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Abstract: Modern economic, social and environmental challenges require a new type of construction
that ensures resilience, low construction costs and ease of maintenance. Material production, man-
ufacturing of structural elements and final assembly should minimise the environmental impacts,
such as greenhouse emissions and waste production. This review aims to identify the key routes
of research and development required to address the environmental challenges the construction
industry faces. It outlines recent advances and highlights the rising opportunities. The strategies with
great perspectives include 3D concrete printing, prefabrication and modular construction, mortarless
construction, development and utilization of sustainable, smart and composite materials, renew-
able energy systems and automation technologies including the Digital Twin technology. Hybrid
approaches that combine traditional and novel construction methods present the greatest poten-
tial. Overall, collaboration between stakeholders is crucial in driving innovation and successfully
implementing these advancements.

Keywords: construction innovation; sustainable building; modular construction; mortarless construction;
environmental impact

1. Introduction

The construction industry is rapidly evolving with continuously growing project com-
plexity 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. This review is aimed at providing an outlook of the progress in
this field and identification of prospective directions for the development of new types of
construction methods and materials.

2. Modern Challenges of Construction
The main challenges the construction industry faces today are as follows [1]:

- Reduction in environmental impact through reduction in CO, production, use of
renewable materials and recycling [2,3];

- Energy efficiency of buildings through improved thermal insulation and energy
retrofit [4,5];

- Reduction in labour costs and improvement of workplace productivity through au-
tomation of construction [6] and reduction in safety risks [7,8];
Building sustainability—enhanced resilience and improved structural longevity [9];
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- Minimising the demolition waste and waste utilisation as a step towards achieving
circular economy (e.g., [10,11]).

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. In this review, we outline the strategies that are being
developed to address the challenges and discuss the prospective of the novel approaches.

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 [12].

Manufacturing of construction materials contributes towards the environmental im-
pacts of construction the most. For instance, in the 2010-2020 decade, every year, Aus-
tralia 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 [13-15]. The level 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 [3].

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 [16]. 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).

The main types of the waste the construction discarded are soil rubble, concrete-based
masonry and clay-based masonry (Figure 2) [16]. 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) [12].
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Figure 1. Expenditure on waste collection, treatment and disposal services (waste services) and waste
intensity by industry in Australia in 20162017 and 2018-2019 financial years [16].
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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 [16].

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 [17]. 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 [18-22] to
whole buildings and infrastructure systems [23,24]. LCA is able to assist with selection
of building materials, environmental assessment of building products and choice of con-
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tractors. 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) [25].

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 [26,27].
MEFA 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 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 [29]. 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 [29-31]. 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 [32].

3.1.2. What Are the Greatest Environmental Impacts?

The material embodied energy and emissions constitute the greatest environmental
impact of construction [25,33,34]. 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 [34-36].

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 [15,33,37]. 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 [38]. It 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
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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 [39].

A comprehensive literature review of the studies dealing with assessment of the
environmental impacts of building was published by the authors of [30]. 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 [40], 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 kgCOye/m? for timber and 320 kgCO,./m? for masonry buildings to 435 kgCOs /m?
for steel and 443 kgCOye/ m? for concretes ones.

A state-of-the-art review on utilization of low-carbon concretes was given in [3]. 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 [11,41,42]. At the same time, recovery of materials at var-
ious construction stages and associated waste management may reduce the environmental
burden. As demonstrated in [32], 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 (AS)—construction waste is sorted on-site during construction and
renovation stages, while demolition waste management combines the on- and off-site sorting [32].

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 [19,42-45]. The CE approach capitalizes
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on recycling of materials and utilization of byproducts [46]. The CE turns the wastes into
a source of raw materials and includes them into a continuous life cycle [11,43,47]. 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 [32].

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 [49]. 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 [49]. Prefabrication and standardisation of
modular elements present another avenue for reduction in the environmental impacts in
construction [50,51]. 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 [45,52-54]. 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 [45,55,56].
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Aggregates from plastic and polymeric wastes present opportunities for lightweight
concretes [45,54,55]. Applications of the end-of-life tyres in pavements and concretes
became a subject of intensive research [55,57-61]. 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 [5,62,63].

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 [63,64]. 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 [63]. 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 [62,63,65]. In this section, we focus on the building energy assessment
methods and strategies for operational energy savings. The building systems and materials
that aid the reduction in the building embodied energy will be reviewed in Section 4.

The assessment of the total energy life cycle is usually conducted using either the
Process-based, the Input-Output (IO)-based or the Hybrid methods; each of these methods
has different limitations. The Process-based 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 10 databases is the prospective direction for
the accurate assessment of the total building energy [62,63,66-68]. Due 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 [63].

The operating energy consists of direct consumption by building services and indi-
rect 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 [63]. 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 [70,71]. The zero-
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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.) [5,70,72-74].

1. Passive sustainable design &
- Building geometry - Building envelope design
- Natural lighting - Heat storage system
- Natural ventilation - Lighting design
Implementation Strategies
for the ZEB

A > @ 2. Energy saving techniques

4. Storage or back-up system S 3 Renewable energy

for renewable energy i :'. - Photovoltaic system
- Fuell cell system @ < W - Solar thermal system
- District heating - Geothermal system

- District cooling

- Boiler

Figure 5. Passive and active strategies to achieve zero-energy buildings [70].

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 real-
ising 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) [75].

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. [76]. 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 [77].
The main difficulty in designing composites for thermal insulation is the trade-off between
the good mechanical properties and low thermal conductivity.



Appl. Sci. 2023,13, 12891

9 of 36

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 [78]. 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 [78-82].

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 [83-85]. 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 [21]. Recent reviews on the application of PCM
to building insulation were presented in [21,86].

