, complex, as well as fragmented process, and the traditional system of construction
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separates the two main disciplines of design and construction, where designers and contractors rarely communi-
cate before the initiation of the construction phase. Early in 1982, The Business Roundtable defined a “con-
structability program” where a potential return on investment of 10:1 was reported by applying constructability
[1]. National Institute of Standards and Technology (NIST) conducted a study in 2004 and reported that the lack
of Architecture/Engineering/Construction (AEC) interoperable software was costing the industry $15.8 Billion
annually [2].

The commonly quoted definition of constructability by the Construction Industry Research and Information
Association (CIRIA) is “the extent to which the design of a building facilitates ease of construction, subject to
the overall requirements for the completed building” [3]. This signifies the fact that building design has a critical
impact on constructability. Constructability of designs have complex relationships with time, cost, and quality
performance, which are often ignored by building clients until construction starts, causing surprises and con-
cerns [4]. Hence, by translating the abstract concept of constructability into something physical and recognizable
to project stakeholders, improvement and assessment of constructability of designs are applicable. One of the
main approaches to improve and enhance constructability is through quantified assessment of designs. Quanti-
fied assessment enables an objective evaluation of constructability attributes while results are comparable [5].

With the continuous advancement in technologies, new techniques are constantly being developed in order to
improve engineering implementations for the construction industry. One of these promising developments is
Building Information Modeling (BIM) where it facilitates a more integrated design and construction process that
results in better quality buildings at lower cost and reduced project duration [6]. The American Society of Civil
Engineer (ASCE) reports that BIM technology can be used to validate a new constructible tool [7]. BIM pro-
vides the construction community a complete 3D database that can be used for estimating, scheduling, detailing,
advance bill production, automated shop drawing, and construction planning for all of the trades. In addition, by
adding time information to the BIM model, 4D models facilitate the testing of different design and execution
sequencing alternatives so as to achieve better constructability. Therefore, by integrating BIM and 4D simula-
tion, quantitatively assessing the constructability of a building design becomes a novel, feasible and necessary
method. The present paper describes the proposed new method and relative implementation and development.

2. Background

The benefits of improved constructability have been associated with the time, cost, quality, and safety perfor-
mance of a project, together with other intangible benefits. Quantifying assessment of designs, constructability
review, and implementation of constructability programmers are the three most commonly employed approaches.
Quantifying assessment of designs enables an objective evaluation of constructability attributes since results are
comparable. Using this approach, two issues were addressed. On one hand, it is reasonably practicable and ma-
nageable for assessments to be made because it is done using the finished design product rather than evaluating
the design process. On the other hand, it is difficult to comprehensively take into account all relevant factors af-
fecting constructability into the assessment system [5].

Singapore has pioneered in the field of quantifying constructability based on a scheme known as the Builda-
ble Design Appraisal System (BDAS). The concept is based on a “3S” design principle in which a design is
tested for constructability issues with respect to Standardization, Simplicity and Single Integrated Elements. A
similar approach was used for assessing constructability proposed for the Hong Kong construction industry in
2007 [5]. A constructability multi-attribute system (BMAS) was developed for assessing constructability of de-
signs in Malaysia [8]. The assessment was based on 6 principles with identified factors for each principle which
were developed through a literature review, questionnaire survey and brainstorming sessions. Another assess-
ment method based on cognitive models (CM) was proposed for constructability assessment for steel frame
structures [9]. It was based on the use of interviewing techniques to understand problem solving and the devel-
opment of knowledge models for automated constructability assessment. [10] developed a fuzzy Quality Func-
tion Deployment (QFD) system to support constructible design decision making. It provided a systematic and
structured method to support the integrated decision-making process of constructible designs, and applied a
fuzzy set theory to facilitate the processing of design-relevant QFD information.

It was found that previous assessment platforms were in complex calculations, dependent on governmental
benchmarks, and lack of time factor. Detailed comparison can be found in [11]. In addition, working schedule
was not considered in any of the previous work introduced above. The analysis of the time module throughout
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all construction phases was essential for any constructability evaluation, as indicated by [12]. Therefore, there is
a need for an integrated assessment platform to provide the user a project specified model, with clearly defined
rules, understandable criteria, and flexible interactive system.

As discussed in the Introduction, BIM is playing a crucial role in research and development fields of con-
struction information integration and interoperability. BIM is defined as the creation and use of coordinated,
consistent, computable information about a building project. These various forms of information had a parame-
tric nature where they can be used for design decision making, production of high-quality construction docu-
ments, prediction of building performance, cost estimating, and construction planning [13]. By having the possi-
bility to build the whole project virtually before physical construction begins, BIM adds a level of accuracy to
both quantities and quality issues that overcomes the shortenings found when traditional processes of design and
documentation are used. Traditional 2D and 3D CAD programs don't represent a space because it doesn't exist
as a distinct physical entity. However, a space entity is a fundamental part of a BIM model, and includes the
proper relationships to its corresponding walls, ceilings, floors, etc. Thus, spatial information needed for con-
structability analysis can be easily obtained from an application using a BIM data model, whereas several com-
plex calculations had to be required to derive the same information from an application using a traditional geo-
metric data model [14].

