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Abstract: Defects associated with dimensional and geometric tolerance variability (tolerance problems)
are often dealt with during the construction phase of projects. Despite the potentially severe
consequences of those defects, tolerance management (TM) is a perennial challenge, and the
construction industry lacks a systematic and practical process to provide insight into avoiding the
reoccurrence of tolerance problems. The aim of this research is to present a conceptual framework to
proactively reduce the reoccurrence of tolerance problems at stages preceding on site construction.
The research uses an exploratory case study approach exploring TM in a civil engineering consultancy.
Evidence was collated from semi-structured interviews and document analysis, and validated in a
group interview. The data was analysed using thematic analysis. The study contributes to knowledge
in engineering management by providing new insights into drawbacks of existing TM guidelines.
It also describes a good practice application of TM by a civil engineering consultancy, and proposes a
conceptual framework to improve TM, which provides a basis to develop more effective practical
solutions for TM.

Keywords: dimensional tolerance management; tolerance-related defects; variations; tolerance risk;
tolerance requirement; communication of tolerance information; tolerance compliance control

1. Introduction

Defects associated with dimensional and geometric variability are amongst the most common
and recurring defects in conventional construction projects [1-4]. Those defects, called tolerance
problems hereafter, may adversely impact functional requirements, e.g., water tightness [5], safety [6],
serviceability, durability, constructability, the fit between components [7,8], structural stability [5,9],
aesthetics [5,9], energy performance [10], and compliance with regulations [11]. Tolerance problems
can considerably increase the cost of construction and maintenance [12], cause delays [4], and increase
material wastage [13]. They influence customer satisfaction, which is integral to the success of an
organisation [14], and tolerance problems are often at the centre of disputes between the consumer,
contractor, supply chain, and client [15].

The management of dimensional and geometric tolerances is a perennial challenge, which arises
from many interacting factors, design-related but also construction-related [16,17]. The most commonly
known factor is that tolerances range from less than a millimetre for some factory-made components to
several millimetres for many in situ components [18,19], while all components must still fit together
and satisfy the functional requirements of the building [18]. This, along with other factors such as
poor workmanship [3,20], vulnerability of contemporary buildings to building movements and the
subsequent geometric changes [21], and poor tolerance compliance control [22] result in recurring
tolerance problems. Several examples of tolerance problems encountered in typical construction
projects (e.g., lack of fit, aesthetically unacceptable gaps, misalignments between components) have
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been presented in the literature [20,23], demonstrating the challenges in the management of dimensional
and geometric variations.

Tolerance problems are traditionally dealt with at the time and place of the construction work, and
the way they are modified (e.g., shimming, grouting, reaming holes, applying forces) to a great extent
hinges on the labourer’s experience and in situ capabilities rather than on a systematic process [20,22,24].
Despite the importance of tolerances, the construction industry currently is argued to lack a systematic
and practical process for tolerance management (TM) to provide designers and practitioners proactive
insight into avoiding tolerance problems [12,25-27].

This paper explores TM good practices in a civil engineering consultancy. The process of
reviewing ‘good practices’ before attempting to improve existing practices is expected to (a) capture
the accumulated learning about a process [28], (b) allow others to build upon practice and continuously
improve it [29], and (c) ensure the relevance of management research to industrial practice [30-32].
In this paper, the term ‘good practice’, also referred to as ‘one best way”’ [33], does not mean that there
is only one path to success [28,33,34], but it is defined as “a process or method that, when executed
effectively, leads to enhanced project performance” [35]. As far as it is known, there is no literature
analysing effective solutions used in practice for TM. Furthermore, some of the existing literature
prescribes solutions that lack empirical evidence to indicate whether these have been implemented
within industry and how effective they have been.

The aim of the research reported in this paper is to introduce a conceptual framework to proactively
reduce the reoccurrence of tolerance problems at stages preceding on site construction. The paper is
structured as follows. First, current approaches to TM and solutions to improve from the literature
are discussed. The research method and a background to the case studied are given. The TM process
practiced by a consultancy company is then presented. The findings and contributions to knowledge
are discussed and a framework to improve TM is proposed. Finally, conclusions drawn from the
research are discussed.

2. Theoretical Background

2.1. Tolerances and Tolerance Management in Construction

Materials and components cannot be exactly dimensioned and positioned as they were designed.
Tolerances are defined as the accepted amount of variations of materials and components from nominal
values or design specifications [18]. There are two types of tolerances: (a) Dimensional tolerances,
stating the permitted amount of deviation for a specific size, e.g., floor thickness, and (b) geometric
tolerances, stating the allowed amount of deviation on a specific geometric property, e.g., flatness of
concrete slabs [36,37].

TM in construction is about utilising various tools and methods [4] to: (a) Minimise tolerance
problems derived from dimensional and geometric variations by proactively identifying and
mitigating risks related to the likelihood of an occurrence of tolerance problems, called tolerance
risks hereafter [27,38], (b) ensure constructability of design, operating capability, and structural
integrity [39-41], and (c) reduce lead times by avoiding tolerance problems and the associated
modification process [20]. The ultimate aim of TM is to minimise costs [42], increase quality [43],
and continually improve the management of tolerances [16]. These can only be achieved if more
judicious decisions are made upstream in the process rather than downstream, once construction
has commenced [20]. Moreover, a sustainable construction industry aims to obtain a high quality of
buildings while optimising the utilisation of resources [44]. In particular, avoiding defects, such as
tolerance problems, is critical to maintaining building performance [45,46]. Hence, TM can make a
significant contribution to sustainability.
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2.2. Current Approaches for Tolerance Management in Construction

Current approaches for TM often start with specifying tolerances from reference documents (i.e.,
standards, industry guidance bulletins, and codes of practice) [4] such as [47,48], and [8]. Tolerances
are specified for sources of variations, which are induced variations (i.e., manufacturing, setting-out,
and erection variations), as well as inherent variations, known as building movement (i.e., geometric
changes over time as a result of deflection, drying shrinkage, foundation movement, etc.) [5,21].
Compliance with reference documents does not necessarily mean that components will fit with each
other and function properly [11]. This is because reference documents include either unreasonably
tight or loose tolerances [18], and ignore accumulation of deviations [49], although there has been a
call to improve reference documents [14].

