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A B S T R A C T

Producing assemblies that experience little to no rework during assembly fit-up is a perennial challenge in offsite
construction. While the traditional response has been to solve geometric issues onsite at the expense of large
rework costs, manufacturing optimisation techniques can mitigate these issues upstream. Tolerance analysis is
one such method that is widely used in manufacturing to predict if problems will occur from the accumulation of
tolerances and dimensional variability. This article demonstrates Monte Carlo tolerance simulation on a pre-
fabricated construction assembly, where variations up to 37mm are identified compared to as-built deviations
which range up to 30mm. Process optimisation is also explored, where risk of rework related to dimensional
variability is reduced by 65.6% through selection of alternate fabrication processes. To compare the Monte Carlo
method to traditional analysis methods, a simplified 1-D tolerance analysis is used. Compared to an as-built
deviation of roughly 11mm, the Monte Carlo method produces a conservative value of 15.4 mm, while other
traditional methods are either overly conservative (worst-case tolerance chain has a deviation of 19.8 mm), or
overly ambitious (root sum square tolerance chain has a deviation of 4.6 mm). Tolerance analysis through Monte
Carlo simulation is shown to be a proactive design tool with several key advantages for prefabricated and offsite
construction. First, complex three-dimensional geometric interactions can be readily modelled using very basic
tolerance configurations. Secondly, potential misalignments at key connection points can be identified and
quantified in terms of a probability distribution of variation. Finally, design improvements can be achieved by
comparing alternate construction processes to mitigate the risk of assembly rework.

1. Introduction

A current challenge faced by many contractors whose work involves
prefabrication and offsite construction is how to mitigate challenges
associated with tolerance management and dimensional variability
[1,2]. The authors have worked directly with several contractors in the
commercial and industrial construction sectors who frequently face
geometric and tolerance-related conflicts in fabrication, assembly, fit-
up and erection of prefabricated assemblies. Rausch [3] provides sev-
eral detailed examples of tolerance-related challenges faced on projects
involving prefabrication and modularisation. These examples, and
others [4,5] demonstrate the ongoing challenge in construction for
addressing dimensional variability in a systematic way.

As new technologies continue to emerge and progress within the
Architecture, Engineering and Construction (AEC) industry, it is be-
coming preferable to overcome technical challenges through use of
virtual tools and si5mulation techniques. While there can be large

upfront costs to acquire, train with and use virtual tools and simulation
techniques, they are beneficial for analysing large datasets and simu-
lating expected interactions and outcomes. This can be achieved at a
fraction of the cost and time of traditional methods [6,7]. These cost
and schedule savings are largely the result of addressing design and
construction issues in a proactive manner, where the impact of resol-
ving such technical conflicts and challenges during prefabrication is far
less than encountering them during construction stages.

One proactive approach to mitigating dimensional variability issues
is to coordinate design intent through building information modelling
(BIM). Clash avoidance and integrated project delivery are two features
of BIM that aim to proactively mitigate potential design risks, such as
dimensional control issues [8]. Studies into the root causes of clashes
and tolerance problems reveal that design uncertainty, lack of specifi-
city, design complexity, and design errors can all contribute to clashes
and dimensional control issues [9,10]. Park et al. [11] present a
proactive approach to defect management (included dimensional
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control defects) that is achieved through use of ontology-based data
collection, BIM and in-field visual tools. This approach is shown to be
effective for targeting defects, identifying root causes and achieving
defect control with efficient communication of BIM design intent
(through augmented reality and image matching). However, while
proper design coordination and communication can be used to avoid
gross dimensional errors (such as large misalignments of doors and
windows), these approaches do not have the granularity required or
ability to assess the root cause of complex dimensional variability is-
sues. This is because that even despite its ability to be used proactively,
BIM currently lacks the ability to analyse the implications of incorrectly
specified tolerances [12].

The authors have previously demonstrated how analysis of as-built
data (e.g., from lidar laser scanners) can be used to track dimensional
error propagation in prefabricated assemblies [3]. While this approach
to quantifying and diagnosing dimensional variability issues in pre-
fabricated construction is functional, it relies on manual processing and
is still reactive by nature. While ongoing research into scan-to-BIM and
scan-vs-BIM processes is focused on increasing automation efforts
[13–16], use of these methods is often applied reactively, or as part of a
dimensional quality assurance step. They do not provide designers with
proactive insight into optimal management of dimensional variability.
Several studies allude to the efficacy of solving tolerance problems
upstream during design rather than downstream once construction has
commenced [12,17]. For this reason, there is a need to address di-
mensional control through use of design-based strategies and tools.

The authors are exploring how analytical tools and methods from
the manufacturing industry can be applied to industrialised construc-
tion, given the parallels between these two industries [18,19]. Through
this research, simulation-based tolerance analysis has been identified as
a superior method for mitigating the impact of dimensional variability.
Previously, studies have delved into topics surrounding tolerance
management in construction including tolerance mapping, tolerance
analysis, tolerance allocation, and tolerance-based constructability
analysis [20–22]. While effective, these approaches require a funda-
mental knowledge about manufacturing tolerance theory (e.g., geo-
metric dimensioning and tolerancing (GD&T) and complex ontologies).
In the authors' experience working with contractors in the construction
industry, the use of complex methodologies from manufacturing can be
very challenging to incorporate into current construction workflows.
This is due to the steep learning curve involved and subsequent effort to
implement such workflows, which need to be tailored to unique pro-
cesses and design considerations in construction. However, tolerance
analysis through Monte Carlo simulation has many benefits for use in
prefabricated and offsite construction. It does not require the same
knowledge about complex ontologies that other methods do. Intricate
geometric interactions between components in an assembly can be ef-
ficiently handled by a 3D-CAD simulation engine. Finally, optimisation
of tolerance performance can be achieved by analysing the impact of
alternate fabrication processes.

To the authors knowledge, no studies to date have successfully de-
monstrated the use of simulation-based tolerance analysis in construc-
tion for proactively managing dimensional variability. The proposed
methodology presents the novel application of Monte Carlo simulation
to large prefabricated construction assemblies to analyse, predict and
optimise tolerance performance. The following objectives are outlined
for this methodology:

• Modelling tolerance accumulation in a timely manner for pre-
fabricated structures.

• Utilising a tolerance analysis method that can handle complex 3-D
interactions between components.

• Comparing alternative construction processes to mitigate risk of
assembly rework.

The required inputs of the proposed framework include the nominal
assembly geometry (e.g., a 3-D CAD model), the sequence of fabrication
and assembly processes, connection tolerances and critical measure-
ment points on the assembly. The benefits of implementing the pro-
posed methodology are summarised as: (1) rework avoidance for con-
flicts related to dimensional variability, (2) analysis and comparison
between construction processes for optimised geometric performance,
and (3) rework risk quantification and mitigation.

