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Abstract:

Adaptive reuse of buildings can be an attractive alternative to new construction in terms of sustainability
and a circular economy. Achieving net benefits with adaptive reuse partly relies on efficiently planning
building disassembly. The aim of this paper is to describe a new efficient single-target selective
disassembly sequence planning method developed for adaptive reuse of buildings. Finding a global
optimum disassembly planning solution for buildings can be time consuming and physically impractical
due to the high number of possible solutions. The method developed seeks to minimize environmental
impact and removal costs using rule-based recursive analyses for planning recovery of target components
from multi-instance building subsystems based upon physical, environmental and economic constraints.
Rule-based recursive methods have been demonstrated to be an efficient aternative to find near-optimal
disassembly sequences by eliminating uncommon or unredlistic solutions. Vaidation is achieved through
functional demonstration with case studies, where high quality, practical, realistic, and physically feasible
solutions for single-target selective disassembly of buildings are found by using the new method. For
adaptive reuse of buildings, the new method can be used to reduce the costs of disassembly and
demolition and improve the planning process.

Keywords: disassembly planning, adaptive reuse, life cycle assessment, net environmental impacts, green
design methods.



1. Introduction

Due to the high impact that buildings have on theirenment, green design methods as well as circula
building principles are becoming an important mdithe building design process (Kibert, 2007, Pomipo
and Moncaster, 2017, Sassi, 2008, Smith and Hubg5,2Volk et al., 2014). All these methods and
principles have the purpose of reducing environaldntpacts and increasing economic benefits ifea li
cycle perspective (Smith and Hung, 2015). In paldic the End-of-Life (EoL) phase has received much
attention recently in the construction and manuifiday industries (Cong et al., 2017, Sandin et2414,
Silvestre et al., 2014). Several studies have mized the importance of this stage for buildingd #re
opportunity for their adaptive reuse as a supealternative in terms of sustainability (Conejosakt
2015, Douglas, 2006, Kibert, 2007). The potentiaedits of adaptive reuse rely in the fact thasit
possible to take away components from an obsoleidibhg and then repair, reuse, remanufacture, or
recycle them. For existing assets, planning foasiembly plays a key role in the adaptive reuseess
where the disassembly planning sequence, as wetheaglisassembly methods for recovering target

components, have to be performed efficiently.

Finding an optimal disassembly sequence for raétrgexcomponents from a building is difficult and
complex due to multiple factors, such as: physiealyironmental, and economic constraints; a high
number of possible disassembly paths even for sirmptemblages; and various recovery methods. The
goal of this paper is to describe the developmadtalidation of a user-friendly disassembly plaugni
method for finding an efficient selective disassgmdequence for retrieving target components from
buildings. The new approach is developed by usmgrenmental-impact, building-cost, and rule-based
analysis. This novel disassembly method is derifveth the Disassembly Sequence Structure Graph
(DSSG) model used in the manufactured product sebitoselective disassembly planning, finding a
global optimum solution would be very time consugiand physically impractical. Even for simple
assemblages, advanced searching enumerative higeritypically require a tremendous amount of
computational resources. Stochastic methods sinplie searching process to find near-optimal
solutions; nevertheless, they often fail to findligic solutions (Smith and Hung, 2015, Smith let a
2012, Smith et al., 2016, Smith and Chen, 2011}hig study, an optimized sequential disassemiap pl

is generated based on expert rules. Rule-basedsiezumethods are used to find near-optimal hearist
solutions by eliminating uncommon or unrealistiduons and so reducing computational time and
space. The disassembly planning is performed ongpopent at a time and by considering a given

disassembly/deconstruction method per component.



2. Literature Review — Planning and Designing for a Gicular Economy in Construction

Conceptualization of the Circular Economy (CE) baslved through the years, and it has been gaining
momentum since the late 1970s (Geissdoerfer eR@l.7). Among the schools of thought on the CE,
shared founding principles lie in the better manag@ of resources and waste by minimizing (or
closing) material and energy loops (Geissdoerfealet2017, Lacy and Rutqgvist, 2015, Pomponi and
Moncaster, 2017). In their work, Pomponi and Moteaq2017) concluded that the framework

encompassing green supply chains and waste reduwi® been the main driver on the CE for the built
environment due to the evident areas of opportusiigh as reductions in energy use, environmental
impacts, and waste production. CE is conceived h&s rhain condition for sustainability in the

construction industry (Geissdoerfer et al., 2017).

Due to the growing concern for the environmenttanability has become a requirement rather thah ju
a desirable characteristic for products and sesvite remedy this situation, the construction indus
implementing designs and systems with improved -teng life-cycle performance (Sassi, 2008).
Similarly, green design methods have become anritapiopart of the design process in most industries
including construction. These methods are desigoedduce environmental cost and increase economic
benefits over the entire product or service liféeySmith et al., 2016). Examples of green design
methods are design for assembly, supply chain nesmext, Life Cycle Assessment (LCA), design for
disassembly, design for remanufacture, disassesgnyence planning and adaptive reuse. In thedfeld
design for disassembly or deconstruction in bugdinimprovements can be achieved by considering
future disassembly of building elements at the milag stage of new buildings (Gorgolewski, 2008).
Several investigations have demonstrated througbe cstudies the cost-effectiveness and the
environmental impact reduction from the applicatiwhdesign for disassembly in building projects
(Akbarnezhad et al., 2014, Densley Tingley and Bavj 2012, Guy and McLendon, 2000, Kokkos,
2014, Schultmann and Sunke, 2007, Silvestre e2@l4). Adaptive reuse can be similarly attractiv

2.1. The Role of Adaptive Reuse in the Modern Constructin

Adaptive reuse of buildings is considered by mgsa guperior alternative to new construction imseof
sustainability (Conejos et al., 2015, Douglas, 2Q@tgston, 2008). Because of the great impactthieat
building industry has on the environment, failimydptimize buildings’ useful lives can result ireith
residual lifecycle expectancy not being fully exfgd, and with it, wasting the resources embedded.
Adaptive reuse improves the financial, environmemtad social performance of buildings. It takes

existing buildings that are obsolete, restores thamd in some cases, changes their use (Bullery, 200



Langston et al., 2008). Adaptive reuse takes adgenof the green design methods mentioned in tte la

section, in order to restore and redevelop exidtiniglings.