Tolerance problems occur due to (a) components in connections being too small or too large, not
level, misaligned, subject to excessive geometric changes [38], and (b) components are not positioned
as they were designed [50]. Tolerance risks are known mainly in the connections between the
structural frame and non-structural components (e.g., cladding, panelling units, pipework, lift well,
stairwell) [7]. Despite the tacit knowledge of designers and construction trades about tolerance risks in
such connections, those risks are often addressed in the field using ad hoc strategies and trial-and-error
methods, that is, responses to tolerance risks are often reactive [24,38].

Communication of tolerance information (e.g., tolerance values, dimensional and geometric
properties of components, tolerance risks) between stakeholders is of prime importance to ensure
components fit and function properly [25,51]. However, such communication is often limited to
a section containing a list of applicable reference documents in specifications [52], which are not
necessarily relevant to the project [52,53].

Tolerance compliance control is another topic that is essential for an effective TM [54]. Tolerance
compliance control presently is more about whether deviations achieved for individual components
comply with tolerances specified in reference documents and specifications [55,56], and whether
tolerance problems are minor and can be modified quickly (e.g., columns are out of plumbness and can
be fixed by applying forces) or require major modification [20].

2.3. Review of Proposed Solutions to Improve Tolerance Management

The synthesis of the literature identifies that TM in construction falls into four stages, namely:
Identification of tolerance requirements/risks, called ‘IDENTIFICATION’ hereafter [5,15,20,27,38,
57,58]; planning the achievement of tolerance requirements/mitigating tolerance risks, called
‘PLANNING’ hereafter [5,15,17,20,27,38,57-59]; communication of tolerance information, called
‘COMMUNICATION' hereafter [5,15,18,20,27,38,40,57-59]; and tolerance compliance control, called
‘CONTROL’ hereafter [17,20,27,40,57,60]. For clarity, tolerance requirements concern dimensional and
geometric properties of components [37].

In Table 1, the most important guidelines found in the literature to improve TM and the associated
TM stage are presented. Although the focus of this research is on conventional construction, the existing
guidelines for offsite construction that can be extended to conventional construction are presented as
well. Additionally, the recommendations for quality management systems given in [58], which are
applicable in all industries, are presented, as those recommendations could potentially be employed to
improve TM in construction [61]. Quality management systems help continuously improve the quality
of products, increase customer satisfaction by avoiding quality issues [14], such as tolerance problems,
and subsequently, improve the performance of the industry as a whole [14]. For example, the basic
principle of Total Quality Management is to reach zero defect [14].
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Table 1. Guidelines proposed in the literature to improve tolerance management (TM) based on the identified TM stages.
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Like TM in manufacturing [64], the improvement of TM in construction requires a process that
must involve all of the TM stages [4,15,17,20,24,25,38]. Nevertheless, the holistic view of TM has
hardly been considered in the current construction management literature. It is evident from Table 1
that only one process [20] for TM in construction could be found that covers all the identified stages
(i.e., IDENTIFICATION, PLANNING, COMMUNICATION, CONTROL). In [20]’s effort to propose a
process for TM, tolerance theories used in manufacturing are adopted to construction.

While the application of manufacturing tolerance theories in construction can be effective to
establish a systematic TM [60], it is challenging to incorporate complex approaches from manufacturing
into construction workflows [65]. This is because (a) the dominant approach for dimensional and
geometric variations is to use rule of thumb or trial and error strategies [4,24]; (b) existing software, e.g.,
Building Information Models, do not support those approaches for most conventional construction
projects [4]; and (c) a reluctance prevails in the industry to use manufacturing methodologies that
are not supported by organisations developing construction standards [18,24]. In fact, knowledge
transfer from manufacturing to construction must be treated with caution because the level of maturity
of processes and practices is different [4], otherwise it is solely of interest to academics, without the
possibility of application in practice [30].

Some of the solutions proposed in the literature are potentially costly because they require selecting
more restrictive tolerances [2], changing existing measurement techniques, e.g., laser scanner [54],
and using precise methods of production, e.g., robotic assembly [66]. Although such solutions can
bring about improvements, dimensional and geometric variations can be still problematic due to the
underlying issue of discrepancies between precise factory-made components and large site tolerances,
as well as geometric effects due to building movement [21,63]. Moreover, continuous improvement,
which is at the heart of Lean [67], is essential to avoid recurring problems and improve TM [68].
However, continuous improvement is not explicitly addressed in existing guidelines.

It should be noted that Table 1 only includes guidelines that do not require knowledge about
complex manufacturing theories, and do not require costly production methods and measurement
instruments. Furthermore, it appears that some research propose systematic processes with a set of
steps e.g., [15], while the remaining are limited to scattered recommendations e.g., [18]. A number of
the existing guidelines are limited to generic recommendations (e.g., improving the communication of
tolerance information) e.g., [18] and do not specify precisely how those recommendations should be
effectively carried out in practice. Last but not least, continuous improvement is essential to avoid
recurring problems and improve TM [14,68]. However, continuous improvement is not explicitly
addressed in those guidelines.

3. Research Method

This research adopts an exploratory case study approach. According to [69], such an approach
can be chosen when describing, explaining, and exploring a contemporary phenomenon within a
real-life context, and when the study attempts to answer “how” research questions. The exploratory
case study is suitable for this research because it aims to explore TM good practices as performed
by a consultancy, and answer the following ‘how’ questions: How to identify and communicate
tolerance requirements/risks?; how to mitigate tolerance risks?; and how to verify the compliance of
the achieved deviations with the specified tolerances? This exploratory research identifies linkages
between theory from architecture, engineering, and construction project management and practice to
inform researchers and practitioners.

The system view is adopted because this study intends to bring together principles and concepts
from different domains to conduct an interdisciplinary research [70]. In view of this, the study is built
on existing literature alongside empirical evidence obtained from the case study and covers concepts
from three domains, namely: Architecture, engineering, and construction project management. The
purpose of the literature review was to identify the underlying concepts and principles of TM; to
identify the current approaches of TM in practice; to identify the relevant state-of-the-art solutions to



Sustainability 2020, 12, 1039 7 of 24

improve TM; to categorise the existing solutions based on their focus; and to highlight the shortcomings
of existing solutions.

