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ABSTRACT

Actors of the construction sector are facing the challenge of reducing their carbon
footprint and ideally reaching carbon neutrality. Reuse of structural elements made of
concrete is of particular interest, given the large use of this material worldwide and its high
environmental impact. Reusing constructive concrete elements is however challenging,
particularly because connections between concrete structural elements are difficult to
disassemble. It is then worth designing reuse technics for concrete load-bearing elements
and to verify their environmental performance using comprehensive methods such as Life
Cycle Assessment. Based on the Design for Reuse concept, this article assesses the
environmental impacts of a reusable structural portal frame constitutive of a concrete building
and compares it to a traditional design with new materials. It relies on data collected through
an experimental protocol of reinforced concrete structures
construction/deconstruction/reconstruction using hydrodemolition. Impact scores are
significantly reduced for all environmental categories after a first reuse cycle, both at the
scale of a portal frame or a building. Concrete, and particularly high performance concrete,
has durability qualities allowing to undergo several usage cycles. The effectiveness of
environmental benefits however depends on functional downgrading and material losses.
Guidance should then be provided to insure that future reuse practices will actually provide
the expected benefits. This has to be conducted in parallel to full-scale experiments of load-
bearing elements disassembly to estimate the realistic rates that can be obtained when
deconstructing a building.
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1. Introduction

1.1 Reuse as a strategy to improve the environmental performance of buildings

In its 2021 Global Status Report for Buildings and Construction, the United Nations
Environment Program (UNEP 2021) points to the alarming situation of the building sector at
the international level. With CO, emissions estimated at 11,7 GT in 2020, the building sector
is a major contributor to climate change, causing up to 36% of the total CO> emissions
worldwide. With the current pace of population and economic growth, CO> emissions are
expected to keep growing if no solution to reduce the carbon footprint of buildings and
constructions is implemented. The building sector also contributes to other environmental
burdens (Brutting et al 2019), such as resource depletion (UNEP 2019), energy consumption
and waste generation (Ibrahim 2016; European Commission 2020).

Improving the environmental performances of buildings could help mitigating the global
impacts of societies on climate change (Hoxha et al 2016). With current practices, 5 to 12%
of the greenhouse gases (GHG) emitted during the life cycle of a building are released during
the extraction of raw materials, the fabrication of construction products, the construction,
renovation and demolitions processes (European Commission 2020), representing the
embodied GHG emissions (Rock et al 2020). The share of operational GHG emissions,
occurring during the use stage of the building, is however expected to decrease with the
reinforcement of energy efficiency standards. The share of materials in the global carbon
footprint of a building is in turn likely to increase. While a major lever of change is related to
the improvement of the energy performance of buildings during their use stage (Blengini et al
2010), adopting circular actions in the building sector could also decrease the embodied



GHG emissions (EEA 2016). The recirculation of materials, particularly reuse, are among the
practices considered to reach this goal (Koutamanis et al 2018).

Reuse is considered a way to improve the environmental performances of buildings, as
it avoids the generation of construction and demolition (C&D) waste and substitutes primary
materials and products, with potential benefits in terms of GHG emissions reduction and
energy efficiency (Cai and Waldmann 2019). Unlike recycling which consists of reprocessing
wastes to produce new materials, reuse preserves the function of the reused material or
component after its reconditioning (lacovidou and Purnell 2016, Brtting et al 2018). Parallel
to its expected environmental benefits, a generalized reuse strategy might have important
economic repercussions given the volume of C&D waste currently generated (NuBholz et al
2020).
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Fig. 1. Average breakdown of embodied energy for building elements, based on Qarout (2017) and
Kaethner and Burridge (2012).

Among constructive elements (Figure 1), load-bearing systems require material- and
energy-intensive manufacturing processes (Brutting et al 2018). They contribute to the
largest share of embodied energy (Lankhorst et al 2019, Cavalliere et al 2018), estimated at
about 40% for buildings of average or low energy performance (Marzouk et al 2017). They
also account for at least 50% of the embodied carbon of a building (Kaethner and Burridge
2012; Veselka et al. 2019). Reuse of load-bearing elements is then considered a promising
way to improve the environmental performances of buildings (Fivet 2019), especially when
implemented over several life cycles.

Structural elements made of concrete are of particular interest. In France, 80% of the
built heritage is made of concrete (IFSTTAR 2018). Concrete is also the most used building
material worldwide (Naik 2008). Reusing constructive elements made of concrete is however
challenging, particularly because connections between concrete structural elements are
monolithic and difficult to disassemble (Xiao et al 2017). Given the high environmental impact
of this material, it is worth designing reuse technics for concrete load-bearing elements and
to verify their environmental performance using comprehensive methods such as LCA.