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 fagade systems can be found in [87,88].

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 bio-
climatic, solar and sustainable bioclimatic architecture that aim at human comfort with
optimised energy consumption have become common in building design [89,90]. Concep-
tually, 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 heat-
ing [91]. 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 [91].

The integration of the energy design into the structural design stage provides addi-
tional 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 contribu-
tion 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 [93,94].

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 fagades 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 fagades contribute to biophilic design philosophy of connecting people
with nature and enhance the visual appeal of buildings and urban landscapes [70,95-97].
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Vertical green systems are commonly classified into green facades 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 [95,98]. Convection, conduction, radiation and
evapotranspiration are the means of energy flow in vertical green fagades. The performance
of vertical green systems is defined by their impact on the building heat transfer. The
design parameters of green facades 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 [99,100].

The main advantages of vertical green systems can be summarised as follows:

- Green fagades 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 [99];

- Green facades exhibited ability to reduce an annual HVAC energy use by up to
20% [99];

- Green facades demonstrated stable thermal performance in extreme weather condi-
tions [100];

- Green fagades showed better cooling performance on a building facade subjected to
the solar radiation at the highest and steepest angles [100].

The main potential drawbacks of green fagades include an increase in relative humid-
ity [101], elevated fire risks, an increase in maintenance costs and a need of plant healthcare
and insect control [96].

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% [68,102]. The retrofit of existing buildings causes less environ-
mental impacts than new constructions, while the building refurbishment extends its life-
time, improves the intensity of use and reduces the environmental impacts [35,68,103,104].
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 environmental
footprint. The energy retrofit of existing buildings should include upgrades of Heating,
Ventilation and Air Conditioning (HVAC) systems and electricity and heat means [35].

3.3. Enhancing Resilience

The concept of civil engineering system resilience is commonly applied to the design
of earthquake- and blast-resistance structures [9,105-108]. The resilience 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
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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 [105,107,109]. 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 [109] with supplemental damping [110]. The latter is achieved by incorporat-
ing special joint connections that adequately dissipate energy [111-115], shear links that
were designed to localise the damage [116] and self-centred connections that effectively
recover the shape of the joint [117-120]. In general, blast-resistant design procedures adopt
the traditional seismic-resistant ductile design approach [121]. 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 [122]. 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 de-
sign. 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 [124,125].

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.

4. Novel Approaches

The development of novel construction methods that are able to address the rapidly
evolving construction challenges is constrained by the available fabrication capabilities,
the material selection and limitations of mechanical properties and durability, assembly
and transportation and design standards. The advancement in the construction methods
requires clear targets and assessment criteria. The most suitable parameters for the compar-
ison of various approaches include the construction time, the energy efficiency expressed
in terms of the construction costs, the quality/accuracy of the construction technology and
levels of available automation. We identify several strategic directions capable of meeting
these criteria:

- Digital fabrication or 3D concrete printing—Fully automated process that allows more
flexible material selection, flexibility in the achieved geometrical shapes, a higher
degree of customisation and optimal design for energy efficiency.

- Off-site prefabrications—Modular construction methods that allow a high level of
automation and construction quality. In addition, eliminating the formworks from the
construction site will also increase the safety levels.

- Mortarless construction—The construction methods based on the principles of in-
terlocking that allow for an increase in structural resilience, erecting demountable
structures and hence achieving the reuse of the construction elements and the automa-
tion levels and construction quality.

- Application of novel materials—Hybrid and recycled materials and structures that
allow for the recovery of the embodied building energy, reduction in the environmental
impacts and improving the thermal and acoustic insulation.
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4.1. Three-Dimensional Concrete Printing

The digital fabrication is a rapidly evolving system of design and manufacturing that
synergies 3D virtual prototyping and computational design with additive manufacturing.
The virtual prototyping and digital fabrication are identified as the strategic vision for the
future of the construction that is to be included in all stages of design, construction and
decommissioning of future and existing structures [1].

Essentially, the ability of a structural engineer to design materially efficient structures
is limited by the higher production costs of irregular shapes. Straight-line and solid
structural elements are imposed by the simplicity and low cost of formworks and ease
of assembly. The digital fabrication ultimately changes this balance by removing the
restrictions on attainable structural shapes. In conventional construction, an increase in
complicity of structural elements leads to an exponential growth of construction costs due
to the difficulties in production of complex shapes (see Figure 6). In the digital fabrication,
on the other hand, all components are custom-made and the complexity—cost curve is
much flatter (plotted with a dashed line). These two curves intersect at the break-even
point above which the digital fabrication becomes more cost-effective. Advancements in
the digital fabrication methods will drive their curve downwards, which will shift the
break-even point left and make the production of irregular components more economically
feasible [126].

Conventional Construction

Digital Fabrication breakeeven polny;

Market
Volume

Figure 6. Unit cost of structural elements vs. complexity of structures [126].

During the last two decades, a number of digital fabrication methods for production
of concrete-like structures for the construction industry have been developed. The lay-
ered extrusion techniques, such as Contour Crafting [127,128] and 3D concrete printing
(3DCP) [129-135], are the most popular methods so far. The other developments in this
area include the formwork printing, slip forming or so-called dynamic formwork [136] and
particle bed forming (also called binder jetting) [126,137]. For the comprehensive overview
on the 3DCP in construction, we will refer our reader to the edited book of Sanjayan and
colleagues [138] and recent reviews in [133,139,140].

The automated fabrication used in 3DCP enables the realization of optimally designed
structures, reduces the labour costs, increases the safety level and lowers the environmental
impacts. The development of 3DCP building systems involves several disciplines, such as
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rheology, to handle the processing of concrete, robotics to ensure the precision and quality,
structural engineering to optimise the performance and material sciences to provide thermal
and acoustic insulation.

