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Abstract

BIM-based tools can contribute to addressing soihtieeochallenges faced by structural engineering
practitioners. A BIM-based framework for the deystent of components that deliver Automatic
Code Compliance (ACC) is presented. The structigaign problems that such components solve are
categorised as simple, where ACC can be implematitedtly, or complex, where more advanced
approaches are needed. The mathematical procttdteDimensional Data Fitting (MDDF) is
introduced in order for the latter, enabling thenpoession of complex engineering calculations to a
single equation that can be easily implementedarB®V software engineering package. Proof-of-
concept examples are given for both cases: offsé#rufactured structural joists are utilised asr& no
recursive example, implementing the results obthinghe manufacturer’s literature; the axial
capacity of metal fasteners in axially loaded timtoetimber connections are utilised as an example
of recursive problems. The MDDF analysis and itgleamentation in a BIM package of those
problems are presented. Finally, the concept ismgdised for non-structural aspects at a framework
level, and the challenges, implications, and protspef ACC in a BIM context are discussed.



1. Introduction

There must be few terms in the realm of Architeztiingineering, and Construction (AEC), in the
past two decades at least, that have been as sealigrituid as Building Information Modelling
(BIM). Perhaps the most-often quoted definition hasn devised by the National Building
Information Model Standard Project Committee, adewy to which BIM is “a digital representation
of physical and functional characteristics of alifig€ [1]. The core idea of BIM as an information
resource, collectively used by AEC professional$airly common [2] and goes back to the first
years of research in AEC computing [3]. More relsetihe advances in computing power and
software development, and the adoption of softwegrall AEC disciplines has led many to view BIM
as a process [4] or activity, occasionally difféiating between Building Informatiododel (the
resource) and Building Informatidviodelling (the process or activity) [5].

The promise of BIM is both significant and widetging. One of the standard textbooks on
the topic [5] lists a number of benefits coverihg entire lifecycle process, from Pre- to Post-
Construction passing via Design and Constructidradrication, while the beneficiaries include
practically all stakeholders of the constructiongass. With such industry-transforming potenttal, i
is not surprising that BIM has received significatiention across the sector. This ranges from
standard activities such as architectural desigi][&nd cost estimation [8, 9] to more specialised
aspects such as energy consumption [10] and lgdvoductivity [11].

Software vendors of the main structural enginegpiackages provide some level of BIM
integration, mostly via Input/Output (I/O) toolstviBIM-oriented architectural packages such as
Autodesk Revit, and the generic Industry Foundafitasses (IFC) [12-14]. However, there are
numerous issues with those: as early as 2008,isiracstructural engineers were reporting
considerable scepticism with vendors’ promisessefinless” links between packages [15]; the fact
that interoperability is a major point of discussio the review by Vollet al[16] suggests that it will
remain a major concern in the foreseeable futaradition, there is the recurrent issue of the
complexity and steep learning curve inherent in RiNented software, as well as the need to
maintain parallel BIM infrastructures for differecitents [15]. The Return of Investment (ROI) of
BIM, especially for Micro, Small, and Medium Enteges (SME) has long been a point of contention
[17]; in structural engineering practice this ca&ndven more demanding, as structural engineers
already have to master complex structural anabysisdesign packages for completing the core tasks
of their work. As such, any additional software lgage must demonstrate a considerable return to
justify the overheads in time and resources.

The aim of this paper is to present an innovatpygra@ach for the automatic code compliance
of design calculations in a BIM context. Structumadber design is utilised as an example, but tiere
significant potential for the approach to be geliwzd to other materials, and also to other aspcts
building design altogether. The objectives of thespnted work are:

= the development of a BIM-driven approach that afidle automatic code compliance of
design calculations

= the application of a novel method which allows streamlining of structural design
calculations via Multi-Dimensional Data Fitting (NIIF-)

= the integration of the outputs of said method Bild context, utilising “off-the-shelf’ BIM
scripting tools with minimum development overheads

= the presentation of a general conceptual BIM fraorewhat allows the expansion of this
work to all calculation-based aspects of design



From an industry perspective, it is envisaged tthatvork presented here can support AEC
practitioners who want to incorporate timber initlpeojects but are finding the level of technical
expertise required a significant barrier.

2. M ethodol ogy

The development of such a BIM framework, which ae\al the intended aspects, requires a
sequenced approach and the utilization of techsifpoen various fields.

We begin with a survey of the current approachrimcsural timber design, in order to
identify the role of the structural engineer wittiire timber design process, the interaction and dat
exchange with other disciplines, and the key deprgblems that a structural engineer is expected to
solve. We continue by analysing the current apgresn existing BIM frameworks, in order to
identify one which combines effectiveness with isigial applicability.

From the above, we are able to develop the frameatoa conceptual level. This allows us to
identify the key design problems the solutions tocly we need to automate, in order to demonstrate
the feasibility of the framework and its applic#tigibnd relevance in the timber design process.

We identify two general types of problems thatractural engineer has to solve:

» simple (“single-variable”) problems, for which thejority of the structural calculations are
either undertaken by the manufacturer or solut@amsbe easily found in the technical
literature. An example would be identifying the cipgs needed for floor joists, for a given
span and a given cross-section.

» complex (“multi-variable”) problems, for which aghi level of technical knowledge and
computational complexity is required. An examplaugdoe the design of a moment-resisting
connection, where a range of options can be coregddsuch as the arrangement of the
connection, the types and properties of fastefteedin or gusset plates etc.

The first category of such problems can be autodnaiatively simply and the integration in the
framework in a straightforward process. We presanh an implementation utilizing the standard
scripting tools available in a BIM software package

The second category of problems are significanttyendemanding, and their complexity
partially explains why the automatic code complafaund in structural timber design is limited. In
order to address these obstacles, we draw on ttleematical technique of Multi-Dimensional Data
Fitting. We present an environment we have develegthin existing mathematical software, which
enables complex problems to be solved; we pres#htthe process and the capabilities of the
software environment. We utilise this to solveragified version of a complex multi-variable
problem, and we implement the outputs of the prooes BIM software package as before.