2. Background

2.1. Rework related to dimensional variability in construction

Due to the current fragmented practice of tolerance specification in
construction [23], additional sources of dimensional variability in
prefabricated and offsite construction (i.e., loads from transportation
and fit-up on site) increase the risk of rework [24]. Examples of rework
risks include components being too small, too large, not level, excessive
geometric changes, misalignments, and assembly fit-up conflicts [25].
To explain how rework can occur, a simple mechanism is used (Fig. 1)
which is synthesised from current industry practice for tolerance spe-
cification and previous research on tolerance performance. In this case,
rework can be linked to incompatibility between process capability and
specified tolerances, or from poor tolerance performance. The following
sections delve into the core components of Fig. 1. The aim of the pro-
posed methodology is to quantify and mitigate rework risk associated
with poor tolerance performance using Monte Carlo simulation.

2.1.1. Current state of tolerance specification in construction
While dimensional tolerances for prefabricated structures should

comply with values outlined in governing standards [26], a range of
additional resources are often relied upon since baseline tolerances
from standards and other conventional methods are not strict enough
for ensuring adequate alignment between prefabricated assemblies
[2,27]. Engineers and designers must rely on tacit knowledge, libraries

Fig. 1. Mechanism for rework associated with tolerance specification, simplified into three processes: 1. Determination of tolerances, 2. Compatibility between
tolerances and process capability and 3. Adequacy of tolerance performance.
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of case-specific tolerances, and ad-hoc strategies to derive tolerances for
prefabricated structures. Since reliance on these resources does not al-
ways produce adequate tolerances, assembly geometry is still corrected
during construction rather than being proactively addressed during
design. This is why the current state of tolerance specification is de-
scribed as an inefficient and reactive process [17,25], which is further
compounded by the fact that associated rework typically delays activ-
ities along the critical path of a project.

2.1.2. Compatibility between tolerances and process capabilities
Process capabilities define the expected variation of a given process

(e.g., steel frame welding, rebar placement, concrete pouring, compo-
nent alignment, etc.) which in turn can be used to determine its prob-
ability of not exceeding required tolerances. A previous study demon-
strates the importance of compatibility between construction processes
and tolerances for ensuring that an assembly can be fabricated, as-
sembled and installed on site correctly [28]. This is also evident in
research on Design for Construction [29], which aims to characterise
construction process capabilities in order to inform design decisions. In
design, compatibility between tolerances and process capability is
achieved using one of two approaches: tolerance allocation or tolerance
analysis. Tolerance allocation can be illustrated using an example of a
steel beam that has a specified tolerance of 3mm. The processes af-
fecting the length of that beam (e.g., cutting, measuring, grinding, etc.)
must have a net variation less than 3mm. In this case, the tolerance can
be divided, or “absorbed” between compounding processes, however
the net variation of processes is what matters and must be less than the
specified tolerance for the length of the beam (Fig. 2a). On the other
hand, tolerance analysis occurs where process capabilities are analysed
to derive a suitable overall assembly tolerance. This can be illustrated
by the amount of adjustability required for the connection of a pre-
fabricated curtain wall system. The variability of the underlying
building substrate as well as positional variability of the curtain wall
must be analysed in order to derive suitable tolerances (Fig. 2b). Both
tolerance analysis and tolerance allocation require some knowledge
about the capabilities of processes in terms of their dimensional
variability. While it may be difficult to determine the dimensional
variability of construction processes, Milberg and Tommelein [4] de-
monstrate that failure to consider process capabilities can result in
conflicts during installation onsite.

2.1.3. Interaction of tolerances on the overall assembly
Notwithstanding the ability for processes to meet their required

tolerances, another fundamental issue is ensuring that the interaction of
tolerances of the overall system does not create conflicts. For instance,

if a series of prefabricated modules being installed in succession to each
other are subject to an overall tolerance requirement, the accumulation
of tolerances in and between each module must not exceed the overall
tolerance of the system (Fig. 3). In manufacturing, this example is re-
ferred to as a tolerance chain, and there are specific rules for ensuring a
system has been properly “toleranced” [30]. However, the construction
industry does not regularly “tolerance” assemblies since it is commonly
assumed that this can be avoided through mere compliance with design
and building codes, which are often not strict enough nor tailored to
specific geometric requirements [12]. There is also a prevalent view-
point in the industry that assembly and fit-up issues should be solved
onsite (where costs and delays are the highest) rather than upstream in
design and prefabrication stages [17]. Fortunately, the authors note
that this common viewpoint is slowly shifting as the adoption of tech-
nology is increasing within construction and as the capabilities of vir-
tual tools continue to improve.

2.2. Virtual assembly

Building a prototype of an assembly can be used to assess geometric
compliance, “assemblability” and to understand practical design lim-
itations. While virtual assembly simulation is widely used in manu-
facturing, it is only used in very specific construction applications. Case
et al. [31] suggest the costs associated with virtual trial assembly of a
steel structure can be 10% of the cost and 30% of the time required for
physical trial assembly. This virtual prototyping process can bring sig-
nificant cost and time savings for construction of complex structures
[32] or for prefabrication and offsite construction where the risk of
large rework costs and delays can become very significant due to
economies of scale. The geometric challenges involved with construc-
tion of large assemblies can be modelled and then subsequently ad-
dressed virtually, in order to change vital details before construction.

There are two general approaches used for modelling part interac-
tion and geometric behaviour in virtual assembly: (1) constraint-based
modelling and (2) physics-based modelling [33]. In constraint-based
modelling, external spatial constraints can be placed on component
geometry, or constraints can be intrinsic, taking on the form of kine-
matic transformations of rigid bodies. In physics-based modelling,
material properties and behaviour are accounted for, and is often used
for real-time simulation purposes. Methods for virtual assembly and
planning focus on evaluating assembly processes early in the design
stage so that practical considerations and changes can be generated in a
timely manner rather than bearing large unnecessary costs during
construction. This is particularly applicable for the development of
construction tolerances, since the overall accumulation of various

Fig. 2. Examples of tolerance design approaches: (a) tolerance allocation for the variability on the size of a steel beam and (b) tolerance analysis of a connection for a
curtain wall system.
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system tolerances can attribute to geometric conflicts.

2.3. Monte Carlo simulation for tolerance analysis

As previously evidenced in literature, tolerance analysis is a fa-
vourable method for proactive dimensional control. In manufacturing,
the design of mechanical assemblies must include a dimensional ana-
lysis as part of a complete quality assurance program [34]. Tolerance
analysis methods have been developed over time to address assemblies
that range in complexity. Common methods include dimensional tol-
erance chain models (or tolerance charts), statistical tolerance models,
kinematic chain analysis (or vector loop models) and Monte Carlo si-
mulation. It is useful to categorise these methods in terms of their
ability to address varying degrees of assembly complexity: methods for
1-D or 2-D analysis and methods for 3-D analysis.

