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Abstract: After natural resources are mined, they are stored in cities in the form of urban minerals
through the construction of buildings. However, buildings have many negative impacts on nature
from the time they are constructed and used to the end of their life cycles when they are demolished
and discarded. At present, many researchers have conducted research on the recycling of buildings,
including the whole life cycle of buildings, the value assessment of the construction waste, the
recycling boundary of the construction waste, and the way building waste could be reused. These
studies all need to discuss the types of construction waste and their total volume. Urban mining uses
GIS data (top-down) and the same type of building material per unit area (bottom-up) to provide
a broad calculation method for the construction waste, but it fails to accurately obtain the exact
amount of each material of the building. From the perspective of architectural design, the same type
of buildings tend to have different spaces and structures due to factors such as the site, orientation,
and function. These all affect the way construction waste is reused. This paper aims to create a
framework for the reuse of construction waste to improve the accuracy and diversity of the reuse
of construction waste in the future. The main purpose of this article is to provide a more accurate
assessment of the material which is contained in a building. Using a 48-year-old office building in the
Taiwan Contemporary Culture Laboratory (TCCLab) as the research case study, the paper compares
the data calculated by different methods and verifies the difference between the bottom-up and the
disassembly classification method proposed in this study. According to the architectural design
principles, the authors first carried out a 3D digital modeling of the office building (including the
building structure) using a forward construction sequence and then they proposed the framework of
the material classification and the reuse of the reinforced concrete (RC) of the office building using
the method of reverse disassembly, hoping to provide a reference for the reuse of construction waste.

Keywords: architectural design; urban mining; design impact; reverse disassembly; material reuse;
reducing waste; building layers; removing inventory

1. Introduction

In the process of urban development, buildings in the process of either construction or
use have consumed massive amounts of resources and energy [1]. The life span of buildings,
from their initial design, construction, and use to their demolition and abandonment, is
usually no more than 60 years, but it has become one of the major sources of waste
and greenhouse gas emissions in urban development [2,3]. In fact, most countries and
regions do not have a complete “disassembly” method for the classification of construction
waste, thus they usually use a destructive “demolition” method. Therefore, among these
construction wastes, except for metal materials and relatively intact items, which are of a
higher recycling value, other parts are almost buried underground or incinerated. However,
in the concept of the circular economy (CE) [4], it is hoped that more countries will be able
to extend the service life of materials as much as possible and increase the reuse value of
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waste in the process of recycling and reuse. Therefore, in order to use building waste more
efficiently, the classification of the building’s construction methods and materials needs to
be undertaken before it is demolished, along with the accurate calculation of the amount of
materials. Urban mining uses material flow calculation to provide a method for the reuse
of construction waste [5]. Urban minerals are how natural resources are stored in cities, and
through mining, these resources can be dismantled, classified, and reused. The calculation
of urban mining is divided into two methods: top-down and bottom-up methods, both
of which can be used to calculate the stock of urban minerals in a relatively macroscopic
manner. [6]. Under the concept of the CE, there are also studies of material passports [7] and
material reuse methods [8]. In this context, the relevant studies from various perspectives
have put forward methodology and feasibility studies on the recycling of construction
waste. However, these studies are mainly in the perspectives of engineering, technology,
and statistics, and are rarely discussed in the discipline of architectural design [9].

At present, there are two categories of research on the recycling mode in the construc-
tion field: one is to solve the problem of reuse and recycling [10] in the process of design
by establishing a material bank to utilize recycled materials and to optimize construction
manners through the method of prototype design at the level of “Upstream Innovation”;
the other is “Downstream Innovation”, and it is also the main focus of this paper. The
authors first investigate, classify, calculate, and evaluate the building category and compo-
nent type of the buildings whose life span is complete or is about to expire, and then put
forward the feasibility of reuse [11] in order to eliminate and diminish the existing urban
construction waste.

