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Modern economic, social and environmental challenges require a new type of construction that ensures resilience,
low construction costs and ease of maintenance. Material production, manufacturing of structural elements and

final assembly should minimise the environmental impacts, such as greenhouse emissions and waste production.

construction innovation sustainable building modular construction mortarless construction

environmental impact

| 1. Introduction

The construction industry is rapidly evolving with continuously growing project complexity and speeding up
demands. Modern economic, social and environmental challenges require a new type of construction that ensures
resilience, low construction costs and ease of maintenance. Material production, off-site prefabrication of structural
elements and final assembly should minimise the environmental impacts, such as greenhouse emissions, waste
production and, where possible, utilise/recycle the waste. In order to satisfy these requirements, new building

material and new construction, monitoring and planning methods are needed.

| 2. Modern Challenges of Construction

The main challenges the construction industry faces today are as follows &:

Reduction in environmental impact through reduction in CO, production, use of renewable materials and

recycling [2E];
- Energy efficiency of buildings through improved thermal insulation and energy retrofit &

- Reduction in labour costs and improvement of workplace productivity through automation of construction & and

reduction in safety risks &
- Building sustainability—enhanced resilience and improved structural longevity [£;

- Minimising the demolition waste and waste utilisation as a step towards achieving circular economy (e.g., 29
(11},
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Current strategies that address these challenges are focused on the usage of renewable energy sources,
application of recycled materials, development of novel materials for thermo-insulation and energy retrofit,
implementation of smart systems that are able to simplify maintenance and the applicability of demountable

structures.

The most popular novel approaches that have recently been proposed are 3D concrete printing implementing the
principles of the additive manufacturing in the construction, the modular construction systems taking advantages of
off-site manufacturing and automation and the mortarless construction methods that reduce the use of cement by
utilising the interlocking connections and allow for the demountable structures. These main directions are
augmented by the hybrid approaches that combine the advantages of all novel and traditional construction

methods.

| 3. Current Strategies
3.1. Targeting the Environmental Impacts

Construction activities make significant impacts on the environment. These impacts are ranging from the direct
impacts relating to a use of land and energy and production of waste and greenhouse gas emission to the indirect

impacts of building maintenance and a use of transport and urbanisation (121,

Manufacturing of construction materials contributes towards the environmental impacts of construction the most.
For instance, in the 2010-2020 decade, every year, Australia produced on average 25,000,000 m3 of pre-mixed
concrete, 9 million tons of cement, 1300 million clay bricks, 2 million tons of concrete bricks, blocks and pavers and
13 million roofing tiles L2145 The |evel of impact of the material production is greatly dependent on the source of
raw materials and the way they are processed. The material life span, life cycle energy consumption of all
components, recycling potential and transportation aspects are among the factors influencing the environmental

impact of construction materials.

Continuous growth in the number and size of buildings 14 leads to the increase in the use of land, changes in the
surface conditions and pollution of water resources. Energy consumption at the construction stage and throughout
the whole lifespan of the buildings is also increasing with the rise in the number of buildings. This accelerates the

depletion of non-renewable energy resources and intensifies the emission of greenhouse gases !,

Another consequence of growing construction activity is the production of waste. During the last decade,
Australians generated over one ton of solid waste per person per year. In the 2018-2019 financial year, the
construction activities were responsible for 16.8% of the total waste. The construction industry expenditures on the
waste services increased by 35% since the 2016-2017 period and reached AUD 2 billion 28], The waste intensity,
an indicator that quantifies the amount of waste generated per million dollars of added value, also increased within

construction during this period (see Figure 1).
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Figure 1. Expenditure on waste collection, treatment and disposal services (waste services) and waste intensity by
industry in Australia in 2016-2017 and 2018-2019 financial years 18],

The main types of the waste the construction discarded are soil rubble, concrete-based masonry and clay-based
masonry (Figure 2) (28 These data show that over 90% of the waste generated by the Australian construction
industry accounts for the masonry waste. It is also seen that the generation of masonry, metal and organic wastes
is growing, while the amount of paper, plastics and glass wastes, which in general are deemed recyclable, does not
change. The second most prevalent waste is the hazardous waste, which is particularly alarming as some types of
the construction waste can be detrimental to the environment, for example, gypsum disposed of in landfill creates
poisons (hydrogen sulphide) 22!,
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Figure 2. Generation of waste materials by Australian construction industry in 2016—-2017 to 2018-2019 financial