As stated earlier, certain constructability factors are of a qualitative nature which makes it exceptionally dif-
ficult to quantify their impact on design. For example, many studies have been done on analyzing material
access throughout the construction site, and all the contributions included only ideas and knowledge bases to
improve proper material accessibility ([15] [16]). There is a little evidence in literature that reported a formal
procedure or standard process for material access analysis. In order to analyze qualitative constructability factors,
the present research argues that visual analysis can be used as basis for studying such qualitative factors if they
were properly associated with constructability knowledge.

In addition, time information can be integrated into the BIM model, which utilizes a three-dimensional project
geometry into an environment where the effect of time schedule over construction can be visualized. A virtual
object-oriented 4D model had the potential to support automated constructability assessment and to assist a
project team in identifying constructability issues early in the design and construction phases [17]. This im-
proved the identification of possible mistakes or conflicts done unknowingly at an early stage of a construction
project, and thus enabled project stakeholders to optimize the construction schedule as much as possible [18].

The authors of the present paper have been exploring the integration of quantitative constructability assess-
ment with BIM and 4D models for a long time. Based on our previous research results ([19] [20]), a complete
methodology and implementation are described in the present paper.

3. Objectives

The objectives of the present paper are:

1) to propose a new methodology for assessing constructability of building designs quantitatively considering
both quantitative and qualitative issues;

2) to explore the added value for using BIM/4D concept in constructability assessment;

3) to develop a platform to integrate all factors that affect constructability to be associated with BIM compo-
nents.

4. Proposed Methodology

Figure 1 shows the proposed methodology. The assessment system consists of three modules, which are
BIM/4D model, Integrated Data Model, and the User Interface. They are represented by dashed boxes in the
figure. Data from the BIM/4D model and the Integrated Data Model act as Constructability Input, which are
evaluated through the developed tool. The dotted boxes represent the groups that each item belongs to. First of
all, factors that affect constructability are identified based on literature review. Based on the work of the Con-
struction Industry Institute (CII) in the field of constructability knowledge, eight design-relevant constructability
principles are recorded [21]: (1) Basic design approaches consider major construction methods such as modula-
rization or preassembly; (2) Modular/preassembly designs are prepared to facilitate fabrication, transportation,
and installation; (3) Design elements are standardized including maximum use of manufacturer’s standards and
standardized components; (4) Designs are configured to enable efficient construction considering issues like
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Figure 1. Proposed methodology.

simplicity, flexibility, sequencing of installation, and labor skill and availability; (5) Construction efficiency is
considered in specification development including prior review of specs by construction personnel; (6) Designs
promote construction accessibility of personnel, materials, and equipment; (7) Designs facilitate construction
under adverse weather; and (8) Design and construction sequencing facilitates system turnover and start-up.
From those principles, all design-relevant factors affecting constructability of design can be identified.
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Meanwhile, BIM model is developed based on the design. The BIM model includes all the details of Dimen-
sions, Specifications, Resources, Functions, etc. Construction schedule is also integrated to form a 4D model.
The integrated Data Model will combine the BIM/4D model with Design Attributes, Construction Attributes and
the External Impacts to for the Constructability Input.

Constructability factors cannot be easily evaluated by traditional measurement methods or mathematical
models due to their qualitative or subjective nature based on review. To address this challenge, a questionnaire
survey is proposed to assess the relative importance of the selected factors and to assign weights to them. The
survey is forwarded to experienced professionals in the field of design, construction and management disciplines.
The relative weight of each factor is calculated using Analytical Hierarchy Process (AHP) [22] technique and
imported to the assessment model.

Another aspect of building an assessment model is to develop evaluation criteria that assist the design team in
their subjective evaluation of their design proposals. These criteria can aid the designers to rate the output data
from BIM and 4D models using a scale that ranges from very bad (VB) to very good (VG), as shown in the bot-
tom part of Figure 1. In order to establish a practical evaluation scheme to evaluate these factors, two main
principles must be relied on: general constructability rules and project specific rules. General constructability
knowledge is collected from literature reviews and published journal papers and they represent the generic rules
criteria. As for the project specific rules, each factor has specific rating criteria relative to project stakeholders’
standards and experience. These project rules cannot be generic or standardized since each project is unique, and
constructability is subjective from one team to another. The flexibility of the proposed rating and evaluation
schemes will address this problem. The present research proposes 16 different rationale criteria list as to meet
the concepts of the 16 identified constructability factors. All of the attributes are integrated in the BIM model or
identified from the 4D model so that the designer can input the values of these attributes when designing his/ her
project.

Using Simple Multi-Attribute Rating Technique (SMART), rating criteria are converted to utility values.
SMART was originally developed and formally named by Edwards [23] to implement the principles of mul-
ti-attribute theory. Scales are converted into value functions, either by rating the scale values or by linear ap-
proximations. Attributes are ranked in the order of their importance and normalized into weights summing to 1.0.
More details can be referred to Edwards [23] and Edwards and Barron [24]. The assessment calculation is based
on the combination of two decision making techniques AHP and SMART and as per the process presented in
Figure 1. More details can be found in the following subsections.