Some researchers have not only considered the construction modes, recycling value,
impacts on the environment, and reuse possibility, but have also assessed the recycling
value of products and elements. Nevertheless, in their studies, the main structure of
the building is not disassembled (decomposition according to component types), rather
demolished (a destructive smash), and in the latter method the waste is recycled according
to its value [12]. Others classify construction waste materials according to the building type
(such as a steel structure, RC structure, brick-concrete structure, etc.) to obtain a calculation
coefficient of the material content through the statistics and the sorting of a large number of
data of the same type of buildings, and to calculate the overall content of the different types
of materials of the whole building by using the floor area of the building [13,14]. Based on
such a research logic, although more accurate average data can be obtained by expanding
the data from more buildings, the research content barely includes the uniqueness [15] of
each building resulted from architectural design, and the uniqueness would impact on the
data accuracy and reference value.

The design phase may influence over 80% of environmental factors [16], and the
influence will accompany the whole life cycle of a building [17]. Therefore, whether it is an
upstream innovation or downstream innovation, not only the entire life cycle of a building
needs to be considered but also the different steps such as the installation, dismantling,
recycling, repair, and reuse of buildings should be considered from the perspective of design
by using a reversible design approach to think about how buildings can be reused. At the
initial stage of the building project, the architect designs the type, construction mode, and
spatial function of the building according to its site use, planning conditions, and functions
as well as the aesthetic needs, so that the building would be unique in addition to the
fulfillment of the aforementioned needs, but the architect did not consider how the building
should be dismantled, nor how the building could be reused. Stewart Brand once put
forward the theory of building layers and mentioned the life cycles and possible changes
in the different layers of a building [18], providing a theoretical foundation for building
disassembly. Since different design methods could affect the disassembly, recycling, and
reuse methods of buildings when their life cycles are due, the recycling potential compared
with the value of the material itself also varies. With differences in space and structural
design in almost every building, if we want to reduce the negative impact in the process
of demolition and reuse and to improve the recycling potential of waste, it is necessary
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to carry out a layer classification and structural restoration to obtain more accurate and
reliable statistics of the building waste for buildings whose life spans complete due or
are about to reach this point, which would provide an effective basis for the subsequent
recycling and reuse methods.

The Taiwan Contemporary Culture Laboratory (TCCLab), located at Ren’ai Road,
Da’an District, Taipei, was originally the headquarters of the Taiwan air force. The TCCLab
consists of 42 buildings in total, of which 32 buildings are about to reach or have exceeded
their service life of 50 years. This study employs an office building built in 1973 in the
TCCLab as the subject of the study (Figure 1). The whole building is 139.4 m long, 13 m
wide, and 7.4 m high. It has two floors above the ground and a total construction area of
3624 square meters, constructed with concrete frames and brick walls. The entire building is
well preserved, organized, and has a complete structural appraisal report and the relevant
documents, which is conducive to carrying out the research work. From the perspective of
the architectural design, this building is analyzed and disassembled, and a more accurate
urban mineral stock of the building is to be calculated according to the 3D digital model
and on-site verification. Taking this office building as an example, the disassembly and
calculation framework of brick—concrete office buildings is established to improve the
feasibility of the recycling and reuse of urban building resources (materials) [19,20]. As the
buildings with a service life of more than 50 years in Taiwan are mainly RC structures, this
study has a representative significance for the disassembly and reuse of buildings in the
future. This study takes the buildings that have reached or are about to reach the end of
their life cycle as the subject of study and puts forward a more accurate inventory and the
reuse method of the construction waste from the perspective of architectural design. The
results provide a basis for more extensive urban mining and the establishment of material
passports [21].
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Figure 1. An office building (part) built in 1973 in Taiwan Contemporary Culture Laboratory (TCCLab).