Dimensional tolerance chain models aim to characterise the accu-
mulation of tolerance in an assembly using a linear equation with worst
case tolerances or using a root sum square statistical equation. The
challenge with tolerance chain models is that they are usually overly
conservative (worst-case tolerance chains), or overly ambitious (root
sum square) in their accumulation predictions [35]. To improve accu-
racy, statistical tolerance methods were introduced, comprising an
equation of random variables that are solved using advanced techni-
ques (e.g., Taylor series approximation, Croft's method, Hasofer-Lind
index method, higher-order integration techniques, Taguchi's method,
etc.). However, the increased accuracy requires developing and solving
an assembly equation that can be very complex and not practical for
many real-world applications [36]. Accordingly, due to limitations in
either accuracy or analytic difficulty, tolerance chains and statistical
models are often confined to only 1-D or 2-D tolerance analysis.

3-D tolerance analysis is more appropriately addressed using either
a kinematic chain (or vector loop) analysis or simulation-based ana-
lysis. Kinematic chain analysis characterises an assembly as a system of
vectors connected at joints with translational and rotational degrees of
freedom. Since kinematic chain systems are distilled into a series of
matrices that often result in a non-linear equation, using them relies
heavily on experience and insight [37,38]. Accordingly, simulation-
based tolerance analysis is used when other methods are too cumber-
some (e.g., statistical models or kinematic chain analysis) or do not
provide sufficient accuracy (e.g., tolerance chains) [39]. Statistical

simulation is carried out using the Monte Carlo technique which com-
piles stochastic samples of probability distribution functions for in-
dividual components in the assembly. Despite the criticism of its po-
tentially high computational demand, Monte Carlo simulation has been
shown to be one of the simplest and most popular methods for solving
complex tolerance analysis [40,41]. In addition, research has proven
the ease with which alternative production processes can be evaluated
using the Monte Carlo method for optimal tolerance performance [42].
While the application of Monte Carlo simulation was initially limited to
only dimensional tolerances, Yan et al. [40] developed an approach
where geometrical tolerances (e.g., profile, planarity, roundness, con-
centricity) can be incorporated into the simulation process. This is
particularly useful when trying to simplify the tolerance analysis pro-
cess. Similarly, Sleath [43] describes a process of reducing an overall
assembly into a subset of mating components that is representative of
the assembly in terms of key geometric behaviour. These recent de-
velopments have helped to simplify large complex assemblies and to
reduce the computational demand required when using Monte Carlo
simulation.

Documented literature for 3-D tolerance analysis in construction is
very limited. Previously, the authors demonstrated how kinematic
chain analysis can be used to analyse dimensional variability in con-
struction assemblies [44]. While this method was found to be very
accurate for analysis in 3-D (predicting dimensional variations within
1% of the actual observed deviations), it relied on deep insight and
experience to create an appropriate assembly equation and solve it
correctly. In addition, numerous assumptions are required to use it,
which limit its use for complex analysis. As such, the authors concluded
that simulation-based approaches should be explored to improve the
ease of 3-D tolerance analysis. Only one known study has explored the
Monte Carlo method for a 3-D tolerance analysis in construction [45].
However, this approach relied on a time consuming and tedious process
of developing part maps, assembly diagrams and a vector loop model,
which diminishes the ease with which the Monte Carlo method is
capable of being used. In addition, this approach was also unable to find
reliable solutions. As a result of the challenges encountered, this study
concluded that future research was still required to better validate the
use of Monte Carlo simulation for accurately predicting tolerance
failure rates in construction.

This article addresses the gap in literature by demonstrating how to

Fig. 3. Interaction of tolerances for a modular structural system (position, size, and gap tolerances) which is subjected to an overall one-dimensional system
tolerance.
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apply 3-D Monte Carlo tolerance analysis in the context of construction-
scale fabrication, which qualitatively differs from manufacturing en-
vironments in terms of scale, absolute values of deflections, ability to
control fabrication geometrically, and impact of handling such as lifting
and transporting, on the dimensional tolerance performance. As well,
developments that simplify the Monte Carlo method for more effective
use in construction fabrication situations, that are typically less re-
petitive than those for which more complex manufacturing simulations,
are justified, developed and presented (i.e., simplifying the assembly
into a set of components that are representative, and converting di-
mensional tolerances into statistical tolerances). The proposed metho-
dology is suitable for comparing alternative production processes in
order to statistically quantify and mitigate risk of rework, which is still
a perennial problem in prefabricated and offsite construction.

3. Methodology

The proposed framework for tolerance analysis is shown in Fig. 4
and has two primary modules. Module 1 is the tolerance identification
process that involves decomposing the overall assembly into its core
components, identifying the connections between these components
and configuring the corresponding tolerances at these connections. The
second module is the tolerance simulation process, where results are
expressed as probability distributions at critical measurement points.
While the input to the framework is an initial 3-D design (including
fabrication processes, tolerances and a 3-D model), the output is a de-
sign that is optimised for tolerances and risk management. The success
of the optimisation process relies on the iterations involved with spe-
cifying part tolerances and fabrication processes that result in accep-
table deviations at the critical measurement points.

3.1. Module I: tolerance identification

The first step is decomposing an overall assembly into its core
components or subassemblies. Determining the amount of decomposi-
tion in an assembly can be a heuristic process, but ultimately depends
on the desired granularity of analysis. For prefabrication and offsite
construction, common connection types include bolted connections,

welded connections, fittings, and anchor bolt connections. Due to the
stricter tolerance requirements associated with bolted connections (as
opposed to welded connections), they are examined in detail in this
research. When comparing an offsite construction assembly to an as-
sembly produced in different manufacturing industries (e.g., aerospace
or automotive assemblies), it is not necessary to capture the same
quantity or level of detail for part tolerances, since tolerances in con-
struction are generally not as strict as for manufacturing [46]. While
there are some exceptions to this, such as assemblies in nuclear facilities
that rely on extremely tight tolerances [32], the majority of construc-
tion tolerances can be specified on the scale of several millimetres to
centimetres rather than on the sub-millimetre scale. To reflect this
simplification, the following types of tolerances are used in the pro-
posed framework:

• Size tolerances, which express the difference between the actual
length or width of a component and its nominal length or width.

• Form tolerances, which relate to the straightness of a linear feature
(1-D profile of a component), or flatness of a surface. It should be
noted that form tolerance is expressed as a linear dimension corre-
sponding to the largest Euclidean distance between the profile of an
actual line/surface feature to the nominal feature.