While the initial concept behind the framework, dhe particular applications presented here, are
focused on automating structural timber design lerab, we consider that this can be generalised to
address a number of similar problems and, thealbtj@utomate the building design process to a
considerable extent. We present, in brief, a caneframework that is able to extend this protess
numerous other problems. We close by acknowleddji@dimitations of the approach we followed,
but also discuss its applicability and implicatidosbuilding design.

3. Automated Structural Timber Design in a BIM Context



3.1  TheStructura Timber Design Process

Construction projects are complex, heterogeneoubdsstributed sociotechnical systems [18]; in a
digital context, system integration is particularyportant [19]. Structural design is one of theeco
areas of the building design process. The struotmgineer has to interact not only with the amettit
but also via a range of other engineering speigslieither directly or via the architect, the pmj
manager, or the contractor, depending on the nanaterganisation of the project. A simplified
schematic representation of the interactions (hnd tlata exchanges) between the architectural
designer and some of the engineering disciplinebddding design is given in Figure 1.
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Fig. 1. Schematic representation of interactions betweelitact and some engineering disciplines in bugddin

Even within the structural engineering domain, rageaof processes take place. Those might be done
in-house in different types of software or subcactied to specialists. Thus more interactions atal da
exchanges take place. A simplified schematic remtasion of those for the case of timber structures
is given in Figure 2, while more extended versiexist for case-specific problems [20].
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Fig. 2. Schematic representation of the different stagébeo$tructural design of a typical timber struetur

From the activities described in Figure 2, thecttrral design of members and, especially,
connections poses particular technical challengéestelling that timber design is either omitted
altogether from the mainstream structural engimggpackages with BIM support [13, 21], or, when
addressed, it is without the more technically @rajing aspects, such as moment-resisting
connections [22]. The latter, is usually the preeinf specialised software applications, oftenitagk



effective BIM integration support [23]. The autoimatode compliance of the structural design of
such elements would offer significant benefits,radding some of the challenges mentioned in the
Introduction. The integration of this partial autation in a BIM context would also allow this to be
combined with the well-established benefits of BBlland thus contribute further to the take-up of
timber by the wider AEC industry.

However, the computational and scientific comgiexiherent in structural design, together
with the aforementioned interoperability issuegwofpresent in BIM, mean that any automation needs
to take place within a well-defined BIM framewonk,order to fulfil its potential.

3.2  Approachesin BIM frameworks

As the definition of BIM is quite broad, it is uskfo attempt to position the intended outcomes
within the various levels of BIM possibilities. Arften-employed scale is the BIM Levels or Stages.
As defined by Succar [24] Stage 1 represents tbjgsed modelling, Stage 2 represents
collaborative working, utilising at least one coltmative model, while Stage 3 aspires to
interdisciplinary nD models with network-based gregion and synchronous exchange of model and
document data. Understandably, the author recogthse Stage 3 would require fundamental
changes in the modus operandi of the entire AEQstrg, as well as significant maturity in network
& software technologies. Though Succar was writimg009, a description of the same concept
(referred to as “Level 3") in the National Buildilgpecification website, originally written in 2014
but not updated at the time of writing of this pgpefers to it as the “holy grail” [25].

Existing approaches can be said to belong to bheoocategories, defined here as “single
platform BIM” (SP-BIM) and “multi-platform BIM” (MRBIM). Single platform BIM relies on the
utilisation of either a single piece of BIM softwanr a small range of BIM-compatible software
applications, typically from the same vendor opag of the same suite. This ensures I/O consigtenc
and thus minimizes the development overheads. @tfevare packages might be used for non-BIM
operations and, overall, SP-BIM is closer to Stage¢| 2. By contrast, multi-platform BIM allows
the use of a wide range of BIM-enabled softwar&kages, targeted at different disciplines and
developed by different vendors. Data I/0O might baealvia the IFC or via middleware developed
within the context of professional project or resbgroject. Conceptually, this is closer to
Stage/Level 3. A brief summary of the two definiisas given in Table 2.

Table 2. Single/multi-platform BIM description

Term BIM functionality BIM
Level
Single-platform BIM | Concentrated in a single application, or a smathiner of
(SP-BIM) applications with verified interoperability (typibafrom
a single vendor) 2

External hardware, datasets, and calculations psese
are handled via customized 1/O tools.

Multi-platform BIM | Allows the use of multiple BIM software packagesnt
(MP-BIM) many, or any vendor.

This includes all, or most, hardware, datasets, and
calculation processes.

The relatively straightforward implementation bistapproach means that it has been utilised
for a wide range of AEC tasks and problems. Wetng developed a framework for enabling
facilities managers to engage in the design ofilaibg [26] via SP-BIM, while McArthur suggested



a framework for the operations phase, where tha ingraction is between a facilities management
and a BIM system [27]. Soreg al developed a structural BIM framework for constimectplanning

and scheduling and implemented it via Open Cas@adeneric 3D modelling C++ kernel [28], using
IFC and Microsoft Excel files as data I/0O mecharsisRorwal and Hewange proposed a BIM-based
framework for public-private partnering in publiorstruction projects [29] utilising the Autodesk
suite of products to ensure compatibility.

Similar approaches are also applicable to moreiaied requirements. Chet al[30] as
well as Chavadat al[31] have applied it to the problem of work-spatanning and management; in
both cases, a single BIM environment was utiligedrtable nD modelling and resolve conflicts.
Addressing more technical issues, Ketral developed a framework that enables the dimensemdl
surface quality assessment of precast concreteeals{B2]; as a key part of the work involved
primary data collection via laser scanning, thaifoof the framework was not BIM per se, but /O
interoperability with a BIM system. Thus, IFC wased as the data format, and a single BIM platform
was utilised for achieving the objective. Patlal produced a framework to link augmented reality
with a BIM to facilitate defect identification amdanagement [33]; in this, the provided mockups
suggest that the envisaged implementation wouldédan SP-BIM.

An earlier review by Cervosek [34] found that effee integration largely worked only
within “tightly coupled” solutions, i.e. when thefswvare developed has invested significantly iradat
I/O; typically this is the case only within applians from a single vendor, while users that atiemp
data I/O between applications from different vesdame faced with loss of information which often
results in significant time loss for manual dagauinand remodelling.