RC structures were widely used in the 20th century and are also the main building
types that need to be updated in more developed areas in the world. RC frame structures
dominated the houses built in Taiwan in the mid and late 20th century. However, in the
construction of some houses, sea sand (containing sodium chloride) was used, which
caused a corrosion to the internal steel bars. In addition, there are occasional earthquakes
in Taiwan, so many buildings do not reach 50 years of age before the end of their life cycle.
According to the data of the European Union, the demolition of old buildings will account
for 30% of carbon dioxide emissions and 40% of solid waste [22]. Otherwise, they have to
be abandoned. However, the maintenance of a building’s structure is challenging, and the
ratio of a repair cost to the cost of a new construction reaches 28%. Most RC-structured
buildings in Taiwan are faced with the problem how to prolong their service time.

2. Methodology

In order to obtain the urban mineral content of buildings more accurately and reuse
the construction waste more effectively at the end of the life cycle of buildings, this research



Sustainability 2022, 14, 14809

40f13

takes the TCCLab office building as the research object. Based on the architectural design
method, the researchers sought out the spatial function, construction sequence, structural
form, and construction type of the whole office building. Meanwhile, a detailed 3D
model was established to simulate the forward construction sequence of the office building.
According to the theory of building stratification by Steward Brand, the reverse dismantling
method of buildings and the framework of building waste reuse are put forward. The
establishment of a feasible reverse disassembly method can further change the current
status of urban mining which reuses and recycles the exclusively valuable elements of
construction waste. Based on the reverse disassembly principle, the framework is divided
into four parts: the project information, shearing layers, material bank, and recycling, with
an emphasis of a hierarchical order of disassembly (from stuff which occupies a building to
the site), as well as the correlation between the information flow and materials flow. In this
process, the information flow of the material bank allows for the material flow information
of the disassembly and recycling to be connected and exchanged (Figure 2).
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Figure 2. Flowchart of TCCLab building disassembly and circular reuse.

In reverse disassembly, it is on the contrary to the construction sequence. In the study,
it is found that the first part to be disassembled is also the one with the shortest life cycle,
which is easier to replace, move, and change. This point is also illustrated in Steward
Brand’s architectural stratification theory. The first layer to be disassembled is the stuff
which is included in different functional spaces, which is usually the last element to be
put into the building. It has a wide variety, a comparatively shorter service time, and
is easy to change. The second layer has to do with the services. It refers to the power
system, air conditioning system, fire protection system, and network system (not equipped
in the buildings of an earlier time). This layer does not tend to change, unless the spatial
function changes. The following layers to be disassembled are the space and skin. After the
building is designed and built, the user’s demand for the space function would change, or
the building needs to be renovated and transformed after a period of service. Such changes
occur relatively late, so the disassembly of the space and skin is in an intermediate stage in
the whole process. Next is the structure, which is the most significant part of a building
and is often designed to be relatively sturdy. Therefore, in this study, structure components
are also classified and numbered in detail in order to prolong their service life span through
the disassembly. The last layer is to reorganize the site and try to restore its original and
natural state as much as possible.

As shown in Table 1, this study classifies the elements of the different layers. First,
the spatial location and the item names of different elements are illustrated in the table;
second, the author divides the storage types of these elements into three categories: product,
components, and materials, which is conducive to searching in the building material bank
according to the needs of use in the future; third, the ways of reuse and dismantled materials
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are classified; and finally, according to the characteristics of each element, a redesign and
reproduction are needed. This table follows the reverse dismantling sequence and considers
the transfer of information flow by the building material bank at the front end and the
specific use of the material flow at the back end. In the future, a data collation and attribute
identification can be carried out through the building materials bank to determine the next
reuse method. In this way, whether it is an individual (a direct use) or a manufacturing
(remanufacturing) use, the elements can be selected according to their needs. In order to
improve the recycling value of construction waste, this study classifies the elements of the
different layers and determines the future reuse mode through a sorting of the data and an
identification of the attributes in the building material bank. In this way, either individuals
(a direct utilization) or manufacturers (remanufacturing) may select the elements according
to their needs, resulting in the improvement of the reuse value of construction waste.