• Positional tolerances, which relate to the accuracy in location and
are measured as a two-point distance from the actual position to the
nominal position.

When given no prior knowledge about a specific manufacturing
process, it is generally assumed that its tolerance follows the normal
distribution [47]. Previous tolerance considerations in construction
have also relied on the normal distribution [4]. Since most construction
tolerances are specified using a numerical± value, it is necessary to
explain how numerical tolerances can be expressed as statistical toler-
ances which are required for statistical simulation. In accordance with
principles of six-sigma methodology [48], a range of 6σ (six standard
deviations) accounts for 99.73% of the entire normal distribution
function. By expressing this statistical range as± 3σ centred on the
mean of the standard distribution, it is possible to associate an in-
itial± tolerance to±3σ of the normal distribution function (Fig. 5).

Fig. 4. Overview of the proposed framework for simulation-based tolerance analysis of construction assemblies.
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For tolerances following the normal distribution, two terms are used
to express the tolerance configuration at a connection. Range is the
spread of the distribution and offset is the mean shift of the spread. In
this way, a tolerance of± 2mm has a range of 4mm and an offset of
0mm from the mean. Offsets are used to facilitate unique connection
requirements. An example of this could be tolerance on standoffs used
to mount balconies on a building. To ensure the balconies are installed
in a vertical plane with a minimum interface gap to the building,
standoff lengths can be specified with tolerance limits of 0mm to
+10mm (range of 10mm, mean offset of +5mm). If a given standoff
length exceeds the specified dimension, any excess length is “absorbed”
by an opening at the end of the balcony connection. However, if these
standoffs are shorter than the specified length, the balcony connection
is such that it cannot close the gap to keep the balcony in a true vertical
plane while also maintaining the minimum gap to building require-
ment. Therefore, a mean shift of +5mm on the tolerance ensures in-
stallation requirements are met. As this example demonstrates, unique
tolerance configurations can be facilitated through use of very basic
terms of range and offset.

3.2. Module II: tolerance analysis simulation

The general procedure for Monte Carlo simulation is shown in Fig. 4
and involves the following steps: (1) define the assembly network, (2)
generate random values for each variable based on their probability
distribution function (PDF), (3) populate the assembly network with
generated random values, (4) compute and extract variations at critical
measurement points in the assembly network (5) repeat steps 2 to 4
until the number of simulations exceeds the minimum required. After
each of these steps is completed, variation results can be compiled into
a histogram for extraction of key sample statistics (i.e., mean and
standard deviation).

The assembly network defines how each of the components is geo-
metrically related. This process results from the decomposition of an
assembly into the core subassemblies, as previously discussed, and re-
sults in a network of variables. The generation of the assembly network
can be done explicitly (refer to [44] for demonstration of this using
kinematics chains) or can be done implicitly using a 3D-CAD simulation
engine (as was used in the functional demonstration shown in this
paper). Simulating non-rigid body deformations must be done by a “net
rigid body effect”, through use of an equivalent dimensional variation.
A key aspect in the assembly network creation is the inclusion of critical
measurement points on the assembly, which are used to measure the
overall compliance of the simulation process. For prefabricated and
offsite construction assemblies, the following types of critical mea-
surements can be included in an assembly network:

• Gaps: these can either be functional (i.e., required gaps between
certain components), or can be resultant (i.e., gaps that should not
be present, but are acceptable within certain limits).

• Circle interference: used to define acceptable alignment condition
for bolted connections. This type of measurement is covered in de-
tail in a functional demonstration and is depicted in Fig. 10.

• Feature position: used to define conditions of fit (i.e., the absolute
or relative position of a feature of one assembly to the feature of
another assembly), or are used to define appropriate inspection re-
quirements for the overall geometry of an assembly (refer to [49] for
description of maximum permitted geometric errors in the manu-
facture of prefabricated assemblies for high-rise buildings).

Through use of the Monte Carlo technique, the assembly network is
then populated with values using a random value generator for each
simulation trial. The accuracy of the simulation process is related with
the number of simulation trials. It is generally very difficult to compute
the minimum number of simulations required, since this depends on the
complexity of the deterministic model, variance of input and required
accuracy of output. However, since the Monte Carlo method is a sta-
tistical measure, the number of required simulations can be roughly
estimated using the central limit theorem and the confidence bounds of
the normal distribution according to [50] as,

=
⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

( )
N

Z σ
μ

Er μ
μ
( )

2
α
2

(1)

where N is the number of simulations, Zα
2
is the standard normal sta-

tistic, σ is the sample standard deviation, μ is the sample mean, Er(μ) is
the standard error of the mean and the expression Er μ

μ
( ) is the margin of

error in percent format. The challenge when calculating the minimum
number of Monte Carlo simulations is that an initial set of simulations
must be run in order to obtain the sample mean and standard deviation
before a final set of simulations are run. After running this second set of
simulations, the minimum number of simulations should be re-
calculated to verify that the increased precision of the sample statistics
has not changed the accuracy of the initial estimation. To avoid this
potentially cumbersome and iterative process of calculating the
minimum number of simulations, this research employs a different
approach. Instead, a predefined number of simulations are used, and
the resulting margin of error is calculated and analysed. If the resulting
margin of error is deemed unacceptable, then a subsequent set of si-
mulations can be carried out. Previous research has found that a limit of
10,000 simulations is generally sufficient for the purpose of tolerance
simulation [51]. Using this value, and a predefined confidence interval,

Fig. 5. Demonstrating how numerical tolerance limits can be expressed in terms of statistical tolerance limits in accordance with six sigma principles.
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Eq. (1) can be rearranged to solve for the margin of error:
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The confidence interval can be obtained by solving for the sig-
nificance level α, using a Z-statistic table. For the purpose of this study,
a confidence interval of 95% and 10,000 simulations are used. The only
drawback to this approach of calculating the margin of error is that
employing a predefined number of simulations can be potentially
computationally expensive. However, the simplifications employed in
this methodology (e.g., reducing an overall assembly into a smaller
subset of mating components), reduce the computational demand of
Monte Carlo simulation as evidenced in the functional demonstration,
where simulation results are obtained very quickly. It should be noted
that while the approach of using a predefined set of simulations (i.e.,
10,000 simulations) is adopted in this research, in cases where the si-
mulation process is highly complex or found to produce very long run
times, more advanced error estimation methods such as the Mean
Square Pure Error (MSPE) evolution curve analysis approach may be
required.

Lastly, the output of the simulation process is a set of distributions
for each measurement variable that describes the performance of the
selected tolerance and process capability. In addition to predicting the
overall 3-D tolerance accumulation through Monte Carlo simulation,
the proposed methodology can be used to conduct iterative optimisa-
tion by selecting different tolerances and processes in order to meet
required measurement criteria. Risk of misalignment in each config-
uration can be measured using the statistical distributions of the tol-
erance simulation. By comparing different tolerances and processes,
rework risk mitigation can be proactively carried out. This is covered in
detail using a functional demonstrated which is presented in the fol-
lowing section.