Researchers working on multi-disciplinary probleémse typically had to engage more with
a MP-BIM approach. Singét al developed a theoretical framework which, cruciadigdresses server
issues and thus computing/software requiremenrasnodre technical nature [35]. Working with a
range of different software packages and platfothes; identified an extensive set of technical
requirements, ranging from model organisation aatd decurity issues, to the various aspects of
administrative, training, and legal support requiif¢ is interesting that these challenges arexdaier
a case that concerns only architectural desigmraujids, and lighting, while the emphasis is on the
visualisation and not detailed calculations. Ashs@ven this extensive and highly detailed
framework is unlikely to be able to satisfy the sidierable computational demands of the structural
engineering aspects of design.

Similar limitations can be identified in other woDing et al developed a framework
intended to provide computable nD [4]. The workasnprehensive and provides important pointers
to areas for further BIM research; however, the maiation described is highly unlikely to satisfgth
requirements of the state-of-the-art of structdesign. Similarly, frameworks suggested by Lu and
Olofsson [36] and Kadolskst al [37] deal with the immediate problem of compatipibetween
heterogeneous data and integration of differeniketdge domains but provide limited scope for
advanced computational applications.

The direct integration of computationally demandapgproaches such as Finite Element Analysis
(FEA) in an MP-BIM environment appears unlikelyb® achievable in the foreseeable future [38]. It
is characteristic that Vol&t al[16] identified only one structural analysis-reldinnovative BIM
process in their review. In this, Leeal[39] rely on heuristics in order to satisfy theustural safety
requirements they set, even when effectively uamgpproach closer to SP-BIM.

4. A BIM Framework for the Automatic Code Compliance of
Structural Timber Design



41  Development of a BIM framework

The analysis of existing research frameworks deitnates that the effective automaton of structural
analysis and design computations in BIM cannotdigezed via an MP-BIM approach, at least with
the current state-of-the-art in hardware and so#wi introduces an extensive set of technical
challenges, without any tangible benefit. As ddmadiin the Introduction, the current practice of
structural analysis and design software is to tBdst as a data 1/O issue as opposed to core
functionality. Thus it appears reasonable to adopEP-BIM approach addressing the structural
computational aspects indirectly, as separate ledgd domains.

The framework developed for the purposes of thikvassigns an SP-BIM system as the core
interdisciplinary modelling and management domeadividual components are analysed and
designed from a structural engineering perspesitivas to achieve Automatic Code Compliance
(ACC), meaning they satisfy the structural desmpuirements according to the respective national
code/standard. The results of the ACC analysipargrammed into BIM components; these BIM
components are input in the core BIM platform arelavailable to designers. A schematic
representation of the process for the developmiethiedramework is given in Figure 3.
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Fig. 3. Schematic representation of the framework developpmcess

When design decisions are made that affect thetatal performance, and thus the code
compliance of BIM components, the latter responekal-time to the design decisions. Typically, the
components respond to design decisions in oneedbtfowing ways:

i. by adjusting themselves automatically, so as téeaehcode compliance. For example, a
beam might change cross-section, or the joist sgaaif a floor might change. This enables
ACC, while maintaining the design intention (e.gnensions of a floor).

ii. by providing limiting values, so the designer istpcted from going beyond the code. For
example, if a beam cannot support the type of lmpteyond a certain span, the respective
BIM component will be limited to be designed upatoertain span.

iii. by providing immediate feedback on the structueafgrmance of a component, in non-
expert terms, thus allowing the designer to idgritithe component is fit for purpose. For
example, a connection can identify that, with theg materials and geometry, it can
withstand typical loads for residential buildingsit not for commercial.



As a result of this process, and assuming only BI)@ components have been used, the entire
design is code-compliant, without having to resortostly and inaccurate 1/O from structural
engineering software. The SP-BIM approach allovesdésigner to focus the BIM aspects of the work
where the technology performs best, namely 3D nliodelinformation management, and
interdisciplinary collaboration without engagingtvthe complexities of MP-BIM, which is arguably
not mature enough for effective use in contempopaofessional practice, at least in its full
envisaged Level 3 breadth.

For the purposes of this work, Autodesk Revit© whlésed as the SP-BIM technology. The selection
was taken partly due to the popularity of the safevn the UK and partly due to the satisfactory
scripting capabilities which allow the integratiohthe ACC results without undue complexity. The
general framework, however, could be applied witiig BIM platform.

Naturally, the success of the framework describgtié previous subsection rests on the development
of a suitable ACC knowledge base, the outputs dfhvare utilised to program the respective BIM
components. It is important, therefore, to identifg types of ACC problems that can arise, so
appropriate examples can be developed in ordezrtmdstrate the feasibility of the approach.

4.2. Automatic Code Compliance for Structural Engineering

Automated Code Compliance is not a new topic withenBIM community. The origins can be
tracked down to the work of Steven Fenves, whtnén1i960s was publishing work on decision table
formulation [40, 41], thereby creating a foundationACC. However, the main applications of ACC
so far have focused on issues such as the destpe btiilding envelope from an environmental
perspective [42, 43]. Compliance has been achieiedifferent approaches, such as rule or text-
based interpretation. Different logical approadhege been utilised such as: simple logical approach
[44-46]; predicate [47, 48]; deontology [49]; ortgical [50, 51]; object-based [44, 52-59];
programmatic [60]; machine learning [61]. It apetat the current literature on ACC relating to
structural design within BIM focuses mostly on thesign concept as opposed to industry application
[38, 59, 62-72]. Ismail draw from a core volume@ibject-Oriented Methods [73], in order to argue
that, while different techniques and methods volhtinue to develop, the challenge if the selection
and integration of those, presumably in a cohamadtuser-friendly whole [74]. The implementation
of ‘Smart’ BIM objects as used in this researchwdraipon examples of ‘intelligent’ objects as
presented by Sacks [75, 76], while the term ‘sefnamntrichment’ has been employed by researchers
as a ‘catchall’ term for the integration of ‘smdrtformation into a BIM model [77, 78].