The restorative and regenerative nature of adaptuse of buildings is highly aligned to circular
economy building principles. This is because: (i) emormous proportion of all the materials ever
extracted in human history are in today's builtiemment (Kibert, 2007), (2) the turn-over rate of
buildings is considered relatively low (Beccaliat, 2013, Conejos et al., 2014, Sandin et al.,4201
Wilkinson et al., 2009), (3) the price of materialdraction is increasing as is the negative envirental
impacts due to the natural constraints of the nditde and distant stocks of ores and other ressurc
(Kibert, 2007), (4) understanding the real valueth& built environment in terms of circular economy
through merging cutting-edge Building Informatioro8iéling (BIM) technology with the most updated,
complete, and realistic databases of the existinlglihg stock is improving (Langston, 2013, Ortlegip
al., 2016, Stephan and Athanassiadis, 2017), anth€5accurate monetization of environmental impact
through technological development and researcharfield is improving (Shindell, 2015, Viscusi, Z)0
Yeung, 2016).

The decision-making processes associated with imdaptuse of building projects are diverse and
dynamic. The complexity lies in the different clealjes and opportunities that must be taken intowtc
simultaneously, such as the technical implicati@e®nomic concerns, environmental impacts impliiate
etc. For this reason, little research has been dwneleveloping methodologies for improving the
performance of adaptive reuse of buildings. Therexurimplementations of adaptive reuse rely in
descriptive approaches with little objective meament that depends on the intuition and experiefce
practitioners (Highfield and Gorse, 2009). Suchhis case with the Adaptive Reuse Potential model
(Langston, 2012), the adaptSTAR model (Conejos.€2@15, Conejos et al., 2014), and the Smartsode
(Cantell, 2005, DHUD, 2001). Intuitive planning pealures are easy to apply but often lead to
suboptimal plans (Lin and Haas, 1996).

The ARP model predicts useful life as a functiorpbf/sical life and obsolescence. In consequence, an
estimated timing for future adaptive reuse canreéipted (Conejos et al., 2015). The adaptSTAR thode
is a decision-making tool that provides a weightigcklist of design strategies that assists in the
development of new buildings that can be adaptivelysed in the future (Conejos et al., 2015). The
adaptSTAR model is based on survey results colleftten selected practitioners in construction. Smar
codes is the term used to describe building colas éncourage the alteration and reuse of existing
buildings (DHUD, 2001). These regulations are glinds with best practices for reusing an existing
asset. Examples of smart codes are the Uniform Godéxisting Buildings (UCEB) in 2000, the
International Existing Building Code (IEBC) in 199%nd the National Fire Protection Association 5000



building code (NFPA 5000) in 1999, among otherserEthough the methods and regulations mentioned
above have the objective of increasing the suditdityaof human settlements through adaptive reuse,
there is still a lack of knowledge about the ermingntal and economic performance of the process in
terms of life cycle.

2.2. Disassembly Planning in Adaptive Reuse of Buildings

For existing assets, a complete building disasseishipically not possible since they were notigiesd

for disassembly. However, the process could be cedito planning for disassembly of building
components that have a value for the adaptive reuee building. Planning for disassembly playses

role in the adaptive reuse process, where thegdigady planning sequences, as well as the disabsemb
methods to recover target components, have to Herped in an efficient way. The objectives are to
reduce building costs and to increase the buildingiponents’ life cycle times. If the design for
disassembly is too complex or time-consuming, teoeiated economic and environmental costs could
be higher than installing new components.

The field of planning for disassembly has beenistligh the manufacturing industry over the decade
preceding this study, with the purpose of improvihg processes involved (Smith and Hung, 2015).
Disassembly planning consists of finding an optimatl feasible path for disassembly under given
constraints. Fig. 1 shows a generic classificatibrdisassembly planning methods for buildings and
manufactured products. Several studies and appeeatiave demonstrated the effectiveness and
feasibility of disassembly planning for manufactuggroducts, in terms of searching time and model
complexity (Han et al., 2013, Smith and Hung, 2015)spite of the advances in this matter, thera is
lack of knowledge on disassembly planning for bodd. In this study, we set the framework for asaly
and integration of the topics related to disassgmlanning for adaptive reuse of buildings (see Hig
Then, we develop a feasible solution for the setigledisassembly for building assemblages as part o

the first steps for solving inefficiencies durifgetprocess of adaptive reuse of buildings.

For the purposes of this study, the term disassgrobldismantling, stands for the process of taking
assemblage to pieces. According to Smith and HA045) the different types of disassembly planning
methods can be classified as destructive and nsimedtive. For building projects, non-destructive
disassembly is better known as deconstruction.atlteors explain that destructive methods destrey th
functional capabilities of the components. Thistdesive process is well-known as selective derulit

in building projects. Finally, sequential methodsnove one part at a time, while parallel methods
remove multiple parts at the same time. Fig 1. shihe disassembly planning methods for products and

buildings, as well as the processes involved iratfeptive reuse of an existing building.