4.1. Factors Identification

Factors affecting constructability of designs are studied and identified based on literature reviews, published
journal papers, and scientific and academic reports. As shown in Table 1, categories, sub-categories and factors
are classified in accordance to 3 main levels. Level #1 contains the 3 main categories that form the umbrella of
all factors affecting constructability of design. Level #2 contains the sub-categories that constitute factors in-
corporated in the model. Level #3 includes those factors that are weighted and used to develop and run the mod-
el.

After identifying the sixteen constructability factors, a survey questionnaire is done throughout different Ca-
nadian provinces.

4.2. Criteria Rationale for Evaluation Schemes

Since constructability is a knowledge based abstract, stakeholders always have different interpretations on how
to understand its impact on design. From this sense, what seems easy to construct for a particular construction
team, may be difficult for another team. In other words, contractors may execute the work in different manners,
but at the end they have to follow a generic construction knowledge based on a specific rationale to get the work
properly done. From this perspective, each factor presented in the model is provided with specific rationale cri-
teria in order to assist the user in rating the various constructability factors. These rationales are extracted from
the literature and published journal papers. The present research proposes 16 rationale criteria so as to match the
16 identified constructability factors. All of the attributes presented in the section are integrated in the BIM
model or identified from the 4D model so that the designer can input the values of these attributes when design-
ing his/ her project. The rationale attributes proposed for each factor are discussed as follows:
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Table 1. Constructability factors identified and incorporated in the model.

Level #1 Level #2 Level #3 Factor Description Relation to Constructability Concepts  Reference
Precast Concrete, . .
Prefabrication Prefabricated A repeated grid layout will
utility products, etc.... leads to faster construction [25], [26]
sequences and reduce '
Grid Layout Horizontal/Vertical/Radial production waste.
Grid dimensions
Dimension of building elements
Standard Dimensions for door, should reflect material sizes and
. - - windows, should be designed to minimize [27]
Design L Dimensions - - -
A Standardization partitions, tiles, etc.... labour requirements and wastage
Attributes of material by special cutting.
Resources’ Availability of materials De_3|gners shogld use widely
- - . available materials that can be [25]
Auvailability or special equipments. - ;
economically feasible.
Designs should improve
Labour’s Auvailability of constructability by designing [27], 28]
Skills special labour skills for economical use of '
available skilled workers.
Appreciating the sequence of
Construction Sequence of installation operations and trade [27]
Sequence of components. interrelationships on site can
enhance constructability of design.
Time under Construction time R_educmg the construction
time below ground level [28] [29]
Ground under ground level. - L
. can improve constructability.
Installation — -
Building Construction of the Designers should facilitate the
Envelope whole building envelope. enclosure of building at the earliest (28] [29]
Weather Effect of climate conditions possible stage to exclude hind rage
Construction Effect on construction work. and damage because of bad weather.
Attributes .
Effect of construction The design should be arranged
Safety ) so as to facilitate safe working in [21]
sequence of workers’ safety. -
foundations and earthworks.
Material Space for material storage » )
Access and transportation on site. The efficient location and
- - distribution of temporary works [25] [28]
Personnel ACCEZS;bI'IItnyf eq(ljufpments and storage areas are necessary
P, and tools for and from for good buildability.
Accessibility Access different site locations. g 4
Equipment Accessibility of personnel Designers must consider the
- . - contractor problems of access to [25]
Access for different site locations. Lo
and around construction sites.
To Adjacent Effect of current construction ) -
Foundation to adjacent constructions. Site conditions should be thoroughly
Site Adjacent - investigated to avoid subsequent [29]
Impacts Structures Effect of current construction delays thoroughly after

to adjacent or nearby construction has commenced.

infrastructure constructions.

To Infrastructure

» Prefabrication: Prefabrication has a direct impact on three main construction drivers: cost, schedule and
workforces issue. From a constructability point of view the more fabricated components are involved in the
design, the more the positive impact is on constructability. The attributes related to this factor are:

a) Prefabrication: Prefabrication is defined as “a manufacturing process, generally taking place at a specialized
facility, in which various materials are joined to form a component part of a final installation” [30]. Any
component that is manufactured offsite and is not a complete system can be considered to be prefabricated

[31].
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b)

a)
b)

c)

d)

a)

b)

d)

Preassembly: A common definition for preassembly is “a process by which various materials, prefabricated
components, and/or equipment are joined together at a remote location for subsequent installation as a unit”
[30]. The preassembly process can involve adapting sequential activities into ones that are parallel. Preas-
sembly is generally considered to be a combination of prefabrication and modularization. It may use fabri-
cated components made offsite and then assembled near the site. These units can then be installed at the site,
similar to modules [31].

Grid Layout: According to Code of Practice on Buildability [26], Standardization refers to repetition of grids,
sizes of components and connection details. A repeated grid layout will facilitate faster construction whether
formwork or precast components are used. A modularized grid layout facilitates fabrication of components,
reduce material waste and make installation sequence faster [32]. Attributes related to this factor are: Hori-
zontal grid, Vertical grid, and Circular grid.