1.2 Design for Reuse (DfReu): a framework for reuse practices in the building sector
To generalize the practices of reuse in the building sector, a framework must be
proposed to its actors. Design for Deconstruction or Design for Disassembly (DfD) is an



existing concept (Akadiri et al 2012) offering to integrate deconstruction in the design of
buildings to increase the recovery of materials and structural components at the end of life
(EoL) of a construction, thus reducing demolition waste (Crowther 2001; Durmisevic and
Yeang 2009). DfD generally focuses on the EoL of structures or buildings and usually fails at
providing guidelines on the integration of recovered materials and constructive elements in a
new (or retrofitted) structure. DfD encourages valorization through recycling or energy
recovery. Some studies have however tested the performance of DfD components in a new
structure (Xiao et al 2017).

Given the limitation of DfD, we propose to adapt the concept of Design for Reuse
(DfReu), introduced by Gorgolewski (2018) and lacouvidou and Purnell (2016), as the
framework focusing on the design for the reuse of structural elements (Bertin et al 2020). In
the original definition, DfReu is understood as the way to incorporate recovered components
in the design of a new building or structure (lacouvidou and Purnell 2016), thus focusing on
the sole design and construction stages of the building. In our definition, we consider that
DfReu, in addition to reflecting on the conditions for which reuse of construction components
is maximized, shall consider the way such components are dismantled, both prior to the
construction of the new structure, and as an anticipation of deconstruction, similarly to DfD.

To respond to the practical application of DfReu, Bertin et al (2020) addressed
complementary means to reach the objectives of structural component cycling such as the
implementation of reinforced traceability and the establishment of a materials bank. DfReu
also relies on anticipating changes in the use of materials and constructive elements. To that
end, we draw on the concept of reversible building, applied to both office and residential
programming. The underlying principle is to design a structural grid to be flexible enough to
accommodate different functions throughout its life cycle(s) in order to reduce buildings
obsolescence related to use changes. Moreover, DfReu implies the existence of a stock of
construction elements ready for reuse. To that end, the proposed approach considers two
ways to proceed: “with a stock” or “from a stock”. A “design from a stock” leads to 100% of
elements reused, using only elements from the stock. A “design with a stock” seeks to
integrate as many reused elements available in the stock as possible, completed with others
and new elements. At the end of life, the DfReu concept considers the disassembly of the
elements and the reconstitution of a stock available for a future building.

1.3 Assessing the environmental relevance of DfReu using LCA

The expected environmental benefits of DfReu, namely mitigation of GHG emissions, of
natural resources depletion and reduction of waste generation, are however to be
demonstrated. Applying DfReu's principles for designing reusable buildings can indeed lead
to a slight oversize of load-bearing structures compared to a conventional building, and
consequently be more impactful than traditional practices, particularly in terms of energy and
resources consumption. It is therefore necessary to conduct a comprehensive assessment of
DfReu applications, considering the possible trade-offs from an environmental issue to
another, and including the multiple life cycles of a structural component.

Life Cycle Assessment (LCA) is a powerful method increasingly used to
comprehensively quantify the environmental impacts of circular and reuse practices in the
construction sector, at the component (Buyle et al 2019; Eberhardt et al 2019b) or building
level (Rasmussen et al 2019; Eberhardt et al 2019a). LCA has been applied since the 1990s
to the construction sector and particularly to evaluate buildings (Peuportier et al 1997;
Cabeza et al 2014). It has been particularly used for the assessment of construction and
demolition waste scenarios (Blengini 2009; Butera 2015; Mastrucci et al 2017). Assessment
of circular practices and particularly reuse is still at an early stage (Palacios-Munoz et al
2019; Densley Tingley and Davison 2012). Early studies on concrete structures have
however shown the interest of reuse (Xia et al 2020).

Several limitations of LCA are reported in the literature, particularly when related to the
assessment of reuse and “circular” practices, with still research gaps when addressing end-
of-life modelling (Sandin et al 2014) and allocation aspects (Reap et al 2008; Schrijvers et al
2016). The availability of adequate data is also a recurring issue (Nizam et al 2018). Najjar et
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al (2017) have identified gaps in the databases and pointed out the inadequate data
inventory in the early design phases. This lack of data reduces the potential for LCA
application. As a result, some studies rely on simplified assumptions (Yung and Wang 2014).
The average values and simplified hypothesis may disregard the differences between reuse
and new construction practices. Inaccuracy in data collection can be detrimental to the
assessment of reuse impacts, especially for the construction stage (building and rebuilding).
Therefore, it is essential to have foreground data to properly model the reuse processes.

Objective of the article

The overall goal is to evaluate the environmental opportunity of reusing load-bearing
systems made of concrete. This article assesses the environmental impacts of a reusable
structural portal frame constitutive of a concrete building using LCA and compares it to a
traditional design with new materials. It relies on data collected through an experimental
protocol of reinforced concrete structure construction/deconstruction/reconstruction.

The paper is organized as follows: in section 2, the method adopted for the study is
explained. It consists of first designing structural applications of DfReu, tested through an
experimental protocol on portal frames and second verifying the environmental performances
of such applications using LCA. The results of the concrete portal frames LCA are presented
in section 3, at two scales: first at the scale of the portal frames; second at the building scale.
In section 4, the results of the environmental assessment are discussed. Finally, section 5
provides some practical recommendations to the actors of the construction field and section
6 concludes the article.