Table 1. Classification and recycling method of building elements of the TCCLab office building
based on reverse disassembly.

Shearing

Layers Types Kinds Material Bank Reuse Disassemble Re-Design Re-Make
Notice Board Product
i Bookshelf groduct and Direct use or A Easglto d Elements,
Furniture omponents Repair Wood ssemble an Fillers, Fuels
Newspaper Product Disassemble
Shelf
Components . . .
Stuff ' Guard Bar and Materials Dismantling Iron Iron Art Steel-making
Stairway and Remanu- Elements
Handrail Materials facturing Wood Wood Art Fillers, Fuels
Wash Basin Product Easv &
. . asy to
mon WIS S, e
and Plastics . eramic Materials
Close tool Materials Disassemble
Socket Materials Dismantling Easy to R ‘
tured
Services Electricity and Remanu- Metals‘and Assemble and M. etn}anuda;l rii
Switch Materials facturing Plastics Disassemble clals and Hasties
Components Remanufac-
Wooden Floor and Materials Direct use Steel tured Metals
Window Components or Repair Wood Easy to Elements,
Frame and Materials Assemble and Fillers, Fuels
Space Decoration Dismantling Disassemble
Partition Wall Materials and Remanu- Brick Remg r;(ufgflt ured
facturing Brick, Fillers
- Product and Dismantling . . Remanufac-
Ceramic Tile Materials and Landfill Ceramic Decorative Art tured Ceramic
Dismantling
Wall Materials and Remanu- Brick Easy to Reérl} {acrll(u;iit;fd
Skin Exterior Wall facturing Assemble and ’
Window Components Direct use Metal Disassemble Remanufactured
and Materials or Landfill and Glass Metals and Glass
Components
Floor and Materials
Components Structure
Frame Beam and Materials Preservation Easv t
. Components asy to - i
Structure p Steel and Steel-making,
ae Pillar and Materials Concrete As.semble and Fillers
. . Disassemble
Ladder Beam Materials Dismantling
Stairs and Remanu-
Stairs Flight Materials facturing
. P Reversible .
Site Construction Culture Land Regional Loop Classification Design and Ecolog@al
Land and Storage Recycling Restoration

(The types and kinds listed in this table are counted and calculated in this study).
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It is hoped that through a specific classification and information disclosure, this
research will make it possible for users’ needs to determine the value of the old building’s
components. It is the users’ needs instead of the material value of the components (the
value of metals and complete articles is usually higher) or the interests of demolition
contractors that decide whether this material should be recycled or not.

3. Results

In the research process, the authors demonstrated that the reverse dismantling method,
as well as the material classification and reuse framework, could more accurately obtain
the content of construction waste, thereby improving the reuse possibility of construction
waste. First, the authors consulted and analyzed the original design drawings of the
TCCLab office building based on the forward construction sequence of the architectural
design and also established a specific 3D digital model based on construction survey data
to simulate the structural mode, spatial layout, and structure (including the reinforcement
ratio) of the whole building. Second, each step of the reverse disassembly was assumed
according to the forward construction process. By classifying and numbering the main
components and elements of the building, the contents of the concrete, reinforcement,
wood, and cement mortar in the main part of the building were calculated in detail. Third,
with the assistance of the 3D digital model, an on-site investigation of the building was
carried out, and the number of doors, windows, and other elements were counted, so as to
eliminate the influence of the missing and damaged parts on the final calculation results.
Finally, a data comparison of the two different calculation methods was made, i.e., the
bottom-up (a rough estimate) and disassembly classification method (specific), to discuss
the feasibility of accurately obtaining urban minerals and recycling construction waste in
the future.