Standard Dimension: this factor checks all components of the buildings if its constitute parts have a standard
dimension or not. The attributes are: Standard components, and Custom made components.

Component Flexibility: Flexibility is characterized as the ability of a system to cope with unforeseen
changes [33]. Product flexibility is defined as the degree of responsiveness (or adaptability) for any future
change in a product design. Making a design more flexible leads to a reduction in redesign cost and plays a
significant role in responding faster to customer feedbacks by allowing quicker updates in the products and
achieving higher levels of performance in a short span of time [34]. The 4 main attributes to analyze flexibil-
ity of design components are:

Potential for change: The user has to identify each component whether a particular component has a poten-
tial to change or not.

Effect of change: If the component has a potential to change, the user must identify the effect of the change
from a 3 point scale; Low, Moderate or High. Otherwise he/she will state NA for not applicable.

Readiness for change: If the potential for change was positive, the user must state if the construction team is
ready for the change or not. For example, the construction team must identify whether they are ready to
change an internal partition 125 mm to a 145 mm thick with a 2 hour fire rated protection or not.

Position flexibility: This attribute addresses flexibility more specifically concerning orientation and horizon-
tal display.

Resources Availability: Availability of resources is considered one of the main factors for addressing con-
structability of a given design. Resources here mean ordinary labor, material or equipment. Thus attributes
related to this factor are: Equipment availability, Personnel availability, and Material availability.

Labor Availability: Labor here stands for a specialized skilled labor or talent. Some activities needs a partic-
ular kind of labor and the unavailability of this resource can cause a delay of a construction activity. Those
attributes related to this factor are: Special skill needed, and Special skill unneeded.

Construction Sequence: Attributes related to this factor are [16]:

Physical relationships among components: Building components are spatially restricted; weather protected,
or gravity supported by other components. Activity sequencing has to respond to these inter-component rela-
tionships.

Trade interaction: Activity sequencing also responds to different ways in which trades affect each other
during construction phase.

Path interference: Building components have to be moved around jobsite in order to be installed. Activity
sequence has to guarantee an interference-free path for installation of any component.

Code regulation: Activity sequencing is also response to construction-phase safety considerations.

Time underground: must be calculated as its value must be taken into consideration to assess the overall
constructability. The attributes used for this factor are: Total construction time for activities at the under-
ground level, and Total project duration.

Building Envelope: The study of building envelope can ensure proper enclosure analysis of the project. This
factor is used in the overall constructability assessment. The attributes used for this factor are: Number of
days to finish all external activities, and Total project duration.

Weather Effect: The two attributes needed to analyze this factor are: Number of days with expected bad
weather, and Number of planned dates that match the same bad weather days.

Safety: Safety issues must be recognized throughout all stages of the design phase [35]. The main important
issues to be addressed by designers are:

448
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a) Hazardous locations: Chemical materials, gas containers or unsafe openings must be well identified as to be
prevented when planning for work spaces and material access.

b) Parapet height: Height of minimum 42 inch should be provided immediate guardrail thus eliminating the
need to construct one and improving safety during construction phase.

c) Window sill height: The same rule for parapet height is applied here.

d) Identify components to be fabricated on ground then placed in place: In order to reduce exposure to falls
from elevation and the risk of workers being struck by falling objects.

e) ldentify permanent stairways and walkways (have priority to be constructed first): To minimize the use of
temporary scaffolding.

f) ldentify overhead power lines for cranes: To reduce contact with high voltages.

g) Overtime periods: Overtime periods may cause fatigues that reduce the alert of workers during construction.

* Material Access: To insure proper material accessibility throughout different site locations, specific space
allocations must be properly defined. Diverse space areas based on literature findings [36] are listed here and
they form the main attributes used to analyze the material access factor from any given 4D model: Unload-
ing area, Staging area, Storage area, Prefabrication area, Working area, Protected area, Material path, and
Debris path.

* Personnel Access: Similar to the previous factor, four attributes are proposed here to insure proper personnel
path: Hazardous path, Hazardous locations, Stair cases accessibility, and Scaffolding area.

* Equipment Access: Equipment space is defined as a space occupied by a resource or temporary facility
which is used to support other activity work elements. The analysis of equipment space can lead to the anal-
ysis of the equipment access using these attributes: Unloading area, Storage area, Working area, and
Equipment occupied place.

e Effect to Adjacent Foundation: Like adjacent building structures (basement, retaining walls, foundations,
etc...). Two attributes are identified for this factor: Identify exciting adjacent foundation, and Distance be-
tween adjacent foundation and new building.

e Effect to Infrastructure: Like adjacent sewage system or underground power line installations. The two
attributes identified for this factor are: Identify exciting adjacent infrastructure, and Distance between adja-
cent infrastructure and new building.

4.3. Data Identification from the BIM Models

To insure proper and accurate output of constructability data to the proposed assessment model, a special tech-
nique is proposed and developed to insure proper constructability input to the design. This aspect is achieved by
modifying certain aspects of the BIM and 4D models. The technique also must be generic so that whatever kind
of BIM vendor the user is working on, the assessment method works properly.