Adaptive reuse scales the process of disassemahniplg to another level of analysis. In this lewél
analysis, the different options of disassembly gléor targeted components have to be generated and
compared. The number of possible solutions willashghon the number of retrieval methods assigned per
component in the building assembly. For exampldarget component could be retrieved through
selective demolition, selective disassembly, oodlgh installing a temporary replacement. Any of the
three options mentioned are valid and would gereaalifferent environmental and economic impact in
the final disassembly plan. As noted above, theptexity of the analysis increases with the numifer o
components to retrieve. Different complete planistefor all the possible combinations. The possible
combinations are driven by the dismantling precedeasf the components, as well as the interdeperdenc
of the dismantling methods.

There are some unique technical aspects that lalie taken into account for developing an efficient
disassembly-planning model for buildings. The congrus' interdependence analysis is critical for
finding realistic solutions rather than just loakifor non-occlusion between components, which é th
approach for manufacturing products. Due to scalepgtions, the labor is able to perform
disassembly/deconstruction tasks from the outsideimside of the assemblage. Therefore, the difimit
of an appropriate working space and an access evateelevant with the purpose of creating realisti
scenarios. Finally, the physical allocation of thsources for disassembly works impact the scheahde
cost of the building project. Due to scale promorsi of the plan layout, the relocation and reatiocaof
labor and machinery in a disassembly project mesplanned properly with the purpose of avoiding

logistics problems such as collisions, over crowdsd, and unnecessary extra displacements.
2.3. Knowledge Gap

Adaptive reuse of buildings has been demonstraidoeta superior alternative to new construction in
terms of sustainability. Nevertheless, its curiemtlementation relies on conventional intuitive ppiang
procedures by professionals in the constructiorushg, leading to suboptimal results with little
quantitative or objective measurement or justif@at This limited implementation is in part a pratof

the lack of user-friendly standardized proceduned tools which could assist in the analysis of an
adaptive reuse project. Therefore, there is a rteedevelop a structured strategy that allows the
guantification of benefits of adaptive reuse ofldings through a computer-aided method during the
disassembly planning stage of building assets. déwelopment of such a method could provide better
understanding of the parameters involved in thecgse of adaptive reuse, in order to improve the
benefits and expedite its application towards nsmstainable development in the building industig. F

2 displays the proposed framework of this studwab as the key role of green design methods fer th
reduction of environmental impacts for the buildstgck renovation.
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3. Disassembly Planning Approach for Buildings

Disassembly planning consists of creating a disakge model and then generating disassembly
sequences (Smith et al., 2012). According to Sreithal. (2012), the quality and complexity of
disassembly models affect the solution quality aedrching time. For instance, a model that contains
more information improves the solution quality, lem&r a model that contains less information reduces
searching time. In contrast with a manufacturedipe, a building assemblage has an excessive number
of components with their respective fasteners (Kskkk014). However, many of these components are
the replication of a standard pattern. Thereforgroap of standardized components can be simplé®d
one class or module without losing generality. Baene simplification could be applied for fasteners,
grouping them into a single connection. The digasbg planning approach must set the appropriatel lev

of detail or granularity in the model in order tedp the complexity of the calculations in a reabtma

range.

In the field of sequential disassembly planningbaildings, it is critical to group parts into tleeslasses

or modules in an appropriate way according to esming judgment. This judgment requires an
understanding of the interaction of the differenbsystems embedded in the assemblage as well as
particular dismantling project goals, for exammgieving a high-value module in one piece or reimgv

a set of parts that are interlocked or occludedotigh this approach, it is possible to reduce dtiaiéy

the disassembly steps and disassembly time, whighnsia reduction in energy use, environmental
impacts, and construction cost. In other words, pinecess becomes more cost-efficient. Similar
reasoning is used in scheduling methodologies, aadhe Critical Path Method (CPM), Gantt chart an
Critical Path Segments (CPS), and in costing praees] such as Unitary Price and Lump-Sum bidding.

3.1 The 6D Building Information Modeling Prototype

A simplified typical building frame assembly was deted through a specialized 6D BIM software for
the purposes of this study. The software used vea®® and the add-in Tally®. The 6D BIM prototype
contains the three-dimensional geometry, as wehaphysical properties per building componerthef
model (3D). Also, the 6D BIM prototype containsanmhation concerning the construction phases and
work schedule (4D), as well as the cost estimatimg) budgeting (5D). Lastly, the 6D BIM prototypsal
contains the information concerning the LCA pha&&). With the development of an accurate 6D BIM
prototype, it is possible to have access to thessanry data for the purposes of this study withvaepful

and highly organized graphical interface. Fig. 8veh the configuration of the final 6D BIM prototype

under study.



According to Smith et. al (2012), for assembliest thave horizontal, vertical or round contact stefa

all parts can be disassembled in fotx,(-x, +y, -y) or six principle directions+x, -x, +y, -y, +z, -
without losing generality. The two-dimensional eegentation of the simplified hypothetical building
frames assembly under study is shown in Fig. 4s Tduuld represent a repeated element of many

structural bays in a building.

The DSSG theory requires specification of all patsthe assembly under study. One of the main
assumptions in this study is that any group ofefasts between two components can be represented as
just one element. This assumption makes sensee siisassembling a building, bolt by bolt is not
necessary, because the structures are much largemiparison to manufactured products. The aim of
this simplification is to create a practical andligtic method applicable to selective disassendfly

buildings with an acceptable level of detail.
3.2 The Disassembly Graph Model

In this study, a Disassembly Graph (DG) model gesented by constraint matrices, in which columns
represent a constraint, and rows represent a pderwanalysis. A constraint can be physical, fumeti,
environmental, or economic. For example, componengate physical constraints by occupying volumes,
while fasteners create the constraints by conngaomponents to other components. Matrix columns
also indicate the disassembly directions. In a dimensional application, the disassembly directions
include f+x, -x, +y, -y} directions. The following are the matrices contd in the DG model in this
study.