2. Methodological framework

When optimizing reusable structures, the logic of engineers is to make assemblies
between elements (beams vs. columns) in the form of hinged connections, deemed to be
easier to dismantle. This solution has however two disadvantages. First, hinged connections
are generally very expensive because they require steel elements of complex shape, and,
second, they require the creation of additional specific bracing which is also expensive. The
authors point of view is rather to consider braced multi-storey buildings with rigid assemblies,
i.e. embedding between beams and columns, which constitutes simpler systems. The rigid
assemblies allow the building to support wind loads without any bracing elements.

Based on this assumption, we first focused on the assessment of mechanical behavior
of reinforced concrete portal frames. We explored the behavior of new and reused portal
frames using an experimental protocol. Parameters are concrete strength and steel
overlapping. Among the many means of disassembly, we decided to use hydrodemolition.
More details are given further on this technique. Based on these experiments, foreground
data on processes were generated for LCA. After this step, we extrapolated results on a
building scale.

2.1. Design for reuse (DfReu) applied to a reinforced concrete portal frame

Four reusable concrete portal frames integrating different connection principles have
been manufactured for testing (Bertin 2020). The tested portal frames are supposed to be
included in a building where the columns are continuous. The removable assembly area
(keying area or keyway, Figure 2 and schematized in grey in Figure 3) was then located at
the ends of the beams. The continuous column is a choice allowing an application to multi-
storey building structures. The reinforcement is designed in such a way that the beam and
the column can be dissociated once the keying concrete is hydrodemolished. It is a particular
sequence of reinforcement assembly that allows a reversible independence of the different
elements. This technique would also be applicable in the case where the columns are not
continuous. In that case, it would be necessary to design the continuity of the columns
reinforcement in an appropriate way in order to satisfy the same disassembly principle.

The size of the tested prototypes was set at a 1/3 scale in order to comply with the
laboratory equipments. All four portal frames have variations in the keying area according to
sketches in Figures 2 and 3. The reusable portal frames were structurally tested, then
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deconstructed at the keying area by hydrodemolition and reconstructed through the
reconstruction of the keying area. The reused portals frames were then tested again to verify
their structural capacities before and after reuse.

Hydrodemolition consists here of using high-pressure water for localized concrete
removal (Momber 2005). The water jet is controlled with great precision, which makes it
possible to clearly define the area to be destroyed and to limit material losses. The
experiment proved that all types of concrete can be hydrodemolished, normal and high
performance concrete (HPC). It was chosen among different demolition processes because
first it is a rapid method which does not create microcracks out of the demolished area; and
second, steel rebars are not damaged during the process. The hydrodemolition causes a
slight loss of concrete material at the level of the keying zone. The steel rebars, undamaged
after the hydro-demolition process, are visible on Figure 2.

Frame 2

Frames 1,3 and 4

Ce60/75

C60/75

* Frame 1: C25/30
Frame 3: C60/75
Frame 4: C40/50

Fig. 2Case study. Left: portal showing the rebars overlap depending on concrete strength (portal frame 2:
strait overlapping, portal frames 1, 3 and 4: overlapping with cross ends) ; Right: result of the hydro-
deconstruction process for the 1/3 scale portal frame.

The experimental protocol was set to verify whether a reused portal frame has the same
structural behavior as the initial portal regarding Service Limit State (SLS). It has been
concluded that the structure reconstructed after a first demolition had a similar behavior
(SLS), which validates the proposed technic. This part of the experiment is not included in
this paper, but is described in Bertin (2020). In order to adjust the load applied to the 1/3
scale portal frame, we considered a building designed as a superposition of portals, with a
span of 6 meters. The bending moment at the keying area was calculated according to
actions imposed in the Eurocode EN 1991-1 for offices. The same maximum bending
moment in the specimen is reached for an external load of 73 kN.

The reusable portal frames allow to test different constructive systems addressing the
same function and to verify the easy dismantling of the keying areas according to the
concrete grade (strength). The reduction of the keying area length reduces the quantity of
material to be hydrodemolished. The more the keying area is reduced, the more resistant
concrete and reinforcing steel must be used (cross). Data on portals are given in table 1.



In anticipation of the LCA, all data on energy, raw material consumption, water, etc.,
have been recorded.

Table 1

Technical specifications and reference flows for each portal frame scenario.