Some structural aspects of ACC are directly imgetable in BIM platforms. A typical
example is look-up tables. Before the advent offuaters, everyday structural engineering practice
relied heavily on such tables for identificationasipects such as appropriate cross-section sizes et
While the proliferation of software has diminishbéir importance, they’re still popular in
professional reference guides [79] and manufactuliezrature [80]. Typically, these reduce to
single-variable problems: for example, for a gitygoe of timber joist and given structural loading
and support conditions; the engineer can find #@essary joist spacings in a lookup table. The
implementation of such single-variable ACC aspatBIM is both feasible and with significant
benefits, however, currently it appears under@tiiby timber manufacturers who instead prefer to
offer either detailed analysis software [81] ohimdse design services [82].

Many other aspects, however, are much more conggid>computationally intensive.
Contemporary structural codes and standards aedagmd under the assumption that they will be
interpreted and applied by highly qualified andexignced practitioners. They incorporate simplified
or generalised versions of the scientific statéhefart, which rests on models developed and réfine
over decades (structural design) or centuriesdfstral analysis). Software developed to support
engineers that work with these codes relies on texgigorithms. From a computer science



perspective, ACC is often unfeasible with existipgroaches as, for multi-variable optimisation
problems, recursion issues appear, i.e. calcul#ioctions would need to refer to themselves. Thus,
the current state-of-the-art relies on the interabpidity between a BIM platform and various
structural analysis and design software applicatianth the issues of performance and data I/O
described in the Introduction.

It appears then that both types of problems musbbed in order to demonstrate the
feasibility of the framework. The first involvesetisolution of single-variable problems, utilisingp
calculated examples. The second involves the solui complex, multi-variable problems, where
more advanced techniques need to be used.

For the purposes of this work, we have identified €xamples that correspond to these two
categories. The examples had to be common, sorafidot typical design problems, and
representative of the process, so the approack gemeralizable to all problems of this type. In
addition, as described in Section 3.1, structumatbér design involves the design of members and the
design of connections, so it was important to cdath aspects.

As a simple problem, we chose the design of atstraicmember, a proprietary engineered
joist. This is described in Section 5.

As a complex problem, we chose the design of @tstral connection, with metal dowel-type
fasteners. Connection design is one of the modleciging aspects of timber design in general, and
Eurocode 5 in particular. The combination of tinibamnisotropicity and the complexity of the
scientific state-of-the-art mean that even basimections demand highly detailed calculations. In
the UK context, the difference in design philosoplkeyween Eurocode 5 [83] and the previous British
Standard [84], with Limit State Design as opposeBérmissible Stress Design, poses an additional
barrier for practitioners [85].

This is covered in detail in Section 6.

5. Member Design

The structural design of timber members for typaggblications is generally straightforward and, as
described in Section 3, a range of timber componmertufacturers provide relevant literature. A
proprietary engineered joist system was selectéended for use in flat roofs and domestic floors.
The manufacturer produces an extensive technicalalawhich includes not only structural design
information but also, environmental, fire, duratyiliand detailing information [86]. The structural
requirements cover both Eurocode 5 [83] and theique British Standard, BS 5268-2 [84]. In design
practice, the consulting structural engineer hadeotify the design case and then manually specify
the appropriate joist size and select the appripjigst spacings based on the manufacturer’'s
guidance. The intention here was to automate theisg selection, for a given structural design.size

The implementation relied on developing a rangtsafiart” BIM objects, in the form of
Revit Families [87]. Revit’s inbuilt scripting futions were used in order to apply the design
instructions given in the manufacturer’s technioainual (Figure 4).
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Fig. 4. Sample “Smart” joist scripting environment.

Once developed, these objects can be loaded igtexasting Revit project. The core intelligent/ACC
criterion is the joist spacing. Specifically, theeu can select a type of joist based on the alltevab
depth s/he wants to include. When the joists arkdd to supporting walls, the respective required
spacing is automatically calculated, drawing frém mmaximum permissible loading values the
manufacturer provides. The ACC behaviour contirtbesughout any modifications to the project. If,
for example, the designer changes the span obg floe joist spacings are automatically recaledat
and the 3d model automatically adjusted, so astiéocm to the structural design code (Figure 5).
Moreover, span minima and maxima included in thaufecturer literature are included in the model
in the form of constraints. If the user goes owdhis allowable domain, the software flags the
constraints accordingly.

i s i

Fig. 5. Automatic recalculation of spacings and remodelbh§oor joists triggered by span change.



The main scripting aspects were developed by otleecfiuthors. As part of an undergraduate student
project under the supervision of one of the authdesk [87] developed a total of 33 domestic floor
joist objects and 33 flat roof joist objects, implenting the entire joist catalogue of the manufaectu
The motivation was to evaluate the suitabilitylo# scripting approach for the development of large
databases of ‘smart’ BIM objects. The objects weaele available for education (non-commercial)
purposes via a purpose-built website, which alstuged a training video for the use of the software
[88]. Further implementation details can be foum@eck [89]. While the output was highly praised
by industry representatives in a dissemination gtba website itself saw little professional usdge
is likely that this was due to the restriction afving only one type of ‘smart’ object (joists) framly
one manufacturer, suggesting that in order folathgroach to be commercially viable, much more
diverse object libraries would need to be created.

6. Connection Design
6.1. Axial Loading of Fasteners

A typical timber-to-timber connection with metalvdel-type fasteners subjected to axial loading was
selected (Figure 6). While not a particularly coexpproblem, it is very common in practice, and
reflective of the design process of more elabarataections. The standard adopted for the
structural design was Eurocode 5 (EC5) [83], gdlyecansidered the state-of-the-art structural
timber design code internationally. All referenteslauses and equations below refer to this
standard.

Fig. 6. Timber-to-timber connection with fastener undemaoading

According to Eurocode 5 (Clause 8.7.2(1)) theresargossible failure modes for axially loaded
screws, not all of which will be relevant in thisse. Specifically:

» the tear-off failure of the threaded part of theescapplies only when steel plates are used,
and is thus not relevant

» the screw is in tension, and thus buckling failgreot relevant

» failure along a group of screws, together with Igidages is not relevant

The key consideration in the design of such conmests the withdrawal failure, namely:



» Withdrawal failure of the threaded part of the scfpoint side), referred below with the symbol
Fax,point,Rk
* Pull-through failure of the screw head (head side&Rrred below with the symbohdzad,rx

These are calculated from Equations 8.40a and &#Bhbrocode 5 respectively [83].