The applications of 3DCP in the construction splits into two possible scenarios—the
printing of a whole building directly on-site or the off-site digital fabrication of custom-
designed building components. The further classification of the 3DCP building systems
includes considerations of the size of printed objects, the characteristic scale of the extrusion
dimension, the level of control of printing conditions, complexity of the assembly of printed
elements and the ability of a printing system to execute the free-forms and robotic complex-
ity of the system [130,140]. Another avenue for application of the additive manufacturing
is to print a concrete formwork for the conventional reinforced concrete. These formworks
can be printed from various materials, such as polymers, wax, clay and metal. It can be
removed from the cured concrete or kept for insulation or architectural purposes [141].

The main challenges of the implementation of 3DCP include the characterisation of
material properties of concrete at the printing phase (e.g., pumpability, extrudability) and
hardened state (e.g., anisotropy of the layered structure, strength of interfaces, durability),
the processing of the concrete (e.g., mix design and additives), the application of reinforce-
ment and realization of the reinforcement-matrix bond and the development of suitable
computational models [126,142].

The concrete mixtures for 3DCP and their optimisation are broadly discussed in
the literature, e.g., reviews [131,135,137,143-145]. In addition, the 3DCP applications of
novel geopolymers [145-147] and Engineered Cementitious Composites (ECCs) that can
overcome the brittleness of concrete [148] have been investigated.

Several solutions were proposed for the reinforcement of the 3DCP structures. For
instance, short-fibre reinforcement of the printing mixtures [149], fibre reinforced cementi-
tious composites [150,151], on-site assembly of off-site-printed concrete elements with a
steel reinforcement system [152], incorporation of steel reinforcement bars [153], cables [154]
and vertical mesh [155] into the structure during the printing process and integration of
continuous lines of carbon fibres into the deposition of concrete layers [155] are among the
most recent developments. This also includes the Digital Twin technology consisting of a
virtual twin representation of the structure that would assist the 3D printing, planning and
further monitoring of the structural performance [156].

4.2. Modular Construction

The use of prefabricated building systems has a great potential for the construction
industry [157,158]. The main benefits of the modular construction include saving con-
struction time and costs, improved on-site safety, higher quality levels and environmental
performance [1]. Off-site prefabrication of construction elements reduces the construction
waste through lowering the complicity of on-site works and decreasing the amount of wet
works [159]. Modular buildings exhibit better life cycle performance in terms of lower GHG
emission and embodied energy [160]. Recent studies showed that off-site prefabrication
scores were highest for the high-rise building construction based on economic, social equity
and environmental criteria [161].

Modular construction was extensively used in USSR during the mid-20th century as a
means to rapidly build a large volume of housing and other structures. To address a housing
shortage after World War II, they turned to mass production of standardised modular
reinforced concrete units. Standardisation was the main feature of the Soviet modular
construction system. Large-panel frameless buildings were assembled with load-bearing
walls and floor slabs. Prefabricated room-size reinforced concrete panels were used for
external and internal self- and load-bearing walls. The floors were hollow-core prestressed
one-way slabs resting on the walls. The strict unification of precast elements resulted in
significant cost savings but limited diversity in flat layouts and visual aesthetics [162].

The primary load bearing component in the modular systems is the prefabricated
modular unit, which is designed to carry gravity loads. The modular units are stacked
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using either core-based, podium or infilled frame systems. The core system assembles
all units around stability cores that carry the lateral wind and earthquake forces. The
connection between the units and cores should be strong enough to transfer these loads
to the cores. The podium systems consist of a strong podium platform that provides the
foundation for the modular stacks. The connection between the modules is to be designed
to resist the lateral forces. The infilled frame systems provide a load-bearing framing
structure, which is filled with modular units of two different types: 2D panelised systems,
which are assembled on-site using various connection types, and 3D systems consisting of
volumetric modular units [158,163].

According to the primary structural material used, the modular buildings are catego-
rized as built of steel, concrete or timber modules [158,163-165]. The volumetric modular
units are distinguished by the mechanism of the load transfer and classified as the load bear-
ing wall modules, the frame or corner-supported modules and non-load bearing modules.
The wall bearing modules are commonly used in concrete buildings, while the framed sys-
tems use steel and timber [164,166,167]. Since the transportation and assembly constrain the
size and weight of the modules, the development of modular building systems concentrate
on various hybrid systems with lightweight elements of superior performance [166].

Connections are an essential part of modular systems as they define the load bear-
ing capacity of the whole modular structure. The connections can generally be divided
into inter-module, intra-module and module to foundation connections. In general, the
intra-module connections and joints follow the common design practice relevant to the
corresponding type of structure, while the connections between the modules can vary
significantly, in particular, in the hybrid modular systems [163,168]. In the steel modular
systems, the bolted connections are usually preferred over welded ones as they allow higher
tolerances required for the assembly of modules [164]. Several recent studies proposed
some innovative improvements to the bolted connection. These include bolted connection
with a plug-in device, connection or extended endplate [158] and additional inner sleeve to
connect upper and lower columns with floor and ceiling beams [169]. Other connection
systems proposed for the steel modules include various combinations of bolted and welded
joints [167], the plug-in and self-lock joints [170,171], the self-centring connections [118],
the post-tensioned inter-module connection [172] and the VectorBloc connector—the con-
nector part designed for the hollow steel frames that allow 3D connection of beams and
columns [173]. Composite steel-concrete and concrete systems are commonly connected
through the wet joints, in which grout or concrete is used to lock the connections [164,166].