4. Functional demonstration

3DCS Variation Analyst is tolerance simulation software by
Dimensional Control Systems which was used in this paper to simulate
the geometric aspects of fabrication and assembly of a modular
building. Manufacturers in numerous industries including aerospace,
automotive and electronics use software such as 3DCS Variation Analyst
to optimise processes, resolve manufacturing issues and control rework
and scrap. The basic workflow for tolerance analysis using 3DCS
Variation Analyst was adapted from Fuentes et al. [52] and is shown in
Fig. 6.

4.1. Background on modular construction project

During a modular construction project which was introduced in
Rausch et al. [44], several challenges emerged during the fabrication
and assembly of prefabricated structures. These challenges stemmed
from dimensional variability issues that arose as the result of improper
tolerance specification and geometric controls during construction. The
accumulation of dimensional variability ultimately created large gaps
between module tie-in plates and created challenges during fabrication
and assembly. Data collected from this project is used to demonstrate
how the proposed framework can detect and resolve geometric as-
sembly conflicts. In this demonstration, the structural assembly of a
module is assumed to be comprised of three types of subassemblies
(base frame, columns and a roof frame), which are aggregated using
bolted-connections as shown in Fig. 7. During this project, once the
columns were installed to the base frame, a scan-vs-BIM analysis [13]
was used to quantify compliance to an as-designed BIM model. As-built
data from a FARO laser scanner (which has an accuracy of± 2mm for
the scanning distance in this project) was registered using Autodesk
ReCap to produce a 3-D point cloud which was then overlaid on a BIM
model in CloudCompare (Fig. 8). This scan-vs-BIM analysis highlights
several key column misalignments, ranging in magnitudes up to ap-
proximately 30mm.

4.2. Simulation 1: detecting assembly conflicts

An initial tolerance simulation is used to detect the presence of
immediate assembly issues that result from the interaction between the
geometric configuration and dimensional process capabilities. For
simplicity, the base frame and roof frame are considered to be rigid and
free from significant manufacturing deviations (e.g., from welding
distortion). As-built deviations for the base and roof frame used in this
project were quantified through a scan-vs-BIM analysis, and were
shown to be less than 5mm (Fig. 9). The manufacturing deviations of
the frames are small since the contractor utilised “fixturing tables” for
fabrication. While this is effective in controlling the 2-D alignment of an
assembly, there were no geometric controls for fixturing the 3-D
alignment of the overall module structure (outside of measuring overall
length and column verticality using tape measures, levels and laser
meters). The ability to assemble the roof frame on the module therefore
relies on several key tolerances: tolerances for placement of bolt holes
in the base frame and columns, size tolerance of bolt hole diameter, size
tolerance on bolt diameter, tolerance on the straightness of columns,
and tolerance on the length of columns. To incorporate each of these
tolerances into the simulation, several resources [46,53] and rules of

Fig. 6. Workflow for conducting tolerance analysis simulation using 3DCS Variation Analyst.
Adapted from Fuentes et al. [52].
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thumb were used to obtain tolerance values, distribution type and
range. Each of the tolerances is assumed to be normally distributed, and
have the values as indicated in Table 1. The acceptable range for each
tolerance corresponds to the± 3σ (where σ is the standard deviation)
limits of the normal distribution function, which contains 99.73% of all
variations.

Since the assembly sequence is characterised by key connections
between subassemblies, the critical measurements for this tolerance
simulation are at the bolted connections for the base frame and roof
frame. In manufacturing, a specific measurement type called circle in-
terference is used to assess the minimum clearance for pin/hole as-
semblies. This measurement can also be used for describing the con-
dition of acceptable bolt-assembly alignment since it closely resembles
a pin/hole assembly. In this regard, acceptable alignment occurs when
there is a gap (or positive “circle interference” value) between the bolt
surface and the hole surface (Fig. 10).

To account for varying degrees of rework in cases where a bolt-

assembly does not align, a threshold is used where misalignments
greater than 2mm indicate a large amount of rework (realignment re-
quired), while misalignments less than 2mm indicate a low degree of
rework (where reaming or forced assembly can likely be used). While it
might initially seem like a 2mm threshold is quite small for large bolted
connections in construction, it is important to note that most connec-
tions comprise multiple bolts in a specific pattern. If all bolts at a given
connection experience the same misalignment vector, then a 2mm
threshold is likely to be overcome with a small amount of rework.
However, to account for the condition where bolts at a given connec-
tion experience different misalignment vectors, it becomes increasingly
more difficult to align them when their individual misalignments ex-
ceed 2mm in different directions. In this simulation, the bolt diameter
was ¾″ (19mm) and the bolt hole diameter was 25/32″ (20mm),
leaving a maximum uniform gap of 0.5mm when the bolt is perfectly
centred in the bolt hole.

Based on the definition of circle interference, acceptable alignment

Fig. 7. Sequence of key processes for the assembly of a single module structure.
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occurs when the clearance between a bolt and bolt hole is within
−2mm and +0.5mm. In total, 32 critical measurement points were
defined in the tolerance simulation, corresponding to the top and
bottom connections of the 4 outermost corner columns (there are 4
bolts at each connection). A key assumption in this analysis is that each
bolt hole is drilled independently of each other (i.e., no jigs were used
for hole alignment between the bottom of a column and the base frame
or top of column and roof frame). Running the tolerance analysis for
10,000 Monte Carlo simulations only took 189 s and resulted in a
variation distribution for each of the critical measurement points.
Fig. 11 shows a sample result for the variation distribution at one bolt
connection. Negative circle interference values are shown in red and
represent the condition where the bolt does not fit within the bolt hole.
Only values outside of the −2mm circle interference condition re-
present a high degree of rework. Each variation bar chart contains the
population mean, standard deviation and a best-fit probability dis-
tribution function.

4.3. Assessing probability of rework

In this simulation, each variation bar chart best matched a Pearson

Type I distribution function, which is a generalised case of the Beta
distribution (with more arbitrary shifting and scaling parameters).
Normally, it is not necessary to extract the specific function pertaining
to each variation distribution since tolerance simulation software such
as 3DCS Variation Analyst provides a large set of analytics pertaining to
the probability of non-conformance. However, for this paper, the
probability function was extracted in order to derive custom prob-
abilities pertaining to the conditions of adequate bolt-alignment. Due to
the complexity of modelling a Pearson Type I distribution, an equiva-
lent Beta distribution was graphically fit to the data in each variation
bar chart, and a cumulative distribution function was then used to
derive the specific probabilities corresponding to each rework condi-
tion. The result of extracting these rework probabilities (Table 2) shows
that the base connections are likely to experience only a low-degree of
rework while the upper connections are likely to experience a high-
degree of rework. While each of the lower connections have a mean
circle interference between −0.1025mm to 0.055mm, the upper
connections have circle interference values up to −36.68mm, which
are much greater than the limit for rework at −2mm (note that the
negative values only indicate misalignment and do not correspond to
the numerical value).