Through a preliminary data analysis, a detailed 3D digital model simulation, as well
as an on-site investigation, the TCCLab office building was determined to be a RC structure.
The forward construction process of the building can be divided into 6 steps: (1) the
excavation of the foundation and the concrete pouring; (2) binding the beams, pillars and
floor reinforcement, and erecting the formwork and pouring the concrete; (3) creating
internal partitions; (4) installing the water and electricity facilities as well as the door and
window components; (5) interior decoration; and (6) the indoor furniture layout. With a
reference to the forward construction sequence, the original architectural drawings, and
the investigation reports, this study applied 3D digital modeling technology to restore the
three-dimensional model of the TCCLab office building (Figure 3).
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Figure 3. 3D Digital Model Disassembly of the TCCLab Office.
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The whole office building has a length of 139.4 m, and such a length during construc-
tion requires extra structural joints for earthquake resistance and for the prevention of
thermal expansion and cold contraction. Therefore, the whole building is divided into five
parts, i.e., the A, B, C, D, and E in Figure 3. The overall layout extends from the central core
functional area to both sides, making the whole building a symmetrical composition. Due
to the different spatial functions of each floor, the number of components varies. Among
them, the roof layer has no beams, doors, windows, or walls, but only 80 pillars and
1813.5 square meters of floor; the basement layer has no windows, and it has 56 pillars,
50 beams, 24 doors, 28 walls, and 474.1 square meters of floor. The number of components
obtained in each floor provides the basis for the subsequent calculation of the total amount
of materials. According to the number of components obtained on the different floors, the
authors provide a basis for the calculation of the total amount of materials in the following
(Table 2). In addition to this, with reference to the detailed structural investigation report,
accurate statistics of the pillars, beams, doors, windows, walls, and floors of each floor
were collected, which benefits a more precise calculation of the content of concrete, red
bricks, steel, wood, aluminum, glass, and cement mortar in the building.

Table 2. Number of construction components on each floor in areas.

Pillar (pcs) Beam (pcs) Door (pcs) Window (pcs) Wall (pcs) Floor (Square Meter)
RF 80 1813.5
2F 264 162 65 271 124 1759
1F 264 162 57 270 124 1745
BF 56 50 24 28 4741

The digital model completely simulates the structures (including the protective layers
and rebar), partition walls, doors, and windows of the building. However, they might
change in the actual use process, such as in the case of decoration, loss, damage, modi-
fication, etc. Moreover, in order to test and compare the accuracy of the digital model,
this study conducts a field investigation on the TCCLab office building (Figure 4). In the
investigation, we first confirmed the accuracy of the building drawings that had been
referred to in the early stage of the study and verified the composition mode and size of the
reinforcement and the thickness of the decorative surface wrapped outside the structure
according to some damaged walls, which further ensures the accuracy of our simulation
results. Second, we noticed that the positions of three columns and several compartment
walls had changed (different from the original architectural drawings) over time, as users’
space needs had changed. Meanwhile, we observed the damaged part of the partition wall
and discovered that it is made of red bricks. Finally, the actual quantity, size, and materials
of the sanitary products, bookcases, newspaper clips, stairs, guardrails, and other items in
the building were verified and recorded, and those damaged, lost, and unidentified parts
were excluded in the record.

This office building has not been used and maintained for a long time, and the
basement does not meet the safety requirements, so an on-site underground investigation
was not allowed. At the same time, due to the massive number of items in the building, the
authors mainly verified the size, quantity, and structural mode of the pillars, beams, doors,
windows, walls, and floors of the building, and recorded those items with comparatively
good conditions. Beyond that, the whole building is symmetrical in the X-axis and Y-axis
directions. That is, part A and part E, part B, and part D are the same, and both sides of
the A/B/C/D/E corridor are the same. In addition, the component dimensions of the
same floor are consistent, and the component dimensions of the different floors vary. This
reduces tremendous work for the subsequent calculation of the material quantity and the
classification of the construction and reuse methods.
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Figure 4. Site investigation.

