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ARTICLE INFO ABSTRACT

Keywords: A large part of building demolitions is motivated by purely socio-economic reasons. Hence,
Component reuse about-to-be-demolished structures, commonly made of reinforced concrete, very often present no
Reinforced concrete or little degradation. When adaptive reuse of the entire building is not possible anymore, its de-
Existing structure construction and the reuse of its load-bearing components elsewhere in new structures maximize

Reuse potential
Structural audit
Circular economy

the reclamation of preexisting structural qualities. This strategy drastically decreases the environ-
mental burden of both demolition and subsequent new construction. However, its efficient imple-
mentation requires a careful preliminary assessment of the existing structure, including the in-
ventory of its components, and the evaluation of their reuse potential in relation with their pre-
existing damages and possible future uses. Currently available procedures are not exhaustive and
focus solely on precast components. This paper thus introduces a specific methodology for the
reusability assessment of load-bearing reinforced concrete components, focusing in priority on
their long-term durability. It first proposes a systematic protocol to classify and quantify the com-
ponents, investigate their geometrical and material properties and evaluate their preexisting
damages. Then, the paper develops a new procedure to grade the reusability of the components
for future projects. Finally, the whole methodology is tested on three case studies in Switzerland,
demonstrating its robustness and repeatability. In these three case studies, 95 % of reinforced
concrete components are graded as reusable.

1. Introduction

1.1. Context

Mainstream since the 1950s in developed countries, reinforced concrete (RC) is the most ubiquitous material in building struc-
tures worldwide. Concrete has many qualities, including competitive mechanical and fire resistance, versatility, accessibility, and
economic viability. However, its production requires cement, gravel, sand, and water, leading to large detrimental environmental im-
pacts (DEI). Cement production alone is accountable for 9 % of all worldwide process-related greenhouse gas emissions [1]. More-
over, a shortage of raw materials needed for concrete and cement production - i.e., sand, gravel, limestone - is expected shortly due
to the limited extraction possibilities [2]. Concrete production also accounts for approximately 2 % of global water withdrawal [3].
Regardless of these critical embodied impacts — i.e., impacts due to the production, construction, transformation, and demolition of
buildings — existing buildings made of RC are frequently demolished for non-technical reasons to make place for new buildings in ade-
quation with current programmatic or real-estate investment needs [4,5]. Consequently, concrete represents about a third of Euro-
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pean construction and demolition waste [6]. Therefore, there is a need to reduce the DEI of concrete construction while at the same
time reducing concrete demolition waste.

Several strategies exist today to reduce CO, emissions from the cement and concrete industry [7]. They can be applied to various
stages of the cement and concrete manufacturing, design, or disposal processes. It includes, but not exclusively, the use of alternative
materials or fuels for cement production, the substitution of clinker for other substances, optimization of concrete, mixes, and struc-
tural design efficiency [8]. On the other end of the design process, the circular economy principles aim to extend the existing product
lifespan. Applied to concrete construction, they suggest, in order of priority: (1) using the existing structure with little to no transfor-
mation, (2) renovating, transforming, and strengthening the existing structure, (3) deconstructing and reusing the load-bearing com-
ponents and their intrinsic qualities in new assemblies, (4) recycling by crushing the existing concrete and using it to replace up to
40 % of natural gravel in concrete mixes [9]. The latter reduces the DEI linked to gravel extraction as well as the amount of waste.
However, it does not reduce the need for cement and the related CO, emissions [10].

1.2. Scope

While all the above-mentioned traditional and circular strategies are necessary and complementary to effectively reduce the DEI
of concrete construction, component reuse (third strategy) is the least developed one. It consists in carefully dismantling the compo-
nents of an obsolete structure - i.e., the donor structure — to reassemble them into a new structure - i.e., the receiving structure. By ex-
tending the component’s use in its initial or a similar function, it is possible to simultaneously reduce the amount of waste, green-
house gas emissions, and the demand for new raw materials. Precedents of concrete component reuse have been identified since the
1980s by Kiipfer et al. [11]. Most relate to the deconstruction and reassembly of prefabricated RC panels from mass-housing buildings
in Germany, the Netherlands, Finland, and Sweden [12-14]. Fewer projects have reused components saw cut from obsolete cast-in-
place RC structures using diamond saw blades. Notably, large frames have been reused to construct pavillions and housing prototypes
[15,16]. A 10-m arch footbridge prototype, shown in Fig. 1, has also been built by assembling and post-tensioning 25 blocks saw-cut
from the walls and foundations of a building [17].

As previously identified by Gorgolewski [18], load-bearing component reuse involves changes in the design process of the project.
Recently built projects have used two main approaches to integrate reclaimed RC structural components in the design process. In the
first approach, stocks of available RC components are identified once the concept and preliminary design of the new project are set. It
is then expected that the stock and the project’s needs match as much as possible. In the second approach, the concept and prelimi-
nary design of the new project are based on assumptions made about the properties of a previously-identified donor structure. These
two approaches require high flexibility in the new project design because it might lead to significant modifications during the detailed
design stage, i.e., once information on the available stock of RC components or the project’s requirements gets more detailed. In the
worst case, incompatibility of demand and offer might lead to abandoning the reuse objective.

To prevent this pitfall, a proper early identification and audit of the obsolete structure(s) is crucial [18,19]. This paper thus devel-
ops a specific and systematic procedure for this audit and the following reusability assessment of the obsolete RC structure, focusing
in priority on the durability of reused RC components. This procedure is central to the whole reuse strategy. It includes the classifica-
tion and inventory of components, their damage and qualitative assessment, and the evaluation of their reusability. It concentrates on
the component reuse strategy of existing RC structures which are considered as an assembly of pieces that can be dismantled. Adap-
tive reuse - i.e. the reuse of the whole structure, through rehabilitation and transformation - is out of scope.

1.3. Paper organization

This paper is divided as follows. Section 2 introduces the reuse of construction components as well as state-of-the-art methods for
assessments of existing structures and stocks for reuse. It also highlights the identified research gaps. Section 3 presents the objectives
and methodology of the paper. The reuse-driven project phases and how the reusability assessment integrates with them are intro-
duced in Section 4. Section 5 details the protocol to audit an obsolete structure while aiming at promoting the reuse of its compo-
nents. It includes a method to evaluate preexisting damages on RC components. The steps for the reusability grading of a donor RC
structure are detailed in Section 6, based on three criteria: damage, use, and intervention. Three case studies are presented in Section
7 to validate the results. Finally, Section 8 discusses the results and future works before Section 9 concludes the paper.
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Fig. 1. Footbridge prototype [17]: (a) sawing the blocks, (b) storage of the blocks, and (c) final 10-m arch prototype.
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2. State-of-the-art

2.1. Reuse of construction components

Considered common sense prior to industrialization, the reuse of construction components lost its interest with the mechanization
of construction sites and the rise of labor costs [20,21]. The strategy is nowadays a niche practice, and most recent projects concern
the reuse of indoor components or furniture, such as flooring, kitchen furniture, or sanitary equipment [21,22]. However, a few no-
table examples of building projects involving the reuse of envelope or structural components were built in the last two decades. For
instance, La Cuisine of the Winnipeg Folk Festival in Birds Hill Park, Canada [23], and the heightening of the Halle 118 in Winterthur,
Switzerland [24] reused steel load-bearing structures and facade panels. In the early 2000s, various projects reused prefabricated RC
components deconstructed from large mass housing buildings in northern Europe [11,14]. Among others, the Nya Udden apartment
project in Linkoping, Sweden, reused 400 components (walls, beams, and staircases) to build 54 flats [25]. In Germany, panels (walls
and slabs) were reused to build 1- to 2-floor buildings: garages, single- and multi-family houses, and association houses [12,13]. Simi-
larly, garages and garden pavilions were built with reclaimed walls and slab panels in Raahe, Finland [14].