Although the vast academic research has proved the advantages of prefabricated
modular construction, there are few aspects that require further attention, namely the
extended design recommendations, the methods for evaluation of structural behaviour of
modular buildings subjected to earthquake, wind and blast loads and the development
of lightweight modular systems and efficient connection systems [174]. Furthermore, a
series of interviews with Australian construction industry participants revealed several
additional challenges of prefabricated modular construction, namely a lack of a skilled
workforce, availability of lifting equipment and inconsistencies between various products
and company standards [175].

4.3. Mortarless Construction

In the current precast construction practice, most prefabricated segments are connected
on-site using wet joints (e.g., mortar). These joints require time to cure, which in turn limits
the automation of the construction process and lowers the construction efficiency. In
the long term, the elements of the common modular structures cannot be reused, which
increase the generation of construction and demolition waste [176].

An alternative approach that utilises the advantages of the modular construction,
while bypassing some of its limitations, is the mortarless construction. The mortarless
construction is a method of assembling structures without mortar or any other binding
material, while the connection between the elements is realized through the interlocking
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features of the building blocks and\or the interlocking topology of the whole assembly. The
integrity of the interlocking structure is provided with the peripheral constraint applied
either through loading at the boundary or through post-tensioning with internal tendons
or reinforcement bars.

The use of interlocking building blocks in the so-called dry-stack construction can be
traced back to ancient times. Examples of mortarless ancient structures include Egyptian
pyramids, the Inca walls in South America, dry-stone walls in Europe and some monumen-
tal Greek and Roman structures. The dynamic response of these mortarless structures has
been found to be superior to that of the structures build with mortar. However, they are
more sensitive to the structural and material deterioration and become more susceptible to
earthquakes [177]. The dry-stack walls that were built by fitting randomly shaped blocks
into a stable structure required a high level of workmanship from ancient builders. Nowa-
days, the interlocking blocks with regular shapes are prefabricated off-site, which allows
for improved accuracy and quality of construction, while the absence of the binder between
the blocks permits the robotic assembly and speeds up the construction. The environmental
impacts are also decreased through the reduced use of cement and the possibility for a
reuse of the interlocking blocks.

The mortarless construction can be classified by the type of connection between the
blocks, the type of the interlocking-based structure and the type of the constraint system.
The connection types can be categorized as Lego-type connections, key and connector,
topological interlocking (TI), partial interlocking and non-interlocked segmental structures.

The Lego-type connections refer to the interlocking design where the blocks interlock
with one another by mortise and tenon connection of different shapes; see Table 1. The
key and connector type of interlocking consists of shear keys of various forms, tongues
and groove matching shapes and dovetail joints. This category also includes special
connectors that are realized by grouting of concurrent vertical holes in the blocks of adjacent
courses [178,179]; see Table 1.

Topological interlocking (TT) is a construction method based on special shapes for
building blocks and their corresponding spatial arrangements ensuring that no block can be
removed from the assembly due to kinematic constraints imposed by neighbouring blocks.
The integrity of the entire assembly is provided with peripheral constraints [180,181]. As
demonstrated in series of studies by Dyskin and colleagues, all platonic solids are inter-
lockable into a monolayer structure [180]. Truncated platonic shapes can also be assembled
into planar [181] and even non-planar structures [182] using identical or varying size
blocks [183] (see Table 1 and references within). The main feature of TI that distinguishes it
from other interlocking types is the absence of special keys and connectors. The contact
between the blocks is realized through smooth interfaces that can be planar as in the case
of platonic bodies or specially designed non-planar concavo-convex surfaces [180,181].
For instance, Table 1 presents planar osteomorphic blocks with a non-planar interlocking
surface in one, two and three directions and a construction adaptation of it—a Tetraloc
concrete block.

Another type of interlocking connection is the partial interlocking, which only prevents
relative movement between the blocks in a single direction. For example, Table 1 demon-
strates semi-interlocked masonry [184], a concrete arch made of interlocking blocks [185], a
segmented post-tensioned beam joint [186] and segmented columns [187,188].

The peripheral constraint systems play a vital role in all interlocking arrangements.
This system ensures the stationary positions of blocks at the boundaries of the structure by
either kinematic constraints or in-plane forces. In practice, it is realized by constraining
frames, e.g., [189,190], self-weight of the structure, e.g., [191], and post-tensioned cables and
tendons, e.g., [192,193]. The self-weight and dead loads acting in the plane of a mortarless
structure produce an externally applied constraint force, while the post-tensioned cables
generate an internal constraint force. Higher precompression levels increase flexural
strength and stiffness of a mortarless structure [191-195]. However, the externally applied
constraint forces and tendon post-tensioning exhibit different behaviour. Higher post-
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tensioning increases cracking of the blocks and reduces ultimate static loads as well as
decreases the deflections in comparison to the gravity walls. At the same time, higher
external prestress levels coupled with the detachments between the blocks may lead to
the loss of the stability of a mortarless structure [196]. Under dynamic loadings, the post-
tensioning provides higher bending stiffness, but the damping is higher for the externally
prestressed structures [197]. The ability of the blocks to detach provides an additional
mechanism for dissipation of vibration energy [189,190,198,199].

Recent research into the mortarless interlocking structures demonstrated numerous
advantages of this structural system. The contact interfaces between the blocks are able to
arrest crack propagation and enhance fracture resistance [181,200,201]. Higher resistance
to the block removal is provided with the interlocking features of the assembly [181].
The interlocking coupled to the initial prestress also increase the shear resistance [202].
Interlocking structures exhibit up to an 85% improvement in impact resistance and up to
70% greater energy absorption in comparison to a non-interlocking brick structure [184].
LCA assessment presented in [203] demonstrated that interlocking bricks exhibit 28-73%
lower environmental impacts than conventional bricks.

Some recent reviews of the interlocking blocks and systems can also be found in [178,204,205].