The tensile failure of the screw, calculated accmydo Equation 8.40c. following on EN14592 [90]
and tests described in EN1383:1999 [91], is thexady applicable. However, for the screws used in
the experiment, the characteristic tensile strengtthen by the manufacturer are between 2.8 kN and
11.5 kN. These would be greater than the withdraaphcity by an order of magnitude between 5 and
10. As such, and in line with common engineeringcpce, they were not taken into account in the
generation of the datasets. It should be notedhigtvas done for optimisation purposes only, il
failure mode could have been easily added forfardifit design case where it was relevant.

The total characteristic withdrawal capacity foreses, referred to a§,,, zx, can therefore be
calculated from

Foxrre = min(Fax.point.Rk' Fread.rK) (1)

This capacity is affected by eight different vatesb the thread point side penetratigyi the screw
head and outer thread diametersand drespectively; the pointside withdrawal strengthdnd the
headside pull-through strength;fthe characteristic density of the timber memkegt, the associated
densities for the two strengthsssandppssrespectively.

While look-up tables can be developed for spetyfoes of components, this is not possible
for a generalised case that covers all possiblébatations of materials and screws. In order to
develop the required BIM-implementable ACC datalibsa, a different approach was needed. For
this purpose, we utilised MDDF.

6.2 Multi-Dimensional Data Fitting for Multi-Variable ACC

Multi-Dimensional Data Fitting (MDDF) refers to timeathematical process that allows the fitting of
datasets with an arbitrary numheof dimensions. Data fitting in one or two dimemsi@are

commonly used in a range of fields. The simpleshfof data fitting (with n = 1) is the common one-
dimensional (1-D) curve fitting, where a mathematequation is derived from a series of data points
For n = 2 it is typically referred to as surfadéirig; in this, a mathematical surface is generateds

to pass through or close a 2-D dataset. MDDF igjé#imeralisation of this process#d, allowing

the derivation of multi-variable algebraic expressi from extremely large datasets. As a
mathematical method, it is neither new nor obsdtiis:widely used in a variety of scientific fieddo
study topics such as gene expression [92] and ptpulsynthesis [93]. Significant efforts have been
made the past three decades to improve and entt@earious aspects of the technique from a
mathematical and computing perspective [94-96].

Despite its considerable potential and wide appliitg, however, it has not been widely used
within the structural engineering field. One obktds the high cost of structural engineering
experiments, which practically mean that the dasesee very small. A secondary potential reason is
that MDDF outputs, while highly useful to predi@haviour, might not necessarily provide as useful
insights into the physical behaviour of a systemmgared to analytical models.

However, MDDF can be particularly useful for thegmses of ACC. It allows the
substitution of a complex, multi-equation structwalculation algorithm with a single equation. hi
single equation might be extensive but it is sigaifitly lighter in implementation from a



computational perspective. More importantly, ibals multi-variable problems to be solved
simultaneously, and thus enables ACC features totbgrated into a “Smart” BIM component.

The programming of these “Smart” BIM componentsadrérom an appropriate knowledge
base. The development of such a knowledge basemnsesvo challenges: firstly, identifying or
developing suitable datasets that allow the apihicaf MDDF techniques to derive the single-
equation output; secondly, the application of tHeDFF technique itself, which can be mathematically
demanding. The following sections describe howelamllenges were addressed in this project.

6.3 The MDDF Environment

While there are a number of software platformslatéeé for fitting nonlinear multidimensional data,
the particularities of this project meant that npnavided the required functionality. As such, a
customised MDDF platform was developed, based etMATLAB computing environment,

utilising the inbuilt nonlinear least-squares soN&gcurvefit’ [97]. This function is effectivelg least
squares estimator, based on the Levenberg-Marqalgatithm (LM), and trust-region-reflective
algorithm methods [98-100]. The first iterationasf LM algorithm can be traced back to 1944 [101],
with subsequent improvements in the 1960s [102]1&¥ds [103], with further refinement of the
goodness-of-fit published in 1980 [104]. The MDDEtform developed for the purposes of this work
extends the ‘Isgcurvefit’ functionality to multiptiimensions. In addition, it includes a Graphicakt)
Interface (GUI) allowing visual inspection of datéh full user ability to interrogate any of tine
number of dimensions.

An overview of the fitting procedure for differemimbers of dimensions is presented in
Figure 7, where is the number of data points to be fittet the number of iterations, or points,
along each dimensiod;is the number of dimensions.
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Fig. 7. Overview of the fitting procedure within the neuttifig software

The platform interface presents the user with alvemof options for fitting the data. One,
two, or all dimensions can be fit at once (Figureaile a numerical indicator of goodness-of-far(
100% and 95% of the data) is provided. The GUNaloisual inspection of the data against the fit,
thus providing the user with a greater level offience (Figures 8 and 9).
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Fig. 9. Data and fit comparison

6.4. Application of MDDF in the example

The application of MDDF in this connection examgaguires the creation of large datasets,
developed within MATLAB utilising nested loops ¢t automated design code calculations. These
are then used for the extraction of fitted equajarsing the MATLAB-based environment described
above, and the outputs can then be introducediiMaobject. The process is summarised in Figure
10.
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Fig. 10. Fitting Process Overview



The dataset developed for the axial loading examvake based on eight variables with ten iterations
each, thus resulting in 4@ata points, which provides a large enough dafasgte fitting process.
The variables and their boundary conditions aremyin Table 3.

Table 3. Boundary conditions of the axial withdrawal loadotaset

Minimum Maximum
Thread point side penetration ¢, 21 mm 70 mm
Screw outer thread diameter  d, 3.5mm 6 mm
Head factor (ratio) kp, 1 4
kn=th/ do
Pointside withdrawal strength  f,,.,| 4.5 N/mm? 15 N/mm?
Head side pull-through fax | 45N/mm? 15 N/mm?
Member timber density Prm| 290kg/m® 460 kg/m?
Associated density fof;, Prss| 290 kg/m3 460 kg/m®
Associated density fof,, . Ppss| 290kg/m®* 460 kg/m?