Researchers have identified barriers to reusing load-bearing components in the construction industry [11,18,26,27], mainly:

1. Economic constraints. Costs for reusing structural components in projects only minimally vary from conventional
procurement methods, with profitable and unprofitable examples [11,28]. Moreover, profitability is expected to improve with
the mainstreaming of the practice and the increase of landfill taxes, energy, and new material prices [28].

2. Inadequate construction and demolition methods. The construction and demolition methods commonly used today are not well
adapted to reuse. Most existing buildings were not built reversibly [29], which leads to demolition followed by recycling or
landfilling of the materials. Instead, selective deconstruction or reverse logistics promotes the reuse of construction component at
the end of the donor structure use cycle, by dismantling carefully and making the components available for a new use in the
receiving building [30,31].

3. Modified project phases. The design of a reuse project is constrained by the available stock of components [32] and must
adapt to variability when, in the early phases of the project, the precise stock composition of reusable components is still
unknown [18]. This might lead to additional iterations in the design.

4. Complex supply chain logistics. The supply process of a reuse project consists in synchronizing the dismantling with the
reassembling of components, sometimes with a storage phase in between. With the inexistence of a reseller market for reclaimed
structural components, logistical efforts are required by both the donor and the receiving projects, which may lead to delays and
costs if not well managed [18,27,28].

5. Lack of technical guidance. New standards are required to guide the design and planning of reuse projects. These should include
assessment methods of obsolete structures and reconstruction details [11,27].

6. Additional performance assessment and certification. The material properties of the reclaimed components must be verified,
and the structural performance assessed by testing and calculation [18,26]. Protocols to verify the geometric and material
properties of existing components in view of their reuse have been proposed for steel [33-35] and timber [36]. However,
methods available to assess existing structures (see Section 2.3) still need to be adapted to the specificities of RC component
reuse [11].

Early in the deconstruction project, a precise and organized knowledge of the quantity, as well as the geometrical and mechanical
characteristics of the components must be acquired [18,19]. This would allow leveraging several identified barriers by notably sim-
plifying the project phases (barrier 3) and allowing better deconstruction planning and synchronization with the receiving project
(barriers 2 and 4). Reuse operations are indeed eased when coherent information is available to the different stakeholders - e.g., re-
sellers, project owners, engineers, architects, and demolition companies — early in the project development. The collected information
should be obtained through procedures specific to the structural material (barriers 5 and 6).

2.2. Reclamation audits for reuse

Currently, the reuse of construction components is often already managed with reclamation audits. Components of the audited
building are considered reusable if they can be easily dismounted, transported, and stored while presenting a residual market price
[37]. The current practice mainly concerns non-structural components such as flooring, doors, windows, technical equipment, or sim-
ple structural elements such as bricks, timber, or steel beams [38]. The audits aim to inventory potentially reusable components in
soon-to-be-demolished or transformed buildings without focusing on one specific component type. The document helps to plan the se-
lective deconstruction of the building and the reuse of its components. The audits' exhaustivity and quality largely depend on the au-
thors' expertise.

Few examples of standard reclamation audit protocols exist, most of which are reviewed in a report by the European research pro-
ject “Facilitating the circulation of reclaimed building elements in Northwestern Europe” (FCRBE) [39]. The earliest procedure was
proposed in 2003 in Florida, USA, inside a guide on deconstruction processes [40]. In Europe, the Belgium design office Rotor devel-
oped a guide on the off-site reuse of construction components [37], including an audit method. In both documents, the protocol is
simple and straightforward. The audits are done by construction professionals during on-site visits. The selected components are in-
ventoried in a table including photos, quantities, dimensions, weight, type, initial production date, location in the building, and esti-
mated value.

In France, as part of the research project REPAR #2 [41], Bellastock, a French architecture office, also developed a reclamation
audit protocol for buildings. They propose to collect and synthesize data about a given component stock on detailed factsheets, in-
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cluding accessibility of the components, eligibility to reuse, and any relevant technical information that might be acquired through
specific investigations. They include concrete elements and propose different reuse cases, both structural and non-structural.

Finally, the FCRBE project delivered guidelines for reclamation audits [38] based on the previous work by Rotor, Bellastock, and
other European reuse experts. It proposes to summarize the information of the different identified elements in a table containing pri-
mary information completed in specific factsheets for each listed element. The factsheets give information on context, assembly, toxi-
city, environmental benefits, and potential reuse application.

Four procedures to assess the reusability of reclaimed RC components are known to the authors. The first one was developed by a
Brandenburgische Technische Universitédt Cottbus (BTU) research team for the state of Brandenburg, in Germany. It is a short techni-
cal memorandum on the reuse of precast RC panels [42] in which they propose four verification phases to check the validity for reuse
of a precast RC component: preliminary, suitability, main, and additional phases. The goal is to verify if the components conform to
in-force design codes and are fit for dismantling and reassembly. The preliminary phase consists in reviewing all existing data on the
existing structure. A visual inspection of the components in place in the existing structure, and material and structural testing are car-
ried out for the suitability phase. The results of this phase are used to grade the reuse potential of the components according to a sim-
ple 4-level scale. The main and additional phase consists of visually examining the elements again after their dismantling, transport,
handling, and storage. This procedure lists for the first time the different verifications required to assess the reuse potential of an RC
component.

The second published procedure to assess the reusability of RC components was developed in Norway and focused on prefabri-
cated hollow-core slabs [43]. This national standard goes through the steps required to assess the reclaimed hollow core slabs, simi-
larly required for newly factory-produced ones. It recommends the study of existing documentation and a condition and structural as-
sessment based on visual inspection and material testing. The load-bearing capacity is verified through a full-scale load test. The stan-
dard ends with a checklist for the different project phases (inventory, deconstruction, transport, storage, and reassembly).

The third procedure is developed in the framework of Structural Reuse, a danish research project, and was still in a public draft
version for commenting at the time of writing ths paper [44]. The document builds on the above mentioned Norwegian standard for
prefabricated hollow-core slabs. Its scope is currently limited to precast elements, with no visible deterioration and constructed after
1969 — date at which standards for precast elements were introduced. It recommends to sort the elements in groups with similar car-
acteristicus. Each group is then classified into 4 categories, which defines whether the elements of a group are reusable or not and the
level testing requirements, from minor to comprehensive. The level of testing depends on the intended use in the receiving structure.

Finally, the fourth procedure is a deliverable for the ReCreate European research project [45]. This project works on the reuse of
precast concrete elements, using four real-life projects in Finland, Sweden, Germany and the Netherlands. Their guidelines for a pre-
deconstruction audit suggest to use a BIM model to collect and organize all the relevant information on the precast structural ele-
ments of a donor building. The final aim is to evaluate if an element is worthwhile to deconstruct for reuse purposes. Recommenda-
tions are given on data collection and treatment on the donor building. Visual inspection is used to verify the accuracy and complete
the collected data. It also allows to check the general condition of the building and any degradation or damages to the structural ele-
ments and is completed with limited destructive and non destructive testing. No specific classification of possible damages or degra-
dations is provided, as this is part of another ongoing workpackage of the research project.