3.1. Rationale for Case Selection

The case study project (CSP) is an engineering consultancy in the UK. Regarding the strategies for
case selection, no universally accepted principles exists. The general advice is to select cases which
are ‘most likely’ to address the research aim [69,71]. The case study selected was identified as a firm
which is most advanced in its TM practices in the UK. This was highlighted by some of its direct
competitors, who were involved in other research developed in collaboration with the authors of this
paper. As such, the selection has internal validation to the context of the research, in that the actors of
the context self-select good practice worthy of observation and learning.

CSP is specialised in planning, design, and control for sixty years and provides services for civil
and structural engineering, infrastructure, environmental engineering, and project management. One
of the major foci of CSP is the proactive identification of tolerance risks, performance of tolerance
analysis, and communication of tolerance risks as part of the services offered to their clients. The
company was selected as it clearly supports the purpose of the research, which was exploring a TM
good practice.

3.2. Data Collection and Analysis

In this study, evidence was gathered from five semi-structured interviews, document analysis, and
data was validated and refined through a group interview. The multiple data collection methods result
in triangulation which contributes to the rigour of the research [72]. Interviews and document analysis
were carried out to explore the TM process practiced by CSP, providing detailed understanding of
practice [73]. According to [74], semi-structured interviews allow the interviewer to focus on important
issues arising during the conversations, allow for clarification and expansion of questions and answers,
and therefore, provide rich data collection. The interviewees were:

e  One associate structural engineer (Interviewee A);
e three senior structural engineers (Interviewee B, Interviewee C, Interviewee D); and,
e one senior planner (Interviewee E).

Sampling is mainly associated with quantitative research; however, samples involving one
or more units of observations are always applied in qualitative research [75]. A non-probability
sampling (non-random sampling), based on the authors’ subjective judgement, has been used in this
study. Among the non-probability sampling techniques (quota, purposive, snowball, self-selected,
convenience) [76], purposive sampling has been selected. This form of sampling is used when working
with a very small sample, such as in case study research, and when the researcher intends to select
cases that are particularly informative [76]. These two requirements apply to this case study, which
selected interviewees who are aware of the TM process practiced by the CSP.

The purposive sample of this study was suggested by the CSP managing director and includes
those who had developed the TM process practiced by the CSP over the last eighteen years and
were directly involved in its implementation. The interviews led to the satisfactory achievement of
theoretical saturation [77] because it led to a deep understanding of the practiced TM process. While
five interviews may seem a small sample, the sample size in qualitative research is directly linked
to the quality of data in supporting the aim of the study. In other words, the purposive sampling in
this study ensured that right participants were on board and theoretical saturation, which is more
important than the size of sample [78].

The interview protocol included questions exploring the process developed by CSP to manage
tolerances, especially because such process had not been documented previously. Interviews were
conducted and recorded face to face and they took between 60 and 110 min. The questions in the
interview protocol were:
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e How do you identify tolerance requirements/ risks?

e How do you plan to achieve tolerance requirements and mitigate tolerance risks?

e How do you communicate tolerance information?

e How do you verify the compliance of achieved deviations with the specified tolerances?

Document analysis was of vital importance in the study, as documents corroborated evidence
collected from interviews and were useful in verifying information about the CSP’s process for TM.
The document analysis helped to increase the internal validity and trustworthiness of the study [75].
Permission was granted by CSP to access documents from two projects. The documents included
Tolerance and Deflection Report and Site Visit Report. Details of the studied projects and documents
reviewed in each Project are given in Table 2.

Table 2. Type of studied projects, their stage of development, and reviewed documents.

Project Type of Project Development Stage Accessed documents
Project A A two-storey office Construction Two Site-Visit Rep(.)rtsOne Tolerance
development and Deflections report
Project B Two sixty-storey student Design One Tolerance and Deflections report

residential buildings

Finally, the TM process identified was validated through a group interview. All participants of
the individual interviews were invited to attend the group interview and asked whether the process
has been presented adequately. In other words, the group interview was used for the refinement of the
TM process description. No new steps for the TM process was found during the group interview. This
shows that the identified TM process was complete. The group interview acted as a validation stage to
reinforce the reliability of the collected data.

The data was analysed using thematic analysis. Thematic analysis is ‘a qualitative analytic method
for identifying, analysing and reporting patterns (themes) within data’ [79]. Thematic analysis is
a systematic, yet flexible, approach for organisation and categorisation [80] of qualitative data [81].
It describes and organises a data set in (rich) detail that results in interpretation of various aspects of
the research. The thematic analysis consists of a set of procedures that are recursive and concurrent.
That is, the researcher shuffles amongst the collected data, coded data, and analytical themes [75].

This research followed the steps for thematic analysis suggested by [76]. First, verbatim
transcriptions from the recorded interviews were produced. Transcriptions were cross-checked
with findings from the document analysis. The transcription of interviews, the refinements suggested
during the group interview, and the accessed documents were reviewed [76]. In practice, this meant
familiarisation of the data through reading and re-reading.

Second, concept-driven coding [78] was adopted, with initial codes developed based on the
literature being used (see Table 1). The concept-driven coding intends to narrow its content search
and/or coding processes for specific themes [76]. The initial codes include code 1 to code 16 in
Figure 1. Third, coding, which is about assigning a code to each unit of data within a data item (i.e.,
a document or transcript of an interview), commenced by using initial codes. It was discovered that
one further code (code 17) emerged inductively as the data was being analysed. The coded data were
reviewed, and codes with similar contents were grouped into sub-themes to better describe the units
of data [76]. The identified sub-themes represent the steps of the TM process in CSP. Finally, the
sub-themes with similarity fell into a theme [76], which is one of the four TM stages (IDENTIFICATION,
PLANNING, COMMUNICATION, CONTROL). The sub-themes and themes can be also found in
Figure 1. A summary of findings is presented in the ensuing section. All quotations from interviews
are presented in italics and are improved for readability. It is also indicated where the data collated
from document review was used.
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’ Code 16: Assessing the

Figure 1. Codes, sub-themes, and themes used in thematic analysis.
4. Tolerance Management Process Practiced by the Consultancy Company

This section presents a summary of the TM process practised by CSP. An overview of the process
is illustrated in Figure 2. The process has nine steps (sub-themes), and each step falls under an
identified TM stage (theme). In this process, IDENTIFICATION is about ensuring dimensional and
geometric tolerance values as tolerance risks are comprehensively understood; PLANNING relates to
the specification of tolerance values and the functionality of components when variations of components
are considered; COMMUNICATION is about using different methods and approaches to communicate
tolerance information; CONTROL is about whether the achieved variations comply with the specified
tolerances. According to interviewees, the objective of this process is to facilitate the coordination of
tolerances among construction trades and designers in construction projects to deliver projects without
any interruption in the workflow due to tolerance problems. The expert knowledge, along with the
collected information from reference documents and the captured client’s requirements, are inputs into
this process.
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Figure 2. TM process practised by the engineering consultancy.