As equation 1 demonstrates, the dataset is madétup separate intersecting surfaces, therefore by
using the intersection of the two surfaces thesdditean be quantified using an equation. For this
purpose, a sigmoid function is used as a formsiep function. The basic form of a sigmoid function
can be seen in equation 2 and Figure 11.
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Fig. 11. Sigmoid function example

The generic surface intersection fitting follows process described in Figure 12.
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Fig. 12. Surface fitting process
The application of the methodology in this axiadang example is described below.

Step 1. The process requires the selection of two suitedtiables where a clear intersection of the
two surfaces can be observed while keeping thdixest. Here, the penetration lengtk.and the
pointside withdrawal strength.k have been selected. The user is required to antenitial equation



that describes the relationship of the surfacadetgion into the fitting software, with the appriage
fitting parameters and starting points (Figure 13ag software runs iterations until the best fithe
parameter is found, coinciding with the intersattid the surface planes. If the fitted equationsdoe
not have the required level of fit or Goodnessib{GoF), either a more appropriate initial valoe f
the fitting parameter is required, or the initigbation needs to be amended.

Step 2: The next variable selected is the headside pallgih strengthfic . This dataset, including
both tenand £k results in surfaces with a different relationstoistep 1 (Figure 13b). The
observation of the shape of the dataset can belusgirovide a starting point for the variablettha
will be input into the fitting equation. The softreathen attempts to fit the equation, as per Step 1

Steps 3to 5 repeat the same process as Step 2, progressietlging all variables, until finally, the

resulting fitted equation includes the completeadat. The shapes of the datasets on each steg can b
seen in Figure 13c to 13e.
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Fig. 13. Surface fitting process steps for the axial loadirngmple

Equation 3 describes the final fitted surface isgetion, where the algebraic validation is the poin
intersection Whel, point.rk = Freaa.rk» @nd the resulting multiplication factors haverbesunded

up towards safety.

0.8
f) = 1.2 (ﬁ) ok fh.k ' tpen_l - fax.k )

Combining the fitted intersection equation with #igmoid form, a final equation can be derived,
which accurately describes the complete 8D dat&sptation 4).
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The final fitted equation was validated algebrdjcahd verified experimentally, according to
standard structural engineering practice; furthetaits of the validation and verification proceas c
be found in Livingstonet al [105].

For this axially loaded example the resulting cotapianal loading for the fitted equation is 32.0% o
the original. These computational benefits increagmnentially as the calculation complexity
increases. For example, work currently in develaprhas demonstrated a computational load of 9%
for a laterally loaded connection, under a six-naet$m failure model.

6.5. Integration into a BIM environment

It was decided that, in order to maximize efficigrihe developed “Smart” BIM object would be an
entire timber frame wall, hosting the axially loddietail. This was implemented in Revit as a
Generic Family component (Figure 14).

Y

\

A}

)

Y

Fig. 14. The base Generic Family component of the Timbal W

A number of custom parameters were set up in doderovide the designer with a suitable range of
options, which would satisfy the requirements tfgdcal project. These can be separated in two
categories: macro-level parameters, relating torgdy and physical properties of the entire wall



system, and micro-level parameters, relating tovgetc and physical properties of the fastener
under axial loading. The parameters and their @sgecategorization in the proof-of-concept

implementation are given in

Table 5.

Table5. Categorisation of Instance parameters

Parameter Allowed values Description
Macroscopic parameters
Stud centres | Decimal The stud spacing, decided by the designer.

positive values,
in mm

Characteristic timber
densitypk

Decimal
positive values,
in kg/m?

The 5-percentile value of the density of the
material of the stud and battens (typically
softwood timber), before limit state factors hav
been applied.

This is typically taken from EN 338 [106] , or
values are provided by the manufacturer
following the processes described in EN 339
[107].

Batten cross-section

Decimal
positive values,
in mm

The width and depth of the batten cross-sectio
in mm, as decided by the designer. A typical 5
80 mm batten is given as a default.

Microscopic parameters

Fastener thread diametaer ¢

1 Decimal
positive values,
in mm

The thread diameter of the screw, decided by 1
designer.

Fastener head diametey d

Decimal
positive values,
in mm

The head diameter of the screw, derived from
thread diameter the designer has selected, ba
on the options on a manufacturer’s catalogue.

Stud penetration lengthet

Decimal
positive values,
in mm

This is derived from the fastener length the
designer intends to use.

Characteristic axial
withdrawal strengthaf

Decimal
positive values,
in MPa

The characteristic withdrawal parameter
perpendicular to the grain, provided by the
fastener manufacturer and determined accordi
to EN14592 [90].

Characteristic pull-through
strength £«

Decimal
positive values,
in MPa

The characteristic pull-through parameter of the

screw, provided by the fastener manufacturer
determined according to EN14592 [90].

and

Associated densityhss

Decimal
positive values,
in kg/m?

The associated timber density used to calculat
the withdrawal parameter perpendicular to the
grain. This is provided by the fastener
manufacturer and determined according to
EN14592 [90].

[¢)

Associated densitypss

Decimal
positive values,
in kg/m?

The associated timber density used to calculat
the characteristic pull-through parameter of the
screw, provided by the fastener manufacturer

h

and

determined according to EN14592 [90].

In order to calculate the total withdrawal capaoityhe selected fastener, the object needs to
calculate a number of intermediate parameters.efAessummarized in Table 6.

Table 6. Categorisation of automatically calculated Instapa@meters

Parameter

Allowed values

Description



Macrosco

pic parameters

Panel length L

Decimal
positive values,
in mm

The total length of the panel, derived from the
stud centres the designer has selected.

Panel volume V

Decimal
positive values,
in m?

The volume of the panels, derived from the pal
length, height, and thickness.

nel

Microscopic parameters

Total fastener length |

Decimal
positive values,
in mm

The minimum allowable fastener length to
achieve the desired performance, derived from

the penetration length and the batten thickness.

D

Effective thread diameter

def

Decimal
positive values,
in mm

The effective thread diameter for calculation
purposes, according to the guidance given in
Eurocode 5 [83].

Diameter factor K

Decimal
positive values,
unitless

The ratio between the head and the thread

variable for calculation purposes. More
information can be found in previous work by t

diameter. This is introduced as an intermediate

ne

authors [105].

The final output is the characteristic axial capaEixrkis provided automatically. All intermediate
calculations are presented to the user in non{gditaode, to allow for manual verification, if
desired.