Initial

. Keyway Keyway Reuse
Reinforceme  C60/75 Reba_rs Keyway concrete concrete concrete
nt mass concrete covering length grade volume volume
(kg) volume type (m) 3 3
(m?) (MPa) (m°) (m°)
Portal frame 1 75,6 0,386 Cross 0.440 C25/30 0,054 0,386
Portal frame 2 73,9 0,378 Straight 0.506 C60/75 0,062 0,378
Portal frame 3 80,3 0,399 Cross 0.335 C60/75 0,041 0,399
Portal frame 4 80,7 0,396 Cross 0.360 C40/50 0,044 0,396
Non reusable 67,7 044  Cross . . . .

portal frame

The differences between the reused portal frames relate to the nature of the concrete
used in the connection and the type of rebars overlap (Table 1). They influence the length of
the keying area to be hydrodemolished. The portal frames are made of C60/75 grade
concrete (HPC), except for the keyway areas of portal frames 1 and 4, constituted of C25/30
and C40/50 normal grade concrete respectively. For each portal frame, the initial
construction stage only involves primary material. Portal frame 1 then presents the keying
area with the least resistant concrete associated with cross reinforcement to keep the keying
length not too important. Portal frame 2 is constituted of HPC with straight reinforcement.
Portal frame 3 is composed of HPC with cross reinforcement. This portal frame has the
shortest keying length. Portal frame 4 has a strong keyway concrete but curved
reinforcement. The structural behavior can be compared and verified regarding:

the influence of the strength of the keyway concrete (portal frames 1, 3 and 4);
the influence of the type of rebar covering type (portal frames 2 and 3).

Sequences of the experimental protocol are given in Figure 3:

step 1: the dismountable portal frames are manufactured

step 2: the dismountable portal frames are tested by simulating a normal office use
step 3: the keying areas are deconstructed. The columns and beams can then be
separated for reuse. The portal frames are then reassembled to simulate reuse.

step 4: the reused portal frames are tested again. First, the same load is applied as
in step 2 (office load) to see if there is a difference in behavior compared to the
second step. Then a higher load is applied to reach the failure and to analyze the
failure mode of the portal frames (purely structural interest). The reuse process
simulated through the experimentation would occur in reality after several
years/decades. Considering the fact that structural concrete housed in a building
does not degrade, we assume a strong similarity between the experiment and
reality.



Final casting at the factory

DO

Manufacturing of the 4 portal frames

1. Rebar shaping

2. Casting of the current C60 concrete, beams and
columns (metallic casting bench of the factory)

|

3. Casting of the keyway concrete, specific to each
portal frame (requires an adapted formwork)

> 4 portal frames are manufactured
and ready to be tested :

« Portal frame 1: C25 keyway concrete,
overlaps with crossbars

« Portal frame 2: C60 keyway concrete,
straight overlaps

« Portal frame 3: C60 keyway concrete,
overlaps with crossbars

« Portal frame 4: C45 keyway concrete,
overlaps with crossbars

First phase of testing feasible

D+28

Non-destructive testing
of the 4 portal frames
(yield point)

Cylinder with a load of 70 kN

Hinge in foot
(sand box)

Hinge in foot
(sand box)

> Observations :

+ Mid-span displacement

+ Moving at top of column

* Moving at the connections
» Rotation of connections

+ Stress in the column

» Crack openings

Deconstruction and rebuilding

DX

Deconstruction
of the 4 portal frames

1. Destruction of keying areas by hydrodemolition

Reconstruction
of the 4 portal frames

2. Casting of the keyway concrete, specific to each
portal frame (requires an adapted formwork)

> 4 portal frames having undergone
a use cycle with deconstruction,
and ready for reuse :

+ Portal frame 1: C25 keyway concrete,
overlaps with crossbars

« Portal frame 2: C60 keyway concrete,
straight overlaps

« Portal frame 3: C60 keyway concrete,
overlaps with crossbars

» Portal frame 4: C45 keyway concrete,
overlaps with crossbars

Second phase of testing feasible

D X+28

Non-destructive testing
of the 4 portal frames (yield point)

Cylinder with a load of 70 kN

Hinge in foot
(sand box)

Hinge in foot
(sand box)

Destructive tests
of the 4 portal frames ( rupture)

Cylinder with a load of 156 kN and more

Hinge in foot
(sand box)

Hinge in foot
(sand box)

> Observations :

» Mid-span displacement

* Moving at top of column

* Moving at the connections
* Rotation of connections

« Stress in the column

« Crack openings

Fig. 3. Summary of the experimental protocol for the 4 portal frames.



2.2. LCA method

2.2.1 Goal and scope definition

LCA is applied to the 4 reinforced concrete portal frames on 1/3 scale, in order to
evaluate the environmental performances of an anticipated reuse process (construction and
deconstruction then reconstruction). Comparison is therefore sought:

» between the four reusable portal frames, to identify the design levers allowing to

reduce their impact;

* Dbetween the group of reusable portal frames and a new portal frame more classically
designed and qualified as "non-reusable", to identify the differences in the
environmental impact of the processes, in particular deconstruction for reuse (vs.
demolition for recycling).

According to expert knowledge, concrete material optimization in design generally
involves the use of a more efficient concrete (high performance concrete HPC), which
significantly reduces the total quantities used. In order to optimize the formwork for the
realization of the portals, concrete sections are identical, but reinforcement was adapted
according to the concrete strength and the type of overlapping — cross or strait (Table 1 and
Figure 2).