Each constructability attribute identified is linked to the BIM model in the form of a shared parameter. A
shared parameter is saved in a universal format with the intention that each design component in the BIM model
has the possibility of acquiring constructability inputs. The purpose of this approach is to facilitate the designer
adding accurate constructability information to the model while designing the building. Only attributes that can
be modified from BIM models are saved in the shared parameter file. These parameters and their input types
criteria are: Labor availability (Yes/No), Material availability (Yes/No), Equipment availability (Yes/No), Spe
cial Skill Labor (Yes/No), Prefabrication (Yes/No), Preassembled (Yes/No), Standard dimension (Yes/No),
Flex_Effect of change (Low/Moderate/High), Flex_Position Flexibility (Yes/No), Flex Potential for change
(Yes/No), Flex_Readiness for change (Yes/No).Shared parameters are saved in a text file (*.txt) so that they can
be loaded and used easily by any BIM vendor.

The output of the 4D model is in the form of either a simulation video or snap-shot pictures captured on a pre-
planned time schedule. Figure 2(a) and Figure 2(b) show two snap-shot examples of a 4D model and how with
constructability interpretation can be made using visual analysis.

The constructability factors previously incorporated with the 4D model needs two main visual aspects to in-
sure proper evaluation:

* Components: The relationship between the time duration and the physical characteristics of each building
component is clear in the 4D model and is used to study the following factors: Construction sequence, Time
underground, Building envelope, Weather effect, Safety, To adjacent foundation, and To infrastructure.
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Figure 2. Examples of a 4D visual interpretation.

* Space Volumes and Paths: By identifying work spaces and worker’s path in the BIM model, as mass vo-
lumes and polylines, working space allocations and resource accessibility can be studied from the 4D model.
These aspects will be used to study the following factors: Material access, Personnel access, and Equipment
access.

The general idea behind developing the assessment model is based on transforming the subjective assessment
of constructability knowledge to a quantified value so that it is easy to analyze and improve. From this perspec-
tive, the model has to take into consideration two main attributes, the weight of each factor and the utility value
of each factor. Constructability index reflects the impact value of a particular factor on the overall constructabil-
ity score and is calculated in a way that is presented in [19]. The final generated score represents the overall lev-
el of constructability satisfaction in a particular building design.

5. Constructability Assessment Model Development and Implementation
5.1. Data Collection

A questionnaire was sent to sixty-two experts (architects, designers, consultants), among which fifteen feed-
backs were received, giving a response rate of 24%. The relative weight of each factor at each level of the hie-
rarchy is collected. This could be the answer to the question of “What is the importance of each factor in contri-
buting to impact on constructability?” The questionnaire survey asked the participants to perform a pair wise
comparison for each factor found under each level. They were provided with a 9 point scale that ranges from
“Equally Preferred” to “Extremely Preferred” as proposed by Saaty [22]. The sample form was designed in a
very simple manner as to record the experts’ opinion concerning importance of factors affecting constructability
easily. All the factors recorded in level #3 are categorized with respect to their main category so that the res-
pondent performs their rating with respect to these specified categories. For example: flexibility, resources
availability and skills labors” availability are 3 factors found in the sub-category “economical impact of design”
which falls in under the main category “Design Attributes”. Thus pair wise comparisons are made throughout
these 3 levels separately.

Reliability analysis is applied to the collected data to estimate the reliability of the questionnaire responses.
Cronbach’s alpha is the most widely used measure of reliability [37] and is used in the present research. Cron-
bach’s alpha () is an index used to estimate the reliability of a scale containing several items. The closer (o) is
to 1.00, the greater the internal consistency of the items in the instrument being assessed; (o) will generally in-
crease when the correlations between the items increase. The lower acceptable limits of (o)) are 0.50 and 0.60,
which were suggested by [38]. The complete () values for the reliability analysis are shown in Table 2. The
result shows the scale values achieved from the survey are reliable. Attributes “accessibility” and “installation
sequence” showed a relatively low reliability coefficient but within acceptable range (0.5 < a < 0.6) and thus
their results were included in the model.

5.2. Constructability Factor Weight Based on Questionnaire

Based on the 15 received responses, pair wise comparison matrixes are developed for each hierarchy level based
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Table 2. Reliability analysis.

Main Attributes Cronbach’s (o) Reliability
Standardization 0.949 High
Economical Impact 0.651 High
Accessibility 0.572 Low (within acceptable range)
Constructability Consideration 0.866 High
Effect on Constructability 0.624 High
Installation Sequence 0.596 Low (within acceptable range)

on the AHP methodology proposed by Saaty [22]. The AHP method has been widely applied in various fields of
the building industry such as facility management benchmarking [39], asset management [40], piles productivity
[41], procurement selection [42], contractor selection [43], project management [44] and maintenance manage-
ment [45]. The technique structures a decision problem into a hierarchy of criteria, sub-criteria and alternatives,
followed by a series of pair wise comparisons among all the criteria with respect to the goal. These comparisons
will derive the local priority ratios as proxy of the priority vectors for the criteria. These pair-wise comparisons
are made using a nine-point scale [22]:

1 = Equal importance or preference.