A contact constraint matrix for component(d) registers the physical contact between parts. SRow
indicate the component under study and columnsateithe given disassembly direction. Each cell in
the matrix contains links to components that cdntae component under analysis, in a given diractio
Also, the cells contain the fasteners that contiectomponent under analysis to another compoimeat,
given direction. A ¢’ followed by a number represents a component and’ dollowed by a number

represents a fastener. TGBE matrix for Fig. 4 is.

+x —X +y -y
r CCq 1 [ fi fi fi € fu,ground 1
e, fa fa farcs fa ground
CCs f7 f7 f7.¢6 f7,ground
CC, fu fa 67,610 fu fz fi fa fufoa

cC = CCs|_ 1 fafaufsics f3 fas f51 €10 fufs f3 far far fs, €2 1)

CCG f6'f7 f6!f7fc8 f6'f7 f6!f7'C3
CCy fofa fo fro €5 fofa fo fro€a fo f3 fo fro for fa for fror Co
CCq fs fe fs: fer €5 fafs fe fs fe
CCo fo fo for €7 fo
LCCyo L f10,Cs fio,€a f10 fio




A motion constraint matrix for component$1¢) records motion constraints for each part per
disassembly direction. Each row element of the imatmtains first-level-working-space parts, pahat
intersect with a part’s projection inside the warkispace for extraction works in any given diretctim
contrast to a manufactured product, a buildingrhash more space inside for removing parts. Thtitds
reason why it is not necessary to include all tint-fevel parts that intersect all the way alohg t
projection of the part under analysis. For thiglgtit is defined as a working space, a reasonatiysical
space for extraction work by a worker using basjigigment or specialized machinery. As an assumption
for the first experiments in this study, the workispace was set at a perpendicular distance ohétérs
from the plane of work of the part under analysisigiven direction. As an example, Fig. 4 shoves th
working space defined for the component number fofr It is important to highlight that in contrast to
manufactured products, the disassembly of a byjldias a main movement restriction related to the
ground. It is not practical to include componersadsembly directions that intersect with the grotwal
this reason, th&C also records the motion constraint of each patth Wie ground. The objective is to
leave the possible disassembly directions thatlawerith the ground as the last option to analyza.
example, in Fig. 4MC, = {f; f; [f1, ¢ [f1, ground}. Finally, the CC andMC matrices are combined into a
single matrix called physical constraint matrix émmponentsRhC).

A contact constraint matrix for fasteneiGH records the direction of extraction of the fastewith
respect to the component under study. Tikematrix records the direction of extraction of fastener
with respect to a component, according to the @br@anstraints. For example, constrained fastdilars
bolts only have one disassembly direction along timain axis. For a 2D product with fasteners and
four-part disassembly directions, ti@&F matrix hasn; rows and one column. For each constrained
fastener, the possible disassembly directions age 3, or 4, which represents a disassembly dingct

+X, -X, +y, and-y. For unconstrained fasten&; = 0. For example, in Fig. £F; = 3 andCF; = 2.

A motion constraint matrix for fastener8i) records motion constraints for each fastenerhia t
extraction direction defined i@F. Each cell of the matrix contains first-level-worl-space parts, parts
that intersect with a part’s projection inside tharking space for extraction works in any giveredtion.
For a 2D product withy fasteners and four-part disassembly directiorsMRA matrix hasn; rows and
one column. For example, in Fig.MF, = [cs €19] andMFg = [c,g]. For simplification purpose®lF just

records components. For unconstrained fastéviers 0.

A projection constraint matrix for componentP(Q) registers the intersected components on the
projection of each component under study in a gilieection and inside of their working spa&€ is a

simplification of MC, if along the projection there are not any othemponents different to the first-



level-working-space parts. The approach of thiglstuses thePC matrix to choose optimized part

disassembly directions.

A hosted component constraint matikQ@) indicates the individual relationship between tlest and the
hosted components. The componét@; under analysis is defined as the host component, tha
registered elements per host component are thechostmponents. For this study, a hosted compogent i
physically attached to the hosting component witfastener. Also, the static condition of a hosted
component depends on the hosting component. THeas introduce a novel concept called hierarchical
liaison graph. Liaison or connection graphs depistsical links between components of an assemldy in
graphical representation but do not incorporate athgr information of the assembly like precedenice
static stability relations. A hierarchical liaisgraph establishes dependent disassembly level§dizan
graph. In this study, a disassembly level is defings “the level in which one or more
components/subassemblies connected to other comgésubassemblies cannot be disassembled without
compromising the physical stability of another comgnt in the following upper level’A higher
disassembly level depends on a lower one. This st the physical stability of the component in a
higher level depends on the existence of a companehe lower level. The components in the lewaz

are totally physically self-supported.

According to Mandolini et al. (2017), the definiio@f disassembly levels limits the number of felasib
paths for disassembly planning. Therefore, the ggeof finding a disassembly sequence for a tatgete
component is improved by avoiding time-consuminiguations of hon-optimum disassembly sequences
(i.e., non-realistic sequences). This is a consagpief the next intrinsic rule. Considering a genkavel

n for a component under analysis, only componentisfasteners belonging to the same lewgldr the
subsequent levelnf1) are considered for the calculation of the feasitlisassembly sequence. The
concept of disassembly levels has been exploradainufactured products taking into account just the
physical obstruction of the components but notghgsical stability of the assemblage as is propdased
this study. Fig. 5 shows the hierarchical liaisoapi for the assembly prototype under study.