Table 1. Interlocking blocks and assemblies: connection types and materials.

Type of Connection

Block/Connection Shape Materials and Manufacturing

Lego-type

Mortise and tenon

HiLoTec—compressed earth
block [190,206,207]

Mortise and tenon

Rhino block [208], Arca Classic Clay
block [209], recycled PET [210], rubberized
concrete blocks [194]

Mortise and tenon

Hollow Concrete Interlocking block [211]

Mortise and tenon

Lego-inspired assemblies [176,212]
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Table 1. Cont.

Type of Connection

Block/Connection Shape

Materials and Manufacturing

Key and connectors

Shear keys

Coconut fibre reinforced concrete
blocks [197,213,214]

Shear keys

Putra Block Concrete [191,215]

Tongue and groove

Hydraform block: fly ash and cement
concrete [184]

Tongue and groove

Azar concrete hollow block [189,193,195,216]

Shear key and Tongue Versaloc concrete block [189]
and groove
Dovetail joints SILBLOCK: concrete [217]

Grouting and rebars

ICEB-SJTU blocks [178]




Appl. Sci. 2023,13, 12891

18 of 36

Table 1. Cont.

Type of Connection

Block/Connection Shape

Materials and Manufacturing

Grouting and rebars

Fly Ash-Lime-Slag block [179]

Planar interfaces

Regular assembly of
tetrahedra [181,183,218-226]

Planar interfaces

Regular assembly of truncated
tetrahedra [227,228]

Planar interfaces

Assemblies of interlocking cubes [229-231]

Planar interfaces

Regular assemblies of platonic solids:
(a) interlocking of tetrahedra, (b) assembly of
cubes, (c) assembly of octahedra,
(d) interlocking of dodecahedra in the plane
normal to 3rd order symmetry axes,
(e) interlocking of dodecahedra in the plane
normal to 5th order symmetry axes,
(f) assembly of interlocked icosahedra
[180,224,225,229,230,232,233]

Planar interfaces

Design patterns for TI floors [234]
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Table 1. Cont.

Type of Connection

Block/Connection Shape

Materials and Manufacturing

Planar interfaces

Stone flats assembled of blocks with isosceles
trapezium cross sections in both
directions [235,236]

Planar interfaces

Non-planar assemblies of truncated
tetrahedra [182]

Non-planar interfaces

Osteomorphic blocks [180,181,201]

Non-planar interfaces

/=180mm

Tetraloc concrete and rammed earth
blocks [180,199,202,203,237,238]

Non-planar interfaces

Osteomorphic blocks with two interlocking
directions [239,240]

Non-planar interfaces

Non-planar topologically interlocking blocks
for tubular structures [241]
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Table 1. Cont.

Type of Connection

Block/Connection Shape Materials and Manufacturing

Partial interlocking

Semi-interlocked

Semi-interlock concrete blocks [184,242-244]

One-dimensional
interlocking structures

! s

um sliding resistance’
IS / Semi-circular masonry arches assembled of

‘/ ' concrete interlocking blocks [185]
. Connector

(@) ®)
800 , 1150
I
! P Joints
= |
One-dimensional — Precast segmented post-tensioned
interlocking structures g J beams [186,192,245,246]
4 4
2 Prestressing tendons (Steel /CFRP)

) - |150

One-dimensional
interlocking structures

Prestressed segmented columns with 2 types
) of interlocking elements [187,188]

4.4. Use of Recycling Materials in Construction

Recycling of construction materials recovers a substantial part of the embodied energy
of buildings [63]. Reuse of construction and demolition waste (CDW) presents vast poten-
tials for the reduction in environmental impacts. Among the possible applications are the
recycled aggregate concretes, sand production, geopolymer synthesis, sea cost protection
and road pavements [247]. In general, CDW can be recycled either on-site or off-site [248].
The off-site recycling is the most common approach, which involves collecting CDW from
various sites and its processing at off-site facilities. The off-site processing allows utilization
of sophisticated waste treatment and manufacturing methods, which leads to higher-quality
products. The main disadvantages of the off-site recycling are the transportation costs and
land demand for the processing plants. The on-site recycling considers the treatment of the
waste and remanufacturing directly at the site, which avoids transportation costs [248].

Application of circular economy principles in concrete has been conceptualised as
green concrete—the concrete which is produced using recycled wastes, alternative cementi-
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tious materials and mix design concepts [249]. The materials recycled from agricultural,
industrial and municipal wastes can replace fine and coarse aggregates and make use as a
supplementary binder in the green concrete mixes [250].

4.4.1. Rubberised Concrete

There are several types of municipal solid waste, which can also be used in construc-
tion, namely recycled glass, waste tyres and recycled plastics [55]. The sources of recycled
construction materials with the most potential are the waste tyres, which can be processed
into rubber chips and steel and nylon wires. The steel can be utilised in the steel production,
while the rubber particles can be added to concrete as a fine or coarse aggregate to produce
the rubberised concrete (RuC).

The possibility of recycling stockpiles of waste tyres and replacement of natural sand
has been driving the research on RuC for the last two decades [57,251-253]. The results of
recent studies on the mechanical properties of RuC are systematically summarised in [55].
The inclusion of the rubber phase reduces compressive and tensile strength of RuC, its
modulus of elasticity and density. Thermal insulation capacity, fracture resistance and
electric resistivity of RuC, however, are superior over the conventional concrete [254,255].
The freeze-thaw resistance is improved by the increased porosity of RuC, while the freezing
resistance is degraded by the rubber particles [57]. The workability of RuC is degraded by
the increased viscosity and decreased slump value [57]. The durability of RuC is on par
with the conventional concrete [256]. It was shown using the standard test methods that
RuC can provide a 50-year design life.