According to the results of the 3D simulation and field investigation, it was found that
the size and reinforcement ratio of the beams and columns in different floors and positions
are different. The authors have, respectively, coded the beams, columns, and other building
components in different floors and positions, so as to facilitate the classified calculation
and statistical analysis of the beams and columns on different floors. Since the building
is divided into five parts for construction, they are, respectively, defined as: A\B\C\D\E,
and the floors are divided into: RF\2F\1F\BF. Therefore, the coding principle is described
as follows: X Block-X Floor-type-size-reinforcement model.

The established unified numbering method according to the 3D model is shown in
Figure 5: C-2F-C1-45*50-10#6-#3@34 stands for the pillar on the second floor of Block C of
the building. Its lateral section size is 0.45 m x 0.5 m with 10 vertical rebars of a diameter
of 0.0191 m (Refer to Taiwan CNS 560 Rebar Specifications), and the interval between the
ring rebars is 0.34 m and their diameter is 0.00953 m. In Table 3, the numbers of beams and
columns for the different parts are listed. Because part A and part E and part b and part D
are the same size, not all are listed in the table.

N

&

1
725 S0 CEE 13T

Figure 5. Classification Numbers of Building Components in the TCCLab Office.
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Table 3. Different part Specifications and rebar sizes in the TCCLab Office.

Part Specifications Lateral Section  Vertical Rebars  Ring Rebars  Ring Rebars

P Size (m?) Diameter (m)  Diameter (m) Distance (m)
RF-G1-30%45-4#6-#3@21 0.135 0.0191 0.00953 0.21
Beam RF-B1-24*40-4#6-#3@28 0.096 0.0191 0.00953 0.28
A/E 2F-G1-30*45-4#6-#3@22 0.135 0.0191 0.00953 0.22
2F-B1-25*45-4#6-#3@28 0.113 0.0191 0.00953 0.28
Pillar 2F-C1-35*40-4#6-#3@32 0.14 0.0191 0.00953 0.32
1F-C1-35*40-6#6-#3@26 0.14 0.0191 0.00953 0.26
RF-G1-35*45-4#6-#3@15 0.158 0.0191 0.00953 0.15
RF-B1-30*45-4#6-#3@27 0.135 0.0191 0.00953 0.27
Beam 2F-G1-35*45-4#6-#3@15 0.158 0.0191 0.00953 0.15
B/D 2F-B1-30%45-4#6-#3@27 0.158 0.0191 0.00953 0.27
Pillar 2F-C1-40%45-4#6-#3@32 0.180 0.0191 0.00953 0.32
1F-C1-40*45-10#6-#3@27 0.180 0.0191 0.00953 0.27
RF-G1-40*60-4#6-#3@25 0.240 0.0191 0.00953 0.25
RF-B1-30*45-4#6-#3@25 0.135 0.0191 0.00953 0.25
RF-G2-40*45-5#6-#3@23 0.180 0.0191 0.00953 0.23
RF-B2-30*40-4#6-#3@25 0.120 0.0191 0.00953 0.25
RF-G3-35*35-4#6-#3@25 0.123 0.0191 0.00953 0.25
Beam 2F-G1-40*60-5#6-#3@20 0.240 0.0191 0.00953 0.20
C 2F-B1-30*45-4#6-#3@22 0.135 0.0191 0.00953 0.22
2F-B2-30*40-4#6-#3@21 0.120 0.0191 0.00953 0.21
1F-B3-45*80-10#6-#3@29 0.360 0.0191 0.00953 0.29
1F-G4-40*40-6#6-#3@22 0.160 0.0191 0.00953 0.22
Pillar 2F-C1-45*50-10#6-#3@34 0.225 0.0191 0.00953 0.34
2F-C2-45*45-10#6-#3@26 0.203 0.0191 0.00953 0.26
1F-C1-45*50-12#6-#3@26 0.225 0.0191 0.00953 0.26
1F-C2-45*45-10#6-#3@28 0.203 0.0191 0.00953 0.28