These procedures currently have the following limitations:

v

they are limited to the case of precast components;

no indication is given on how these procedures should integrate into the project phases;

no detailed inventory method and reporting format is proposed, which might make it difficult for designers to find the required
information;

the simple grading scale proposed in the German procedures does not accurately consider the future use of the reclaimed
component, while the other three procedures do not propose any reusability grading.

~

~

v

2.3. Existing structure assessment

The condition of an existing structure evolves through time, especially when subjected to climatic variations. It can lead to dam-
ages and detrimental anomalies of the load-bearing components, which influence the structure’s durability, serviceability, and safety.
To overcome the risk of a deficient structural behavior, condition assessments of existing structures are conducted. The most common
and straight forward way of assessing the state of an existing load-bearing structure is through visual inspection. Other methods are
also possible to make inspection of the built environment less arbitrary and more automated using, e.g., sensor measurement [46],
imaging with unmanned aerial vehicle [47], or 3D-scanning combined with virtual reality tools [48].

Nevertheless, visual inspection is a simple, effective, and economical method to quickly estimate the individual damage of the
structure’s components [49]. It can be performed by any engineer, which therefore also involves a high degree of subjectivity [50]
partly erased through standardized methods and protocols. For buildings, most of the procedures based on visual inspection concern
the evaluation of facades [51], often the only visible structural components of a building. More detailed procedures exist for bridges
for which maintenance is more routinely performed [52-54]. They result in recommendations on the required interventions to insure
the good condition of the components and the desired performance capacity. Bertola and Brithwiler [54] describe the component con-
dition as a product of the degradation state and the risk class. As in many other studies, the degradation state is characterized by the
extent and severity of the damages [48,50,55]. The risk class is characterized by the consequences of the component failure on the
whole structure’s safety [50,55].
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The visual inspection procedures in the literature are thus mainly intended to maintain existing structures and devise intervention
plans. The outcome of these procedures differs from what is expected when assessing the feasibility of reusing RC components. For a
new use cycle with a potentially different use, the condition of the components must be good enough to minimize the risks. While the
purpose of the condition assessment for future reuse does not include specific interventions, it does consider how they influence the
potential for reusing the component by improving its condition.

2.4. Degradation processes of reinforced concrete

As mentioned in the previous section, visual inspection is typically sufficient to identify the most common damages of concrete.
These damages have been widely discussed in scientific and engineering publications [56-59]. Table 1 lists the most common RC
degradation processes, their causes, how to recognize them through visual inspection, and interventions to repair the damage and
stop the process.

Corrosion of steel reinforcement or alkali-silica reaction in concrete are uncommon degradation processes inside buildings, where
humidity rates are generally low. In any case, methods are available to determine the chloride concentration, the carbonatation
depth, the rebars' related corrosion risk [60], and the presence and progression of alkali-silica reaction in concrete.

Routine damage treatments [59] aim at rehabilitating RC components in their initial function in the structure. However, re-
claimed RC components might have a new use and exposition in the receiving structure. Treatments can therefore be scaled accord-
ingly, reduced, or even avoided. RC component treatments are thus influenced by the reuse strategy and inversely.

2.5. Research gaps

The literature review highlights the following four research gaps:

1. The lack of knowledge about the quantity, geometry, and material and structural characteristics of soon-to-be-demolished RC
components represents a barrier to planning their future reuse. No complete procedure exists to gather this information for RC
components (Section 2.1).

2. Available assessment methods for determining the reuse potential of construction components do not adequately or completely
deal with the specificities of RC load-bearing structures (Section 2.2).

3. Available condition assessment methods for existing RC structures do not have the purpose of evaluating the suitability of
components for reuse (Section 2.3).

4. Routine damage treatments of RC structures never consider the changes in function, exposition, and geometry of the component,
as might be the case for a component reuse strategy (Section 2.4).

This paper aims to fill the above gaps by developing a procedure for the audit and reusability assessment of obsolete RC load-
bearing structures, which allows for identifying the reuse potential of the components. The focus is placed on the long-term durability
of the reused RC component wich, depending on the intended new use, also impacts its structural safety.

Table 1
RC common degradation processes with their cause, visual signs, and routine treatment [57,59].

Degradation Cause Visual signs Routine damage treatment

process

Corrosion due to

chlorides

Corrosion due to
carbonation

Cracking

Alkali-silica
reaction

Wet streaks

Spalling

Simultaneous presence of
oxygen, humidity, and
chlorides

Simultaneous presence of
oxygen, humidity, and de-
passivated steel due to
carbonation

Exceptional loads, bad
constructive details, restrained
deformation, or alkali-silica
reaction

Simultaneous presence of
reactive aggregates, humidity,
and high alkali concentration
Circulation of water through
the concrete

External impact or frost, steel
corrosion

Localized corrosion spots on
concrete surface; localized spalling
of concrete cover; localized
corrosion of rebars

Concrete spalling over a large area;
general corrosion of rebar

Large number of cracks or large
crack openings, more than 0.3 mm

Crack mesh at the concrete surface,
cracks of slightly brown color

Wet streaks; efflorescence; limescale
stalactites

Spalling or chipping of the concrete
cover without any corrosion of steel
reinforcements

Sufficient concrete cover (e.g., additional mortar layer); re-
alkalization of concrete; waterproofing (e.g., hydrophobic
impregnations, coating, membranes); protection of steel rebars
against corrosion (e.g., corrosion inhibitors, cathodic protection)

Crack bridging with coating to create a waterproof protection;
crack injection with resin or mortar to prevent its propagation.

Waterproofing (e.g., hydrophobic impregnations, coating,
membranes).

Waterproofing (e.g., crack bridging, hydrophobic impregnations,
coating, membranes).
Repair spalling or chipping by applying new mortar
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3. Objectives and methodology
3.1. Objectives

To fill the gaps listed in Section 2.5, pre-deconstruction tasks are required to acquire the data needed to design with reclaimed RC
load-bearing components. The following objectives must be fulfilled: (1) collect all the required data and basic information to charac-
terize the stock and (2) assess the reusability of the structural RC components, with regards to its long-term reusability. This paper
proposes a procedure for the reusability assessment that can be applied by any structural engineer while reducing the subjectivity of
such assessments as much as possible. The results should be documented in an obsolete structure audit and a reusability assessment
report for later use by all project stakeholders —i.e., architects, structural engineers, and others. The procedure is subdivided into four
steps, each of which attempts to meet different objectives:

> Inventory of components: How can the components be classified? What are the critical parameters to be aware of regarding the
components composing the existing building? How are these determined?

> Damage assessment: Are the RC components still in good condition? What are the essential factors in defining the condition of
the components for future reuse? How can the condition of the components be assessed and classified?

> Reusability grading: What factors impact the reusability of RC components? How can a reused RC component be rehabilitated?
What difference does it make to reuse RC components rather than rebuilding new ones? How can the proportionality of reusing
RC components be evaluated? How can one choose the best way to reuse an RC component?

> Reporting: Can the information be presented in a useful and effective way? How can the quality of a reusability assessment be
evaluated?

3.2. Methodology

The reusability assessment procedure proposed in Sections 4, 5, and 6 was developed through an iterative process by analyzing the
reuse potential of structural components from three building case studies (BCS), shown in Fig. 2 and presented in Section 7, for which
the respective building owners mandated the authors. First, the audit procedures for existing structures were adapted to the specifici-
ties of RC component reuse. Then, the fieldwork on the three case studies, which have different contexts, highlighted new questions
leading to the adjustment and precision of the procedure. These modifications systematized the procedure and brought more accu-
racy to the process and results. The reusability assessment results for the different case-studies were then presented to field specialists
with a practice of reuse and maintenance of existing structures. For BCS1, the reusability assessment was used in a workshop for plan-
ning the reuse of RC components [61]. This workshop provided an opportunity to collect feedback on the procedure, the organization
of the results, and, more globally, the component sourcing process regarding the reuse of RC components. Moreover, the case studies
allowed the authors to identify some general trends in the reusability of RC elements for structural purposes. This knowledge was
used to develop the reusability grading introduced in Section 6.