years. Hazardous waste includes tyres [18],

3.1.1. Assessment of the Environmental Impacts

The environmental impacts of construction are commonly assessed using the Life Cycle Assessment methods
(LCA) and Material Flow Analysis (MFA) by the levels of the embodied energy and CO, and other greenhouse gas
emission 4. LCA is the most popular tool used to estimate the environmental impacts of construction at different
levels ranging from assessment of construction materials and building components [L8I19[20121]122] t5 whole
buildings and infrastructure systems [23l24] | CA is able to assist with selection of building materials, environmental
assessment of building products and choice of contractors. On the other hand, there are a number of challenges in
building LCA, e.g., the common LCA procedures require weightings to obtain a single score, which demands
expertise and leads to a subjective judgement. The specification of service life for building LCA still remains a
challenge. In particular, the Australian construction industry has a need of simplified methods of assessment that
will combine LCA with LCC (life cycle costing) (221,

A Material Flow Analysis (MFA) is a procedure evaluating the flow and stocks of materials within the system, which
is based on the law of conservation of mass [28l27], MFA is used to evaluate the balance of inputs (construction
materials, energy), outputs (gas emission, solid waste, sewage, etc.) and stocks—the materials and products that
remain in place such as buildings and long-life structures. In construction, the MFA is applied at the different scales
ranging from a single building to an entire city and can be used both as an independent analysis or as a part of
LCA. Recent MFA studies show that the addition of building stocks through urbanized areas is significant. The

considerable amount of materials are stocked in buildings and infrastructure, for example, in Japan, this level was
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over 69% by 2010 27, The MFA research also demonstrated that the material intensity and emission intensity are

the main factors defining the construction environmental impacts 28],

Historically, the energy consumption during the exploitation of buildings and other civil engineering structures was
responsible for the major emissions of CO, and other greenhouse gases (GHGs) associated with the construction
activity 291, Nowadays, the construction stage of modern zero-emission buildings with improved energy efficiency
may produce more than 60% of total GHG emissions over building lifetime. This requires the full assessment of
embodied GHG emissions during the production, construction, operation and decommission stages of the life cycle
of buildings 29BAB1 The environmental impacts at the decommission phase are critical for the efficient recycling
and reuse of materials and waste disposal. Applying the principle of resource recovery for the construction waste at

all stages can significantly save initial resources 221,

3.1.2. What Are the Greatest Environmental Impacts?

The material embodied energy and emissions constitute the greatest environmental impact of construction [231(38]
34 The material efficiency strategies that would lead to a reduction in the material environmental impacts include
improved utilization of materials through more efficient design of buildings and structures and optimization of
material selection, extension of service life through repairs, remanufacturing and recycling and improved yield in
production and waste processing. The optimal strategy must take into consideration the whole span of building
lifetime. The improvement in the energy efficiency implies trade-offs between the material utilization and energy
efficiency of a building, such as better thermal insulation, smart ventilation systems or more windows with an
additional glass pane, that incur the increase in the embodied energy and greenhouse gas emission during the
construction stage [24135](36],

Several studies were dedicated to the evaluation of environmental impacts of different construction materials.
Heeren and Hellweg (2019) used dynamic MFA combined with a geospatial data analysis to investigate the
environmental impacts of construction materials. Their findings identify a significant increase in the use of thermal
insulation materials and their environmental impacts. In particular, the disposal and recycling of insulation foams
and polymers are problematic due to the presence of flame retardants 22I38I37] The embodied emission in five
main structural systems, namely brick masonry, hollow block masonry, reinforced masonry, a reinforced concrete
frame and reinforced concrete walls, was compared in 8. |t was demonstrated that the hollow block masonry

generates the lowest emission levels, while the reinforced concrete walls generate the highest.

Robati et al. adapted the principles of Value Engineering to evaluate the pathways for simultaneous optimization of
capital costs and embodied carbon in multistorey buildings. They showed that a choice of the building structural
system is the most critical factor for the reduction in embodied carbon and cost. A shift from a reinforced concrete
building to post-tensioned concrete structures reduces the embodied carbon levels by 8%, while the use of a full

timber structure returns up to 26% of reduction 32,
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A comprehensive literature review of the studies dealing with assessment of the environmental impacts of building
was published by the authors of B9, This paper presented a comparative LCA study on the embodied energy and
carbon of construction materials and structural systems. It demonstrated the superiority of timber structures over
concrete and steel ones in terms of the embodied carbon as well. In terms of the embodied energy, however,
concrete structures require less energy to build than timber or steel structures. Similar conclusions were drawn in
(491 which surveyed the studies on the embodied carbon assessment of buildings published between 2000 and
2020. They processed and normalised the cradle-to-gate results obtained for 131 cases of different building
structures and showed that on average the embodied carbon levels vary between 281 kgCO,./m? for timber and
320 kgCO,./m? for masonry buildings to 435 kgCO,./m? for steel and 443 kgCO,./m? for concretes ones.