Since the mechanical properties of concrete are dependent on the strain rate, the
dynamic performance of RuC has attracted special attention [59,60,251,257]. The dynamic
increase factor for the dynamic strength and ultimate strain of RuC are higher than those
of the conventional concrete. RuC is also able to absorb more impact energy than the
conventional concrete. For example, [60] showed that even though the peak impact force is
reduced by up to 40% for 30% rubber content, the impact energy absorption is increased
by 63%, which indicated that a positive trade-off can be achieved. The damping ratio in
RuC depends on the concrete and aggregate types. The greater increase in RuC damping is
achieved using coarse rubber particles.

Various applications of RuC in construction, which were discussed in the literature,
include structural members for earthquake-resistance construction [258], hybrid struc-
tural beams with a top RuC layer and a conventional bottom one [259], steel tubes filled
with RuC [61], RUC beams and columns [260] and RuC cladding for the protection of
bridge piers [257]. On top of the ability to utilise the waste tyre, RuC provides a range of
advantages and possible applications:

The lower thermal conductivity is important for the energy saving in buildings.
The lower density is advantageous for the weight reduction in high-rise buildings.
The recycled rubber can be naturally used in asphalt mixes as powder or large particu-
lars (chips).

e Road pavements can benefit from the additional elasticity, which can improve the
skid resistance.

e  Enhanced impact resistance presents potential for the protective roadside barriers.

4.4.2. Geopolymer Concrete (GPC)

Geopolymers are contemporary building materials made from various sources of
aluminosilicates that offer environmental benefits and excellent durability. The term
“Geopolymer” was coined to describe the polymerization reaction between an alkaline
liquid (activator) and an aluminosilicate of a geological origin [261]. It is considered as a
possible replacement for ordinary Portland cement as the third generation of cementitious
materials. There are many examples of industrial waste materials that can be used as the
binder material in geopolymer composites, including fly ash, furnace slag, glass waste
and sludge. Low embodied energy and the possibility of obtaining the components of
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the concrete from recycling waste make geopolymers very attractive and environmentally
friendly construction material. However, completely replacing cement with geopolymers
is met with challenges, such as short setting time, the necessity for rigorous mix design,
limited data on the long-term durability and a lack of standardized testing methods and
regulations governing their use [262].

Geopolymers consist of a source pozzolanic material and alkaline fluid. A pozzolan
is an amorphous material rich in aluminium and silicon. This combination occurs in
natural minerals such as clay and kaolinite and an industrial byproduct such as fly ash,
silica fumes, blast furnace slag, rice husk ash and red mud. The pozzolanic material
undergoes the polymerization reaction in the alkaline environment and forms an aluminium
silicate gel, which is then converted into zeolite precursor gel used to form a geopolymer
binder for the geopolymer concrete (GPC). The most common alkaline liquids used for the
polymerization are sodium hydroxide, sodium silicate, potassium hydroxide and potassium
silicate [52,249,263]. The quality of a geopolymer composite relies on the quality of gels
produced through polymerization and pozzolanic reactions. Various factors contribute
to the gel quality, including the fineness and silica content of the pozzolanic material, the
alkalinity of the activator solution, the type and amount of the superplasticizer, the type
and amount of fibre used and the curing conditions and duration. The use of various raw
materials and alkaline fluids can produce considerable variations in GPC performance and
mechanical properties.

Many performance characteristics of GPC are still under investigation, but it has
already been demonstrated that GPC exhibits superior corrosion resistance across a range
of corrosive solutions [53,264,265], enhanced thermal and fire resistance in comparison to
the ordinary Portland cement concrete (OPCC) [262,263], high early strength [53,263], and
lower creep and shrinkage [53,266]. The most attractive feature of geopolymers though
is that they can provide high compressive and tensile strength to produce ultra-high
strength /performance concrete (UHSC/UHPC) [267,268]. To achieve a high strength in
GPC, a greater proportion of pozzolans is required. However, adding more slag can impact
the flowability of GPC due to the lubricating effect of the spherical particles. The sodium
compound activators are typically used because they are more readily available and less
expensive. Conversely, a use of potassium compounds can improve the compressive
strength [268,269]. UHPC- and UHSC-based geopolymers together with their enhanced
corrosion resistance are well suited for offshore structures, protective barriers and high-rise
buildings [249].

4.4.3. Recycled Aggregate Concretes

Another way to achieve circular waste management and conservation of natural
resources is to use construction and demolition waste (CDW) for new concrete structures
by reprocessing the construction debris into recycled concrete aggregates [270]. In general,
the environmental advantages of recycling CDW are not evident as the environmental
impact depends on several factors, such as transportation to and from recycling plants,
the type of processing technology and demolition methods. For the best environmental
results, the selective demolition (deconstruction) should be used and CDW content should
be assessed and classified [271].

There are two types of recycled aggregates used to produce the recycled aggregate
concretes (RACs): a recycled coarse aggregate (RCA) and recycled fine aggregate (RFA).
The main source of RCA is bricks, concrete and ceramic waste, while RFAs are normally
obtained from glass. The microstructure and mechanical behaviour of RAC are controlled
by the presence of two Interfacial Transition Zones (ITZs): the old ITZ between the con-
ventional coarse aggregate and the adhered (old) mortar, and the new ITZ between the
adhered (old) mortar and the new cement matrix. The old ITZ, being highly porous and
having pre-existing cracks, makes the microstructure more fragile. Mechanical tests have
shown that failure in RAC concrete generally occurs through the old ITZ, indicating that
the old mortar has a higher tendency to crack compared to the new mortar. However,
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the presence of the old mortar does not significantly affect the bond strength between the
recycled aggregate and the new cement mortar [272].