Identification of tolerance requirements/risks and selection of the class of tolerances fall under
the IDENTIFICATION stage. The common tolerance requirements, tolerance risks, and classes of
tolerances are introduced to facilitate the implementation of these steps. Tolerance values are adopted
either from reference documents or based on expert knowledge, and it is ensured that the construction
team can achieve those tolerance values. The serviceability analysis is performed to examine the
impact of permitted geometric changes of structural members on non-structural components. The
assembly sequence is planned by examining the effect of assembly sequence on the geometric accuracy
of the building structure in four milestones throughout the project lifecycle. The effect of combined
deviations of adjoining components on components and sub-assemblies in connections with high risks
is evaluated (tolerance analysis). These steps fall under the PLANNING stage.
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Collected tolerance information is communicated to the project participants (COMMUNICATION
stage) through a document called the “Tolerance and Deflection” Report. Visual aids are used in this
report to communicate the impact of variations on components, connections, and sub-assemblies to
the project participants with any level of understanding of tolerances in a simple language. Finally, the
compliance of deviations with the specified limits is verified and it is investigated whether occurred
tolerance problems are due an error in design or construction work (CONTROL stage).

4.1. Sub-Theme 1: Identifying Dimensional and Geometric Tolerance Requirements

CSP attempts to “identify dimensional and geometric tolerance requirements early at the design
stage and to communicate them amongst designers and construction trades” (Quotation-1-A). “Even
when we are at a concept design stage, we are thinking about how that building is going to be
loaded, what the general deflection criteria are, and start identifying dimensional and geometric
tolerance requirements otherwise difficulties at the design and construction stages will be encountered”
(Quotation-2-C). For example, “it will be problematic to develop a cladding system that is compatible
with geometric changes of the building structure” (Quotation-3-C). Tolerance requirements can be
captured from the client’s brief, concept design, and early engagement with parties. The most common
dimensional tolerance requirements, known as critical dimensions, are “floor thickness, required
clearances (spaces) between components” (Quotation-4-B), and “floor to floor height in tall buildings”
(Quotation-5-A). The most common geometric tolerance requirements are “straightness of edge
beam:s, flatness of slabs” (Quotation-6-C), “parallelism of columns and stanchions” (Quotation-7-D),
“plumbness of columns, position of base plates” (Quotation-8-A).

In Project A, considering the high value of office buildings, the client needs to ensure that the
dimensions of the internal floor area would be as larger as possible in order to maximise the return
on investment. At the same time, “the office cannot be over area because issues such as the planning
permission and the extra cost will happen” (Quotation-9-B). In Project B, the envelope of the building
comprises precast cladding intermixed with glazed/curtain wall elements. At the gable ends, pre-cast
panels are positioned edge to edge. The initial design developed by the cladding subcontractor was to
maintain a consistent 20 mm clearance between the panels to avoid physical clashes between them. The
internal dimensions and 20 mm clearance are then recognised as critical dimension and subsequently,
are tolerance requirements. The example of the tolerance requirement in project B was found in the
Tolerance and Deflection Report.

4.2. Sub-Theme 2: Selecting the Class of Tolerances

Three classes of tolerances (i.e., the required level of accuracy) can be considered for tolerance
requirements, namely essential (normal), functional, and special [47,82,83]. Essential tolerances can
be adopted from reference documents, while functional and special tolerances are more stringent
than essential tolerances [11]. Functional tolerances are applied to tolerance requirements of certain
components, whereas special tolerances are applied to an entire building or structure [47,82]. The
class of tolerances and their definitions were given in the Tolerance and Deflection Report of both
Project A and Project B. “The class of tolerances should be selected at early design stages based on the
client’s brief” (Quotation-10-A). Choosing more stringent tolerances rather than normal type has cost
implications and “it will be costly to apply the special class of tolerances . . . It seems sensible if particular
tolerances are applied where essential tolerances may not be lenient enough” (Quotation-11-E).

The importance of the dimensions of the internal floor areas of Project A has already been
explained. In Project B with tall buildings, the accumulation of deviations in floor-to-floor heights
may require the client to deploy additional cladding, that is, producing extra costs. “The height can be
influenced by the building structure due to the deflection and workmanship errors” (Quotation-12-B).
In view of this, the dimensions of the floor area and the floor-to-floor heights were recognised as critical
dimensions, and the particular class of tolerances was applied only to those dimensions.
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4.3. Sub-Themes 3 and 4: Identifying and Mitigating Tolerance Risks

Tolerance risks are different in each type of building. In general, there are three areas in buildings
with high tolerance risks (AHTRs), namely: “(a) internal components are fixed to the building structure,
(b) the internal area of the building is critical and must be bound within stringent limits, (c) the building
envelope is attached to the structural frame” (Quotation-13-B). “A common method to mitigate
tolerance risks is to ask contractors for more stringent tolerances” (Quotation-14-D). However, “TM
is not about delivering unnecessary tight tolerances” (Quotation-15-A). The best strategy to identify
and deal with tolerance risks is “the early engagement with parties, especially cladding contractors,
and collaboratively finding appropriate mitigation strategies” (Quotation-16-D). This is because those
parties “work with their components day in/day out and have more knowledge about how to mitigate
risks” (Quotation-17-D), while holding a trade-off between the satisfied tolerance requirements and the
incurred costs. Examples of AHTRs, tolerance risks, reasons behind the tolerance risks, and mitigation
strategies, which were found during interviews, are given in Table 3.