Although the steps of this procedure were developed in parallel, they are here organized topic-wise:

> Overall design process (Section 4.1) and assessment sequence (Section 4.2);

> Inventory of components, including data collection, classification and quantification of components, and qualitative evaluation
(Section 5.2);

> Damage assessment procedure conducted by visual inspection (Section 5.3);

> Reporting and organization of the collected information (Section 5.4);

> Decision-matrix to establish the reuse potential of the load-bearing RC components regarding their durability (Section 6).

4. Reuse project phases

4.1. Adapted design processes

The integration of load-bearing components modifies the processes of both the donor structure’s deconstruction project and the
receiving structure’s construction project. Recent and ongoing projects in Switzerland and Europe [11] that integrate the reuse of

Fig. 2. Building case studies.
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load-bearing RC components have shown the emergence of two types of modified project sequences, outlined in Fig. 3(a) and (b).
However, despite the success of these pioneering projects, the adopted processes have shown some weaknesses, described hereafter.

Fig. 3(a) illustrates the first type of project sequence. Its characterizing specificity is to identify donor projects after defining the
concept and preliminary design of the new receiving structure — see obsolete structure identification in Fig. 3(a). With this project se-
quence, high design flexibility is required with respect to both material and geometrical characteristics of the reclaimed RC compo-
nents. Once the donor project is identified, the detailed design of the new project is slightly adapted to available components before
confirming the feasibility of reuse — see reusability assessment in Fig. 3(a). Requirements for extracting the components are defined
before the demolition of the source building. This project sequence requires a good knowledge of the existing building stock and a
good prediction of soon-available components. Alternatively, it requests a structure typology whose geometry is little constrained by
the geometry and mechanical properties of the reclaimed components. This is the case when reusing smaller elements for instance,
as showcased by the following three projects recently built in Switzerland: the Re:Crete footbridge, a post-tensioned segmented arch
bridge made of 25 reused concrete blocks [17], the indoor and outdoor carriageable pavements made of saw-cut RC elements re-
claimed from several transformation and demolition sites [62], and a project integrating reused RC blocks to build column founda-
tions [63].

Fig. 3(b) illustrates the second type of project sequence. In this case, the concept of the new receiving structure is developed after
identifying the donor structure — see obsolete structure identification in Fig. 3(b) — but before any assessment is done on the obsolete
structure — see reusability assessment in Fig. 3(b). Preliminary design is based on assumptions directly made from known donor struc-
ture properties and capacities, which requires a good knowledge of historic construction techniques. As the donor structure is identi-
fied before the conceptualization of the new structure, this sequence favors the reuse of larger components, or even whole structural
modules, made of an assembly of components. For instance, this is the case for a project in the Netherlands were large box-like
pieces — two side walls, top and bottom slabs — were extracted from a multi-family housing building and reused to build the load
bearing structure of a small exhibition pavillon and house prototypes [15,16].

In both project sequences presented above, the late characterization of the donor structure and the late reusability assessment can
lead to heavy, late, and costly project modifications during the detailed design stage and might result in abandoning the option of
reusing concrete components in favor of new materials. The presented projects also show that the practice has not yet established a
definitive process specific to reuse projects.

Standard project
(a) . Obsolescence . Material e gro'giec.t phahses
Construction Use statement Deconstruction disposal ridging phases
A | ° IS Reuse project
1 v g -
Donor structure > Surveyed sequence
Obsolete Reusabilit . Component Ideal sequence
structure S Y Extraction — Storage —» - q

assessment preparation

identification

Premilinary 5 . Construction /
Concept design Detailed design Reassembly Use
1 - | | | -p
Receiving structure
®)  Construction Use  Obsolescence Deconstruction Material
statement disposal
- | leo R Iy
Donor structure b Il I I
(‘)t s?tete Reusability Extracti ) Component
id;nrtlilﬁcirt?on assessment  EXtraction — Storage —» preparation
Concept Predmllma.ry Detailed design Construction / Use
esign Reassembly
i . IS
Receiving structure
(©  Construction Use  Obsolescence Deconstruction Material
statement disposal
. | Lea | eel)p
Donor structure I I l
Obsolete i .
N Reusability Further . § Component
St:llfdt}ltre_’ assessment investigation ExtraTctlon —> Storage = preparation
Co}ce ¢ Premilinary Detailed Construction / Use
P design design Reassembly
| | | —p

Receiving structure

Fig. 3. Reuse project phases: (a) Early prediction of material availability; (b) Early identification of obsolete structure; (c) Early assessment of obsolete structure.



J. Deveénes et al. Journal of Building Engineering 84 (2024) 108584

Consequently, Fig. 3(c) illustrates an ideal integration of phases specific to reuse in which an obsolete structure audit followed by a
reusability assessment of the donor structure(s) are established before and during the conceptual design of the receiving structure(s).
The audit consists in inventorying the obsolete structure’s components and evaluating their properties. The collected information fa-
cilitates the integration of reclaimed RC components in the design of the receiving structure. The reuse potential of the components in
the new receiving structure is then evaluated. It depends on the proposed concepts and the resulting use case for the reclaimed com-
ponents. Iterations between the reusability assessments and the conceptual design phases are likely. Further stock investigations
might be required to validate the chosen solution, which can be realized during the preliminary design phase of the receiving struc-
ture.

4.2. Obsolete structure audit and reusability assessment

Fig. 4 further details the obsolete structure audit and the reusability assessment steps. The first one, framed in red in Fig. 4 and devel-
oped in Section 5, focuses only on the obsolete structure and is realized right after the obsolescence statement. Highlighted in grey in
Fig. 4, the input of the audit is all available data on the donor building. The steps for the complete audit of an obsolete RC structure
and its components include the inventory of components, the damage assessment, and a first report. All the collected data is orga-
nized in this audit report, the first output, highlighted in green in Fig. 4, and information on each component type is summarized in
factsheets. The authors recently made available a template for these factsheets [64].

The reusability assessment of the RC components integrates demands originating from the receiving structure concept. Four techni-
cal requirements influence the assessment:

. The durability of RC, which is greatly impacted by the climatic environment;

. The structural capacity, which is characterized by concrete and reinforcing steel characteristics;
. The constructive detailing and adaptation to actual standards;

. The logistics related to deconstruction, sawing, storage, and transport capacities.

HWN -

The assessment of component reusability regarding their durability is influenced by preexisting damages evaluated during the ob-
solete structure audit. One method for establishing the assessment, the reusability grading, is presented in Section 6 and framed in
green in Fig. 4. The reusability grading is assumed to be independent of the components' quantity in the donor structure. However,
whether the donor structure can provide sufficient components to build the receiving one and whether there is a need for new mater-
ial is a further check to perform. All generated information on the reusability assessment is eventually outputted in a second report,
highlighted in green in Fig. 4.