The functional unit, on a scale of 1/3, is therefore defined as "a portal frame of 0.44 m?
of concrete (i.e. in dimensions (m): 0.35x0.35x1.4 for each of the columns, and
0.15x0.3x2.15 for the beam), with a span of 2.15 m, supporting a load of 73 kN,
corresponding to an office use, for a life span of 50 years”.

The different portal frames all meet the structural function corresponding to the same
defined functional unit. The scenarios considered for LCA take into account the
characteristics of the different assemblies (Table 1).
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Fig. 4. System boundaries of the studied portal frame.
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Deconstruction,
crushing, recovery
process

The system boundaries for each scenario (reference without reuse and reused portal
frames) are given in Figure 4. The impact of the design stage, identical for all portal frames,
is not considered. During the use stage - corresponding to the life cycle modules B1-B7 in
the NF EN 15804+A1/CN standard (AFNOR 2014; AFNOR 2016) the structure, sheltered
within the building (exposure class XC1 for concrete), does not deteriorate compared to the
construction stage (module A5 of the same standard). The loss of material during
hydrodemolition is verified to evaluate the impacts of the deconstruction process. In the
portal frame LCA, we applied a cut-off allocation approach, considering that extraction and
production of primary materials are attributed to the first cycle (Xia et al 2020).



2.2.2 Data collection

The reuse process tested through the portal experimentation is a prototype and has not yet been
tested at full scale. A major part of the data was collected through the experimentation. To complete
the inventory and model the system, data was further collected from structural engineers,
construction companies and prefabrication plant employees. Collected data are the quantities of
materials, energy (electricity, fuel), water and the different distances traveled at each stage of the
manufacturing process (Figure 5 and Supplementary information). A depreciation for the facilities of
the manufacturing sites have been considered. The different concrete mixes were adjusted using
betonlab software (de Larrard & Sedran 1996)

.
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[ [=Y Deconstruction process Reconstruction process/
0‘ T Reused portal frame

s
! i a i i
'
A ]
Manufacture of materials Construction
process/ _E_ 1\,
Machining ! c‘_)
Demolition process ‘ -R '@a
oot @o—e

Concrete recycling New portal frame

Fig. 5. Data collected during the construction and deconstruction processes.

2.2.3 Modeling assumptions

We considered the depreciation of the material installations for the manufacturing of the
portal frames. The materials used for the first cycle are considered of primary production. In
the prospective context of reuse, wood and concrete are considered recycled at the end of
their life cycle (i.e. at the end of each use cycle for the "new" portal frame, and at the end of
the ultimate cycle for the "reused" portal frame). Particularly for wood, we rely on the
conclusions of research on post-consumer wood recycling (Privat 2019; Irle et al 2019) and
cascading (Vis et al 2016; WWF 2021)[ . For each use cycle, the reused portal frame will be
compared to a new one, performing the same function.
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Fig. 6. LCA modeling for the manufacture of portal frame 1, initial use. Processes from the ecoinvent data
base are indicated in italic. The other processes were specifically created for the study, with the exception of the

processes for cement and aggregates provided by French professional associations.

Figure 6 presents the flowchart of portal frame 1 up to its delivery for the first phase of
testing, i.e. its actual first cycle of use. The flowcharts for portal frames 2, 3 and 4 are similar.

In the same way, a model is developed for the second cycle of the portal frame, from its



deconstruction and rebuilding for delivery at the second test phase. In parallel, for each use
cycle, a non-reusable portal frame (traditionally designed with new materials) is modeled and
compared to the different variants of the reusable portal frames.

2.2.4 LCA software, LCI database and impact assessment method

To carry out the LCA, OpenLCA 1.8.0 software as well as Ecoinvent 3 2 cutoff
database are used. The environmental assessment method considered corresponds to the
set of indicators provided by the NF 15804+A1 (AFNOR 2014) standard and the
complementary NF EN 15804/CN (AFNOR 2016) standard whose compatibility with
OpenLCA has been established by Desbois (2017). The impact categories considered in this
method are acidification of land and water, depletion of the ozone layer, eutrophication,
photochemical ozone formation, air pollution, water pollution, climate change, abiotic
resources depletion - fossil fuel resources, abiotic resource depletion — elements.

3. Results and Interpretation

3.1. Initial production of portal frames

Based on the experimental data, and using the new non-reusable portal frame as
reference, Figure 7 shows the impact scores of the construction stage of each portal frame.
Construction of the non-reusable portal frame appears to be less impacting than the
construction of the reusable portal frames for 6 of the 9 considered environmental categories.
It however presents higher impact scores for climate change and resource depletion
compared to some reusable scenarios, particularly the portal frame with the C25/30 keying
used to cover the crossed rebars. The construction stage of the couple of reusable portal
frames (C25/30 crossed rebars and C60-75 straight rebars) presents results differing from
the other pair (C40/50 crossed rebars and C60/75 crossed rebars), for all impacts except
those of resource depletion but with deviations inferior to 20%. The former seems to have
less impact than the latter. It should be noted that impact scores between scenarios differ by
less than 10%.

Initial manufacture of portal frames
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Fig. 7. Environmental impact scores of the portal frames’ initial production stage.