The calculation process itself required the intiiiun of a number of intermediate terms for
model validation, as well as ease of calculatioraddition, approximate values had to be provided
for standard mathematical constants (Figure 15).
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Figure 15. Properties of the family type.

7. Prospects, Challenges, and Implicationsfor ACC in BIM
7.1 Generalisation of aBIM Framework in ACC

The strongest aspect of the process describedctioSg 3 and 4 is the fact that it can be easily
generalised for any type of computation-based cbeeking. It is particularly applicable in the case
of structural engineering as this is typically thest computationally intensive aspect of building
design; it can, however, be applied equally webtimer engineering aspects such as geotechnical
engineering, hydraulic engineering, and buildingises. In addition, it is fully compatible with
existing ACC approaches in the literature.

The introduction of MDDF as a way of isolating uesive engineering problems to single
equations allows the development of appropriateM@dge domains. As MDDF is domain agnostic,
it also allows extension for solution of multi-diglinary problems. For example, MDDF analysis of a
design component could take into account architattachnology properties (materials, finishes,
thermal and sound insulation properties), strutfnaperties (geometry, materials), and quantity
surveying properties (costing/pricing). These cdwdccategorised based on geographical location,
thus allowing the development of different knowledmases per locale. The geographic location could
influence aspects such as the local Building Reguis (including both insulation and applicable
structural design code of practice) and availabledors (affecting costing and pricing). Individual



ACC equations could be built for each of thesegmaties, and then combined in one “master” ACC
model per component, using MDDF processes of the tiescribed in the case studies above. This
would then enable the development of a highly ojtéah database of Smart BIM components, as per
Section 4. A schematic representation of this aggras given in Figure 16.

The utilisation of such components would not onigwe code compliance but would also
provide the designer with instant feedback of thplications of the various design options, thus
supporting true evidence-based design. Theoretialiiesign that would rest entirely on such ACC
components would not require engineering input.i@isly, the realisation of such a vision in its
entirety is still a long way ahead, as will be lfient detailed in the next section of this work. Hoare
the fact that the process described here makeasttfle in principle highlights the potential oéth
approach.
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7.2 Limitations

Naturally, the work presented in this paper dodgleal with ACC conclusively, nor does it present a
ready-to-market commercial-level system. Insteiaid,intended to act as a proof-of-concept,
demonstrating the feasibility of delivering effeetiACC within an SP-BIM system with the current
state-of-the-art in software and hardware, as aghighlighting the potential of the ACC concept
more generally and the implications it has for aiag building design as we currently understand it.

The limitations of the work can be separated in tategories: those with regard to the extensiam of
greater, multi-disciplinary scale as discussedhérevious section, and those with regard to the
philosophy of the concept itself.

7.2.1 Extending ACC to more complex problems

Like many similar methods, the computational lohthe MDDF approach increases exponentially to
the complexity of the problem at hand. The casdistudeveloped for the purposes of this work
focused on the key controlling aspect of the desigsuch fasteners (the ductile failure of the
connection). A complete connection, solved accgrttinEurocode 5, would require taking into
account additional aspects such as fastener degatiee possibility of splitting, cumulative effect
such as plug and block shear, etc., thus furtteeasing the computational load. Particularly
complex problems, such as moment-resisting cororestihat already require a significant
computational load with existing methods of analy&08], might create significant challenges.
Dealing with multi-disciplinary problems would irease this load further.

It is important to note, however, that this inceascomplexity affects only the MDDF and
not the BIM side. Indeed, a core advantage ofrtléthod is that it condenses highly complex
calculations in a single equation thus minimizihng tomputational workload for the BIM software.
As such, only the building of the knowledge baseoimputationally expensive; the Smart BIM
components in design practice have practicallystirae performance as standard (“not smart”) BIM
components. Similarly, the implementation of thewfedge base is time-consuming. However, the
development of the Smart BIM component databasdseehappen only once. While a fully-fledged
Smart BIM database covering all aspects of a mgldiesign code is outside the capacity of a single
developer, or even a small practice, it is cenyaieasible for a mid-size software vendor.

Some limitations remain: the work presented in paper focused on single components,
without system interaction at building level. Thaertain aspects remain outside its scope: for
example, the state-of-the-art in computationalcstn@al analysis cannot be implemented with an
MDDF process. This, however, is an almost tautaladimitation: by definition the state-of-the-art
in computational structural analysis, pushes tdithie the capacity of existing software and
hardware, thus not allowing additional computatiangrhead for any other process or optimization.
Naturally, one-off, monumental projects that pushartistic and scientific state-of-the-art will
always require bespoke solutions. Those projectselier, are already outside the purview of design
codes and thus outside the scope of ACC.

7.2.2 Consequences of the ACC approach

Adopting ACC for building design has two fundaméictansequences. Firstly, the MDDF approach
conceals the physical behaviour of the structyrsiiesn. This is in contrast to contemporary strwadtur
engineering practice, where the design code eqsatimughly reflect the findings of research and
provide some insight of the failure mechanismss thllowing the engineer to make informed
decisions on structural performance. An approach ag the one presented in this paper removes this
advantage. Instead, the ACC components functidhlask boxes”: the designer might be certain that
they fulfil the requirements of the code, but sérot able to interpret the process via whiche¢hes
requirements are met. In a situation where thesel@weloped by a commercial software vendor, as



would be the most likely scenario, the supportialgualations might be hidden from the user

altogether.