This study constructs a 3D digital model of the TCCLab office building according to
the building’s forward construction sequence and detailed architectural drawings, then,
a reverse dismantling method is used to establish a framework for the classification and
reuse of the materials. The internal projects were verified and documented through our
on-site surveys; they validate our simulation of the whole building. Based on the data
accuracy of the research results, currently, only those items with a complete record were
measured, including the beams, pillars, doors, windows, floors, and some other fixed and
intact objects of the building at the ground level. As the building was built 48 years ago,
there are varieties in the internal objects and ornaments, and most of the equipment and
power systems used a hidden layout, which have changed in the long-term use of the
building. In order to reflect the real measurable objects, the non-measurable elements are
excluded at present.

This study takes the TCCLab office building as an example and compares the calcula-
tion results of the bottom-up method and the disassembly classification method proposed
in this research. Bottom-up methods use the building area to multiply the material content
coefficient per unit area of the different types of buildings to calculate one or more buildings
to obtain the urban mineral content of the building. At present, the majority of the relevant
research is based on the macro statistics of urban mineral resources, using the method of
combining the geographic information (GIS) with the material quantity coefficient of the
different types of buildings to estimate the total amount. Although it provides a basis for
the use of urban mineral resources, the precision and accuracy require an improvement for
a further application. For this data comparison, the coefficients for the different types of
materials in Table 4 [23] and Table 5 [24] were calculated for the entire office building.
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Table 4. Current Quantity of Building Materials per Floor Area for Each Type of Buildings in Taiwan.

Quantity of the Building Material per Floor Area (kg/m?)

Material Type Steel Concrete Brick Glass Wood Aluminum
Dwelling 92 1322.2 1247 2 16.5 0.7
Factory 90 1179.2 99.5 22 16.5 0.6
Office 125 1399.2 106 1.5 16.5 0.5
School 106 1445.4 219.3 21 16.5 0.7
Average 103.3 1336.5 137.4 1.9 16.5 0.6

Source: Huang, R.-Y., and Zhuang, W.-L. (1998), [23].

Table 5. Content of main building materials (76 samples) per floor area (m?) of RC office buildings

in Taiwan.
Quantity of the Building Material per Floor Area (kg/m?)
Floor Type Lower Middle Middle\High High
Steel 91.52 113.54 129.17 158.9
Concrete 0.59 0.64 0.66 0.68
Concrete blinding 3.88 415 423 429
1B Brick 0.04 0.05 0.05 0.05
1/2B Brick 0.11 0.11 0.13 0.15
Aluminum 0.1 0.1 0.11 0.11
External tile 0.6 0.6 0.6 0.62
External mortar 0.68 0.68 0.71 0.74
Interior tile 0.24 0.23 0.27 0.23
Geostrophy 0.7 0.74 0.75 0.74
Interior mortar 2.32 2.49 2.45 2.5
Interior wall coating 0.83 0.87 0.89 0.9

Source: Chang, Y.-S. (2002), [24].

Because the reverse disassembly method allows us to fully consider the architectural
differences caused by the design, it is found that the total urban minerals of the two-
storied RC office building reach 3,504,510 kg. Compared with the original bottom-up
calculation method, the result is 37.59% more accurate, totaling 2,110,460 kg. Among the
minerals, the largest substance is steel (68.36%), followed by concrete (27.29%), brick (4.07%),
aluminum (1.43%), and glass (1.3%). It can be seen from Table 6 that the differences between
the quantity of steel and red bricks calculated in this study and the average content of
RC buildings in Taiwan are 100% and 200%, respectively. In terms of the content of
concrete, glass, and aluminum, there are differences in varying degrees due to the detailed
consideration of the actual use, with a total content difference of 37.59%. If the buildings
that are about to reach the end of their life cycle are effectively recycled and reused, more
accurate urban mining methods to optimize the calculation of construction waste and
improve the utilization rate are critical.

Table 6. Result Comparison of Two Different Calculation Methods of the TCCLab Office.