3.2. Deconstruction and reconstruction of portal frames

Considering the impacts of the deconstruction/reconstruction stage reverses the trends.
The non-reusable portal frame is this time significantly more impacting for all indicators. Its
scores are 3 to 10 times higher than reused scenarios scores, depending on the
environmental category. The scores of reused portals are greatly reduced since raw material
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extraction and manufacturing stages are attributed to the first life cycle and no longer
included in the system. In that sense, the difference of impacts between the portal frames
with C40/50 and C60/75 keying and C25/30 crossed rebars and C60/75 straight rebars
scenarios is reduced (Figure 8).
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Figure 8: Environmental impact scores of the portal frames’ deconstruction/reconstruction stage

A detailed analysis for the deconstruction/reconstruction stage has been carried out on
the reused portal frames in order to identify the major contributing processes (excluding raw
material extraction and manufacturing). Scenario 1, with the C25/30 keying, is presented in
Figure 9, the other reused portal frames presenting the same trends. It can be noted that the
machining process is very impactful for most of the environmental categories, except for
"Depletion of the ozone layer", where transport is dominant, and "Depletion of abiotic
resources - elements", where only material is contributing. For "Climate change" and "Abiotic
resource depletion - fuels”, the main contributors, namely machining, energy, materials, are
more balanced. Reuse significantly reduces the share of materials in the global
environmental impacts of portals. The next contributor to act on is machining, then energy

supply.
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Figure 9: Contribution analysis for the portal frame with the C25/30 keying (deconstruction/ reconstruction
process)

3.3. Extrapolation to the building

To assess the effect of scale on the impact assessment results, the evaluation is
performed at building scale. The building considered is composed of the portal frames
studied previously. It consists of 10 floors mid-rise building, composed of 640 beams and 420
columns. Two hypothetical alternatives are compared (Figure 10):

1) a scenario with one cycle with a building composed of newly manufactured portal
frames 1 (with C25/30 dismountable assemblies, Table 1) and a cycle with a “reused”
building composed of the same portal frames 1, reused;

2) a scenario of two cycles of new building composed of non-reusable portal frames
cast-in-place with C60/75 concrete.

Given the concrete grade used for the portal frames, a structural service life of 100
years is planned. High performance concrete (HPC) such as C60/75 is suitable for such a
project. Its low permeability and low porosity are responsible for its long service life. Indeed,
ion diffusion is very slow in HPC. It presents a durability much superior to an ordinary
concrete (Aitcin 2001; Baroghel-Bouny 2004, Malier et al 1992). Given the durability of
reinforced concrete buildings built at the beginning of the 20th century, a lifetime between 50
and 100 years is expected for an ordinary/normal grade concrete (Marie Victoire et al 2006).
Lifetime (understood as the time before major repairs) of structures mainly undergoing
carbonation risks, could therefore be of the order of 50-100 years for a reinforced concrete,
200 years for a high performance concrete, or even 300 years and more for an ultra-high
performance fiber-reinforced concrete (Toutlemonde et al 2009; Resplendino et al 2009;
AFGC 2013).

The assessment is then conducted over two successive usage cycles of 50 years each:

» First usage cycle: the two original buildings are constructed with cast-in-place
concrete.

» Second usage cycle: the reused building is considered prefabricated, since it relies
on prefabrication methods to assemble the elements already manufactured in the first
cycle. For the second scenario with new buildings, we consider a cast in place
fabrication for the new cycle. Slabs are not part of the study, only the elements
constituting the portal frame (beams and columns) are analyzed. The crane operating
times are those proposed on the IUT Robert Schuman website and distinguish
between the time required to install a prefabricated element and the time required to
cast in place. The average power of the crane is 40 kW (power supply) per hour and
for a 7-hour working day, according to the Potain website.

» For the end-of-life, the building structure is demolished and concrete is processed for
recycling. To that aim, we use the felling data proposed by Briére (2016).

These buildings are an adaptation, at scale 1, of the reinforcement framework repeating
the portal frame designed experimentally at scale 1/3. Resizing is necessary to move to
scale 1 and to allow realistic reinforcement rates since shifting from 1/3 scale to scale 1 is not
proportional. For hydrodemolition, the energy consumption per m3 of hydrodemolished
concrete on the 1/3 scale portal frame is retained to be applied to the volume to be
hydrodemolished on the reusable building.
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Multiplying the portal frame to form the building
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Fig. 10. Comparing new and reusable buildings

The impact scores per category are shown in Figure 11. The dark colors correspond to
the reusable version and the light colors to the non-reusable version of the building. The two
successive cycles of use and the end of life are shown in blue, grey and red respectively.
The results are cumulated with each new cycle. It can be noted that, for the first usage cycle,
the new building has globally lower impacts compared to the reusable building: reusability
involves more reinforcement to ensure the demountability and stability of the deconstructable
assembly. After 2 usage cycles, integrating respectively one reuse cycle and one ultimate
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end of life for the reusable scenario, and two constructions and two ends of life for the non-
reusable scenario, the reusable building appears to be significantly less impacting than the
new building for most of the impact categories. With the exception of ozone layer depletion
for which the difference is about 16%, impact scores are lower by 38% to 67%. For this case
study, reuse of load-bearing elements on a building scale is much more virtuous than
traditional cast-in-place construction. The trend is true from the first reuse cycle and
confirmed after two reuse cycles (Figure 12).