Table 3. Examples of the identified areas with high tolerance risks, tolerance risk, reasons behind the
tolerance risks, and mitigation strategies.

Project AHTR Tolerance Risk Reason Mitigation Strategy
. Excessive deflection
uniisghs ;CIZH}; S (geometric changes) of slabs Changing the
A 18t betweSn inte?ne}:l with large spans which may configuration of
artitions and slabs make internal walls columns
p misaligned and not level
d Reduced internal area Comp onen’ss 'such as walls Setting out very
A on ! are not positioned as they
of offices were designed accurately
. Excessive vertical deflection
d Phy sical clash of of the structure which may .
B 3 cladding panels due to make panels not level and Increasing clearance
the reduced clearance pmisaligne d
Reduced floor to floor Excessive deflection of Embedding adjustable
B 3rd height and lack of fit of floors connections in the
curtain walls curtain walls

4.4. Sub-Theme 5: Specifying Realistic Tolerance Values

CSP discusses with the involved parties about what level of dimensional and geometric accuracy
could be realistically achieved and whether limits in the reference documents are realistic. Under all
circumstances, reference documents are referred to first, as this is a common practice in industry and is
supported by regulatory frameworks (Quotation-18-D). Early engagement with parties helps to specify
realistic tolerances (Quotation-19-A). According to interviewees, in three particular situations, tolerance
values are found only collectively rather than referring to reference documents: (a) When standard
tolerances for a component are unpublished, (b) when the particular or special classes of tolerances are
applied, and (c) when the tolerance found in the reference documents is not constructible or does not
guarantee that functional requirements are satisfied. The latter situation will be clarified further in the
next step. The specified tolerance values are presented in the Tolerance and Deflection Report.

4.5. Sub-Theme 6: Performing Serviceability Analysis

“When we are designing a structural member, two factors influence the design: the strength analysis
and the serviceability analysis. First, we have to consider that whether geometric changes are within
an acceptable amount according to reference documents” (i.e., strength analysis) (Quotation-20-B).
Afterwards, CSP performs the serviceability analysis, by which the impact of geometric changes of the
structural members on non-structural components is examined. Especially, “the serviceability analysis
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for perimeter beams is important because its deflection may adversely impact the functions of the
cladding system” (Quotation-21-C).

In Project A, the limit in the residual deflection of the soffit of the deck (after concreting) is given
as span/130 (but not more than 30 mm) [76] and accordingly, the tolerance of 28.5 mm for the deflection
was initially allowed. After performing the serviceability analysis and considering the impact of the
geometric changes of the slabs on internal components, it was decided to allow for a tighter tolerance.
In Project B’s building envelope, it was examined whether the panels, joints, and seals of the chosen
cladding system would be damaged due to the geometric changes of the beams after they are loaded.
The details of the serviceability analysis for Project A and Project B can be found in the Tolerance and
Deflection Reports.

4.6. Sub-Theme 7: Planning the Assembly Process (load sequences)

The effect of assembly sequence (i.e., load sequence) on the geometric accuracy of the building
structure is considered. There are four milestones when considering the load sequence, namely when
“(a) the structure is erected, (b) the cladding is fixed to the structure, (c) finishes on floors and ceiling e.g.,
services, suspended ceiling and raised floors, mechanical pipes are installed, and (d) when the building
is occupied” (Quotation-22-A). CSP “determines the resultant deflection of floor slabs and beams after
each milestone and performs the serviceability analysis” (Quotation-23-C). The load sequence and
the associated deflections for a typical concrete edge-beam are illustrated in Figure 3, which has been
adopted from the Tolerance and Deflection Report of Project B.

A SO s
T e 6oL - 7
AN ---""-—--.._..___________ . AR L Vi
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6TOT \\s V. //
\s\ A z’,
\\s z”,
el OIMP e
v .. Y-
6p1 : Deflection due to self-weight of the structure SsipL-r: Deflection due to weight of the cladding and finishes
SsipL-c: Deflection due to weight of the cladding and finishes Sivp: Deflection due to occupancy of the building

Sror: Total deflection of the edge beam.

Figure 3. Visual interpretation of the deflection criteria in an edge beam (adopted from Tolerance and
Deflection Report of Project B).

The time point at which the cladding is installed in the construction programme is very important.
This is because “deviations experienced after the cladding is installed must be incorporated within
the cladding fixings” (Quotation-24-E). In other words, the cladding system should be capable of
absorbing deviations due to its self-weight and any other load applied afterwards, otherwise tolerance
requirements, e.g., the clearance between cladding panels, may not be satisfied. Hence, CSP coordinates
with the construction planner whether the cladding is installed first or after the finishes.

In Project B, it was planned that the cladding system is fixed first on the edge beam and then the
finishes are installed. Apparently, the cladding does not experience dp;, which is 10 mm, because that
has already occurred before the installation of the cladding, but it experiences dgip; -c, which is 5 mm,
dsipL-r, which is 15 mm, and dp\p, which is 5 mm. Given that deflections should be arithmetically
added together [84], the 870t of this edge beam is 35 mm, but the cladding has to be capable of
absorbing a deflection of 25 mm (6gpr-C + OsIDL-F + dmmp) only. If the assembly process was different in
such a way that the finishes were installed first and then the cladding, only 6py, + dpvp = 10 mm would
need to be incorporated in the fixings of the cladding.
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4.7. Sub-Theme 8: Performing Tolerance Analysis

Dimensional and geometric variations of adjoining components are cumulative [36]. The
evaluation of the combined variations is termed as the tolerance analysis and is performed using
mathematical models [36]. The purpose of the tolerance analysis is to ensure that combined deviations
of components are within the specified limits and the function of components and sub-assemblies
will not be adversely influenced by the accumulation of deviations [85]. The tolerance analysis “is
performed in areas where tolerance risks are identified ... but not in all of them” (Quotation-25-D).