A state-of-the-art review on utilization of low-carbon concretes was given in . This paper analysed various
methods for the reduction in embodied carbon (EC) in concrete materials proposed during the past two decades
and identified that adoption of alternative cementitious binders, such as fly ash and ground blast-furnace slag, can
reduce the EC levels by 64.9% on average. It was also concluded that the use of recycled concrete aggregates

and high-strength concretes does not always lead to the reduction in the EC levels in concretes.

Reusing the building materials is still a challenge. Building materials are disposed at the end of their life;
subsequently, significant environmental impacts occur at the end-of-life stage through generation of waste 1141]
[42] At the same time, recovery of materials at various construction stages and associated waste management may
reduce the environmental burden. As demonstrated in 22, the recovery of secondary materials at the construction
and end-of-life stages reduces the environmental impacts, while the renovation works that include material
replacement would increase the impact indicators (see Figure 3). It was also shown that on-site sorting of

construction waste with further reuse reduces up to 63% of total environmental impacts.
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Figure 3. Comparison of construction environmental burden at various building life stages and waste management

scenarios: Base Scenario (BS)—construction waste is sorted off-site for all building life stages, Alternative Scenario
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(AS)—construction waste is sorted on-site during construction and renovation stages, while demolition waste

management combines the on- and off-site sorting 2],

3.1.3. Strategies for Reduction in the Environmental Impacts

The circular economy (CE) approach makes it possible to reduce the use of primary materials and the associated
environmental impacts [19142143144]145] The CE approach capitalizes on recycling of materials and utilization of
byproducts 48, The CE turns the wastes into a source of raw materials and includes them into a continuous life
cycle 1UM48I47] The CE framework for a building life cycle is illustrated in Figure 4. It involves managing waste
materials at various building stages through closed-loop and open-loop systems. The closed-loop systems are
implemented for recycling and reusing materials within the building process, while the open-loop systems involve

utilizing recycled materials from external sources.
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Figure 4. Framework of resource recovery and adoption of circular economy into buildings 221,

In line with the CE principles, the reduction in GHG emission can be achieved by material recycling and upcycling,
which calls for the design of buildings that include the solutions for the disassembly of materials [29[48] A recent
review on Australian research into the CE in construction demonstrated that the design and planning are the most
important stages for efficient waste utilisation and recycling 2. Design out of waste, for reverse logistics and for
disassembly; standardised and front-end engineering designs; and enhanced longevity are among the highlighted
strategies that lead to the reduction in the waste. Most of these concepts also apply at the manufacturing stage that

calls for reuse of structures and adoption of recycled materials 22, Prefabrication and standardisation of modular
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elements present another avenue for reduction in the environmental impacts in construction BU5 An increase in
the building lifetime reduces the embodied material GHG emissions as well; however, this prolonged building life
will require additional rounds of renovations and maintenance 29, The optimal solution would require improving the

building resilience.

During the last two decades, many research efforts have been dedicated to utilisation of landfill wastes and
byproducts from other industrial activities, e.g., oil and gas processing, mining and metallurgy. Supplementary
cementitious materials, such as fly ash, ground furnace, steel slug and rice husk were proposed to be used in
combination with or instead of Portland cement 48I52I531534] Ceramics from construction and mining waste, e.g.,
glass powder, brick and tile ceramics, kaolin and clay tailings, were investigated as a replacement for fine and

coarse aggregates in concretes [431[551[56]

Aggregates from plastic and polymeric wastes present opportunities for lightweight concretes [43](54155]
Applications of the end-of-life tyres in pavements and concretes became a subject of intensive research [B2I[571[58]
[59][601[61]  Concrete with rubber particles recycled from end-of-life tyres was dubbed rubberised concrete. These
rubber particles generally degrade physical and mechanical properties of concrete, yet the opportunity to utilise the

large amount of waste tyres is too appealing and thus has to be considered.