Comparison of buildings with and without reuse for three uses
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Fig. 11. Environmental impacts between reusable and new building for 2 usage cycles (50 years each) and
an ultimate end of life. Comparison between buildings with reused portal frames and buildings with new portal
frames, according to the impact indicators of NF/EN 15804+A1/CN

4. Discussion
4.1 Functional downgrading of the portal frame and losses

At the scale of the structural element, we considered the portal frame to keep the same
quality of service during the different usage cycles. In order to study the impact of a
functional downgrading of the portal frame, we assume that the reusable portal frame is
subject to an additional safety factor at each reuse. The structural engineer who integrates a
reused element in a new structure may take additional precautions in its dimensioning. Thus,
a functional downgrading could progressively reduce artificially the structural capacity of the
portal frame. One could therefore consider a full capacity in cycle 1, then a degressive
capacity with each new cycle of use.

The environmental performance of the reusable portal frame is also influenced by the
loss coefficient. The differences in impact scores between the reusable portal frame and the
non-reusable ones are less important considering losses. Considering a loss coefficient of
20%, the reused portal frame still remains environmentally favorable. For a loss coefficient of
30%, the new portal frame becomes more favorable compared to the re-used portal frame
after 6 usage cycles (Figure 12).
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Impact comparison between reused and new portal frames
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Fig. 12. Comparison of climate change impact scores for the reusable and non-reusable portal frames over
6 life cycles, a) without loss ; b) integrating a loss coefficient of 30%.

4.2 Allocating impacts between usage cycles

So far, allocation of environmental impacts between the different usage cycles was dealt
with using the cut-off approach (Schrijvers et al 2016). However, environmental benefits of
reuse could be distributed in a different way. According to the previous results, for reused
portal frames with limited functional downgrading and losses, most of the impacts occur
during the first use cycle (Figures 11 and 12). Reuse becomes environmentally "profitable”
from the second usage cycle on, i.e. after a first reuse. However, if the owner of the building
of the first usage cycle is different from the owner of the building of the second usage cycle,
then the first owner assumes the environmental burden of the DfReu implementation, higher
than for a traditional construction, with additional study costs. The second owner benefits
from this design by reusing the structural components and therefore is the sole benefactor of
the efforts made by the initial owner. In order not to disadvantage the first owner and to
encourage the design of reusable buildings, the final benefit of reuse, after several usage
cycles, could be distributed in a fairer manner. On the other hand, it could also be argued
that the owner reusing structural elements takes a risk in implementing such practices.
Characterizing the reusable elements has also a cost. The additional investment for a reuse
operation could thus be compensated by an environmental bonus, addressed by an
appropriate allocation method.

Several options are possible to distribute the environmental impacts or to evaluate a
bonus. For example, De Wolf et al (2020) propose several types of allocation to distribute the
impacts of reuse and to visualize the variations in impacts per cycle, according to the
adopted distribution. First of all, in the context of a design with a reuse perspective, it is
indeed the first decision-maker who must be convinced to invest, which is a sine qua non
condition for the subsequent cycles of use to take place. The allocation principle could be the
subject of a calculation rule set by the legislators to encourage virtuous practices. Xia et al
(2021) have also shown that allocating environmental impacts based on the degradation
process of components can promote the adoption the decision makers of concrete
component reuse strategies.
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4.3

5. Practical implications of the present study

LCA has been applied on a disassembly technic of embedded connections, using
hydrodemolition and validated through a specifically designed experimental protocol. This
technic constitutes a technological leap in terms of reinforced concrete structure reuse. It
proposes a connection principle economically and environmentally interesting. Previous
results show the conditions for which implementing DfReu can lead to significant
environmental benefits. Below are given some recommendations addressed to the structural
designer.

From a structural point of view, the usage of used parts, in good condition after 100
years of service, encourages the utilization of HPC. HPC has proven its high durability (Aitcin
2001; Baroghel-Bouny 2004). The main ageing factor of a building being carbonation, HPC
goes through a slow ageing process in carbonating environments, presuming a lifetime
without maintenance of several hundred years. The work presented here anticipated this
result since beams and columns in the study are formulated with HPC of C60/75 grade
concrete. Results of the study go against current presuppositions regarding the choice of
construction materials for buildings. Concrete is known as an environmentally burdensome
matter. Many ecodesigners consider that low carbon concrete has to be used in priority to
obtain environmental benefits at the scale of a building structure. In addition to being limited
by constitutive resources (particularly blast furnace slags), this type of concrete, with normal
resistance, has however mostly a limited durability and does not reach the benefits obtained
with HPC. Similar conclusions can be found for civil works (Habert et al 2012).