3 = Moderate importance or preference of one over another.

5 = Strong or essential importance or preference.

7 = Very strong or demonstrated importance or preference.

9 = Extreme importance or preference.

The “priority vector” (i.e. the normalized weight) is calculated for each criterion using the geometric mean of
each row in the matrix divided by the sum of the geometric means of all the criteria. According to Saaty [22],
the priority vectors can be calculated by multiplying the “n” judgments in each row and taking the nth root, fol-
lowed by normalizing the resulting numbers. This process is then repeated for the alternatives comparing them
one to another to determine their relative value/importance for each criterion. The calculations are easily estab-
lished in a spreadsheet, and commercial software packages, which are currently available [24]. A sample ques-
tionnaire from one response is shown in Table 3, which includes all three levels.

For example, Design Attributes (Level #1) are of moderate/ strong importance over Construction Attributes,
and are of extreme importance over Site Impacts Attributes. Standardization (Level #2) is of equal/moderate
importance over Impacts on Adjacent Structure. Material Accessibility (Level #3) is of moderate importance
over Equipment Accessibility. Then normalization is applied to get weights for each pair.

After performing all the needed matrices, the weight of each factor is calculated by multiplying its local
weight by the weight of its up-level sub-factor. The weight of each factor is the average of weights of all the 15
responses and the final result is recorded in Table 4. As shown in the table, prefabrication factor has the highest
value based on the fact that design attributes shows the highest ranking. The lowest ranked factor is time under-
ground which means that it has minimum impact on constructability. These weights are essential for running the
model as their respective values have a direct impact on the overall constructability score.

Consistency Ratio (CR) calculations are performed on all weights to check the internal consistency of the
judgments that have been entered to the AHP matrix calculations. Saaty [22] proved that for consistent reciproc-
al matrix, the largest eigen value is equal to the size comparison matrix. A measure of consistency, called Con-
sistency Index is proposed as deviation or degree of consistency using the CR formula. In the present paper, all
(CR) calculations were found to be within acceptable limits (<0.1) for all the 16 factors from the 15 responses,
and thus the factors’ weights were then incorporated in the proposed model. The process can be referred to [41].

5.3. BIM and 4D Model Development

Based on the definition of BIM, data used for executing the construction drawings are linked to their respective
design components. The following points show how building elements’ specifications are used and modified as
to provide constructability input for the assessment model.
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Table 3. Sample questionnaire for pair wise comparison.

1
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Table 4. Constructability factor weight.

Level #1

Weight

Level #2

Weight

Level #3

Weight

Decomposed

Weight
Prefabrication 0.575 0.302
Standardization 0.788 Grid Layout 0.282 0.148
Standard Dimensions 0.143 0.075
Design Attributes 0.667

Components' Flexibility 0.611 0.086
Economical Impact 0.212 Resources’ Availability 0.173 0.025
Labour’s Skills 0.216 0.031
Construction Sequence 0.514 0.048
Time under Ground 0.087 0.008
Installation 0.514 Building Envelope 0.123 0.011
Construction 0161 Weather Effect 0.151 0.014
Attributes Safety 0.126 0.012
Material Access 0.606 0.053
Accessibility 0.486 Personnel Access 0.214 0.019
Equipment Access 0.180 0.016
To Adjacent Foundation 0.720 0.110

Site Impacts 0.152 Adjacent Structures 1.000
To Infrastructure 0.280 0.043
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Design attributes: Figure 3(a) shows a typical exterior wall with a stone exterior finish. The window asso-

ciated in this wall is an ellipse shaped one with a fixed glass panel. Assuming that the elliptic window installa-
tion needs a specialized skilled labor, stone material is unavailable, equipments to fix the window are unavaila-
ble and the wall component is fabricated on-site, Figure 3(b) shows how these design and construction informa-
tion is transformed to constructability input in the BIM model.

Component’s Flexibility: Flexibility rationales identified in previous subsection are interpreted in Figure 4.
The dotted arrows shows that the designated internal walls have a potential for change concerning position,
where the arrows with the cross sign found besides the external walls show that there is no potential for
change. The arrows with question marks on the walls dividing the 2 apartments show that a decision must be
made concerning the effect of changing the position of this internal partition on the two nearby spaces. Con-
cerning building materials, each building component can be studied alone to figure out whether there is a
potential for material change or not. The sink component in the kitchen can be revolved around its center and
thus its position flexibility can be highly achieved. All of these analyses are made by the design team on the
BIM model concerning a particular given design and then transferred to constructability input values. Input
values can be made for each component alone or per family. For example, all internal partition walls with
width = 125 mm and a fire rated protection = 2H can be considered as a single family and have the same
constructability input concerning flexibility. Figure 5 shows how flexibility attributes’ values are recorded
in BIM model. To improve flexibility of designs, designers have to check their building components against
flexibility rationale criteria and record the findings in the modified BIM property panel for each design ele-
ment.