The calculations needed for tolerance analysis are fully explained in the Tolerance and Deflection
Reports of both projects. In Project B, to maintain a 20 mm clearance between pre-cast panels of the
cladding system, the impact of the sources of deviations are analysed. Among the existing methods for
tolerance analysis, the worst case and root sum square methods, suggested by [84], are used by CSP.
The worst-case method (Equation (1)) and root sum square method (Equation (2)) are calculated using
the Equations (1) and (2), where Dwrc is the worst-case method, Dggg is the root sum square method, X;
are tolerances for inherent sources of variations, Y; are tolerances for induced sources of variations,
a = —1 shows the clearance closes due to the accumulated deviations, and o = +1 shows the clearance
opens. The total accumulated deviation (Ttor) applied to one of the pre-cast panels is calculated using
Equation (3).

Twe = ) aX; (1)
Trss = a4 Z Y2 (2)
Tror = Twe + Trss 3)

The fabrication, erection, and setting-out tolerances for each panel are found to be 3 mm, 6 mm, 5 mm.
The tolerances for horizontal movement due to vertical deflection at support and sway effects are
12.5 mm and 2 mm. Tolerance analysis in the x-direction leads to the following results: Tt,t = —6.1 mm/
—22.9 mm. Even if the clearance is not closed as a result of the accumulated deviations of one panel,
it can be closed if the position deviations of both adjacent panels would be towards each other. Hence,
CSP suggested to increase the clearance at the gables to accommodate possible deviations of the panels
from their normal position.

4.8. Sub-Theme 9: Communicating Tolerance Information

The communication of tolerance information, including tolerance requirements/risks, is the most
important step in TM, as it was indicated in all interviews. CSP aims to “communicate the identified
tolerance requirements and risks in a simple language to other parties including architects, contractors
and the supply chain who may not be fully familiar with the terms and concepts typically used”
(Quotation-26-A). “Having that communication is important to make sure that everyone from designers
to contractors have a full appreciation of how structural and non-structural components fit together
despite of their dimensional and geometric variations” (Quotation-27-B). “If structural designers,
architects and construction teams work in isolation and only account for tolerances of their own
components, then tolerances of adjoining components will remain uncoordinated” (Quotation-28-D).
“A lot of tolerance problems can be avoided if tolerance information is communicated at early stages
before construction commences” (Quotation-29-C).

One of the main means to communicate tolerance information is via the Tolerance and Deflection
Report produced by CSP. This document unifies all the tolerance information, and it is specifically
prepared for communication of tolerance information. Tolerance and Deflection Report is important to
ensure a common understanding has been established between parties about tolerance requirements
and risks. It minimises disputes as parties can develop appropriate designs once they are aware of
tolerance requirements and risks. The contents of the report are summarised in Table 4.
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Table 4. List of contents in a Tolerance and Deflection Report.

Content Description

Tolerance-related concepts (e.g., induced and inherent deviations, class of
tolerances, tolerance analysis) are briefly explained.
A list of tolerance values for sources of variations, applied to structural
components, is provided.
Class of tolerances The selected class of tolerances for the listed tolerance requirements is delineated.

Tolerance-related concepts

Permitted deviations

In the Tolerance and Deflection Report, a novel method of visualisation is used to communicate
tolerance risks and their consequences during construction in a simple way. Regarding the risk
identified in the cladding system of Project B, 2-D interaction of panels when subjected to vertical
deflection are illustrated in Figure 4a, and sources of variations applying to the clearance between
panels are visualised in Figure 4b.

Construction Joint
i suPPORT SUPRORT
Fabrication+ Erection+ Deflection/ “ Fabrication+ Erection+ Deflection/
Rotation Rotation
Fabrication+ Erection Fabrication+ Erection

Fabrication _{ —#—&Fabrication

Pre Cast Panel H H Pre Cast Panel

(a) (b)

Figure 4. (a) Visualisation of the sources of deviations affecting a joint between pre-cast concrete panels;
(b) arrangement of pre-cast panels before and after being subjected to sources of variations (adopted
from Tolerance and Deflection Report of Project B).

4.9. Sub-Theme 10: Tolerance Compliance Control

CSP documents the observed tolerance problems by the quality control team and investigates
whether the occurred tolerance problem was due to an error in the design or construction work. All the
investigations are documented in the ‘Site Visit Report’. In Project A, the cantilevered entrance canopy
had deflected by up to 30 mm under its self-weight, whereas CSP, after the serviceability analysis, had
assigned the deflection tolerance of 4.6 mm under the self-weight condition (Figure 5). According to the
Site Visit Report of Project A, CSP ran the analysis again and demonstrated that the frame structure as
designed was adequate and that the problem had been caused during the erection process of the frame.

Figure 5. Deflection of the cantilevered entrance canopy in Project A (adopted from the Site Visit Report
of Project A).
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5. Discussion

After presenting the empirical data, the first part of this section discusses the existing solution to
improve TM and the explored good practice of TM by revisiting the key literature that has shaped
the relevant arguments. The second part of the discussion then focuses on the proposed conceptual
framework to improve TM.

5.1. Existing Solutions And Explored Good Practice For Tolerance Management

In this paper, the propositions to improve TM in construction [5,15,17,18,20,27,38,40,57-60,62] were
collated and categorised into four TM stages (IDENTIFICATION, PLANNING, COMMUNICATION,
CONTROL), and are critically reviewed. Such categorisation is essential to help improve TM [86,87],
however, the categorisation of TM stages in construction does not presently exist in the literature,
and hence is a contribution from the research here presented. Furthermore, as argued in Section 3,
the lack of a process that involves all the TM stages, application of complex manufacturing theories,
and application of costly methods are the major drawbacks of the existing solutions presented in the
literature, when trying to implement them in practice.

This research presented a TM good practice (Section 5). The explored TM process was considered
as a good practice because its implementation does not require the application of costly methods
and understanding of theories adopted from manufacturing, as opposed to most of the existing
solutions in the literature [4,11]. In essence, such proactive process with the focus on tolerances in
design avoids reactive approaches (i.e., fixing tolerance problems on site) [13,27]. As it can be seen
from Figure 2, the process includes all of the TM stages and is applicable from project inception to
project completion, unlike most of the existing solutions [4,20,88].This confirms the importance of
having a proactive process for TM that involves all the stages to reduce remedial actions during
construction [15,17,20,24,25,38,40]. Moreover, a significant amount of resources during design has been
invested in CSP to proactively ensure that constructed components on site are compliant with tolerance
requirements. This restates the importance of focusing on tolerances at the design stage rather than
reactively fixing tolerance problems on site, which can be time-consuming [4,11,20], laborious, and
costly [4,20].