A second issue involves the inherent limits ACCgsosn architectural expression, formal
freedom, and construction creativity. A downsidé&\C is that only solutions that have been fully

analysed, and their solutions computed and intedraian be used by the designer. As the addition of

an ACC component has overheads for the developpaetyt, it is likely that the range of ACC

components will be smaller than those for BIM. Asnary of the respective advantages, overheads,

and limitations of pre-made components in CompAided Design (CAD), BIM, and ACC BIM is
given in Table 7. The assessment of the technaagikased on the in-built features of the main
software packages; it does not take into accouttond and plug-ins that individual users with
computer programming capacity might develop inddpetly as this is an extension of the core

technology.
Table 7. Comparison of CAD, BIM, and ACC BIM with regard to
development overhead, design flexibility, and iingeht behaviour
Technology Development Over heads Design Flexibility Intelligent Behaviour
CAD None required for standard | Very high design Instanced geometry
use. flexibility; the user is | can save time, allow
limited only by the for consistency across
Instanced geometry, in the | geometry s/he can drawings, reduce file
form of Blocks or Templates | draw on screen. sizes [109]. However,
is widely available and can be typically instanced
developed by the user with geometry does not
little additional effort. provide anything
beyond the geometry
itself.
BIM BIM software requires the High design The component-based
software developer to provide flexibility; nature of BIM means
a wide range of components| components need to | that there are gains in
with pre-programmed adhere to the productivity, clash
behaviour (e.g. System constraints set by their detection, and project
Families in Autodesk Revit). | Family type, which costing [110].
are typically However, most
Additional components can hegeometry-based. intelligent behaviour
developed by third parties, is restricted to either
however, there are overheads geometry interaction
partly with regard to (e.g. a door hosted inja
modelling but mostly with the wall) or technical
required scripting and information with basic
parametrization. calculations (e.g. U-
value of a wall).
ACC BIM ACC BIM requires the Medium-to-low By definition, ACC-

analysis of the components,
the development of the ACC
behaviour, and the
implementation in an existing
BIM component.

The process needs to be
repeated for every new ACC
enabled component.

design flexibility;
depending on the type
of component and
how it has been
implemented, the use
is restricted to the
available choices.

produced models are
> code compliant.




Naturally, a designer could choose to use a mixafiron-ACC and ACC components, much like a
designer can now choose to use basic CAD-level gagrin a BIM package, without making use of
default BIM behaviour. This, however, would meaatttihe input of an expert would still be required,
partially negating the concept of ACC. As such, AQnlikely to be suitable for projects where
high design flexibility is required, non-standahstruction technologies are applied, or other
atypical conditions are encountered.

7.3  Applicability and Implications

Despite these limitations, ACC does have signifigartential for AEC, as it fits with a range of
existing initiatives, agendas, and paradigms. ligirdie majority of building design does follow
repetitive patterns and standardized processest @&nikely that it'll continue to do so in theifure.
Indeed, the standardisation of construction, amddbption of concepts, models, and methods from
other industries, such as manufacturing, has beeouaring theme, from Le Corbusier [111] to the
UK Egan report [112].

ACC is particularly well placed to serve the conagigModern Methods of Construction (MMC).
MMCs emphasize the use of off-site manufacturechefgs, from individual components to full
volumetric assemblies [113, 114]. As such, MMC-lobdesigns rely on a componentized, as opposed
to an ad hoc, approach. Moreover, such componedtassemblies already have development
overheads and production costs and are producathhyfacturers above a certain size threshold.
Such providers are both more likely to be ablaketon the additional overheads posed by ACC, and
see the advantages offered by economies of scale.

The utilization of ACC by designers, manufacturars] adopters of mass-produced elements
would allow one more potential benefit of MDDF-bd98CC to be realised. The MDDF environment
needs to be set only once: additional data canlgibgpfed into the system, and the resulting
equations will be amended automatically. While iheof-of-concept examples presented here do not
include a capacity for automatic updating of th&Rlomponents as well, this is feasible in principle
and it could be developed by a software vendordbaided to implement ACC-enabled BIM at a
large scale. This effectively means that the MDDEaions, and thus the ACC elements, could be
optimised as more real-world data points are cabbovithout development overheatdibe
increased emphasis on post-occupancy evaluatidj, [§ttuctural health monitoring [116], and
lifecycle management [117] means both that mora @dt be collected from buildings, and increased
attention will be paid to optimization. Approactsgh as those presented in this work can make use
of and support these developments.

8. Conclusions

This paper presented a novel BIM-based systenhéoatitomatic code compliance of structural
timber design. Two case studies were given as gobobncept. The first relied on pre-calculated
capacities and spacings by the manufacturer ofdirjaists. The second utilised the mathematical
method of MDDF in order to develop BIM componerattenable the designer to have code-
compliant design outputs automatically, withoutdieg to perform detailed structural design
processes. ‘Smart’ BIM components that are autaaliticode-compliant were implemented in a
popular BIM-based software package, demonstratiagapacity to apply the method with the
current software and hardware state-of-the-art.athibors are currently working on expanding the
approach presented here to other, more complegs typconnection, while a main research aim for
the future is to increase the scale from multi-afle single-component to whole-building multi-



component, which involves a different level of ceptual and computational complexity, and
introduces a range of new challenges.

The research does not claim to have solved alegssiith ACC. As other researchers have
pointed out, a fully automated code-checking syseemany years away [38, 44]; a system or
software package that allows a designer to produtamatically code-compliant designs, by
providing instant feedback on code compliance aratipusting elements automatically or semi-
automatically so as to be code-compliant is likelyake even longer. Additional complexity is
introduced by the fact that design codes changeegpand continuously, both in number, by
codifying new areas and aspects of building desigd,in-depth, by increasing the complexity and
level of detail of existing areas. Moreover, thetetof-the-art in architectural and engineeringgies
is unlikely to rely on codified design; insteadisifikely to use the equivalent state-of-the-art i
hardware, software, and physical testing to pushdod what is possible.

However, none of the above challenges take aveay the potential of ACC. The
proliferation of design codes means that any agpfesnitomation of those becomes more useful. The
continuously increasing hardware power and imprammin commercial software mean that more
can be delivered by large-scale vendors. The isgrgarevalence of BIM at all levels of practice,
the introduction of professional software engineersutting-edge AEC companies, and the
continuous simplification of the Application Prograing Interfaces (API) of established software
packages via more accessible high-level programiaimguages mean that software customisation is
more accessible than ever and is highly likelydotmue to be so. Finally, the push towards more
offsite manufacturing means that the componentisaif design will continue to expand; ACC is
particularly well-placed to contribute to that agan

In the short term, ACC is more likely to be implemted partially and progressively.
Manufacturers of offsite components and assemhblieshe ones that are most likely to develop ACC
tools and BIM components in order to make the adopif their products by designers more
attractive. Designs with a combination of ACC comgiots and assemblies designed ad hoc will be
more prevalent. Hopefully, the work presented is gaper can contribute to this process.
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