Automatic constructability rules: BIM parametric features are very helpful in identifying and modifying
constructability aspects in a design. Parametric relationship between design components means that they
have a logical interconnection between them. This aspect is considered one of the most important features of
a BIM model. In other words, if the user changes a particular building component, any linked component to
it will be updated automatically, thus preventing rework, reducing modification time and increasing accuracy
of the design. Figure 6 shows a space annotation “Lounge Room” as a part of different spaces included in a

Labor Availability
Prefabrication

Equipment Availability
Flex_Effect of Change
Flex_Position Flexibility
Flex_Potential for change
Flex_Readiness for Change
Material Availability

Special Skill Labor

Standard Dimension

HEOEEDO © 00

(@) (b)
Figure 3. Constructability input for wall example.

Figure 4. Flexibility analysis for a typical apartment design.



C.Zhang et al.

building. Design specification, rules and regulations or any other needed construction data are linked to this
particular space and used for the constructability analysis. For example, details like finishing material, ceil-
ing height, construction equipment involved, utilities, etc., are used in identifying the space characteristics.
Constructability input is added to this space and used as a basic rule for the project; thus all spaces with the
same name and function have the same constructability input. The benefit is that a single data modification
for a specific defined space will be automatically applied to all spaces that have the same specification. The
same concept is applied to all kind of spaces: toilets, kitchens, corridors, emergency exists, etc. In Figure 6,
all of the construction data of the design components incorporated in Lounge Room are saved in the BIM
model using the characteristics of “family” and “type”. Any data entry to the defined space “Lounge Room”
will be applied automatically to all building components associated in this space.

Working space allocation: Working spaces like storage areas or fabrication area can be identified in the de-
sign phase and linked to their associated design components. Figure 7 shows a typical fabricated space area
associated with its designated building element, e.g., a wall. When the user modifies the location of the wall,
working space areas are automatically moved together since working space areas are linked parametrically to
their associated components.

Labor Availability
Prefabrication

Equipment Availability
Flex_Effect of Change
Flex_Position Flexibility
Flex_Potential for change
Flex_Readiness for Change
Material Availability

Special Skill Labor
Standard Dimension

OO00FEO ©ERE

Figure 5. Flexibility attribute values recorded in BIM model.
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Figure 7. Working space linked to building elements. (a) Working space associated to a wall; (b) Working space modified
automatically.
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As explained in previous subsection, a 4D model is used to test the effect of time on any given 3D model so
that factors like resources accessibility and construction sequence or building envelope can be analyzed. Time
schedule is developed based on the plan for executing the project. The more details the schedule has, the better
the output gained from the 4D model. Each scheduled activity is linked to its corresponding building component.
Since the whole constructability assessment is done during early phases of the project, it is not necessary that the
schedule is in its final form. In the present research, NavisWorks®© is used for developing the 4D simulation.
The simulation is in the form of a video where the user can see the sequence of construction in an animated form.
Snap-shots from the model can also be used for detailed analysis. The visualization output of the 4D model can
be adjusted as to meet the specific requirements of the constructability test proposed by the design team. For
example, if activities underground are considered a single phase and needs to have a separate constructability
feedback, the 4D model can be adjusted to only simulate the underground activities.

BIM models save each design component’s information with a unique component 1D, so that no conflicts oc-
cur when dealing with data exchange. Based on this ID uniqueness feature, all components’ characteristics can
be exported from the BIM model and imported to the data model. Microsoft Access© is used to develop the data
model which will be needed for both the assessment model and the user-friendly tool. After importing all the
building data to the Access© based model, each constructability factor will have a “one to many” relationship
with all BIM components that are associated with this particular factor. Thus, when it comes to the assessment
of a certain constructability factor, only the needed information will be presented for that factor and not the en-
tire output of the BIM model. In addition to the unique ID that each design component has, BIM components
also have 2 important characteristics: family and type. Family represents the main description of components
like wall, door, window, etc... while type represents a specific kind of family component like: internal wall 1
hour fire rated or wooden door single flush panel. The developed data model used these 2 aspects of BIM com-
ponents to categorize the whole design components.

After developing the BIM and the 4D model, all the output are exported to a single data model in the form of
general constructability output. In the data model, which is generated using Access©, the general data is catego-
rized and distributed based on the proposed criteria rationale for each factor and as per the data model develop-
ment process. Using Access© application, constructability information is analyzed using one of the two tech-
niques: Quarry and Checklist. Quarries are based on simple mathematical calculations (sum, average) and are
used to simplify the generated quantities from the BIM model. The output of these queries is used to evaluate
constructability attributes based on the project rating criteria that are proposed in the present paper. Checklist is
another method to analyze the output data and t it contains attributes related to only 4 constructability factors.
This method is proposed because the rationale behind these factors is based on specific identified points. By
identifying the number of checked or unchecked attributes found in the lists the analysis of the corresponding
factor is possible. Thus, by evaluating the results of either the quarries or the checklists, the user can rate the
impact of the constructability factor on design using the rating scale and criteria provided for the studied factor.