The process practiced by CSP starts from early design stages (Quotations 1-2-3) and consists
of verifiable and standardised steps (see Section 4). These two qualities are in accordance with the
literature [4,17,20,24,25,38] on when and how TM should be implemented. However, the explored
process shed additional light on how those guidelines can be used in practice (e.g., how to communicate
tolerance information, how to perform the serviceability analysis for TM). More specifically, while
some of the key guidelines in the literature are limited to generic recommendations e.g., [18], the
process presented here can be considered as a guide allowing practitioners in industry to start dealing
with tolerances systematically (Section 3). This is because a set of practical steps of an effective process
for TM were clearly presented along with real examples for further demonstration. The review of
such good TM practice is currently missing in the literature, while the process of reviewing good
practices before attempting to improve existing practices is essential [28-32]. The explored process
can be adapted by other companies and can be continuously improved to eventually develop a
standard for TM rather than reinventing the wheel with each new project. The empirical data in this
study is essential to deviate from theoretical knowledge without practical relevance, towards effective
solutions for real-world problems [32]. While the management research in general [30], and TM in
particular [24,40], have been criticised for practical irrelevance, this research contributes to support
better links between theory and practice in TM.

In this process, ‘identifying Dimensional and Geometric Tolerance Requirements’ is the first step.
The most common dimensional and geometric tolerance requirements were presented to facilitate the
identification of such requirements in projects (Quotations 4-5-6-7-8). The most common dimensional
tolerance requirements were found to be floor thickness, required clearances between components
(Quotation 4), and floor to floor height in tall buildings (Quotation 5); the most common geometric
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tolerance requirements were found to be straightness of edge beams, flatness of slabs (Quotation 6),
parallelism of columns and stanchions (Quotation 7), plumbness of columns, and position of base
plates (Quotation 8). This understanding of the most common tolerance requirements is missing in the
literature and is one of the findings emerged from this study.

The classes of tolerances, suggested by [47,82,83] and explained in the Tolerance and Deflection
Reports, are selected at early design stages. It was discussed that it is more sensible to select the
particular class of tolerances where more lenient tolerances are needed (Quotation 10) because the
selection of special tolerances has significant cost implications (Quotation 11). This is in in accordance
with previous studies [7], however, the empirical data shed additional light on how “particular’ class
of tolerances can be applied in practice (see Section 4.2).

Unlike the current reactive practice of risk management for tolerances [24,38], the presented
process encourages to identify tolerance risks by early engagement of responsible parties and then
reflect them in the design proactively through the ‘identifying and mitigating tolerance risks’ step
(Quotation 16). The research clearly indicates that the best strategy to deal with tolerance risks
is the early engagement with parties and collaboratively finding appropriate mitigation strategies
(Quotations 14-16-17). This is because those parties are often aware of potential tolerance risks and
have more knowledge about how to mitigate them (Quotation 17) while balancing the cost of satisfied
tolerance requirements and the incurred costs (Section 4.3). However, previous studies e.g., [4,15,38]
imply that the knowledge of practitioners on tolerance risks is often disregarded by designers and
project managers, and this can result in costly tolerance problems. In order to achieve the proactive
identification of tolerance risks, this study reveals three areas with high tolerance risks (AHTRs)
(Quotation 13) based on real examples (see Table 3). Those AHTRs are (a) the connection between
internal components and the building structure, (b) the connection between the building envelope and
the building structure, and (c) where the internal area of the building must be bound within stringent
limits (Quotation 13). The categorisation of AHTRs is currently missing in the literature and is one of
the most significant findings from this study.

Reference documents are considered first in the ‘specifying realistic tolerance values’ step of the
explored process (Quotation 18), similar to the current practice of TM [4]. It was suggested that the
specification of tolerances collectively is expected to tackle the problem with reference documents
(Section 3.2), as previously found by [11,18]. However, the explored process goes beyond previous
studies by revealing three situations that tolerance values should be found only collectively (Section 4.4).
These situations are (a) when tolerance values for a component cannot be found in reference documents,
(b) when more stringent tolerances than normal tolerances are specified, and (c) when the tolerance
value specified based on the reference documents is not constructible or does not guarantee that
functional requirements are satisfied (Section 4.4).

In the process practiced by CSP, the impact of geometric changes of the structural members on
non-structural members is examined through the ‘performing serviceability analysis” step (Quotation
20), especially for perimeter beams (Quotation 21). Four milestones, in which the serviceability should
be performed, were introduced based on the findings from interviews (Quotation 22) and document
analysis (Tolerance and Deflection Reports). The milestones are when (a) the structure is erected,
(b) the cladding is fixed to the structure, (c) finishes on floors and ceiling are installed, and (d) the
building is occupied (Quotation 22). Despite performing serviceability analysis for TM in general is
suggested by [27,57,62], this is the first study that has found the milestones in which serviceability
analysis should be performed in the context of TM and has demonstrated performing the serviceability
analysis through a real case.

The worst case method and root sum square method are used in the ‘performing tolerance analysis
step because only these two methods are supported by reference documents [18]. Given tolerance

7

analysis is perceived to be difficult and time consuming [60,85], the review of the explored good
practice suggests that tolerance analysis is particularly needed in AHTRs (Quotation 25). This finding
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of this study is a contribution to knowledge, as it can facilitate TM for industry by prescribing to
perform tolerance analysis only in particular areas.

Ineffective communication of tolerance information is a challenge in industry and insufficient
attention has been devoted to it [18,89]. For that reason, it was indicated in all interviews that the
communication of tolerance information in a simple language is the most important step in this
process (Section 4.8). Such communication is essential to ensure tolerances of adjoining components
are coordinated (Quotations 26-27) [4], adjoining components function properly [25,51], and also
tolerance problems are avoided proactively (Quotations 28-29) [90]. Unlike the current practice of
having specifications with scattered tolerance information [52,53], the “Tolerance and Deflection Report’,
produced by CSP as part of the ‘communicating tolerance information’ step, is a document that unifies
all the tolerance information (Quotation-30) and ensures all parties are aware of tolerance requirements
and risks (see Section 4.8). This study investigated the content of the “Tolerance and Deflection Report’
and divided its content into (a) tolerance-related concepts, (b) permitted deviations, and (c) class of
tolerances (Section 4.8). The proposition to have a unified document for communication of tolerance
information and the content of such document contribute to the current literature.