The information related to the hosting and hostechpgonents can be retrieved directly from a well-
structured BIM. The model elements in a BIM softeveepresent more than just the 3D geometry of the
building components and their spatial configuratibtodel elements are also referred to as families.
Technically, all families are hosted. They are @ithosted by a level, a wall, a ceiling, a floor,a0
surface of another model element. Therefore, with dppropriate approach, it is possible to create a
accurate BIM model that contains internally theeidependence data related to the physical stabfiity
the modeled components. For example, in Figd@, = c, andHC,, = 0. This means that; is hostingc,

(in other wordsg, is hosted byg;) andcy, is not hosting components.



A liaison constraint matrix for componentsQ) records the fasteners that physically attachhibsted
components to the hosting component under analffsis.a 2D product witm, components, th&C

matrix has, rows and one column. For Fig.l42; = [f;] andLC; = [fs, fq].

In the next step, with the information of tH€ andLC matrices, thdVIF matrix has to be completed. The

MF matrix contains the components that physicallyed® the extraction movement of the fasteners.
However, for building components, sometimes theefeers do not have extraction movement constraints,
but without them the assembly would be unstablesréfore, it is necessary to add the components

located in the next levels of the hierarchicalsiai graph into a combined constraint matkite¢HC).

An environmental constraint matrix for compone(nvC) contains the information related to the
environmental impacts associated with the companenterms of their individual life-cycle. Each uel
contained in th&nvC matrix is the result of an LCA for each componeant to be part of the same
assemblage. The LCA phases included are productionstruction, and EoL. The LCA system
boundaries and limitations were settled accordinth¢ most common current practices for buildingd a
in accordance with a full cradle-to-grave life ®&ya@nalysis. EoL treatment is based on average US
construction and demolition waste treatment metlaodkrates, including an avoided burden approach fo
recycling processing, credit for average energyvery rates on materials' incineration, and impacts
associated with landfilling of materials (KT Inndis®, thinkstep® & Autodesk®, 2015). In this
respect, further investigations should be donedeioto include an EoL scenario considering théelced
useful life of reclaimed components for their f@weuse. The environmental impacts were calculaded
component using the commercial 6D BIM software R&vnd Tally®. Tally® is a specialized software
plug-in to perform LCA, for buildings and buildirgpmponents, aligned to ISO 14040-14044 which are
the most widely accepted and well-known standaaidsLfCA. The calculated environmental impacts
were: Global Warming Potential (GWP) in equivaleatbon dioxide kilograms (kg G@q) and Primary
Energy Demand (PED) in Mega Joules (MJ). Em@Cmatrix for Fig. 4 is.

GWP PED
[EnvC ] 1805.43 6,416.067
Env(, 805.43 6,416.06
EnvCs 805.43 6,416.06
EnvC, 228.94 3,124.31
_ | EnvGs | _ [202.74 1,568.91 (2)
EmvC =1 prvc, | = (20274 156891
EnvC, 17434 2,516.24
EnvCg 485.25 3,733.11
EnvC, 12.47  185.29
[Enve,,] 1 2193 301.00

An economic constraint matrix for componerC) contains the budgeting information associatedh wit
the work for selective demolition or disassemblyeath component. The matrix records in each row the

10



individual demolition/disassembly cost for each poment meant to be part of the same assemblage. The
component cost for these works was retrieved fltweniS database RSMeans (2015). The data recovered
from this database is considered representativihéoscope of this study which is the building nedrk
North America. Nevertheless, further investigatishsuld be done in order to adjust the fluctuatiohs

the suggested prices due to particularities ofldthal economies of the building being adapted. ERe

matrix for Fig. 4 is.

rEC171  1$438.257 S.Demolition
EC, $438.25| S.Demolition
EC; $438.25| S.Demolition
EC, $86.75 | S.Disassembly
EC = ggs _ $71.61 S.Dljsassembly 3)
6 $71.61 | S.Disassembly
EC, $86.75 | S.Disassembly
ECqg $174.73| S.Demolition
EC, $67.29 | S.Disassembly
LEC,o] 1 $40.121 S.Disassembly

3.3 Optimized Part Disassembly Directions

As a generality, a target component can only beovexh in one disassembly direction, and it cannot
change directions during disassembly. In builditlgs,fasteners can be reached from different dinest

In addition, the building components are subjedtdsting constraints to keep the physical integftthe
whole structure. Therefore, for this study approdbk best extraction direction for a componerthées
one that contains the highest number of hosted ooams and then minimizes one of the objectives of
interest (net environmental impacts of the discérdemponents or the cost of the building works).
Avoiding disassembling other components that areratated to the physical stability of the target
component reduces the number of removed partsewind best disassembly sequence plan reduces the
net environmental impacts or reduces the total ebttie building works, depending on preferencédse T
approach in this study chooses optimized part désably directions before searching for global
solutions. According to Smith et al. (2012) chogsidirections before searching reduces model
complexity and searching time.