Without taking into account functional downgrading and material losses, impact scores
after a first reuse cycle are significantly reduced for all categories. Concrete, and particularly
HPC, has durability qualities allowing to undergo several usage cycles. This study proves
that reusing is an important way to reduce the environmental impacts of concrete structural
elements. The effectiveness of environmental benefits however depends on these two
parameters. Guidance should then be provided to insure that future reuse practices will
actually provide the expected benefits. It could take the form of maximum loss rate and
functional downgrading for a given number of planned usage cycles. This has to be
conducted in parallel to full-scale experiments of load-bearing elements disassembly to
estimate the realistic rates that can be obtained when deconstructing a building.

Such conclusion seems only possible with the hydrodemolition process, since it keeps
the steel rebars intact. The feasibility of the technics depends on the availability of water.
This can be a problem in areas where water is a physically or economically scarce resource.
Further assessments should take water consumption into account and include the
characterization of potential water depletion problems (Boulay et al 2018).

6. Conclusions and future prospects

Different strategies are encouraged to achieve sustainable development goals and
mitigate climate change. In the construction sector, improvements are expected through the
implementation of low carbon or circular strategies. The reuse of construction materials and
structural elements has been identified as an interesting driver to reduce GHG emissions,
along with the preservation of natural resources and decrease in waste generation. However,
these effects must be rigorously studied and quantified by recognized and comprehensive
methods. Facing the lack of data to conduct a proper LCA, we proposed to operationalize the
DfReu concept through an experimental case study in which a reinforced concrete portal
frame, designed to be reusable, was built, deconstructed and reused. In addition to validating
the technical feasibility of portal frame reuse, the subsequent environmental assessment
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demonstrates the environmental benefits of reuse practices despite certain constraints such
as stringent deconstruction.

Reuse of load-bearing elements is favorable as it reduces the environment scores of
several categories as early as the second cycle of use. Reuse is significantly more
advantageous when the reuse cycles are multiplied. Functional downgrading and losses
between usage cycles should however be considered, as it limits the environmental
performances of reuse compared to traditional single use practices. The findings of our
experimental study need to be confirmed on a larger scale in order to provide sound
evidence for designers and legislators and to encourage appropriate reuse practices. Further
research is need to precise the maximum rates of material losses and functional
downgrading that guaranty the achievement of reuse environmental benefits. Research is
also needed to explore the long term structural behavior of the proposed embedded
connections, in order to discuss the validity of adding extra safety factor for each reuse cycle.

The impact scores presented above are calculated for a system limited to the load-
bearing structure of a mid-rise building. Slabs are not considered in the assessment and
should be integrated in future work, as they constitute an important volume of constructive
structures. The data used are experimental, extrapolated at the scale of the building.
Although the deconstruction and reconstruction techniques experimented in the case study
are close to the usual on-site techniques, the reduced prototypes constitute a special case.
These results can therefore not be generalized to all types of building. Specific LCA should
be carried out for other structural elements and building types. Also, hybrid scenarios with
different rates of reused structural components (Britting et al 2020) or replacement rates
(Goulouti et al 2020; Morales et al 2020) could be tested.

It is however possible to draw some general recommendations. The lifespan of
materials, structural elements and buildings should be extended as much as possible. The
optimal solution is to keep the buildings operating to lengthen the building usage cycles and
reduce the number of reuses. The notion of time and the anticipation of future uses has
proven to be limited with current LCA applications. Prospective scenarios regarding the
different possible usages and functions of the building (identical use, misappropriation,
downgrading, iterative passages of products...) should be further explored.
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Figure captions

Figure 1: Average breakdown of embodied energy for building elements, based on
[17]Qarout (2017) and [18]Kaethner and Burridge (2012).

Figure 2: Case study. Left: portal showing the rebars overlap depending on concrete
strength; Right: result of Reinforcements after the hydro-deconstruction process.

Figure 3: Summary of the testing experimental protocol for the 4 portal frames.

Figure 4: Ssystem boundaries of the studied portal frame.

Figure 5: Data collected during the construction and deconstruction processes

Figure 6: LCA modeling for the manufacture of portal frame 1, initial use. Processes from the
ecoinvent data base are indicated in italic. The other processes were specifically created for
the study, with the exception of the processes for cement and aggregates provided by
French professional associations.

Figure 7: Environmental impact scores of the portal frames’ initial production stage.

Figure 8: Environmental impact scores of the portal frames’ deconstruction/reconstruction
stage.

Figure 9: Contribution analysis for the portal frame with the C25-30 keying (deconstruction/
reconstruction process)

Figure 10: Comparing new and reusable buildings

Figure 11: Environmental impacts between reusable and new building for 2 usage cycles (50
years each) and an ultimate end of life. Comparison between buildings with reused portal
frames and buildings with new portal frames, according to the impact indicators of NF/EN
15804+A1/ CN.

Figure 12: Comparison of climate change impact scores for the reusable and non-reusable
portal frames over 6 life cycles, a) without loss; b) integrating a loss coefficient of 30%.
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