A method is used in the “Tolerance and Deflection Report’ that uses visual aids to communicate
the impact of variations on components and connections in 2-D, especially to those who may not be
fully familiar with the tolerance and engineering-related concepts (Section 5). Visual aids have not
yet been well deployed to improve TM [91], even though they are used in manufacturing to translate
complex tolerance requirements and risks into an easily understandable language [92]. There are
sources e.g., [11,20,24,93-95] that extol any improved communication of tolerance information for its
ability to reduce tolerance problems, but do not offer any considerable actionable advice [90]. This
study responds to the call from [3,49,90] that to propose methods whereby the communication of
tolerance information can be improved by revealing two novel methods (i.e., creating a document
unifying tolerance information and using visual aids).

Finally, occurred tolerance problems are documented and analysed in the ‘Site Visit Reports’
produced by CSP during the ‘performing tolerance compliance control” step to investigate whether
those problems were due to an error in the design or construction work (Quotation—32). This step
can be a starting point to avoid reoccurrence of tolerance problems [20] and goes beyond the current
practice of tolerance compliance control in practice (Section 3.2) and existing guidelines in the literature
e.g., [20,55,56]. However, a mechanism is still missing to enable the reuse of the knowledge gained
from such analysis and reflect it in design, which is the essence of continuous improvement in TM [68].

5.2. Proposed Conceptual Framework to Improve Tolerance Management in Construction

In view of the system approach, the guidelines in the literature and the good practice case explored
in this research are used to provide a solution to improve TM. The conceptual framework to improve
TM in conventional construction projects is presented in Figure 6. The framework covers the four TM
stages (themes in thematic analysis), and consists of findings from the literature and empirical study.
Figure 6 also indicates whether the steps and input knowledge come from the literature and/or the
empirical study.

In IDENTIFICATION, the steps were found from both the literature [7,15,17,20,27,38,57,58,62] and
the explored CSP. The knowledge of ’known tolerance requirements’ as well as known ‘connections/areas
with high tolerance risks” have been found from the empirical study.

In the second part of the framework, PLANNING, the step of ‘creating measurement plan” comes
from the literature [57], but the remaining steps were found from both the literature [5,7,15,17,18,
20,38,40,57-60,62] and empirical study. Also, the knowledge of “four milestones when performing
serviceability analysis’ was gained from the empirical study and was a contribution to the literature.

In COMMUNICATION, it is proposed to ‘create a unified report for tolerance information” with a
particular content based on the CSP good practice. Based on the TM good practice, it is also suggested
to use visual aids in the report to facilitate the communication of tolerance information.
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Figure 6. A holistic process to improve TM in construction.

In the fourth part, CONTROL, ‘investigating the reasons behind the occurrence of tolerance
problems’ comes from the empirical study and the remaining steps were found from the
literature [17,20,27,38,57,58,60]. The development of this conceptual framework is a contribution
of this research because the framework integrates new concepts based on the empirical study with
existing knowledge to introduce a better solution for an existing problem.

6. Conclusions

The aim of this research is to propose a conceptual framework as an effective practical solution to
improve TM in construction. In this paper, the existing guidelines in literature are critically reviewed,
and a good practice for TM in industry is explored. Empirical data and the literature were integrated to
present a new framework as an effective practical solution to improve TM. Individual interviews and
document analysis have been used to collate data in this research. The TM process identified through
interviews and document analysis was then validated in a group interview.

The study presents key propositions to improve TM from the literature. The propositions were
divided into four TM stages, namely identification of tolerance requirements/risks (IDENTIFICATION),
planning the achievement of tolerance requirements/ mitigating tolerance risks (PLANNING),
communication of tolerance information (COMMUNICATION), and tolerance compliance control
(CONTROL). The critical analysis of those propositions revealed that a practical process, which covers
all TM stages, is still missing in the literature. Moreover, the propositions require either complex
manufacturing theories or costly methods. The proposed categorisation of TM stages and the presented
drawbacks are currently missing in the literature and are novel contributions to theory.
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This study moves the focus from viewing one or some TM stages to adopting a more holistic
view for it, and from using complex or costly methods to adopting practical steps. The TM process
practised by CSP includes elements from all of the identified stages, and it has been successful to
improve the CSP’s performance in TM. This good practice of TM comprises a set of practical steps
accompanied with examples to further demonstrate the point. It is essential to review good practices
before attempting to improve existing practices while there is no literature analysing effective solutions
used in practice for TM. Some of the methods in the explored process are new and do not exist in the
current literature (e.g., visualisation of variations). Therefore, this research contributes to both practice
and theory, as it presents a guide for practitioners and researchers seeking to improve TM.

A conceptual framework to improve TM in conventional construction projects is proposed. The
framework ensures that all the TM stages are covered, and guidelines from the literature and findings
from the empirical study are adopted. As far as it is known, there is no other solution in the literature as
holistic as the framework proposed in this research. The framework pinpoints a basis for academics and
practitioners for further improvement and its development is a contribution of this research. Proactive
TM on the basis of this framework can reduce the number of defects associated with tolerances by the
identification of tolerance requirements and risks early in the design stage. This should help to reduce
remedial actions needed to solve tolerance problems during construction.

Future research will include implementation of the proposed conceptual framework in practice.
This will help to further develop and to validate the framework thoroughly. More work is needed to
align the steps in the framework to the Royal Institute of British Architectures (RIBA) plan of works [2].
Even though the RIBA Plan of Work is recognised in the UK as a design and management framework
from inception to completion [96], it does not explicitly address TM.

Finally, future work may attempt to adopt and refine concepts for TM from manufacturing to
construction. For example, Geometric Dimensioning and Tolerancing (GD&T) is a symbolic language
widely used to communicate both the true geometry and tolerances of components and assemblies [97].
Further research is needed to investigate the application of GD&T in construction with the goal of
developing a common language to facilitate communication of tolerance information throughout the
design, construction, and inspection processes.
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