In the manufacturing industry, some prior studiesseh utilized advanced searching algorithms to
enumerate and evaluate all possible solutions dtectve disassembly and to find optimal solutions;
however, these methods typically require a tremesdamount of computational resources, even for
simple assemblages (Smith and Hung, 2015, Smith.e012, Smith et al., 2016, Smith and Chen,
2011). Other studies used stochastic random seagtiods to simplify the searching process andntb fi

near-optimal solutions; nevertheless, these methddht generate solutions, which are uncommon or
unrealistic (Smith and Hung, 2015, Smith et al120Smith et al., 2016, Smith and Chen, 2011). This
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paper presents a rule-based recursive method faingtg near-optimal heuristic selective disassgmbl
sequences for buildings' dismantling. The methas wertain disassembly rules to eliminate uncommon
or unrealistic solutions based upon physical, @mvirental and economic constraints. Additionallyhea

than considering the whole geometry of the buildirassemblage, the developed method only considers
the geometric relationship and interdependencedsiva part and its neighboring parts. If a partlzan
disassembled, its geometric relationships, as aglts interdependence, with the neighboring paitts

be dynamically updated. The constraint informatbthe assemblage parts is examined from the inside
out. As a result, the developed method can effelstifind near-optimal heuristic solutions while uethg
computational time and complexity. The evaluatioiteda include number of removed components, as

well as amount of environmental or building costdelective disassembly/demolition works.
4. The Disassembly Sequence Plan Model

The proposed model in this study is an inverted where the root node represents a target component
and the leaf nodes represent the parts that conshra target component. The approach for creaing
single target sequence disassembly plan getsfpamishe DG, then it arranges and orders them part-

part in levels.
4.1 Expert Rules

Instead of generating all possible paths for tleasiembly sequence planning of a component target,
expert rules are used to find an optimized seqakeditassembly plan that removes all parts, baped u
motion, hosting, environmental and economic coiggaThe approach in this study uses expert rales
improve solution quality, minimize graph complexignd reduce searching time (Smith et al., 2012).
Similar to previous studies for manufacturing pradudisassembly (Smith and Hung, 2015, Smith.et al
2012, Smith et al., 2016, Smith and Chen, 201¥ rtihes for this study were derived from case swdi
for buildings. The rules use theC, HC, PC, EnvC and EC matrices to choose part disassembly
directions. The following are the expert rules whagefine the recursive selective disassembly ptanni

process.

* Rule 1: The best disassembly direction for remouimg target componertis the direction
EXTRACTION_DIRECTION(akhich contains the most number of hosted compaeridht-HC
in theMC; direction.

* Rule 2: If the target components not hosting any other components, then the disassembly
direction for removingt is EXTRACTION_DIRECTION(c)for which the sum of the
environmental impacts or building cost of the biagkcomponents is the lowest.

* Rule 3: Allf' that physically constraio must be removed befoce
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* Rule 4: Allc’ that constraimp in EXTRACTION_DIRECTION(phust be removed befope

* Rule 5: The best direction for removing pllis EXTRACTION_DIRECTION(punless the’
have pre-assigned disassembly directions.

* Rule 6: The least convenient disassembly direadiption would be the one that overlaps their

working space with the ground.

The searching process first checks if the targetpomentt is hosting secondary components. If so, the
direction for the extraction iMC; has to include most of them, according to the Rul&ccording to the
Rule 2, if the target componeris not hosting any other components, then the disassembly direction

for removingt is the one in which the sum of the environmentaglaots or building cost of the blocking
components, is the lowest. The user has to spedifgther the objective is to minimize a specific
environmental impact from the Environmental MatfenvQ or the building cost associated with the
disassembling works. In this way, different disasisly plans could be generated according to the user
settings and needs of the building project. Thiea,searching process checks if component undey,stud
Cn, is fixed by any fastener. If so, all the fasten@eed to be disassembled before retrieving the
componentc,, according to Rule 3. If a pag is not fixed or occluded by other parts, it can be
disassembled and it can be placed in the finalsdesably path. Otherwise, all the fasteners and
components in its way need to be disassembled dicsbrding to Rule 4. The process retrieves this pa
(p’=c’ or f") that constraint other parts under analysis ingikien direction, puts the constraining parts in
a queue, and moves one-ppstat a time from the queue to the sequence disa$ggalm. For the next
iterations, new constraining parts of an old caising part under analysis are added to the queue
avoiding the duplication of any of them. The pracespeats to each paxtuntil all partsp’ are added to
the sequence disassembly plan. In order to makagheach more realistic, it is possible to praegss
disassembly directions to any parthat has to be performed in that way due to canostm procedures,
according to Rule 5. Similarly, according to Rulettée overlapping of the working space path with th
ground is the least practical option to disasserabdemponent. Expert rule 6 is a recursive rulé¢ iha
used with all the other expert rules. Fig. 6 sh@avowchart of the searching process. The selective
disassembly planning method is iterative, sinceeR® and 4 add new constraining parts to the queue
under analysis. Part by part is analyzed until éhtire disassembly planning is complete for a targe
component.

4.2 Disassembly Sequence Planning Algorithms

Algorithm 1 in Table 1 shows the steps for creatihg concatenation of the hosted components in a
second level of nesting, that are linked to a gifastener under study. The objective is to autaralyi

create the combined matriddF-HC in the disassembly graph model section. With tHerination
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contained in theMC, PC, EnvC and EC matrices, an algorithm was created that autonibtiozerges
them into an Environmental Cost Matrix\{M) or a Building Cost MatriXBCM) necessary for applying
the expert rule number 2. The type of cost to minénave to be established by the user. Algorithm 2
Table 2 shows the steps for creating EBwM matrix. This matrix contains the numerical quaadtion of
the accumulated cost associated with all the coemsnthat intersect with the projection of a given
component to extract, in every extraction directinside their working space for extraction. Withe th
initial matrices ready as well as the secondaryrioes necessary for applying the expert rules,ird th
algorithm was developed for creating selectivestisenbly plans for single-targets. Algorithm 3 irblea

3 shows the detailed steps for creating disassesdgjyence planning for building assemblages. Finall
an algorithm was created to plot the inverted tyegph of the final disassembly plan. The algoritises

a specialized plot tool from Matlab® libraries ealldigraph. The algorithm generates the source and

target vectors that the plot tool needs in ordatigplay the final inverted tree graph properly.