Fig. 8. Quantification of as-built deviations in module once columns were installed to the base frame. Laser scan registration was performed in Autodesk ReCap, and
a scan-vs-BIM analysis was done using CloudCompare. Deviations of columns range from 2.5mm to 30mm.
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Calculating the overall system reliability (i.e., probability that no
rework is required for any connection) is complicated when accounting
for the conditional probabilities between connections. For instance,
there will be conditional probabilities between connections on the roof
frame since a misalignment at one connection is likely to increase the
chance of a misalignment at another connection (assuming the mis-
alignment is in the opposite direction of the other connection). For
simplicity by neglecting the potential conditional probabilities that may
exist and only considering high-degree of rework, then the overall
system reliability becomes,

∏

= −

= − −
=

P rework P no rework

P rework P rework at connection

[ ] 1 [ ]

[ ] 1 [1 ]

system system

system
i

n

i
1 (3)

Fig. 9. Deviations of the base and roof frames for this project. Laser scans obtained for both the frames were fit to the 3D BIM model, and scan-vs-BIM deviations were
obtained using CloudCompare. Deviations for fabrication of base and roof frames were less than 5mm.

Table 1
Tolerance input values used in the simulation of the module structure assembly.

Tolerance Tolerance type Tolerance range (±3σ)

Bolt hole location (drilling) Positional tolerance ±1/32″ (0.8 mm)
Bolt hole diameter (drilling) Size tolerance ±1/32″ (0.8 mm)
Bolt diameter Size tolerance ±5thou (0.12mm)a

Column straightness Form tolerance ±5/64″ (2 mm)b

Column length Size tolerance ±5/64″ (2 mm)

a Since this tolerance is very small and has a near negligible effect, it was not
considered in the tolerance analysis simulation.

b The net effect of the column straightness is a positional tolerance at the top
of the column. The tolerance value corresponds to the absolute horizontal de-
viation at the top of the column with respect to the base.

Fig. 10. Nominal bolt-assembly alignment for this functional demonstration and conditions to describe acceptable alignment and rework conditions for misalign-
ment.
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where i ranges from 1 to 32 (for all connections), and P[rework]system
relates to at least one event of high-degree of rework for the overall
system. Calculating the probability of rework for this module with se-
lected process capabilities results in a 99.98% probability. This is a
logical result following from the specification of rework condition
(circle interference outside of the 2mm threshold) and since three
connections have misalignments greater than 15mm. To reiterate, a
key assumption in this analysis is that the bolt holes are drilled in-
dependent of each other, which actually increases the likelihood of
misalignment at a given connection. In practice, jigs ensure that bolt
hole patterns align better between column end plates and frames.
However, the purpose of this paper is to demonstrate the simulation
capabilities and advantages for tolerance analysis.

The final step to this simulation is estimating the margin of error for
a given confidence interval using Eq. (2). Using a confidence interval of
95%, the maximum margin of error for the governing sample statistics
in Table 2 was found to equal 5.7%. Since the margin of error is linearly
related to the ratio of sample standard deviation over the sample mean,

the governing measurement is the one with the largest ratio (in this case
Column 1 at Base). It is important to note that this method of de-
termining the margin of error is based on an approximation of the
sample statistics using the central limit theorem and confidence bounds
according to the normal distribution. Since the largest margin of error
for all statistics in Table 2 is 5.7%, this is the estimate of overall margin
of error for this first simulation.

4.4. Simulation 2: process evaluation for optimising module assembly

A second simulation was used to reduce the high degree of rework
in the first simulation by considering a new fabrication process for
cutting bolt holes: water-jet cutting using a computer numerical control
(CNC) machine. A cruder method of drilling bolt holes was initially
selected in simulation 1. Water jet cutting is more expensive but results
in a tighter tolerance with respect to the size and position of the bolt
hole (0.2 mm vs 0.8 mm) due to the accuracy of a CNC machine.
Following the same procedure for tolerance analysis used in the first

Fig. 11. Sample variation bar chart of a
bolted connection. Red values indicate re-
work conditions, where circle interference
values between −2mm and 0mm are a
low-degree of rework and circle inter-
ference values outside of −2mm represent
a high-degree of rework. Green values in-
dicate acceptable alignment between bolt
and bolt hole, which requires no rework.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Summary of results for the process of drilling bolt holes. The average values at each bolted connection are shown for the distribution mean, standard deviation, and
probabilities for varying levels of rework.

Key fabrication process - Drilling bolt holes
Location tolerance= ±1/32″ (0.8 mm), bolt hole size tolerance= ±1/32 (0.8mm)

Critical measurement Average distributiona

mean
Average distributiona

standard deviation
Approximate probabilityb

of no rework
Approximate probabilityb of
low-degree of rework

Approximate probabilityb of
high-degree of rework

Column 1 at Base −0.1025 0.355 30% 70% 0%
Column 2 at Base −0.1025 0.3525 30% 70% 0%
Column 3 at Base −0.105 0.3525 50% 50% 0%
Column 4 at Base 0.055 0.1375 70% 30% 0%
Column 1 at Roof −0.1725 0.375 20% 80% 0%
Column 2 at Roof −15.395 12.1875 0% 10% 90%
Column 3 at Roof −33.18 25.985 0% 5% 95%
Column 4 at Roof −36.6775 28.7125 0% 5% 95%

a For each connection, the average distribution results for all 4 bolts are shown.
b Probabilities are approximated using graphical comparison to a beta distribution function.
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simulation, the result of “tightening” the positional and size tolerances
for bolt holes has a profound effect on the rework associated with
adequate assembly alignment. This time, running the tolerance analysis
for 10,000 simulations only took 55 s. As seen in Table 3, there is no
longer any probability of a high-degree of rework event for any con-
nections in the assembly. The overall probability of a low-degree of
rework event for the assembly using Eq. (2) results in a 34.4% prob-
ability, meaning that the overall likelihood of no rework for this as-
sembly is 65.6%. Again, it is important to note that a low-degree of
rework event is considered to be a minor amount of reaming and forced
assembly, both of which are still viewed by contractors to be normal
assembly requirements. Similar to simulation 1, the margin of error for
a given confidence interval can be estimated. Using the same 95%
confidence interval, the maximum margin of error for the governing
sample statistics (Column 3 at Roof) in Table 3 is equal to 1.3%. As
such, the estimate of overall margin of error in this simulation is 1.3%
with a confidence interval of 95%.