The strength of RAC is directly proportional to the strength of the recycled material.
UCS in RAC is about 20-25% lower than in OPCC, while the tensile splitting strength in
RAC is only reduced by about 10%. Shrinkage and creep deformations are increased in
RAC by 25% and 30%, respectively [273]. The RAC modulus of elasticity decreases as the
content of the recycled aggregate increases. This effect is even more pronounced when
the recycled aggregate has a higher amount of adhered old mortar [272]. The thermal
expansion and bond strength of RAC differ minorly from the ordinary Portland cement
concrete (OPCC). The major difference between RAC and OPCC is in their absorption
capacity, which is 2.3—4.6 times higher in RAC. The high porosity of recycled aggregates
increases water absorption, which in turn reduces durability, mechanical strength and
workability of RAC [273,274].

Several methods to improve RAC characteristics have been proposed. The majority
of methods are devised to remove the old mortar attached to the surface of the aggregate,
which can be carried out by ultrasonic cleaning, microwave heating or pre-soaking in acid
solutions. Other methods include coating of old mortar with pozzolans or polymer emul-
sions, direct carbonation and biodeposition of calcium carbonate. It was also found that by
changing mixing methods, the water absorption can be reduced, and the RAC properties
can be adjusted. The available improvement methods are summarised in Table 2 following
review papers [272-274]. The geopolymers discussed in the previous section can also be
used to eliminate some of the negative effects by improving the bond strength [275-277].
The lack of RAC performance can also be compensated for by using fibres obtained from
agricultural or municipal wastes [277,278].

Table 2. Methods for improvement of RAC performance characteristics [272-274].

Method Procedure Applicability
Ultrasonic cleanin Weakly attached mortar is removed in an ultrasonic bath RCA and RFA; however,
Removal of & and subsequently washed out with water more efficient for RCA
attached
Thermal stress differences generated by heating remove RCA and RFA; however,
mortar from g y g ; y
recyileg Heat treatment the attached mortar more efficient for RCA
aggregates Prt?-soaklr}g in Old mortar is removed l?y pre—sloakmg the aggregates in RCA and RFA
acid solutions acid solution

A coat of pozzolanic materials forms a new hydration

Surface coating  Pozzolanic materials product and reduces the porosity of the aggregate RCA and RFA
of recycled -
aggregates Polymer emulsion The polymer emulsion fills the pores and coats the RCA
old mortar
Different Two-stage mixing A portion of water-cement ﬁmxed applied first to form a RCA and RFA
mixing coat over the aggregate
methods of imi i - i
Optlrm.se.d Pozzolanic coats and\gr RCA. RFA premixes made before RCA and RFA
RAC stage mixing the final mix is made
B1odepo§ ition Bacteria precipitates on recycled aggregate surface
of calcium . . . RCA
decrease porosity and improve water absorption
carbonate
RCA
Carbonation CO, is inserted in RAC pores to form CaCOj3 and silica gel Not applicable for steel

reinforced concrete

To date, the RFA aggregates attract less attention as their recycling and pre-treatment
are more complex. The microstructural performance of RFAs is essentially similar to RCAs
featured by high water absorption and a presence of old mortar [274,279]. The RFA from
fine ground glass though can improve durability and make RAC properties more uniform;
however, extra care should be taken of the curing process to control the alkali-aggregate
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reaction. Potentially, RFA can be used as a filler for other building materials, pavements
and pavement bases [277].

Another application of recycled glass is to use the expanded glass aggregates, also
known as foamed glass aggregates. Expanded glass is a lightweight, granular material,
which is produced by heating and expanding glass particles. The process involves heating
glass cullet (recycled glass) to high temperatures, causing it to soften and expand. As it
expands, it forms a foamed structure with numerous small, sealed glass cells, resulting
in lightweight and porous aggregates. The expanded glass possesses excellent insulating
properties and is used for thermal insulating cement composites and lightweight and
foamed concretes. It exhibits similar mechanical behaviour and performance to RFA
concretes [280].

4.5. Resilient Structures Based on Topological Interlocking

A new opportunity for designing resilient structures arises in the utilisation of topo-
logically interlocked (TI) structures. A TI assembly consists of building blocks with special
shapes, which are arranged such that no internal block can be extracted from the structure
without disturbing its neighbours. The peripheral blocks are constrained and the entire
structure maintains its integrity without the help of any binder or connectors [180,181]
(Figure 7). In construction engineering, the peripheral blocks can be secured in place either
by the weight of the blocks themselves or by employing constraining frames, pre-tensioned
tendons or cables [181].

(b) (0)

Figure 7. Topologically interlocked assemblies of osteomorphic blocks [180]. (a) Individual block,
(b) planar assembly, (c) corner assembly.

The absence of keys or connectors between the blocks in TI assemblies clearly dis-
tinguishes TI blocks from the conventional, self-locking blocks used in the construction
industry. The locks and connectors used in the latter introduce high stress concentrations
and thus reduce the structure’s overall strength. In addition, the connectors (or the mortar
in the brick-and-mortar construction) stiffen the structure, which reduces its resilience to
vibrations and seismicity. Topological interlocking, in contrast, allows for some relative
movement between the blocks, which provides a mechanism for containing high-amplitude
vibrations (e.g., seismic or blast vibrations) and for the dissipation of the energy due to block
rotations and friction between the moving surfaces [281]. Research in the past decade indi-
cates that TI structures offer a wide range of useful properties that meet the requirements of
resilient design. In particular, extremely high energy absorption [218,240], tolerance to large
deflections [181], enhanced fracture resistance [201,227], high impact resistance [282], high
tolerance to missing blocks of certain shapes [283], high adaptivity [221,284], ductility [285],
reparability and recyclability [222,286] are critical for the design of resilient structures.