5. Obsolete structure audit

5.1. Purpose

The obsolete structure audit is meant to collect and organize all quantitative and qualitative information on the donor building
necessary to correctly evaluate and plan the future reuse of its RC components. The scope of the proposed protocol is limited to load-
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Fig. 4. Flow chart describing the reusability assessment procedure inside the reuse project phases.
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bearing RC structures or self-supporting RC components like precast facade panels. In addition, it is expected to remain valid even
when a limited quantity of information - i.e., existing documentation, visual inspection, and minimal testing — on the donor structure
is known prior to its deconstruction. Therefore, the following assumptions are made:

> Loading history of the component: standard loads for its current and known past use are expected. No exceptional loadings are
considered unless damages are visible.

Deflection of the component: unless obviously visible, the existing deflections due to cracking or long-term effects are expected
to be within the standard limits. This assumption should be verified after the deconstruction of the component and before its
reuse.

Deconstruction feasibility: The feasibility of extracting a component from the donor building is not evaluated during the
reusability assessment. It is expected to be addressed during the planning of the receiving structure.

Damages caused during deconstruction: No detrimental damage is expected to occur during the extraction of the building’s
components. An additional visual inspection should be planned between the deconstruction and the reassembly of the
components.

~

v

~

As presented in the following sub-sections, the audit is organized in three steps: the inventory, the damage assessment, and the re-
porting.

5.2. Inventory of RC components

The inventory of the RC structure components starts with collecting basic data on the donor building - e.g., its location, construc-
tion year, use, dimensions, structural system, component geometry, and material properties. Table 2 presents possible but non-
exhaustive ways of collecting this data. Existing documentation is the preferred source of information, and its review is the first step
of any reusability assessment. It allows the identification of missing information to be collected with other methods. With respect to
geometry and material investigations, the number of destructive investigations is preferably kept to a minimum as they are costly and
reduce the reuse potential of the components. Non-destructive investigations are conducted to complete the data obtained with other
methods and techniques and verify the consistency of the structural and material properties on larger areas without causing further
damage to the components.

Based on the collected data, components are classified into categories and types to simplify the assessment. Main categories may
relate to the structural function of the RC components — e.g., facades, slabs, walls, beams, columns, and staircases. Then, components
with the same characteristics — e.g., material type, construction methods, or assembly — are grouped by types with subtypes for every
given dimension. The inventory includes necessary information like dimensions, quantities, and cross-section resistance. It may also
include facultative information like the proportional ratio of total structural volume, and embodied environmental impacts.

When no reinforcement drawings are available, assumptions must be made to evaluate the structural capacity of the components,
using knowledge of historical construction standards and methods, results of destructive and non-destructive investigations, and
structural analysis results on the existing structure. Different levels of approximation can be considered to estimate the structural ca-
pacity, each increasing the precision of the assumption:

1. Using minimal reinforcement ratios requirements from the time of construction;
2. Using the resistance demand calculated with the loading requirements from the time of construction;
3. Using the results of combined destructive and non-destructive measurements.

The total volume of concrete of the obsolete structure is obtained during the inventory and used to calculate the volumetric pro-
portions of each component category or type as well as their embodied environmental impacts. These number then allow to identify
the component category or type that should be prioritized in the reuse strategy in order to minimize the environmental impacts of the
demolition and the receiving structure.

Environmental impacts corresponding to the fabrication process of the RC components and their subsequent demolition and elimi-
nation are expressed in terms of global warming potential (in kgCOxcq). This indicator is calculated using the weight of the component

Table 2
Data collection.

Method Techniques Information
Review of existing Analysis and data curation from: Dimensions, rebars layout, material properties, toxic
documentation - Blueprints and drawings substances presence, construction methods, etc.

Pollutant diagnostics report
Any other relevant documents — e.g., reports, feasibility studies, public
and historical archives, and scientific and technical literature.

Geometry measurements Manual measurement Dimensions, rebar layout, connection details, etc.
Destructive investigation — e.g., drillings and concrete cover removing
Non-destructive investigation — e.g., control point surveying, geo-radar

scanning, 3D scanning

Material investigations - Destructive investigation — e.g., laboratory mechanical testing Mechanical and durability characteristics, etc.
- Non-destructive investigation — e.g., Schmidt rebound hammer.
On-site visits Visual inspection Damage and qualitative assessment (color and
accessibility).
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and equivalent factors available in life cycle analysis databases, such as the one provided by the Swiss authorities [65]. As first ap-
proximation, the environmental impacts linked to the steel reinforcement is neglected, but a higher density of 2500 kg/m? is consid-
ered for reinforced concrete. Transportation from the factory to the construction site is also neglected. The global warming potential
of concrete production and elimination is computed by multiplying the weight of the components by respectively 0.089 kgCOz¢q/kg
and 0.013 kgCOqeq/kg.

5.3. Damage assessment

Visual inspection is performed on the obsolete structure before its deconstruction. It aims to identify and record the damages of
the RC components and, simultaneously, to discard any component type with low reuse potential due to too significant damages that
affect their serviceability performance or structural resistance. The damage assessment is the most complex task of the structure audit
because damages must be properly interpreted and understood. They are here graded into five damage classes by visual inspection, as
was also proposed by Bertola and Briithwiler [54] for assessing existing bridge structures. In their work, classes are delimited based on
the repercussions of damages and thresholds for reductions in resistance. As illustrated in Fig. 5, it is proposed herein to supplement
these thresholds with information regarding the size —i.e., small or large —, incidence - i.e., isolated, frequent, or generalized —and the
severity — i.e., light, moderate, or heavy - of the damage. The size and incidence of the damage is evaluated in relation to the overall
dimensions of the considered element. The severity of the damage relates to the progression of the degradation process (see Table 1).
Ultimately, the incurred damages result in compromised serviceability performance or a reduction in structural resistance of the as-
sessed component.

Components categorized under class A exhibit nearly flawless conditions, whereas those in class B have defects that impact their
long-term durability. However, in both classes, the serviceability or resistance of the components remains unaffected. Components in
class C have moderate or light damages, yet the decrease in resistance is below 10 % of their full capacity. Over this 10 % threshold,
the components have heavy or extended damages and fall into class D. Their structural resistance should however remain at least
40 % of their full capacity. If not, the components belong to class E, indicating that the structural safety is inadequate and might not
be covered by the partial safety factors [54].

When all components of a type are visible and accessible for visual inspection, each component is individually graded, and propor-
tions for each damage class are obtained for each component type. The evaluation of the damage class is approximate, but the indica-
tion of size, incidence, consequence as well as the resistance reduction thresholds should give sufficient indication to carry out an in-
formed classification. Nevertheless, the severity of damages is not always assessable by visual inspection. Thus, the damage class can
be corrected after further investigations, such as those described in Table 2. For exemple, if the measured depth of carbonation is
higher than the depth of cover concrete over the rebar, the damage class could be reduced by one class.

The degradation processes outlined in Table 1 are time dependant and at least partly caused by exposure to external factors such
as chlorides, water or humidity, oxygen or high loads [66]. Their progression can be stopped or slowed down by eliminating the exter-
nal factors and implementing appropriate damage treatment, as detailed in Table 1 and in Section 6.3. Therefore, in the specific con-
text of evaluating the reuse potential of a component, the damage should be assessed at the time of deconstruction, without consider-
ing the time factor.

Size / Incidence Capacity Consequences
None Small / Isolated Large / Isolated Small / Frequent  Generalized Feduction
0 - )
e (ﬂ]y - Durability
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8
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Fig. 5. Classification of damages by visual inspection. The grey rectangles symbolize the dimensions of the component.
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5.4. Reporting

All the information collected through the previous steps must be reported synthetically and clearly for efficient use during the sub-
sequent design phases. The following structure is proposed:

. Introduction: basic information on the building, e.g., its location, construction year, use, and structural system;

. Investigation methodology for the audit;

. Investigation results;

. Tables summarizing the inventory of components;

. Factsheets for every component type, summarizing all collected information (a factsheet template is made available by the
authors [64]).