The Office Bottom-Up Disassembly Classification Error Range
Building (Rough Estimate) Method (Specific) 8
Steel (kg) 4,813,420 2,395,800 —100.91%

Concrete (kg) 364,650 956,420 61.87%

Brick (kg) 430,020 142,710 —201.32%

Glass (kg) 5160 4570 —12.91%
Aluminum (kg) 1720 5010 65.67%
Total (kg) 5,614,970 3,504,510 —37.59%
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4. Discussion

The urban mining method depicted in this paper is based on the professional perspec-
tive of architecture, with architectural design as the point of departure to restore the original
state of the whole building. The paper comparatively puts forward a reverse disassembly
method and a reuse framework according to the forward construction sequence of the
building, in order to solve the problem of construction waste that takes up the largest
proportion of solid waste. Only by obtaining a more accurate material classification and
material content data before the building is demolished can these wastes be effectively
used and turned into new components or materials for a redesign and remanufacturing.
The main purpose of this research is to propose the disassembly classification method, and
to demonstrate the accuracy of this method through an architectural case. Before that, the
relevant research mainly focused on the urban mineral analysis based on material flow in
the specialty of environmental engineering, which ignores the influence of architectural
design, the construction mode, and material application on the statistical data. The authors
use the professional knowledge of architecture to establish the disassembly classification
method, which also reflects the necessity of professional architects to participate in the
research work of the circular economy and urban mining.

In this study, we focus on the architectural design, construction mode, and material
application from the perspective of architecture, and the calculated material content results
are 37.59% more accurate than that of previous methods. On that basis, the recycling poten-
tial and reuse value of waste could be assessed more effectively. At the same time, reverse
disassembly can provide a more detailed classification list of the building elements as well
as the framework of the reuse methods. In addition, the disclosure of information data by
the material bank may promote the integration of the “material flow” and “information
flow” so that users can determine the recycling methods as well as the “direction” of the
material flow.

This study explores RC buildings, which have the highest stock at present, and
considers a variety of factors affecting the accuracy of the data. In the research process, in
order to better count the construction waste and establish an effective framework, it was
necessary to consider various statistical methods. For example, the researchers attempted
to restore the original situation with 3D point cloud technology, and the amount of data
turned out to be too large to be used effectively. Although the material content of different
types of buildings can be obtained by collecting more samples, it is clear that there is an
error between the average data and the actual data. If other relevant influencing factors
could be added in the future, the accuracy and feasibility would be continuously improved.

5. Conclusions

The reuse of construction waste is a complex task. Although the macro calculation
method can provide an overview of the number of urban mines in a country and region for
the formulation of strategies, to provide a detailed recycling method in conjunction with
the building materials bank, both to return to each building itself, the element types must
be classified and specific calculations must be made according to the site conditions of the
building, construction method, and function of use. The reuse of building waste needs to
be interdisciplinary, starting from different professional backgrounds, in order to improve
the possibility of reuse more accurately and effectively.

This paper proves that there are obvious data differences between the bottom-up and
disassembly classification methods. According to the circular reuse framework proposed
in this study, the physical material flow and virtual information flow can be interacted so
that users are able to determine the reuse value of the elements. For future studies, it is
suggested that the number of elements, material characteristics, and detailed disassembly
methods are included in the database of the material bank to facilitate the maintenance and
traceability of elements. Reverse dismantling provides more accurate calculation methods
and reuse methods for buildings that are about to end their life cycles. At the same time, the
framework will help to explore new construction methods and regional circular principles,
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contributing to the reversible utilization of construction waste. Though the authors have
demonstrated that an independent building can achieve a more accurate calculation of
urban mining, it should be noted that the research process requires relatively complete
original building data and an elaborative on-site investigation. This process requires a
large workload and the interdisciplinary cooperation of architecture and environmental
engineering. In the future, combined with new technologies such as UAV remote sensing
technology and Al image recognition technology, it would be meaningful and challenging
to take the whole district or the whole city as the research subject.
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