3.2. Improving Energy Efficiency

Globally, buildings are responsible for nearly a half of energy consumption. The total life cycle energy of buildings
consists of the embodied and operational energy. Targeting the zero net GHG emission requires optimizing both

types of the energy consumption 2J62](63],

3.2.1. Energy Consumption at Various Life Cycle Stages and Its Assessment

The current construction practice consumes 10-20% of total energy as the embodied energy and 80-90% as the
operational part 8364 The embodied energy constitutes the total energy consumed throughout the building
process including the acquisition of raw materials, off- and on-site manufacturing, transportation and equipment.
This part is also referred to as the initial embodied energy €3, The operational energy is the energy embodied in

the building services, maintenance and repairs; it is also referred to as recurrent embodied energy.

Since the operational energy constitutes a major part of energy consumption, the majority of research efforts so far
have been focusing on reducing this part of energy consumption. At the same time, due to the recent advances in
the construction materials and energy-efficient building envelopes capable of reducing the operational energy, the
focus on the reduction in the embodied energy is becoming more significant and receiving more attention 62I63165],
This section is focusing on the building energy assessment methods and strategies for operational energy

savings.

The assessment of the total energy life cycle is usually conducted using either the Process-based, the Input—

Output (I0)-based or the Hybrid methods; each of these methods has different limitations. The Process-based
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analysis considers the specific processes involved in the production. The energy inputs are estimated based on the
manufacturing data for materials and components directly or indirectly used for the construction. These calculations
are often incomplete due to the lack of data or omission of some processes not directly associated with the
production. The Input—Output analysis aggregates the national data and uses the energy intensities associated
with the appropriate construction sector. The Hybrid methods are based on the process analysis and take into

account the national data for the completeness of the assessment.

Several variations of these methods have been recently developed. It is commonly believed that the hybridization
of Process and |0 databases is the prospective direction for the accurate assessment of the total building energy
[62][63][66][67][68] Dye to the limitations of the assessment methods, the assessment of the operating energy part is
easier and more accurate, while the review of the methods for the embodied energy calculation revealed high

inconsistency in the results 631,

The operating energy consists of direct consumption by building services and indirect inputs associated with
maintenance and repairs. The maintenance and repairs are conducted periodically (preventive maintenance) or
condition-based when the repairs are scheduled as a result of a fault or near fault state 3. The indirect operating
energy savings are achieved by implementing advanced monitoring systems 69, Buildings often undergo the
replacement of its systems due to changes in technology. For example, the existing windows, lighting features and

HVAC systems can be replaced with novel and more energy-efficient options.

The strategies for the direct operating energy savings pertain to a relatively new concept of zero-energy buildings,
which was introduced in the early 2000s 2971, The zero-energy building goal can be achieved through two means:
by reducing the energy demand of a building and by recovery of some consumed energy by using the renewable
energy sources (see Figure 5). The active strategies to achieve this balance include utilization of renewable
energy systems and integration of an energy storage solution. The passive approaches for the reduction in the
building energy consumption in new buildings include the energy optimisation of building architecture, the

enhancement of building envelopes and effective management of building services (water, HVAC, lighting, etc.) &

[70][72][73][74]
1. Passive sustainable design B 3 2. Energy saving technigues
- Building geometry - Building envelope design
- Natural lighting - Heat storage system

- Natural ventilation - Lighting design
Implementation Strategies
for the ZEB
4. Storage or back-up system 3. Renewable energy
for renewable energy - Photovoltaic system
- Fuell cell system = - - Solar thermal system
- District heating - Geothermal system
- District cooling
- Boiler
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Figure 5. Passive and active strategies to achieve zero-energy buildings 2.

3.2.2. Existing Approaches for Energy Saving
Building Envelopes

The most direct approach to energy saving is to improve the building envelope—a system of structural and non-
structural elements that separates the building from the outside environment to provide better thermal isolation.
Examples of the methods realising the direct approach include increasing thermal mass of the walls, development
and application of hybrid materials ensuring low thermal conductivity, use of heat insulation glasses, development
of smart walls, etc. The conventional insulation foams, mineral and sheep wool, gypsum, natural fibres and their
combinations are replaced by new thermal building insulation, such as closed-cell foam, vacuum insulation panels,
gas-filled panels, aerogels and phase-change materials (PCMs) [Z3],