5. Comparing Monte Carlo simulation to other tolerance analysis
methods

To base the results obtained in this demonstration to other tolerance
analysis methods, the following methods are examined and contrasted:
a worst-case tolerance chain, a root sum square tolerance chain, and
kinematic chain analysis.

As identified in literature, dimensional tolerance chain methods
(worst-case and root sum square) are generally limited in their use to
just 1-D or 2-D tolerance analysis. To reflect this, a simplified 1-D
analysis is carried out for a worst-case tolerance chain and a root sum
square tolerance chain. A cross-sectional diagram of columns 1 and 2 in
the assembly depicts the accumulation of variations in the form of a 1-D
tolerance chain analysis in the x-direction (Fig. 12). In this figure,
column straightness, bolt hole size tolerance, nominal joint slippage
(i.e., the gap between the bolt and bolt hole), and bolt hole position all
contribute to the alignment between the column shown on the right and
the roof frame assembly. Worst-case tolerance accumulation and root
sum square tolerance accumulation are calculated according to the
following equations

∑=
=

T TWC
i

n

i
1 (4)

∑=
=

T TRSS
i

n

i
1

2

(5)

where TWC is the worst-case tolerance accumulation, TRSS is the root
sum square tolerance accumulation, and Ti are individual tolerances for
n number of chain elements. Using the chart in Fig. 12, tolerance

accumulation along the 1-D chain in the x-direction results in the fol-
lowing calculations for tolerance accumulation:

= + + + =T A B C D mm2 8 3 8 19.8WC

= + + + =T A B C D mm2 8 3 8 4.6RSS
2 2 2 2

where A is the column straightness, B is bolt hole size tolerance, C is
nominal joint slippage, and D is bolt hole position tolerance. The tol-
erance values used in this calculation correspond to bolt hole drilling as
the key fabrication process (as per the tolerances outlined in Simulation
1). An equivalent deviation using the Monte Carlo method between
column 2 and the roof frame was found to be 15.4mm while the as-
built deviation at the top of column 2 was found to be roughly 11mm.
From these results, we can see that the worst-case tolerance chain
method produces a more conservative (i.e., larger) accumulation than
the Monte Carlo method, while the root sum square has an overly
ambitious tolerance accumulation value. While the Monte Carlo
method also produces a conservative result compared to the equivalent
as-built deviation, it is important to note that in terms of tolerance
analysis, conservative results are superior to ambitious results for
identifying potential misalignments. The comparison of Monte Carlo
with worst-case and root sum square tolerance chains match the con-
clusions observed in literature. In addition, dimensional tolerance chain
methods do not account for rotational errors that result from deviations
in higher-order degrees of freedom (i.e., rotations in the Z direction).
Even slight rotational errors at connections at one end of a module can
lead to significant misalignments at the far end, which are be accounted
for in the Monte Carlo simulation that in essence estimates a joint
confidence limit (re [54].). For these reasons, the Monte Carlo method
is superior to tolerance chains for 3-D tolerance analysis on large
complex structural assemblies.

In a previous study [44], we demonstrate the use of kinematic chain
analysis on a prefabricated assembly that came from the same project
that was explored in this article. While this assembly was not the exact
same one analysed in this study, the structural configuration is very
similar. In our previous study we found that kinematic chain analysis
could predict 3-D tolerance accumulation between a reference datum
point on the bottom of the assembly to tie-in plates on the top of the
assembly, which function as “end-effectors” in a kinematic chain. Since
kinematic chain analysis relies on rotational and translational degrees
of freedom, accounting for more complex interactions, such as gaps at
joints, is challenging. To overcome this, several assumptions and sim-
plifications were required. For instance, the kinematic behaviour of the
roof frame was confined to rotation about the vertical axis alone. An-
other key assumption was that the entire base frame with columns was
assumed to be one subassembly with negligible tolerances. The pro-
pagation of tolerance was thus attributed to two mechanisms: (1)

Table 3
Summary of results for the process of water jet cutting bolt holes. The average values at each bolted connection are shown for the distribution mean, standard
deviation, and probabilities for varying levels of rework.

Key fabrication process – Water jet cutting bolt holes
Location tolerance= ±8thou (0.2 mm), bolt hole size tolerance= ±8thou (0.2 mm)

Critical measurement Average distributiona

mean
Average distributiona

standard deviation
Approximate probabilityb

of no rework
Approximate probabilityb of
low-degree of rework

Approximate probabilityb of
high-degree of rework

Column 1 at Base 0.1575 0.09 100% 0% 0%
Column 2 at Base 0.16 0.09 100% 0% 0%
Column 3 at Base 0.1575 0.09 100% 0% 0%
Column 4 at Base 0.16 0.09 100% 0% 0%
Column 1 at Roof 0.14 0.11 90% 10% 0%
Column 2 at Roof 0.14 0.11 90% 10% 0%
Column 3 at Roof 0.1375 0.11 90% 10% 0%
Column 4 at Roof 0.14 0.11 90% 10% 0%

a For each connection, the average distribution results for all 4 bolts are shown.
b Probabilities are approximated using graphical comparison to a beta distribution function.
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deviations of each tie-in plate on the roof frame, and (2) deviation of
the roof frame on the base frame and column subassembly. This means
that in order to apply the kinematic chain method for the same 3-D
analysis simulated using the Monte Carlo method in this study, a
highly-variate kinematic chain equation would be required. Further-
more, the assumption that base frame and columns function can be
taken as one subassembly is not valid for two reasons. First, the as-built
deviations of the columns with respect to the base frame were shown to
be non-negligible. Second, discontinuities will exist when comparing
the kinematic chains between each column to the connection points on
the roof frame. It is therefore too complex to use kinematic chain
analysis at the same granularity of 3-D tolerance analysis that the
Monte Carlo method is capable of. Similarly, the consideration of other
tolerance analysis methods (e.g., tolerance mapping and statistical
models) is also too cumbersome and complex to accurately predict 3-D
tolerance accumulation in the way that Monte Carlo simulation can.

In summary, compared to other tolerance analysis methods, Monte
Carlo simulation has many desirable attributes in the context of pre-
fabrication and offsite construction. First, it is capable of handling
complex three-dimensional relationships between components that
other methods such as tolerance chain methods, kinematic chain ana-
lysis and tolerance mapping cannot. While other tolerance analysis
methods may rely on the user having a fundamental understanding of
graph theory and or comprehensive manufacturing tolerance nomen-
clature (e.g., GD&T), tolerance simulation can be carried out using
simple tolerance configurations. Finally, it is shown to be a very ef-
fective design tool for comparing various fabrication processes based on
tolerance performance and rework risk management.