The last step in this process is to transform the ratings into utility values using the unified SMART rating
scale and weights shown in Table 4. As shown in Figure 8, Constructability index reflects the impact value of a
particular factor on the overall constructability score and is calculated using a generic equation: Cingex = W x U.
The total constructability score Ct is calculated by summing up all the 16 individual C;. More details can be
found in Hijazi [11].

6. Case Study

The proposed methodology is applied to a construction project located in Montreal (Carterville), Canada. Re-
Vit© is used to generate the BIM model, while NavisWorks®© is used to simulate the schedule in the 4D model.
Only architectural aspects were considered in this case study for simplicity reasons. The BIM model was devel-
oped bhased on completed plans and available construction data (material, partition specification, dimensions,
etc...). All unavailable data needed to generate the BIM model were assumed. The Revit© software used con-
tains the modified shared parameters that are explained in previous subsection. Since all design components
have parametric relationship with each other, sections, elevations and other details were generated automatically
as shown in Figure 9.

Figure 10 shows the prefabrication assessment interface. The model showed that 49.72% of the whole build-
ing components are prefabricated components. General constructability rules states that the more the prefabri-
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Figure 8. Integration of AHP and SMART in the model.
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Figure 10. Constructability assessment for prefabrication factor.
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cated components are, the more the positive impact on constructability is. Based on the project rating scale for
this factor, 49.72% falls in the average criteria. The average criteria as per the constructability rating scale is
equivalent to a utility value of U = 0.5. The weight of this factor W = 0.313, thus the Constructability index C; =
0.5 x 0.313 = 0.157. The weight calculated in the assessment model is given as 0.157.Detailed report for prefa-
bricated and non-prefabricated components are generated and used to identify what elements can be modified as
to improve the prefabricated components’ percentage and thus improving constructability. The same process is
applied for all the other factors.

The factor Components’ Flexibility was also studied. The BIM model identified 76.89% as a flexibility ratio
of the design. Three reports were provided for this factor so identify which components had low, medium or
high negative impact on the design in case a change in the components’ specification is required. The weather
effect factor was studied using the 4D model. Sixty-seven days during the construction project period were as-
sumed to be extremely bad weather days where a high probability of interruption or delay can affect exterior
works activities. The 4D model showed that there are exterior work activities in 26 days out of the 67 days
which gives a ratio of 38.8%. This ratio falls in the good rating criteria and gives a utility value of 0.75. The
safety factor was assessed using the constructability checklist. Based on the output of the two models, 7 out of 9
identified safety issues were checked which gives a ratio of 77% and thus the safety rating was concluded to be
good. The personnel access factor was assessed in the same manner. The analysis of 4 construction phases iden-
tified the need for 14 different space allocations. The visual simulation of the 4D model showed a conflict in 6
spaces only which gives a ratio of 42.8% and thus the rating of this factor is average.

These assessments were done for the first proposed design alternative and the constructability score showed
an overall score of 0.740 out of 1 which is evaluated as good based on the scale provided with the report. This
scale uses the same ratings as the SMART scale. The interpretation of the final score is based on the constructa-
bility requirements proposed for this design and thus this design rated good. Improving constructability of de-
sign can be done by studying the indexes achieved from the 1% assessment. Figure 11 shows how each factor
contributed to the overall calculated score. These calculations are based on the ratio of each index to the score.
For example: C; prefabrication = 0.1510, and the overall score = 0.7460, thus the percentage of contribution =
20.24%. This generated graph helps in identifying which factors and components have to be modified in order to
improve the result.
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Figure 11. Percentage of each factor’s contribution to overall score.
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7. Conclusion

This work proposes a methodology that addresses the challenge faced by construction stakeholders concerning
constructability improvement of projects. It offers a platform to assess constructability of building designs. The
assessment model considers many design relevant factors, which can be divided broadly into 3 main categories:
design, construction and impact on site attributes. Based on 8 constructability principles, 16 design factors are
incorporated in the model (qualitative and quantitative factors). In addition to the assessment model, a platform
to improve constructability of design is proposed. This method relies on the use of advanced technology tools
used in the construction field, which are BIM and 4D models. AHP is used to relatively weight the factors in-
corporated in the model based on a survey questionnaire done throughout different Canadian provinces. Based
on the developed assessment model and the proposed implementation method, an Access©-based tool is devel-
oped to assess and evaluate constructability of designs. Owners, designers and contractors can use the developed
application to improve the constructability of proposed building designs and thus reduce overall time and cost
consumption during construction phases. The developed platform addresses the problem of assessing the ab-
stract nature of constructability principles in any given object oriented BIM. It contributes to the field of con-
struction management by achieving the following: (1) A new assessment model to quantitatively evaluate con-
structability of designs; (2) A new technique to check for constructability implementation in designs that helps
owners, designers and contractors integrate their ideas based on state of the art advancement in the construction
industry; (3) An automated tool that helps project stakeholders evaluate many design alternatives to achieve
maximum possible constructible projects in a quantified manner; and (4) Broadens the usage of objected
oriented models as to follow up with the state of the art of BIM evolution in the construction industry and pro-
motes the integration between BIM and 4D models tools for the purpose of constructability analysis.
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