G A wWN =

6. Reusability grading
6.1. Purpose

The following sections describe a method to assess the reusability of RC structural components with regard to their long-term
durability, which also impacts their structural safety. It aims to define the best solutions for reusing a disassembled RC component
while reclaiming its structural potential as much as possible. Three factors are considered:

1. The preexisting damages, described by a damage class (Section 5.3)
2. The intended use in the receiving structure, described by a use class (Section 6.2)
3. The planned interventions on the component prior to reuse, described by an intervention class (Section 6.3).

As illustrated in Fig. 4, the damage class is the only factor established during the obsolete structure audit before the deconstruction
of the donor building. The other two factors depend on the receiving project and serve as decision-support criteria for choosing a rea-
sonable reuse strategy. It results in a reusability grade that expresses the proportionality of reusing an RC structural component and
highlights the requirements in monitoring and control required for the receiving structure.

The reusability grade evaluates the long-term durability of reclaimed components but does not directly confirm their structural ca-
pacity for the new use. However, verifying structural capacity is another crucial aspect of the comprehensive reusability assessment,
as outlined in Section 4.2, and should be concurrently addressed.

6.2. Use class

The structural and durability requirements for the reclaimed RC component relate to its function and exposition in the receiving
structure, which is described by the use class listed in Table 5. The use class of a component depends first on the stability requirements
in its new use, as listed in Table 3 and is adapted from the risk class proposed by Bertola and Briihwiler [54] for existing structures. In
their work, the elements are classified on three levels based on the consequences of their failure when considering global structural
safety. The same logic is adapted here to assess the stability requirements. To include concerns about the long-term durability of

Table 3
Stability definition, adapted from Bertola and Brithwiler [54].

Stability class Failure consequence Consequence for

No stability criteria Limited Serviceability only

Self-stable Moderate Structural safety or serviceability

Stable under external loads Important Structural safety and serviceability
Table 4

Water exposition levels.

Water exposition Meaning Exposition class [67, Exposition condition
68]
Lightly exposed  Always dry X0, XC1 Indoor component of a building with low humidity and not subject to frost, de-icing salts, sea
salt, etc.
Moderately Moderately humid ~ XC3, XD1, XD3, XF1, Indoor component of a building with high humidity, outdoor surfaces protected from rain,
exposed XF2 surfaces exposed to frost, salt fog, etc.
Highly exposed Alternately wet and XC2, XC4, XD2, XF3, Surfaces exposed to rain, wet for long periods, surfaces exposed to de-icing salts and frost.
dry XF4
Table 5

Use class assignment based on the stability and water exposition.

Use class Lightly exposed Moderately exposed Highly exposed
No stability criteria I I 111
Self-stable I 11 v
Stable under external loads 1II I\ A%
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reused components, the use class here also depends on the component’s exposure to water in its new use, as defined in Table 4. Water
exposition is expressed by the exposition class in the Swiss and European standards for concrete construction [67,68]. As a result, five
use classes are possible, from I to V, from minimal to high structural and durability requirements.

The reclaimed component can belong to any use class if it can structurally assume the function while supporting the intended wa-
ter exposition. During the components' inventory, described in Section 5.2, information is collected to determine the structural capac-
ity of the components as well as their exposition class, which is linked to the concrete cover thickness and quality.

6.3. Intervention class

As stated earlier, the reuse potential of the components also depends on the level of interventions done on the component before
the reassembly in the receiving structure. The need for intervention on the reclaimed component is defined during the design phase of
the receiving project. The intervention class, listed in Table 6, describes the level of possible modifications, rehabilitation, or strength-
ening operations on the component. The intervention should remain proportionate from an economic and environmental point of
view. Economic proportionality compares the cost and the benefit - i.e., risk reduction — that the intervention generates. This is a
common principle when assessing existing structures [69], especially in the field of maintenance against seismic events [70]. Environ-
mental proportionality compares the environmental impact — e.g., measured as kgCO, equivalent — between the intervention process
and the production of a similar component with new RC. If the interventions are disproportionate from an economic or environmental
point of view, then the reuse of the RC component should be reconsidered or questioned.

6.4. Reusability grade

The damage class, the use class, and the intervention class of a reclaimed RC component are combined according to the decision
matrix in Fig. 6 to obtain the reusability grade described in Table 7. Based on the scoring developed to assess the condition of existing
structures by Bertola and Briihwiler [54], reusability is graded on a 5-level scale. Components with a reusability grade of 1 or 2 are
considered reusable. With a reusability grade of 3, reuse is questionable, while with a grade of 4 or 5, it is considered unsafe.

Table 6
Intervention class definition.

Intervention class Maintenance measures Geometry modifications

a No action No further cutting after extraction
b Preventive maintenance, light strengthening Simple cutting

c Curative maintenance, rehabilitation, medium to important strengthening Complex cutting or modification

damage class |use class | intervention class M a - no action, no cut
O b - preventive maintenance, light strengthening, simple cutting
0 ¢ - rehabilitation, strengthening, complex cutting, or modification

A - good I

B - acceptable 11

C - deviant 111

D - bad 111

11
E - failure 11
v
\

reusability grade 5 4 3 2 1

Fig. 6. Reusability grading decision matrix for durability assessment.
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Table 7
Reusability grade definition.

Grade Reusability Description

1 Reusable The component can be considered as good as new. Monitoring the component in the receiving structure should not differ from

standard procedures existing for new structures.

2 Reusable with The component can be reused. Nevertheless, some minor damages or anomalies can affect the component’s durability. It should be
occasional inspected occasionally with a particular emphasis on monitoring the evolution of these preexisting damages and anomalies.
controls Interventions may be required earlier than for a new structure not to affect serviceability and security.

3 Questionable The reuse of the component is questionable as it cannot be guaranteed that the degradation process is under control. It is not
reuse excluded that the condition of the component degrades with resulting impacts on serviceability and structural safety. A reduction in

the component’s resistance must be considered, for instance, due to a loss of rebar section because of corrosion. Regular and careful
inspections of the component must be carried out if reused. The cost and greenhouse gas emissions required to reuse such
components may make the strategy questionable.

4 Not The component presents damages that affect its structural safety. The damages are difficult to control, and the component resistance
recommended is significantly reduced. Even regular inspections are insufficient to guarantee the component’s structural safety. Reuse of the
reuse component in not recommended.

5 Not reusable The component presents damages that significantly affect its structural safety. It is not possible to reuse it under any circumstances.

The decision matrix allows a simplified risk assessment of the reuse of a component where the risk is expressed by the probability
of a failure times the consequences [71]. The use class indicates a risk. It combines the probability of degradation with its conse-
quence on stability loss and, thus, failure. The higher the damage class, the most probable the failure. On the contrary, the higher the
intervention class, the lower the risk.

Bertola and Brithwiler [54] proposed a 5-level grading for the condition assessment of existing structures based on only two fac-
tors: the risk class and the degradation class. For the reusability grading, the risk class is translated into the use class, considering both
stability and exposition, as described in Section 6.2. The degradation class is expressed here as the damage class. A third factor is in-
troduced for the reusability grading: the intervention class. For use classes I to Il and intervention class a, the decision matrix in Fig. 6
is therefore identical to the scoring proposed for existing structures. Using the same risk-based logic, the decision matrix is then ex-
tended for use classes IV and V, as well as intervention classes b and c.