6. Conclusions

Ongoing advancements in the construction industry are providing
better ways to reduce risk, improve productivity and optimise project
performance. Improvements to design are being realised through better
project coordination and digitised data management which is made
possible through BIM advancements. Offsite construction and mod-
ularisation are improving the delivery of buildings and assets, which is

enhanced by novel production techniques such as robotic fabrication,
advanced fixturing systems and additive manufacturing. While the ef-
ficacy of these emerging industry trends is evident when things go well
on projects, there is still a clear need within the industry for proactive
measures to characterise and manage project variability. This is espe-
cially relevant in the context of dimensional variability management of
large prefabricated assemblies, which often experience rework during
production or onsite to bring assemblies into proper alignment. While
previous research has studied different methods to deal with this
challenge, there are minimal studies that address dimensional varia-
bility proactively during design, let alone for complex 3-D analysis.

This research is the first of its kind to demonstrate that tolerance
behaviour and process capability can be simulated and optimised for
prefabricated and offsite construction assemblies. Conventional toler-
ance chain methods are either too conservative or too ambitious in their
prediction of tolerance accumulation. Other methods such as kinematic
chain analysis, statistical methods or tolerance mapping methods are
too challenging to use given the complexity in accounting for sys-
tematic behaviour in 3-D construction assemblies. Tolerance analysis
through Monte Carlo simulation is proactive, applicable for complex 3-
D assemblies and can reduce rework associated with correcting geo-
metry during fabrication and onsite assembly. Traditionally, predicting
misalignments at joints was elusive due to the complex 3-D interaction
between components and the inability to model tolerance accumulation
in such systems. However, utilising process capability data in the form
of statistical tolerance distributions, simulations can be used to model,
predict and correct misalignments that may occur at critical joint lo-
cations.

A functional demonstration of Monte Carlo simulation for tolerance
analysis detected misalignments up to 37mm in a steel framed modular
construction assembly with an estimated margin of error of 5.7%. The
magnitude of this deviation matched the results generated from a scan-
vs-BIM analysis, where as-built deviations were found to range up to
30mm. While this degree of misalignment may not initially seem large
enough to warrant a large amount of rework, very strict tolerance re-
quirements are placed on modular construction assemblies [55]. Not
only are these strict tolerances required to properly assemble modules

Fig. 12. Simplified accumulation of variability and tolerances using a 1-D dimension chain in the x-direction illustrated in elevation view.
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offsite (during initial manufacturing), but the overall geometry of
modules must also comply with strict alignment demands onsite. Tol-
erance simulation was also used to optimise the initial design through
selection of an alternate production process. By tightening the tolerance
associated with bolt hole creation, misalignment rework at connections
is significantly reduced. While the initial design was found to have a
certain probability (i.e., 100%) of a large rework event, the optimised
design with tighter tolerances had only a 34% chance of a small rework
event (at an estimated margin of error of only 1.3%). In this way, Monte
Carlo simulation for tolerance analysis is shown to be a powerful tool
for process optimisation.

As the uptake of virtual and computational tools continues in the
AEC industry, it is becoming far more favourable to solve complex
geometric problems in a proactive manner through use of simulation
tools. Due to the complexities of dimensional variation and tolerances
in large prefabricated construction assemblies, adjustable connections
are sometimes used as a strategy for ensuring proper assembly re-
quirements [56]. However, the use of proactive virtual tools such as
tolerance simulation demonstrates that other strategies can be utilised
to mitigate the risk of assembly rework. In contrast to adjustable con-
nections that may require a considerable amount of engineering and
design effort, evaluation of alternative fabrication processes offers in-
creased viability in many situations. Ultimately, Monte Carlo simula-
tion can be used as a platform for comparing these types of alternative
strategies due to its versatility and ease of tolerance configuration.
While this paper focused on the offsite assembly of a prefabricated
structure, the proposed methodology can also be used to predict and
manage dimensional variability for onsite assembly processes as well.

6.1. Limitations and future work

A limitation to this research is that all non-rigid deformation must
be “converted” into a net rigid-body effect. While the impact of this
assumption was not explored in depth in this article, other tolerance
analysis methods also rely on this same assumption [36,57,58]. In the
case of the functional demonstration used in this article, the non-rigid
effect of welding distortion on the base and roof frames was quantified
using an as-built analysis through laser scanning. Since there was only a
minimal amount of welding distortion on the features affecting the
alignment of the columns (i.e., vertical deviations on the beam flanges),
these non-rigid deformations were ignored. However, if this distortion
turned out to be significant, then an equivalent tolerance would have to
be included in the tolerance simulation to account for the effect that it
has on the accumulation of dimensional variability.

Since Monte Carlo simulation for tolerance analysis is intended to
proactively manage dimensional variability, it is not practical to
manually quantify statistical process capabilities before running simu-
lations. Furthermore, use of Monte Carlo simulation should avoid te-
dious setup and computationally intensive processing. As such, future
work should address three key areas of development: (1) incorporation
of multi-physics analysis to predict material behaviour (2) development
of a database to better characterise the statistical distributions of var-
ious processes and (3) techniques to improve the simulation setup and
execution process.

To overcome the non-rigid body deformation assumption, future
work should investigate how to incorporate multi-physics capabilities
such as finite element analysis (FEA) into the simulation process. By
modelling realistic material behaviour, elastic deformation could be
included in the simulation process as a means of gaging the flexibility of
assemblies for alignment purposes. These analyses also need to account
for the structural performance of prefabricated systems since there is an
inherent trade-off between geometric flexibility in a system and struc-
tural integrity. This is especially important for the design of multi-
storey modular buildings.

As more studies continue to quantify process capability data in
construction, it will be beneficial to characterise the statistical

distributions of this data to improve tolerance analysis results. This will
be useful for addressing whether certain processes need to be con-
sidered in an analysis (i.e., whether the welding distortion in steel
frames is significant), but also for improving the selection of statistical
distributions. While this article relied on using the Normal Distribution
for tolerance inputs, improvements can be made through statistical
characterisation of process capabilities. Furthermore, future work
should investigate the impact of truncated distributions. Since use of
non-truncated Normal Distributions (as in this research) can have an
impact on the goodness of simulation results, this should be studied in
more detail to determine its sensitivity.

Finally, future work should address how to improve the simulation
process as a whole. Derivation of the assembly network and feeding
inputs into the simulation engine can be tedious for more complex as-
semblies than the one examined in this research. Automated workflows
offer many benefits for improving the setup of tolerance simulation. For
instance, computational algorithms can be used to automatically ex-
tract the assembly network from a given BIM model of a construction
assembly. As such, future work should explore how the initialisation of
tolerance simulation can be improved through use of automated
workflows.
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