Table 1
Algorithm for creating a combined matm#Fc for the first expert rule
Step  Algorithm 1: Combined MatridFyc
1 Creating an emptMFc matrix with theMF matrix size
2 FOR (each row of thelF matrix) DO
3 Assign the hosting component of the fastener wsidely using th&C matrix
4 IF (the hosting component have first-level hosteshponents assigned, record them in a vector) THEN
5 Add the second-level hosted components of eastiléivel hosted component to thE= matrix cell under study
in the respective row position in thé=c matrix

6 ELSE Add the components of thé#= matrix cell under study in the respective row fiogiin theMFc matrix
7 END
Table 2

Algorithm for creating afEVM matrix for the second expert rule

Step  Algorithm 2EVM Matrix

1 Selecting the environmental impact of interest ergditing a vector with the associated values;
EVM_VALUES& environmental impact values per component;

Extract the components frodhC to createPC and create an empBVM matrix with the same size &,
FOR (each cell dC matrix) DO
Assign the environmental value of every compoognt
FOR (each cell of thEVM matrix) DO
Calculate the sum of the environmental impa¢hefcorrespondingC cell;

~N o b~ WN

END
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Table 3
Algorithm for creating an optimized disassemblyisatpe planning for building assemblages

Step  Algorithm 3: Disassembly Sequence Planning

1 Select a target componec, to be disassemble
2 Creating an emptiyINAL_EXTRACTION_VECTOR (fev)
3 Select a disassembly direction for the target camepte,, using Rule 1

EXTRACTION_DIRECTION (d&§ disassembly direction;
EXTRACTION_VECTOR_UNDER_STUDY (evsparts to be disassemble in the disassembly diredfi

4 FOR (all parts which can be disassembled in tied) DO

5 IF (the part is a fastener) THEN

6 Add the fastener under study to fhevector;

7 Create a queue vector with the parts that constineifiastener under study accordingvtB,c matrix;
QUEUE_VECTORQV) € parts that constrain the fastener under study;

8 FOR (all parts in thgv vector) DO

9 IF (the part is a component) THEN

10 Make the current component under study the aeget componert,;

11 Go to step 3;

12 ELSE add the fastener under study tof¢lhverector

13 ELSE add the component under study tdfeheector

14 Make the current component under study the aeget componerd,;

15 Go to step 3;

16 END

5. Case study

Two examples are used to demonstrate our singjettaelective disassembly method for buildings.

5.1. Example 1

To clearly demonstrate the feasibility of the prega method, the developed algorithms were testdgein
two-dimensional representation of the assemblyopype (see Fig. 4 and 7). The software used far thi
purpose was Matlab®. The new method demonstratdsittis possible to create selective disassembly
plans that optimize a given objective function. Thethod is able to create an individual disassembly
plan for each target component using the defamibra&l method. Selection of target components reguir
engineering judgment based on structural systeremgtehding and project goals. The method is able to
create realistic and feasible disassembly plargs. Fshows the 19-part assembly prototype undelystu

If an enumeration method is used, there are 191.22.10" possible disassembly sequences. If a
stochastic searching method is used, many uniieadistutions might be generated. However, the new
method approach in this study eliminates many UisteEasolutions and finds near-optimal selective

disassembly sequences effectively.

In this study, the method chooses the best diredtioremoving a given target component and it te®a
one single-target disassembly sequence plan. [gordEithe best directions for removing components
andcs are y and+x directions respectively. Fig. 8 show the finalgbéatarget disassembly plan graphs
for components; andcs generated by the proposed model approach. In thidy,sthe new approach

found optimized solutions for number of parts, pader, and amount of environmental impact in an
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LCA perspective. The environmental impact seledtedllustrative purposes was GWP. The approach
also considers motion and fastener constraints.appeoach found a soluticd® = (c; f> f3 ¢ fg C10 fo) for

C;, andS, = (cs fs f4 fs ¢ 2 G fg €1 Ty Cg ) fOr cs. The associated GWP environmental impact for each
disassembly plan is 208.74 kg €€q and 896.73 kg GCeq respectively. The associated building cost
for each disassembly plan is $194.16 and $4404jietively.

5.2. Example 2

Fig. 9 and 10 shows a 3D example of a hypothesisaémbly that may be repeated in a large building.
this example, component 19 is the target compatiatis a K-Series bar open-web steel joist bapspa
A selective disassembly sequence planning for siésabling component 19 is found as shown in Fig. 11,
and it isS;, = (Cy9 f19 f20 G f21 G1 f2). The environmental impact selected for illustratpurposes was
GWP. The associated GWP environmental impact ferdisassembly plan is 451.54 kg £€y. The
associated building cost for the disassembly @a2B0.91.

6. Conclusions and future work

This paper establishes the reference frameworkeokéy role that adaptive reuse of buildings ha&len
the circular economy value chain in constructiotsoAthis study describes the principles for imjmgv
the process of adaptive reuse with a technical cggbr, as well as the importance of disassembly
planning inside this process. In the end, a nowajle-target selective disassembly sequence plgnnin
method for buildings is developed and validatedaasontribution for improving the inefficiencies of
adaptive reuse of existing buildings. As discudgetie paper, the importance of adaptive reusegean

the fact that there is an enormous built envirorimmemvadays. Therefore, by improving the inefficiisc

in the adaptive reuse process, it is possible ltp éxploit the residual lifecycle expectancy o&thurrent

building stock.