The use and exposition of the component in the donor building are considered in the decision matrix through the damage class. It
considers the component’s degradation over time during its initial use. Components exposed to water (moderately or highly in Table
4) have a higher probability of being damaged and are consequently graded in a higher damage class and hence a lower reusability
grade. A component with a damage class A is considered as good as a newly produced one and can be reused for any use class defined
in Table 5, provided that its design is sufficient to resist the loading and exposition demands. However, for the more demanding use
classes IV and V, when the component might be exposed to water while resisting external loads, preventive maintenance, transforma-
tion, or even strengthening (transformation class b or c) can be required to obtain a reusability grade 1. Indeed, most components
available for reuse will have been designed under former standards, and the transformation will ensure that the component meets cur-
rent standards for concrete structures. For example, increasing the concrete cover thickness over the reinforcement bars or providing
flexural strengthening might be required. As the damage class increases (class B and C), transformation of the components becomes
necessary to reach a reusability grade of 1, particularly for use classes implying external loads or water exposition (class III or higher).
In the case of damage classes D or E, it is nearly impossible to reach a reusability grade of 1, and the reuse of such components without
major transformation is questionable or not recommended. Therefore, components falling in those damage classes are generally dis-
carded.

The matrix allows designers to choose the most objective, proportionate, and adapted reuse strategy for a given project while in-
suring long-term durability and avoiding the premature downcycling of the reclaimed RC component. Because of its design nature,
the decision matrix will lead to different outcomes depending on the designers' intents, objectives set by the clients, or technical, eco-
nomic, and environmental constraints.

7. Case studies

7.1. Description of the buildings

This section describes the three building case studies (BCS) for which the authors were mandated to evaluate the reuse potential of
the RC structural components (BCS1 [72], BCS2 [73], and BCS3 [74]). These BCS were used to develop and test the obsolete structure
audit presented in Section 5 and the reusability grading presented in Section 6. The facades of the three buildings are pictured in Fig.
2. Basic information on the five building case studies is provided in Table 8.

The inventory was completed for all buildings using original construction drawings and limited on-site investigation. For all five
building case studies, the volumetric ratios of the different structural material types and component categories are illustrated in Fig. 7
(a) and (b), respectively. The buildings are mainly made of cast-in-place RC. As shown by other authors [75,76] for various building
types, slabs, in grey in Fig. 7(b), represent the largest volume of structural components.

13



J. Deveénes et al. Journal of Building Engineering 84 (2024) 108584

Table 8
Basic information of the five building case studies.
Information BCS 1 BCS 2 BCS 3
Construction year 1964-1969 1975 1960-1965
Number of floors (incl. underground floors) 16 3 6
Building floor area 1500 m* 2875 m? 660 m>
Volume of structural construction materials 7000 m® 4845 m® 876 m
Construction drawings available? Yes Yes Yes
Formwork and reinforcement drawings available? Yes No No
(@) (b)
100% T 100% .
e Timber O Stair
0, 0,
80% 80% O Column
O Masonry
60% 60% OBeam
40% @ Cast-in-place 40% OWall
concrete
20% EPrecast concrete 20% @ Slab
OFacade
0% 0%
BCS 1 BCS2 BCS 3 BCS 1 BCS2 BCS 3

Fig. 7. Volumetric ratios of (a) structural material types and (b) component categories in the building case studies.

7.2. Damage assessment results

As part of the procedure described in Section 4.2, a visual inspection was done on the structural components of BCS1 to 3 to evalu-
ate their condition and classify the damage according to Section 5.3 and Fig. 5. The results are shown in Fig. 8, distinctively for indoor
and outdoor components.

More than 80 % of the RC components belong to damage class A - i.e., good condition — and therefore have a durability that al-
lows easy reuse. Furthermore, according to these three building case studies, 100 % of indoor RC components are in damage class A,
which corresponds to the largest volumetric part of building components. This highlights that, in indoor conditions, when not ex-
posed to water and at normal humidity levels, concrete remains in good condition. On the other hand, the damage classification of
outdoor components is more variable. BCS 1 and BCS 3 have around 80 % of their facade component with a damage class of A or B —
i.e., good or acceptable conditions. In contrast, BCS 2 has more than 80 % of its components in damage classes C, D, or E — i.e., de-
viant, bad, or failure conditions. In addition, in two case studies, investigations showed that the depth of carbonation and the extent
of rebar corrosion in the facade components had a non-negligible influence on their condition, which was not detected during visual
inspection. This led to a reduction of their damage class.

7.3. Reusability grading
As introduced in Section 6, reusability is graded using a decision matrix, allowing to evaluate various reuse strategy when design-
ing the receiving structure. For BCS 1 to 3, different scenarios are considered to analyze the reusability potential of their component:

> Identical reuse: No change of use class for all RC components — i.e., same stability and exposition condition according to Tables 3
and 4 - and no transformation between the donor and receiving buildings - i.e., intervention class a according to Table 6. For

100% [
80% OUnknown
| BE - alarming
60% @D - bad
40% OC - deviant
OB - acceptable
20% — WA - good
0% mm—

Total Indoor Outdoor Total Indoor Outdoor Total Indoor Outdoor
BCS1 BCS2 BCS 3

Fig. 8. Damage assessment of RC components highlighting differences between indoor and outdoor components.
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instance, an indoor slab is reused as an indoor slab, or an outdoor self-supporting facade panel is reused as an outdoor self-
supporting one.

Rehabilitation and reuse: No change of use class for all RC components but possibility of intervention class c, according to Table
6. For example, a damaged facade panel (damage class C) is transformed by repairing the zones of spalled concrete with mortar
and eventually cutting out the parts with corroded rebars. It is then reused again as a facade panel in the receiving building.
Downcycling reuse: Reduction of use class by one degree, according to Table 5-i.e., reduction of stability or exposition criterion
- and no transformation - i.e., intervention class a according to Table 6. For exemple, an indoor slab is reused as an indoor self-
supporting wall, or an exterior self-supporting facade panel is reused as an indoor self-supporting wall.

~

~

For each of these scenarios, the resulting reusability ratios of the RC components for the three BCS are presented in Fig. 9. It shows
that almost 90 % of the elements are considered reusable in the case of identical reuse. By modifying the use class (downcycling reuse
scenario), the reusability ratio approaches 95 %. With targeted interventions (rehabilitation and reuse scenario), it approaches
100 %. However, the proportionality of these interventions, regarding both costs and detrimental environmental impacts, should also
be verified. The components whose reuse is questionable or impossible are the damaged facade elements, representing a minimal part
of the total volume of the construction elements, as expressed in Fig. 7. Their reuse potential for more demanding use classes could be
increased with interventions, but these are more susceptible to being disproportionate. For BCS2 and a downcycling reuse scenario,
reducing the use class with no intervention for the damaged (mainly damage class C to E) self-stable highly exposed facade panels
does not change the reusability grading, according to Fig. 6. In contrast, for BCS1 and BCS3, which also concerns highly exposed
facade components stable under external load, the reusability grading changes with a downcycling scenario.

Table 9 details, for each BCS, the volume of reuseable RC components and the equivalent factors used to calculate the environ-
mental savings for the identical reuse scenario. For BCS1, BCS2, and BCS3, this scenario would save about 1505 tCO5-eq, 1085 tCO,-
eq, and 200 tCO,-eq, respectively, if compared to a scenario in which the old RC components are demolished, and similar ones are
newly produced with recycled concrete. Transportation from factory to site is however not considered in those estimations.