5. Summary and Conclusions

The construction industry is actively exploring various strategies and approaches to
address the challenges of environmental impact, energy efficiency, labour costs, building
sustainability and waste reduction. From the research and development that have been



Appl. Sci. 2023,13, 12891

25 of 36

reviewed here, the following directions can be identified as the most promising methods
regarding the environmentally friendly smart construction:

Three-dimensional concrete printing (3DCP) is the first on this list. The 3DCP has a sig-
nificant potential for the construction industry by offering (1) architectural design freedom
and customization, (2) optimal material utilization through precise material deposition and
(3) faster construction times by eliminating the need for formwork and reduction in manual
labour. The ongoing research into 3DCP focuses on improving the structural integrity,
scalability and cost-effectiveness of 3D-printed buildings. While considerable progress has
been made in the development of design guidelines for 3DCP, achieving structural certainty
and ensuring the long-term performance of printed structures are still open problems. The
structural behaviour, durability and long-term properties of 3D-printed elements are not
understood as well as those making up conventional concrete. The formulation of printable
concrete mixtures and the reliable sourcing of suitable materials impact the performance
and durability of printed structures and require further research. The costs associated with
3DCP that include printers, materials and skilled labour will be reduced after the initial in-
vestments into equipment, education and skill development are made. The main challenge
of 3DCP technology remains the implementation of reinforcement. The short-fibre concrete
is still brittle and relatively weak in tension, which requires the use of continuous fibres,
rebar or cable reinforcement. Various reinforcing techniques that have been proposed for
3DCP possess different limitations and can be only applied under specific conditions [140].
Among these methods, the post-tensioning is one promising option as it offers efficiency
and geometric freedom and does not interfere with the production process. Another re-
inforcing procedure that shows great potential is embedding continuous carbon or glass
fibres during the printing process. To date, combining these two methods with short-fibre
concretes presents the most viable solution.

Prefabrication and modular construction is another possible avenue. Off-site manufac-
turing of building components and modules offers advantages in terms of quality control,
reduced construction time, and minimized waste generation. At the same time, the design
of modules that are structurally efficient, transportable, easily assembled and meeting
building code requirements presents a great challenge, especially for complex architectural
designs. The transportation and handling of prefabricated modules constraint their dimen-
sions and limit options for the volumetric modular construction. Connection and assembly
are other challenges associated with this construction method. Over the last decade, the
research and development of steel modular connections have produced several types of
innovative connection systems and steel modular structures (see Section 4.2). The ongoing
research is currently focusing on improving the seismic performance of these systems. The
concrete modular systems though have been lacking research attention. The current precast
concrete practice makes use of wet joints involving cast-in-place concreting, which requires
formwork installation and takes time to cure. One way to overcome this limitation is to
use the mortarless topological interlocking assemblies. Among the advantages of these
assemblies are elevated toughness and energy absorption ability. Evaluation of dynamical
characteristics of the interlocking structures is an ongoing task.

The exploration of sustainable and bio-based materials, such as engineered timber,
bamboo and biocomposites, offers opportunities for reducing environmental impacts, while
maintaining structural integrity. These materials have the potential to replace steel and
concrete in certain applications. Recycling of construction and municipal wastes into
building materials reduces the demand for virgin resources and decreases the amount of
accumulated waste. Development opportunities are opening up regarding novel concrete
mixes using recycled aggregates and geopolymers. Lightweight concretes can be produced
using steel or natural fibres, mixes of fly ash or blast furnace slag and lightweight aggregates
from expanded glass or agricultural wastes.

Integration of smart and composite materials, such as shape-memory alloys, phase-
change materials, and self-sensing concrete, allows for structures that can adapt to changing
conditions, optimize energy usage and provide real-time structural monitoring. Advanced
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insulation materials, such as aerogels and phase-change materials, are used for energy
retrofitting that improves energy efficiency in existing buildings without extensive struc-
tural modifications.

The integration of renewable energy systems into the built environment, such as solar
panels, wind turbines, and geothermal systems, plays a crucial role in achieving energy
efficiency and reducing greenhouse gas emissions. Integration of these energy systems into
smart building maintenance provides efficient monitoring and maintenance, and energy
management improves sustainability throughout the building’s life cycle.

Automation technologies, including robotic construction systems and drones, have
the potential to improve efficiency, safety and precision in construction processes, thereby
reducing labour costs and increasing productivity.

The optimum solutions may vary depending on factors such as geographical location,
regulatory frameworks, project requirements and market demand. Therefore, the hybrid
approaches that combine traditional and novel construction methods are gaining attention.
These approaches leverage the advantages of both traditional techniques and innovative
technologies to achieve improved sustainability, cost-effectiveness and resilience. Collab-
oration between researchers, industry professionals and policy makers will be crucial in
driving innovation and ensuring the successful implementation of these advancements.
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LCA Life Cycle Assessment
MFA Material Flow Analysis
GHG Greenhouse Gas

EC Embodied Carbon
CE Circular Economy
10 Input-Output

HVAC Heating, Ventilation and Air Conditioning
PCM Phase-Change Materials

3DCP  Three-Dimensional Concrete Printing
ECC Engineered Cementitious Composite
TI Topological Interlocking

CDW  Construction and Demolition Waste
RuC Rubberised Concrete

GPC Geopolymer Concrete

OPCC  Ordinary Portland Cement Concrete
UHSC  Ultra-High Strength Concrete

UHPC  Ultra-High Performance Concrete
RAC Recycled Aggregate Concrete

RCA Recycled Coarse Aggregate

RFA Recycled Fine Aggregate

ITZ Interfacial Transition Zone

ucs Uniaxial Compressive Strength

UTS Uniaxial Tensile Strength
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