During the process of adaptive reuse of an existindding, specific targeted components must be
selectively disassembled for repair, reuse, recymlerefurbishment. Implicitly, the building subsgsn
containing the targeted components will thus basgismbled as well. Prior studies describe methmds f
removing single or multiple targets from a manufeetl product. These studies have thoroughly
considered solution quality, model complexity, @earching time. However, none of these prior studie
have been applied to building disassembly or adaptuse. The goal of this study is to improve tsofu
qguality and minimize model complexity in the seleetdisassembly planning process for buildings.
Through case studies, this research developed ahdated a new selective disassembly sequence
planning model approach for retrieving targeted ponents from buildings. The new model approach is

based on the disassembly sequence structure gix®BQ) model theory for manufactured products.
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Also, this approach involves an environmental-iniphailding-cost, and rule-based analysis for firedi

optimized disassembly sequence plans.

The new model approach contains the set of paatsrtiust be removed in order to remove the target
parts. Aside from this, the model approach is &bleptimize the environmental-impact or the buitgin
cost performance for the disassembly process démeiah the setting preferences. The approach uses
expert rules to choose parts, part order, anddisassembly directions, based upon physical canttra
The approach finds practical, realistic, and phajicfeasible solutions for selective disassembly o
buildings. The solutions remove parts in a pratticder and with realistic part motions for the Idirig
components. The solutions remove obstructed parsubassemblies. Thus, whole subassemblies are
removed optimally. Even though the disassemblymifemmethod approach developed in this study can
be implemented in a generic way to any kind of dinj assemblages, the case studies showed that
finding repetitive patterns or repetitive subassiashbs an excellent way to reduce the complexitthe
model and to make it more practical. It is obvithat due to the high standardization of certairesypf
residential and commercial buildings, it is possitd find the patterns of repetition of the subagdies

and then to segment and study them separatelydar ¢o simplify the complexity of the analysis.the

end, the objective is to find a generic solutiom the set of repetitive elements in a repetitive
subassembly. The proposed method has the fleyikilit being adapted to include other constraint
matrices aside from the economic and environmeuatstl For example, for disassembly time, the method
could retrieve the productivity rates from the Bivbdel to be included in a new constraint matrix.

As future research, the new approach has to incatpanore than a single method of disassembly or
deconstruction according to the most common prestic this matter. For the purposes of this stthy,
default method is the one that creates a complstsskembly sequence plan for a target component.
Depending on the component, more methods can bedaitddorder to create alternative disassembly
sequence plans. The added methods can involve etrobwa component’'s subset without the need of
disassembling them internally. Additionally, in tbase of a component replacement, a method could be
included where a temporal extra-component is addete original assembly. Overall, the approach has
to be able to create all the alternative disassgs#rjuence plans and choose the best option. Htpleu
targets, the approach presented in this study deelleixtended to create a whole-subsystem disasgembl
sequence plan comprised of a combination of sitayiget plans, with their respective internal optima

directions.

In other topics, more investigation related to ém¥ironmental impacts and building costs of selecti
disassembly, selective demolition, and buildingireiSshment could be desirable, with the aim of mgki

the results of this study more accurate and prctic the same way, there could be parallel resedo
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delve into the topic of generating the initial coast matrices in an automatic way, for instange b

retrieving data and constraints directly from tH&Bnodel or through point cloud processing.
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Figure Caption
Fig. 1. Disassembly planning categories for bugdiand products.

Fig. 2. The role of green design methods in thectdn of environmental burdens for building stock
renovation

Fig. 3. 6D BIM building frame structure prototype.

Fig. 4. Two-dimensional representation of the assgiprototype.

Fig. 5. Hierarchical liaison graph of the assengiytotype.

Fig. 6. An Approach for Sequence Disassembly Ptanfor Buildings (SDPB).

Fig. 7. Assembly prototype.

Fig. 8. Automated graph generation of the singtgettdisassembly plans for componestandcs.
Fig. 9. Example building assembly 2.

Fig. 10. Exploded view of example building assentbly

Fig. 11. Automated graph generation of the singtgét disassembly plan for components
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Assembly components:

Concrete isolated foundation 1830x1830x457mm
Concrete isolated foundation 1830x1830x457mm
Concrete isolated foundation 1830x1830x457mm
Steel column W10X49

Concrete column 120x120mm

Concrete column 120x120mm

Steel beam W12X26

Concrete column 120x200mm

Ventilation ducting system

0. Compound ceiling 2'x4' ACT System

SO ENO U E L~

Attachment elements specifications:

The interface between the steel column (4) and the concrete
isolated foundation (1) is compounded by a thick base plate,
bolts set in pockets, and anchor plates.

The interface between the steel beam (7) and the concrete
column (5) is compounded by a connection plate on an
epoxy bed, expanding anchors, HSFG bolts, and shims.

The interface between the steel beam (7) and the steel
column (4) is compounded by double angles shop-welded to
the web of the beam and double angles field-bolted to the
web of the column.

The ventilation ducting system (9) is attached to the steel
beam (7) through metal duct straps every 900 mm.

The piece of compound ceiling ACT system (10) is attached
to the steel beam (7) through hanger wire for drop suspended
ceiling grids.
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Highlights

Buildings’ disassembly planning can improve adaptieuse performance.
Rule-based building's disassembly methods effilidimd near-optimal solutions.
Parts' interdependence analysis is critical faeaife disassembly planning.
Simplification of the disassembly model reduces gotational requirements.

Engineering judgment of target components selecgduces the model’'s complexity.