These case studies show that the potential for reuse of facade elements is limited. On the other hand, the indoor structural ele-
ments, which represent the largest proportion of a building’s load-bearing structure, are likely to have a high reuse potential, inde-
pendent of the reuse scenario opted for in the design of the new construction.

8. Discussion

8.1. Contribution

This paper presents a procedure to audit an obsolete structure and assess the reusability of its structural RC components at the
early stage of deconstruction and new construction projects. It is thought to be realized on any soon-to-be-demolished buildings. It al-
lows an informed decision between various reuse design alternatives, facilitating the design process when integrating reclaimed struc-
tural RC components in new projects. The work filled the four research gaps highlighted in Section 2.5.

In response to the first and second research gaps on the lack of procedure to collect information on structural RC and evaluate their
reuse potential, this paper proposes a straightforward method in Section 5. The aim is to inventory, classify and characterize a stock of
structural components by identifying the relevant information required for later reuse. For each component type, the information is
then summarized in factsheets to be used by designers. It is then completed by the reusability grading proposed in Section 6, which al-
lows for exploring different reuse strategy for components with regard to their durability.

CE®E OEC[ mET
96% B Not reusable
— (grade 4 or 5)
92% -
OQuestionable reuse
88% (grade 3)
. OReusable
84% (grade 1 or 2)
80% — — — — — — — —
BCS1 BCS2 BCS3 BCS1 BCS2 BCS3 BCS1 BCS2 BCS3
Identical reuse Rehabilitation and reuse Downycling reuse

Fig. 9. Reuse potential ratios of the components based on different scenarios: identical reuse, rehabilitation and reuse, and downcycling reuse.

Table 9
Environmental savings for the identical reuse scenario.

BCS1 BCS 2 BCS 3

Reusable volume of RC components (m3) 5900 4250 786
Equivalent factor for production and elimination of RC components [65] (kgCO,_.,/kg) 0.102 0.102 0.102
Environmental savings (tCO5.¢q) 1505 1085 200
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In response to the third research gap on the lack of condition assessments for RC structures specific to reuse goals, the reusability
grading presented in Section 6 helps assessing how damages impact the reuse potential of a component with regard to durability, ser-
viceability, and structural safety. For each grade, described in Section 6.4, recommendations are given on the levels of monitoring and
control required for a reused component in the receiving project.

Finally, in response to the fourth research gap on the lack of routine damage treatments for RC components that consider changes
in function, exposition, or component geometry, the reusability grading presented in Section 6 introduces a use class (Section 6.2) to
qualify change in structural role and exposition, as well as an intervention class (Section 6.3) to qualify various levels of geometric
modification or material reparation.

8.2. Experience feedback

As exposed in Section 2.1, the lack of systematic procedure to assess the reusability of RC components was identified as a barrier
by experts and previous studies [11]. Continuous feedback from the different stakeholders (owner, planner, designer, construction
company) of the three building case studies allowed adapting to their needs the procedures, the reports, and the data provided in the
factsheet of the audit. Nevertheless, the outcome presented in this paper raised additional questions, particularly on constructive de-
tailing - e.g., regarding fire resistance or the evolution of the damages in time.

The factsheets — following the structure of the proposed template [64] —have proven to be a valuable tool to summarize all the col-
lected data later required to design with the reclaimed components. They have been used as input data for three design competitions
and have allowed the design of new structures with reclaimed RC components. As it turned out, they do not limit the designers' cre-
ativity. Indeed, the audit focuses on evaluating the obsolete structure and does not propose any solution for integrating the compo-
nents into a new receiving project.

On the other hand, some owners and planners involved in the building case studies demanded the integration of potential struc-
tural typologies for the future reassembly of the components, in concordance with their structural capacity and durability. The
reusability grading decision matrix introduced in Section 6 allowed the authors to evaluate whether the reuse of the components is
reasonable regarding preexisting damages and for different new use cases. Although it appeared to be a necessary check, one must
keep in mind that the other factors mentioned in Fig. 4 — i.e., structural capacity, constructive detailing, logistics, and quantity — also sig-
nificantly impact the reuse potential of RC components.

8.3. Future work

In future steps of this work, the reusability assessment should be completed with methods to further evaluate the structural capac-
ity of components, as shortly introduced in Section 5.2 for the case when no construction drawing is available. In general, more indi-
cations on the structural capacity of the components could be given, expressed with possible future structural typologies and related
maximum live loads for different spans or configurations. This would give a better insight into the structural reusability of the re-
claimed RC components. Moreover, the procedure should also encompass the next steps of the project and include inspection and val-
idation protocols. The goal of these subsequent protocols would be to ensure that the reclaimed components maintain the value they
were given during the obsolete structure audit and still fit the requirements of their new use once they arrive on the new construction
site. Other research is also required to understand how the reclaimed components can be adapted to current standards requirements,
such as minimal concrete cover for durability or fire resistance, and component thickness for phonic resistance.

In the longer term, it would be ideal to extend the assessment of existing building structures presented in this paper to rehabilita-
tion and adaptive reuse. A standardized procedure would help make objective decisions about the best circular strategies to adopt —
i.e., rehabilitation, adaptive reuse, component reuse, or recycling — for each existing structure, aiming to reduce demolition as much
as possible.

9. Conclusions

Reusing RC components is a little-explored strategy to reduce the detrimental environmental impact of the concrete industry. It
consists in carefully extracting RC components of a donor structure that will soon be demolished to reuse them in a new receiving
structure. Compared to a standard project sequence, reuse implies changes in the project phases, synthesized by the ideal design se-
quence proposed in this paper and summarized in the following sentences. At the early stage of both deconstruction and construction
projects, it first integrates an audit of the obsolete structure to characterize the RC components and provide all valuable information
for designing with them. The reusability of the components is then assessed for a defined new use in the receiving structure. It must
consider four factors: durability, structural capacity, constructive detailing, and logistics. As the more complex and subjective factor,
this paper delved into the assessment of the component’s durability and suggested a reusability grading based on it. It is a design tool,
in the form of a decision matrix, to help designers evaluate the reuse potential of RC components. It involves three factors: the damage
class, the use class, and the intervention class. The first describes the existing donor structure state, and the last two the new receiving
structural concept. It allows adapting the design at the early stage of the project, which is less costly and leads to more successful inte-
gration of reused RC components.

The procedure was presented to practitioners, reuse or structural maintenance experts, and used in workshops and design compe-
titions. Feedback highlighted the applicability of the procedure and the value of having a systematic reusability assessment of obso-
lete soon-to-be-demolished structures. In addition, the procedure was applied to three building case studies, showing encouraging re-
sults regarding the reuse potential of the buildings. More than 80 % of building components were assessed in good condition. The
other components only concern facade components. The reuse potential of the components was then assessed with the proposed deci-
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sion matrix. The results show that more than 90 % of the components are reusable under an identical use scenario, 95 % if a downcy-
cling scenario is considered (e.g. through a reduction of the use demand), and almost 100 % if applying rehabilitation measures.
The challenge remains to integrate such a procedure systematically at the beginning of obsolete structure demolition projects, ei-
ther through regulation - e.g., as a mandatory condition for receiving a building demolition permit - or incentivization - e.g., by ad-
vertising the environmental and economic benefits of the approach, especially for managers of large real estate. New reuse projects
would ultimately ensue, with significant savings of demolition waste, raw material extraction, and greenhouse gas emissions.
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