Composite materials are extensively used to enhance the thermal insulation. The basic types of composites used
are polymer-based, metal-based and ceramic-based composites with various types of filler fibres. Many
commercially available insulation materials make use of the natural fillers, such as jute, hemp, rise husk, etc. (78],
The thermal conductivity of the insulation material mainly depends upon the density and microstructure of the
composite. However, the operational environment can considerably alter its performance. High operational
temperature and moisture content considerably increase the thermal conductivity (lowers the thermal insulation).
Other factors that influence the insulation ability of materials include ambient pressure, air-surface velocity and
aging. The fibrous and foam materials exhibit lower thermal conductivity under lower pressure. This property is
utilised in the vacuum insulation panels, in which a low vacuum pressure at the panel core reduces its thermal
conductivity and boosts the effective insulation. Higher rates of air movement enhance heat transfer and worsen
the insulation performance. Mechanical and thermal properties of materials deteriorate over their life. The air
infusion in foams is particularly harmful for the thermal insulations as it increases the moisture absorption 2. The
main difficulty in designing composites for thermal insulation is the trade-off between the good mechanical
properties and low thermal conductivity.

Adaptive Building Insulation

Changes in external conditions during a day and throughout a year cause the change in the comfort demands of
building users, which in turn calls for a building envelope capable to respond to these changing conditions. Recent
research works demonstrated that such a dynamic active insulation would be able to reduce the energy
consumption by up to 40% in comparison to the conventional (static) one 8. As proposed in the literature,
adaptive building envelopes can be divided into passive systems that use the natural power sources, active
systems that require external power supply and hybrid systems that require a certain level of automation to

alternate between the suppression of heat flux in the insulation regime to the enhancement of heat transfer in the
conductive regime [Z8I721[80][81][82]
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Another approach is the use of smart materials, for instance, phase changing materials (PCMs) offering the smart
controls of building thermal insulation. PCMs are the latent heat storage materials that allow absorption of the
excess energy in buildings and reduce the internal temperature fluctuations B384l At the same time, the
embodied environmental impacts of PCM are higher than the conventional isolation materials. The additional
embodied energy is accrued at the construction and operation stages as the PCM and\or its containers require

regular replacements [21l. Recent reviews on the application of PCM to building insulation were presented in [21186],

The consideration of regional climate conditions is essential for the selection of the building envelope and

optimisation of the dynamic active isolation. A review on the climate adaptive facade systems can be found in 7
s8],

Architectural and Design Solutions

Another approach to the energy savings is to reduce the space heating and cooling energy through the appropriate
architectural and design solutions. The concepts of bioclimatic, solar and sustainable bioclimatic architecture that
aim at human comfort with optimised energy consumption have become common in building design B9,
Conceptually, bioclimatic architecture aims to maximise the use of passive strategies, in particular, passive heating
and cooling. These methods involve optimisation of heat dissipation and exclusion for the passive cooling and heat
retention and admission for the passive heating 1. Bioclimatic design includes considerations of (1) the building
orientation with respect to sun angles and wind directions, (2) the building layout accounting for space zoning, (3)
the shape of the building or “building massing”, (4) thermal mass and thermal isolation, (5) solar gains, shading and

glazing, (6) natural ventilation and (7) various forms of heat exchange 1],

The integration of the energy design into the structural design stage provides additional pathways for energy
savings. The advantages of such a simultaneous approach over the design methods, which are based on the

predefined specification of the thermal mass, thermal insulation and window-to-floor ratio, were demonstrated in
[92]

Special considerations are to be given to the energy design of high-rise buildings, where heating and cooling loads
depend on the building height and its use. The contribution of the heating energy towards the total energy in
residential skyscrapers substantially increases with the increase in the height of the building, which calls for

revaluation of current practices of wall design in high-rise buildings 231241,

Nature-Based Solutions for Energy Saving

The rising recognition of nature-based solutions for energy saving in recent decades has led to development of
green facades. The green facade is a type of vertical green system, which consists of climbing plants grown
against or on support structures attached to external building walls. Green facades contribute to cooling indoor
spaces by providing shade and reducing the impact of direct sunlight on building surfaces. By acting as a natural

insulator, green fagades reduce the heating and cooling loads. Beyond their functional benefits, the green facades
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contribute to biophilic design philosophy of connecting people with nature and enhance the visual appeal of
buildings and urban landscapes [ZQS5][961(97],

Vertical green systems are commonly classified into green fagades and living walls. In green facades, climbing
plants are rooted in the ground and directly supported by the building structure, while living walls use modular
panels consisting of the plants, growing medium and irrigation system 231281 Convection, conduction, radiation and
evapotranspiration are the means of energy flow in vertical green facades. The performance of vertical green
systems is defined by their impact on the building heat transfer. The design parameters of green fagades are
interdependent as the leaf area and composition of the greenery are related to types of plants used. The living
requirements of the plants will dictate design of a support structure and a type of irrigation. Any deterioration in

plant conditions or growing condition will affect the energy efficiency of the whole building [22I100],
The main advantages of vertical green systems can be summarised as follows:

- Green facades demonstrated capacity to reduce the temperature of externals walls by 3.5 °C on average during

hot periods and increase the temperature by an average of 2.8 °C during cold periods 22
- Green facades exhibited ability to reduce an annual HVAC energy use by up to 20% 29I
- Green facades demonstrated stable thermal performance in extreme weather conditions 199:

- Green facades showed better cooling performance on a building fagade subjected to the solar radiation at the

highest and steepest angles 199,

The main potential drawbacks of green facades include an increase in relative humidity 221, elevated fire risks, an

increase in maintenance costs and a need of plant healthcare and insect control [2€],

However, it is not possible to reliably predict the energy saving performance of nature-based systems due to
variability of outdoor conditions and the fact that plants are alive; the green facades can be used in new buildings

to enhance energy efficiency and applied to existing buildings as a way of energy retrofit.

Energy Retrofit

Energy retrofit of existing buildings primarily targets the energy efficiency through savings in the energy demands.
The energy retrofit is able to reduce the total energy for the remaining life cycle up to 80% 681192 The retrofit of
existing buildings causes less environmental impacts than new constructions, while the building refurbishment
extends its lifetime, improves the intensity of use and reduces the environmental impacts [BJ[68I[103I[104] The retrofit
strategies, however, should also account for the shifts towards more sustainable energy sources that will become
relevant in the long-term scenarios. The balance between the additional impacts from retrofitting materials and the

operational energy savings will change in the future upon implementation of energy sources with a lesser
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environmental footprint. The energy retrofit of existing buildings should include upgrades of Heating, Ventilation

and Air Conditioning (HVAC) systems and electricity and heat means 32,

3.3. Enhancing Resilience

The concept of civil engineering system resilience is commonly applied to the design of earthquake- and blast-
resistance structures [103I[106][107][108] The resjlience is defined as the ability of a structure to moderate the effects
of extreme loads, to contain failures and to minimise the time to restore functionality. This definition applies to
multiple scales, ranging from a single structure or structural component to building networks and entire

communities.

Design Strategies for Resilience

The essential features of a resilient building system are as follows: (1) it is a robust structural system that limits
failure propagation during the extreme loading events; (2) it possesses a redundancy of structural components that
allows for a redistribution of the bearing capacity in the event of degradation; and (3) it has rapidity as an ability to
adapt to rapidly changing conditions and to quickly recover functionality 198l107I[109] These general features have

been considered in various research studies on earthquake- and blast-resilient structures.

The elevated seismic resilience is achieved by introducing the base isolation at the ground level 199 with
supplemental damping 129, The latter is achieved by incorporating special joint connections that adequately
dissipate energy LLLILI2LISN1I4]LIS]  shear |inks that were designed to localise the damage 118 and self-centred
connections that effectively recover the shape of the joint RLAILI8ILINIZ20l |n general, blast-resistant design
procedures adopt the traditional seismic-resistant ductile design approach 221 However, research into resilience
demonstrated that the functionality factor of resilience in ductile structures is below the acceptable limits since
repairing and restoring these structures after damage are unfeasible 22, Moreover, the current blast-resistant
design standards do not include provisions for discontinuous (rocking) connections 123, Since the explosive loads
are typically 1000 times faster than earthquake-induced loads, the energy dissipation concepts used in seismic-
resistant structures cannot be directly applied to the blast resilience design. Moreover, evaluations of the response
of earthquake-resistant buildings subjected to blast loading showed that, for higher explosive charges and closer
stand-off distances (i.e., the distance between the explosion and the structure), the seismic design alone may not

provide a sufficient level of resilience [12411125],

The existing approaches to the design of blast- and seismic-resilient structures can be summarised as follows: a
resilient structural system should be designed to (1) incorporate a nonlinear deformation mechanism that features
modest strength and discontinuities to provide a sufficient level of energy dissipation; (2) incorporate durable or
easily replaceable energy dissipation devices that reduce forces and displacements in structural and non-structural
elements, which are not associated with the nonlinear deformation mechanism; (3) exhibit self-centring
performance that reduces the lateral and vertical displacements of the structure; and (4) be able to localise

damage or provide an alternative load path to prevent progressive structural collapse.
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